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Preface

A
s recently as twenty years ago, only a handful

of experts was discussing marine bioinva-
sions or expressing concern about impacts of non-
indigenous species on ocean communities or
ecosystems. That situation changed around the
world with the appearance in the 1980s of the
Eurasian zebra mussel  Dreissena polymorpha! in
the Great Lakes  U.S. and Canada!, the American
comb jellyfish  Mnerniopsis leidpr! in the Bl.ack Sea
and Japanese dinoflagellates in southern Austraha,
The resultant ecological and economic impacts
ushered in a new era of awareness, National legis-
latioti  the National Aquatic Nuisance Species
Prevention and Control Act of 1990! was passed
and called for action to prevent new invasions.
Funding supported new research initiatives and
managers explored options for preventing new
invasions, especially through ballast water intro-
ductions. Scientists, managers and industry repre-
sentatives began to meet annually to share infor-
mation, identify ways to manage and control inva-
sive species, and describe technologies designed
to prevent Future introductions.

With the reauthorization of nonindigenous
species legislation  Nonindigenous Species Act of
1996! greater emphasis was placed on marine inva-
sions. The conference on which this volume is

based grew from a perceived need by a steering
committee to convene a national meeting for
those studying marine invasions to share insights
into the s< ience of invasion ecology and into

managing what is a growing worldwide problem.
The first National Conference on Marine

Bioinvasions was held January 24 � 27, 1999 at
the Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA and attracted
approximately 250 national and international
participants. The purpose was to bring together
scientists, students, and managers to examine
patterns of marine bioinvasions, ecological and
evolutionary consequences, and ballast water
management.

This volume, Marine Bioinvasions: Proceedings
ofa Conference, consists of many of the papers pre-
sented at the conference. It covers new and on-

going research, work in progress, current status of
management options, and recommendations for
new approaches to prevent and better manage bio-
logical invasions. Each submitted paper was sub-
jected to peer review by at least two external
reviewers and revised by the authors, Over half of
the presenters submitted papers; abstracts of the
remaining presentations have been included to
provide a comprehensive view of'the subject mat-
ter of' the conference,

The volume is organized around three major
topics: Patterns of Invasions, Ecol.ogical and
Evolutionary Consequences, and Ballast Water
Management. An additional section on outreach
and education highlights the Sea Grant Programs'
efforts to inform a broad-based audience. The

papers cover a range of topics that are fundamen-
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tal to understanding marine bioinvasions and
their impacts. The distribution and pattern of
species in space and time, molecular approaches
to identifying sources, management options to
prevent introductions, estimation of risk, and
technological developments for managing ballast
water are addressed by several authors. Together
the papers represent a rich assemblage describing
what is known about marine invasions and

options for managing or preventing introductions.
Not all topics were addressed at the conference

and their absence in this volume reflects a lack of

response rather than a deliberate omission. Issues
rel;iting to aquaculture where alien species are
intentionally and unintentionally released are
only touched upon. However, the changes to
native populations through predation, competi-
tion, and genetic alterations may be significant,
The more general topic of the effects of aliens
species on biodiversity is acknowledged, but not
discussed in depth. The role of nonindigenous
species in homogenizing communities is poorly
docuinented but may have significant evolution-
ary consequences. Biological control is a topic
that generates passionate debate as to its viability
in marine waters, but this topic was poorly repre-
sented at the conference.

Some of the more open-ended issues were dis-
cussed as part of a panel discussion held at the
end of the conference. The panelists were asked to
respond to the I'ollowing statement:

"We have no evidence that roe can prevent ALL
bioi nvasions in the long term, and roitb few exceptions
bioi nvaders are here to stay."

The dialogue between the audience and the
panelists went beyond the individual studies and
highlighted areas f' or further study. Ballast water
management remains as a major topic of discus-
sion with different technologies proposed but few
have been field tested on ships. Nor was there
consensus that biological control in marine waters
is a viable option. The statement implies that all

bioinvaders are unwanted, but in some regions the
invasive species has become a source of income � a
new resource, The proponents of "black lists"
argue that risk assessments can be used to identify
species most likely to become invasive, others
argue that we cannot predict which species will
become invaders and we should assume that all

species are potential problems. There was much
discussion about early detection and rapid
responses to invaders that are likely to cause prob-
lems, and examples were given illustrating success-
es and failures of responding and not responding
to early sightings. There was agreement that pre-
vention, early detection, and eradication were
more cost effective than management and control
efforts once a species was established. It is antici-
pated that the unresolved issues will serve to focus
the next conference.

This voluine should be of use to marine biolo-

gists, environinental scientists, managers, students,
industries that may introduce or be impacted by
marine invasions, and those with an abiding inter-
est in the sea and how humans impact it. The
challenges are clear: How do we, as a society, do
a better job of'preventing new invasions? What is
needed to more realistically document ecosystem
impacts and to translate these for managers and
policy makers? What are the socio-economic costs
to individuals who lose their livelihoods and to

society, which pays for control of marine inva-
sions? Through sharing ideas and exchanging
information, the many facets of marine bioinva-
sions will become Inore understood and lead to

new insights. Collectively, this volume of papers
and abstracts offers insights beyond the individual
discussions and oFfers a holistic view that is

greater than the sum of the individual parts.

jUDITH PEDEHSQN

Fditor
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At the outset, let me congratulate the conference
sponsors. You are taking the initiative in a inuch neg-
lected fielil. Marine bioinvasions have large conse-
quences f' or our food supply, our economy, our fish-
ing industry. and human health. These invasions also
threaten to degrade and homogenize coastal waters in
every comer of the seven seas.

Ten years ago, just after midnight on March 24,
the Exxon Valdez crashed into a reef in Prince

William Sound. Eleven million gallons of crude oil
poured into the pristine waters, casting a shroud over
hundreds of miles of shoreline. Television crews on

the scene broadcast images of seabirds, otters, and sea
lions, slicked black with oil. Those images fiixated the
world on the dangers of oil spills and led to inany
new laws and regulations designed to prevent another
such tragedy.

Yet the biological spills taking place in Prince
William Sound from oil tankers go virtually unno-
ticed. Just over a year ago the U,S. Fish and Wildlife
Service discovered four new species of zooplankton
spreading through the Sound, released frotn ballast
water brought by tankers from Southeast Asia via San
Francisco Bay. In the long run, these zooplankton,
feeding on phytoplankton utilized by the Dungeness
crab, may change the Sound inore extensively and
permanently than any oil spill. And no one has a
clue � or a dime � to contribute toward a massive clean

up. Were that even possible.
With just four small bioinvasive species, Prince

William Sound is relatively lucky, so far. But look far-
ther south, where a prolific and hungry European
stowaway has diseinbarked, The green crab has begun
to infest Pacific coastal waters, devouring anything
from cornrnercially valuable oysters and clams to bar-
nacles, algae, and snails. And it's not alone: in the

northwest nearly forty percent of all aquatic species
are exotic, including the Spartina alterniflora that has
choked Willapa Bay, Washington, and decimated the
shellfish industry, This particular invader came froni
our own Atlantic coastal estuaries.

It gets worse inside the Golden Gate. There, as
Interior Secretary, I have worked with environmental-
ists, irrigation farmers, and cities to get more freshwa-
ter down California's main rivers into the Delta and

San Francisco Bay, Our goal is to help restore endan-
gered native fish like Chinook salmon and Delta
smelt. Only now I know that it is not enough to
ensure healthy flows downstream; our real threats
Inay be COrning upStream.

Specifically, some 30 species of exotic fish � Asian
goby, Atlantic shad, Mississippi catfish, carp, bass,
perch, sunfish, goldfish � are swarming the Bay, a veri-
table marine zoo. An additional 200 bioinvasive

species are suffocating native fisheries and helped
drive the thicktail chub to extinction. Those are only
the documented cases, with new arrivals every ten
weeks.

Moving eastward, the Gulf of Mexico is being
mugged by the brown mussel, which displaces native
rnollusks, threatens inangroves, and fouls water
intake systems. In the Chesapeake, a hotspot with
over 150 documented bioinvasive species, oyster
beds now succumb not only to polluted runoff; or
overharvest, but to the new arrival of a predatory
whelk. I' ll let the courageous researchers detail what' s
happening less than a mile away from here, in North
America's oldest coastal port and fishery. It's too
depressing for me.

It might be easier if we could simply blame the
rest of the world for our troubles. But the truth is
that ballast water sloshes both ways. In tlie early
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1980s, a small, luminescent blob called Leidy's comb
jelly was pumped aboard ships along our coast, then
diicharged weeks later into the Black Sea, With no
predators, it mushroomed into one of the most
intense inarine invasions ever recorded, nearly wiping
out anchovies and other fisheries. Zebra mussels

exchanged for jellyfish: the inaritime law of reciproci-
ty at its darkest,

No place on earth is immune from the twin
threats of extinction and alien invaders. In the mid-

nineteenth century, when wooden whaling ships
crisscrossed the seas in bloody pursuit, Herman
Melville pondered "whether Leviathan can long
endure so wide a chase and so remorseless a havoc;
whether he must not at last be exterminated froin the

waters," He took note of'how we were pushing the
buffalo to extinction on the prairies, but dismissed it
as impossible on the high seas, rationalizing that,
surely, whales could escape to polar regions and thus
beCOme "intmOital in his SpeCieS."

Mankind never used to navigate such frozen
regions, even though the fouled wooden hulls like
Ahab's surely carried a few unwelcome guests. To be
sure, bioinvasion from ships is as ancient as the
Vikings and the Phoenicians. Even when ballast con-
sisted of stones, dirt, and iron, some exotic bioinva-
sive species hitchhiked along.

What has changed in the past half-century is the
rat of spread, leading to faster, wider, more complex
dispersal. We reach reinote ports on a weekly, daily,
hourly basis � from more diverse trade routes, loaded
with much larger volumes of ballast. Discharge of
th .t ballast is nothing more than "point source pollu-
tion" and must be treated as such.

Global aquaculture � shrimp farms, public fish
hatcheries, coinmercial oyster beds � also bears
responsibility for the spread of epibionts, parasites,
predators, and pathogens, So does the aquarium
inclustry: the outbreak of giant African snails in
Flcrida or the Crmkrpa taxiJolia clone, an alga taking
over the Mediterranean, originated not in ballast, but
from aquarium tanks.

All these sources must be included in our resp-
on. e, both policy and research. But at a more imrne-
diate level, we must grasp the root of the problem.
That root lies not in isolated incidents, but in scope:
the drainatic rate of spread, the increasing vectors of
pathogens that carried cholera to Alabama and seem
to.Tiultiply toxic red tides around the world.

As a very crude rule of thumb, ten percent of

invasive species will establish breeding populations;
ten percent of those will launch a major invasion. At
first, that one percent factor seems negligible. Then,
consider how San Francisco Bay is approaching 300
exotics,

Consider also that ships in this century have
grown froin 3,000 tons to 300,000 tons, and the vol-
ume of ballast water slurry � puinped and sucked at
20,000 cubic meters an hour � has kept apace. Faster
crossings let more species survive, reproduce, make
connections, and take baggage. The fall of trade walls
brings global exposure to once quiet seaside ports,
and vice versa. In the ballast water of' timber cargo
ships traveling between Coos Bay, Oregon, and
Japan, researchers found 367 species of living aniinals
and plants.

That's a single route, Consider how larger ports,
say Norfolk and Baltimore, receive more than 12 mil-
lion metric tons of foreign ballast water per year, orig-
inating in 48 different foreign ports, and 90 percent
of them carried live organisins, including barnacles,
clams, mussels, copepods, diatorns, and juvenile fish.
Worldwide, it is estimated that tens of thousands of

ships carry several thousand species daily.
Let me put this another way: In the time it takes

ine to deliver this speech, two million gallons of for-
eign plankton will have been discharged somewhere
in Ainerican waters. We'd better get busy, And f'ast.

How? What is our response? So far it has been
pitiful. Frankly, in light of the economic and ecologi-
cal devastation, we have been too tiinid, We restrain

ourselves with voluntary guidelines, a scattered
approach, and limited unenforced codes. No longer.

In 1997, President Clinton, responding to con-
cerns of scientists like yourselves, asked the Depart-
inents of Interior and Agriculture to draft an execu-
tive order for his consideration. That order, which is
now before the President, will co~tain two broad ini-
tiatives, First, it will require federal agencies to review
their existing authorities and activities to reduce the
risk ofbioinvaders. Second, it will create an inter-
agency working group to draft a plan � possibly
including regulatory and legislative change � necessary
for a coordinated response to bioinvaders.

What will this look like in practice? I' ll sketch the
rough outlines in pencil. For there are existing mod-
els, and while there is still much to learn, we do know
this: the first and best line of defense against bioin-
vaders is to keep them out in the first place. Period.
Not one marine bioinvasive species, after it has taken
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hold, has ever been eliminated or effectively con-
tained. There is simply no silver bullet. This is a
sobering fact. It ineans our efforts must be focused
primarily on prevention. And that, in turn, means
effective regulation and enforcement.

In 1990, in response to the damage caused by the
zebra mussel in the Great Lakes, the Congress enact-
ed the Nonindigenous Aquatic Nuisance Prevention
and Control Act. Among other provisions, the Act
now requires ballast water exchange at sea rather than
in the Great Lakes systetn. We should now move
toward mandatory ballast exchange For not just the
Great Lakes, but for all shipping in all Ainerican
ports. In California, water districts whose systems are
threatened by invaders working their way upstream
out of San Francisco Bay have begun to call for bal-
last water regulation by federal and state agencies.

We need to mount a coordinated research pro-
gram to better understand the threats posed by alien
invaders including fish, crustaceans, mollusks, and
pathogens and to guide programs of prevention and
control. Perhaps we can find econoinical and safe
ineans to decontatninate ballast water and sediments

in sita. The Agricultural Research Service and APHIS
in the Department of Agriculture, the Coast Guard,
the National Oceanic and Atmospheric Adrnin-
istration, and the Biological Research Division of the
United States Geological Service should mount a
coordinated effort to understand agricultural threats,
threats to natural ecosysterns, and new methods of
prevention and control.

Does this mean our agency budgets must catch
up to, and keep pace with, the ecological devastation
they target? Yes, because that devastation is economic
as well. Vast as they are, the Great Lakes are easy to
manage compared to the task ahead, and but of'f'er
few unqualified success stories. Yet, the results there

make a strong case for why an aggressive, well-funded
public response to bioinvasion is well worth the
expense and effort.

We spend several million dollars a year sterilizing,
catchirg, poisoning, and putting up barriers to sup-
press the sea lamprey. Well, it's still there and it inay
never go away. But for every dollar we invest, the
Great Lakes earn $30.25 in increased fisheries rev-

enue, Your stock portf'olio should perform as well.
Global cooperation is an imperative. Our joint

efforts with Canada on the Great Lakes provides an
example. Two global entities � the Convention on
Biological Diversity and the World Trade Organ-
ization � should play a major role in international
cooperation, The Convention on Biological Diversity
is the place to begin, and indeed preliminary discus-
sions pursuant to Section 8 of the Biological
Diversity Treaty are underway. Those discussions
underline the need for Senate ratification of the

Biodiversity Treaty. The World Trade Organization
must also take an active role in the movement to

develop and harmonize regulations in this area.
Let me conclude on a cautious note of hope.

You' ve all heard that the flip side of'crisis is opportu-
nity. Well, the Exxon Valdez crash gave us such an
opportunity. It led Congress to require double-hulled
tankers and stiffen training, navigation, and technolo-
gy within the shipping industry. It proinpted state,
federal, and private agencies to es ablish habitat
restoration programs and undertake comprehensive
research on the North Pacific ecosystem.

We face an even greater opportunity now. The
tiine is at hand for scientists, policy inakers, industry,
and the public to join together for an intensive coor-
dinated counterattack on the threat of bioinvasions.

You have initiated that process, and we in the public
sector must now respond in kind,
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These are heady times in the world of marine
bioinvasions, as witnessed by the gathering of over
200 persons here this morning. In January 1989, such
a congregation would have been inconceivable. A
new journal, Biological 1nvusions, is being launched
this faII' that will serve as a platform for invasion
sc.ence. And as we will hear tomorrow morning, a
Presidential Executive Order on exotic species will be
re'.eased 10 days from now.a

Despite this remarkable blossoming of interest,
marine invasion science is a young science and chal-
lenges abound, The depth and breadth of the pro-
found alteration to marine cornrnunities by invasions
in the oceans remain, in large part, unknown and
thus vastly underestimated. Invasions have occurred
not only in estuaries and harbors but also in exposed
rocky intertidal shores, coral reefs, mangrove corntnu-
nit1es, open continental shelves, and the deep sea,
Indeed, it may be that, at the least, no shallow-water
teinperate or tropical marine community in the
world now remains untouched by human-mediated

'Tliis paper is the conference opening Plenary Lecture, with inodi-
fications, as presenred on January 25, 1999. As such the lecture
format is re ained here and no references are cited in the text.
Hc wever, an extensive and partially annotated bibliography of
marine bioinvasions Ineracure is presented at the end.
aC>rresponding auth<>r; telephone: 860-572-5359;
fax: g60-572-5329; email: jcarlron@wiffiams.edu

'Tlie first issue of tsiotragicattrsvasroris was published in
October 1999.

asecretary af the Interior Bruce Babbitt spake on Tuesday morn-
ing�January 26, 1999. President William Clinron's Executive
Order was released in Washington, D.C. on Wednesday,
Pcbruary 3, 1999.

bioinvasions, but that hypothesis remains to be
tested. This morning I will suggest ways in which we
need to be more rigorous, more refined, and more
aggressive in our grasp of the temporal and spatial
scales of the ecology of invasions in the seas,

We need to be clearer and less hesitant about the

scale of'invasions that must have occurred prior to
the 19th century. We need to wash away the salty
cloud of antiquity that obscures the modern history
of marine communities. It is impossible to overern-
phasize the poor picture that we have of the nature
of the ocean's biota only 100 or 200 years ago. Ships
with organisms on and in their hulls and in their rock
and sand ballast have moved species around the
world since at least the 14th century. But we too
often think of invasions as beginning, more or less,
in the 19th century, If in the 300-year period between
1500 and 1800, only three species a year were spread
around the world  the number, of course, may be
much greater!, then nearly 1000 coastal species of
marine organisms that are now regarded as naturally
cosmopolitan are in fact "simply" early introduc-
tions.

This estimation is not a mere historical curiosity:
an understanding of the number and identity of pre-
19th century invaders would profoundly impact both
our understanding of modern marine cornrnunity
ecology and our basic assumptions about and inter-
pretation of the natural diversity, biogeography, and
rate of evolution in the seas. In terms of invasion

biology itself, we can ill afford to seek patterns such
as the relative susceptibility or resistance of different
regions to invasions, or attempt. to def>nc guilds or
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clades of invaders that Inay be more or less likely to
invade, if we persist in ignoring Inore than 75~/o of
the modern invasion history in the ocean. It follows
that at least some of the hundreds of pre-1800 inva-
sions are likely to be the cominon, if not abundant,
species where they were introduced long ago, and
thuS perhapS SOme Of the InOSt irnpOrtant OrganiSrnS
regulating corninunity structure.

But which ones are they? How startled would we
be if we could look back at some of our "best

known" shallow marine cornrnunities � kelp beds,
rocky shores, and coral reefs � and find that keystone
species were absent in 1599 or 1699 or 1799'? Why is
it that we cannot tell if a species has been present for
100 years or 100,000 years, or are we not paying
attention to what evolution is telling us? Should not
the presence of certain clades or lineages in certain
marine coinmunities that appear to have evolution-
ary roots elsewhere � such as Inussels of the northern
genus h1y6lus in the southern hemisphere � not sur-
prise us? By using morphological, genetic, historical,
paleontological, archeological, and other evidence we
Inay be able to begin to look below this cryptic inva-
sion iceberg:
~ The ship-boring isopod, Sphanoma terebrans, possi-

bly native to the Indian Ocean, appeared in the
Caribbean Sea or northwestern South American

coast soinetime in the 19th century. It bores into
and destroys the seaward root tips of mangroves. It
may have reset the lower intertidal limit, and thus
the history of outward propagation, of the Inan-
grove ecosystems of the tropical western Atlantic
Ocean. It passes without notice in the literature of
invasions.

' The Asian seasquirt, Stela plieata, was carried to the
North American Atlantic coast perhaps two or
Inore centuries ago and became one of the hall-
inark species in the concept of multiple stable state
communities. The species falls outside of our gen-
eral view of Inarine invasions.

~ And, as hinted at above, the northern hemisphere
mussels, hIytilus galloprovineialis and Myri us edulis,
were carried as fouling organisms by ships to the
southern hemisphere for centuries, and there given
a plethora of local names.

These are merely a few examples. We need icono-
clastic invasion ecology. We need to question the
"assumption of naturalness." In fact, the Inodern his-
torical geography of thousands of coastal species of
planktonic and benthic organisms remains unknown.

Thus, such species Inust be removed from the catego-
ry of "native until shown otherwise", and instead be
placed in the rapidly growing category of cryptogenic
species. Did the giant kelp, Macrocysris pynfera, for
example, now found in both the southern and north-
ern heinispheres, and taken to be a classic textbook
example of natural bipolarity, of necessity naturally
occur in both hemispheres. Or could IVlaerocystis
have been carried on the hulls of Spanish ships � since
it Can be a fOuling OrganiSIn � frOITI the Narth PaCifiC
Ocean as early as the l500s? The early footprints of
human activities across the oceans became the ship-
prints of the world and yet we have largely fallen vir-
tually silent about the potential for such early inva-
sions,

Why be concerned about earlier invasions.' Why
should we care about invasions of 100 or 200 or 300

years ago? There is the potential va!ue to a greater
resolution of global invasion patterns as noted earlier,
but beyond that, are not such early invasions "natu-
ralized"? Aren't they "integrated" into the cominuni-
ty? Isn't the community "in equilibrium" by now?
That we should invoke naturalization, integration,
and equilibrial processes underscores another arena
of ambiguity in our thinking in invasion ecology,
The word "naturalized" was introduced in 19th cen-

tury botanical literature to mean "reproducing in the
wild" � not to Incan a retnarkably rapid conversion
over a few decades or centuries to mirror the integra-
tion that native species achieve over tens or hundreds
ol thousands of years. The answer is that we cannot
proiiounce invasions oI past decades or centuries as
being well integrated: there are by and large no data
to support such concepts. Simply becoming abun-
dant and widespread is not ecological integration.
Sitnply eating or being eaten is not ecological integra-
tion. Integration implies a vast suite of interrelated
functions, rather than a functional response along
one or a few axes, such as predation, space utiliza-
tion, or competition. We know little about the rate of
these integrative processes in invasion ecology. It
may be that in terms of evolutionary processes and
cominunity integration, the European periwinkle,
Liltorina lI'aorea, which arrived on the shores of
Atlantic North America in the early 19th century,
arrived only "yesterday."

Several other f'ainous myths in invasion science
are worth noting. One is that "everything that could
have been introduced would have been introduced
by now," This is not simply an image in the mind of
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a ship's captain who is contemplating 100 years of
ballast water inavement, nor is it the imagination of
the hopeful commercial entrepreneur, Rather, we
learn that grant proposals to investigate dispersal vec-
tors are turned down even today by a hand-wave of
such stateinents, That everything has not been intro-
dticed by now is demonstrated every day. Were it so,
all the ship fauling organisms of Europe that could
survive and reproduce in American waters would be
here by now.

Another tnyth is the following: Invasions are
part of nature. They always happen. Human-media -
ed invasions are only speeding up what would hap-
pen eventually." This statement is, of course, also not
tnie. Most � perhaps all? � of the invasions now occur-
ring would not only not happen sooner or later, they
would never happen. Species are not "eventually"
exchanged by natural processes between San
Francisco Bay and the Black Sea, species do not
"evei.tually" find their way in ecological time
between Australia and England, and species do not
"eventually" move between Argentina and Puget
Sound. The fact that over geological time there is a
predictable natural ebb and flow of biota along coast-
lines and within or between ocean basins, as barriers
dissolve or are created, has little to do with the past
several centuries of human-inediated alterations to
the oceans.

Another myth is that phytoplankton have been
and are, with a f'ew exceptions, not part of the mod-
em invasion story, Since just the reverse may be true,
the existence of this illusion may have had profound
impacts on our ability to understand the scale of
invasions and invasion processes � and indeed may
have caused us to be several to many decades behind
in ballast inanagement, relative to one major reason
why harmful algal  toxic phytaplankton! blooins may
have mushroorned in the past quarter century.

This sense of size-mediated invasion is a huge
bias in our science, We recognize introductians most
often among the charismatic inegainvasions � clains,
crabs, seastars, large seaweeds. We recognize some
im asions among smaller organisms � copepods,
amphipods, bryozoans, hydrozoans, and so forth.
Bui when we get ta very small organisms � the
dia toms, the dinoflagellates, the pfiesterias, the
brown tides  aureococuses! � we simply say, with rare
exception, "no invasions here." The transparency of
recognizing invasions only by size could not be clear-
er: not one professional phytoplankton ecologist,

biogeographer, or systeinatist is speaking at or attend-
ing this meeting, although we will hear again and
again about phytoplankton and ballast water from
other workers. Ironically, one of the very first inva-
sions to be recognized as being due to ballast water
was the appearance af an Asian diatom in Europe in
the early 1900s, We presume that such invasions have
continued steadily, if largely unreported, araund the
world since.

We need, then, to increase the rigor of our overall
thinking about invasions. And this rigor needs to be
applied to every aspect of our science,

We need to pay inore attention to the many bias-
es in making "species lists" of marine invasions if we
are to do more sophisticated comparisons. Our lists
tend to be extraordinarily sensitive to the history of
local taxonomic interest or current local available

expertise, generating lists of very different emphases.
We must be mare rigorous and focused in our

thinking about whether introdu.ced species have an
"impact" or not. In terms of ecological and evolu-
tionary science every invasion has an impact. The def-
inition � the nature and extent � of impact is the ques-
tion, not whether an impact did, did not or will
occur, The extent to which invasions alter the diversi-

ty, abundance, distribution or phenology of previous-
ly existing species can be a nieasure of iinpact. Who is
concerned � ecologists, the public, or politicians�
about the type and scale of impact is a difFerent ques-
tion., but perhaps the question more often meant.
Why we are concerned � for example, whether the
invasion changes the ability of humans to use the
oceans as a resource � is yet another question still.
Because impact is a long sliding scale we would do
better to abandon the concepts of the "Top 10
Invaders" ar "Worst 100 Invaders." Rather, under the
assuinption that all invasions alter some aspect of the
community mesh in which they find theinselves
embedded, we should focus on the types andseales of
iinpacts that invasions have, rather than implying
that only some small percent of invasions actually
lead to impacts or cause "problems,"

Perhaps there is no more important arena where
we need ta refine our thinking than in the field of
prediction. The interface between the public and sci-
ence insists on prediction, whether it is hours after an
oil spill or hours after the discovery of a new intro-
duced species. We are also interested in prediction in.
our science in and of itself, whether or not there are
sociopolitical pressures, or questions from the press.
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We are thus now engaged in a great search we seek
the Predictive Invasion Grail. We desire inore than

ever before to be able to predict who will invade,
when invasions will occur, and what the impacts of
the invasion will be, Thousands of invasions have

occurred,ind yet, like the weather, it appears that we
cannot predict the next invasion.

Is it all too stochastic? Can we evolve Inore

rigorous models that better resolve the invasions
sweepstakes � the roulette nature of invasions? In pre-
dicting who will invade is it ever possible to point to
some species that will forever be unsuccessful
invaders? Or is the rnatch between an invading
species' biology and the new prospective environ-
Inent, in fact, a shapeshifter model of invasion
ecology, where at times it appears to be a matter of
trying to fit a round invasion into a square environ-
Inent � bui at other times the round invasion slips

smoothly in?
Where do we look to unlock some of these ques-

tions? I suggest that we look Inore closely at those
invasive species which, despite numerous apparent
opportunities for dispersal, inoculation, and estab-
lishrnent, atid which for centuries have failed to
becoine introduced, suddenly become successful
colonists, 14ther than f'ocusing on those species that
appear to have permanently failed to invade, we
should look more carefully at species that have failed
to invade for centuries and then do so. These are the

u'elayedinriuders. Is it in these species that we can find
anSWerS tO SOme Of the lOng-term InySterieS Of thOSe
processes that regulate invasions?

An ex.imple is the five-centiineter-long European
seasquirt, Rseidiella aspersa, a translucent, recumbent
filter feeder in shallow fouling cornrnunities. This
ascidian, cornrnon on hard bottoms throughout west-
ern and northern Europe was, we may speculate, on
the bottoms of hundreds or thousands of vessels

coming to America for 500 or snore years. It first
appeared in fouling communities about 1985
between Cape Cod  Massachusetts! and I.ong Island
Sound, in southern New England, long after such
communities would appeared to have been "filled"
by previous ascidian invaders such as Styela clara,
Molgnla rnanhattensis, Ci ona intestinalis, Botrylloides sp.
and Botryllrts sehlosseri, which combined formed 100
perCent COver in fOuling COInrnunitieS priOr tO the
arrival of Rseidiella,

Up until 1985, we Inight have chosen Rseidieiia as
an example of a permanently unsuccessful invader,

and sought compelling reasons as to why it had failed
to become established in North America after half'-a-

millenniurn of presumed transport. Why then did it
invade in the 1980s and not the 1880s or 1780s or

1680s? Invasion lag-tiine analysis  ILTA! remains
virtually untouched as a field of investigation, and
yet inay be a singularly important key to unlocking
invasion processes.' This then is the Paradox of
Rscidiella, a puzzle that Inust be solved. If we were to
pay more attention to these creatures � the ascidiellas
of the world � invasion science may Inove fotward all
that Inuch faSter.

We know � or we think that we know � soine of the

roads that we Inust explore when considering I LTA:
were there changes in the donor region or changes in
the recipient region? Did invasion windows open or
were there unusual inoculation episodes? Did the dis-
persal vector chaiige in some way? 'I'hese .Ire cornpli-
t.ated phenoinena, but complicated is not the same
as unknowable or unpredictable. The answers to each
question have striking implications relative to the
ecology, biology, and evolutionary history of
invaders', each question also opens the door to Inany
more questions. We have to pursue interactive path-
ways and i ntegratrrreinvasion ecology much more
robustly, Why do we not find, in invasion biology,
more examples of subtIe webs such as the one that
links spirochete bacteria, acorn production, white-
footed mice, black-legged ticks, white-tailed deer and
climatic models all in one intncate Inesh to predict
the potential for Lyme disease'? Are we not looking?
The European marine fauna continues to dribble and
leak into and invade North America over a long blue
line that fades vaguely into the past 500 years and yet
we are surprised at every new invasion. Is this because
we rarely seek out the vast arrays of physical and
cheinical and oceanographic and biological data now
available for coastal waters in order to detect a web of'

environmental change � and then combine such webs
with detailed vector data and our knowledge of
species' biology and ecology � that would anticipate
new invasion opportunities?

FOr manageinent purpOSeS, prediCtive Tnarine
invasion science is now of only limited value. It may
of course improve considerably, As an example, we
cannot, today, look at what is inside the ballast water
of a ship and imply that the contents are of'little or

!. ILTA is distinct fram lay, times in liopul~tton "explo»on"
 Crooks end Soule 1999!.
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no concern if a few recognized pests on a short list
ar< absent f'rom that tank or from the region from
wliich the ballast water was drawn, Noting the
absence of a fev. target species does not make the
ship "safe" or "tertified" or "clean." It inay reinain
full of dozens or scores of species, like the ascidiellas
of Europe or the potainocorbulas of China or the
hernigrapsuses of'Asia, of which we can predict little
about whether they can become established outside
th<.ir native regions, or, if they do, what impacts they
may have.

DeSpite thiS, we Inust clearly get mOre SeriOuS
about our regulatory framework. Whether it is ballast
water, whose scale is so profound that perhaps it is
not 3000 species a day being carried around the
wcrld but five times that, or whether it is ships' sea
chests, or whether it is the live Mediterranean mus-
sels, Chilean mussels, and New Zealand mussels that
caii be purchased globally in seafood stores, or
wl ether it is the now web-based purveyors of marine
life � such as one coinpany whose website claims it to
be the "World's Largest Marine Livestock Retailer:
1000s of species [ofj fish, corals, clams, [and otherj
invertebrates. We ship to 65 countries." � whichever
vector it may be, we remain with fundamental regula-
toiv vacuums. We need to invest in prevention far
more than we have, following the same philosophy
that drives us to close the windows in a rainstorm

before we start inopping � or at least while we are
inopping � up the floor.

In closing, a common question is that if the vec-
tors that we see today are indeed so fluid and so
effective in transporting species, why do we not see
more invasions? In part, we have already answered
this: if we see invaders, they tend to be the larger
species, and thus we tend to ignore the greater num-
be.- of smaller taxa. But even more important is that
despite the surge in interest in invasions, there are in
fact fewer workers every passing year who are explor-
ing the shore and fewer still who can identify what is
found. There is a profound deinise in the sheer pride
of knowing about the natural world and about being
ab:e to identify its contents � a* if'such knowledge was
Inutually exclusive with being an experimental ecolo-
gist or a molecular geneticist or a cell biologist, With
tht: exception of a relatively few sites around the
wcrld, our best eyes are not those of marine ecolo-
gists but those of the interested public who seek out
experts to report novelties � and that puts inost of the
shores of the wor!d outside our view. Bait fishcrrttctt

called our attention to the Asian shore crab

 Hemigrapsus sunguineus! in Long Island Sound, it
took an amateur naturalist to alert the scientific

world to the invasion of an abundant Caribbeari bar-

nacle  Chrhamalus proteus! to the Pacific Islands, and
another to discover the Japanese shore crab
 Pachj~grupsusfukuravensis! in Hawaii, and the public
knew about zebra mussels  Dreissena polymorpha! in
the Great Lakes at least a year before scientists found
them, The answer to the question af "why are there
not more invasions?" is that there are without doubt

many more invasions than we have been recording.
The demise in the knowledge of systematic biology
and natural history is a critical hole to patch if we are
to gain a more accurate picture of the scale and rate
of change in coastal ecosysterns.

In September 1962, I was introduced to the world
of exotic marine organisms by unceremoniously step-
ping on what I was to learn, a few days later, was a
small colony of exotic tubeworms in a lagoon off San
Francisco Bay.' It was beyond imagination at that
tiine that we would close this century with a higher
level of national and international awareness of

bioinvasions in the seas than ever before. This First

conference on marine bioinvasions is very appropri-
ately set on the edge of the 21st century, We are wit-
nessing a vastly changing paradigm.
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3f ES-6. Department of Transportation, United States
Coast Guard, Washington, D.C. and Groton,
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Sargassum remains a common Brr ish seaweed,

Greenberg, iN., R.L. Garthwaite, and D.C. Potts. 1996.
Allozyme .ind morphological evidence f' or a newly
introduced species of Aurelia in San Francisco Bay,
California. Marine Biology 125:401-440.
77re authors propose that a San Francisco Bay population of
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Iournal of the Il 1«ri ne Biological Association of the United
Kingdom 74:351-366.
"In British Columbia, says  be text, this clam was "i n ro-
ducedfrom Japani n the 1930s, and then spread rapidIy... In
the same way,  bis species was introduced twenty years ago
io  France! for «quaculture purposes." This is nol exactly so:
ihi s clam zoasiiitroduced by accid»nt to Bri isb Columbia
whereas this clam was introducedintentionally into France
>n the 1970s, wi b apparenfly no prior studies as to what its
'cologi calimpa»  might be. The authors find that the exoti c
clam had a more extended reproductive seasoiz and a greater
>i~mber vf spawning events than the native congeiier, R.
»le»ursa us, reminiscent of the adv«ntages  hat a number of
>ntroa'uced speciei have over nati ves  cind z>i>hi eh eventually
,.auses the native to become somewhat less abundant!.

Lee, C.E. 1999. Rapid and repeated invasions of fresh
.vater by the copepod Eurytemora aginis. Fvcrlution
53: 1423-1434.

Lee, C.E. 1999. Causes and consequences of recent
lreshwater invasions by saltwater animals. Trendsin
Ecology and Evolution 14;284-288.

Lchrer, A.M. and R.W. Whitlatch. 1997. Ecological
studies on the recently introduced Japanese shore
:rab  Hemigrapsus sanguineus! in Eastern Long Island
Sound. pp. 49-60 In: Balcom, N.  ed.! Proceedings of
,'he Second ¹r beast Conference on 1Vonindtgenous
Aquatic nuisance Species. Publication Number CTSG-
95-02, Connecticut Sea Grant College Program,
University of Connecticut, Groton CT.
The firs  de ai Ied published ecologica! i nformati on on this
crab. For a copy of the whole proceedings, whichi s iiotin
inost li brari es, zorite  o: Connecticut Sea Grant Extension
Aogram, University of Connecticut, 1084 Shennecosse t
Road Groton, Connecticut 06340 USA.

Lubchenco, J. 1978. Plant species diversity in a marine
;ntertidal community: importance of herbivore food
preference and algal competitive abilities. American
.Vaturalist 1! 2:23-39,

The roI»of the introduced European peri zi>inkle, Littorina
li  torea, in regula i ng thei n ter i dal flor of IsI»w EngIand.

Malyshev, V.I. and A.G. Arkhipov. 1992. The
ctenophore II>Inemiopsis leidyi in the western Black Sea,
I Iydrobi ologi cal Journal 28:33-39,
A combjelly introduced from the Americas.

Mann, R.  ed.!. 1979. Exotic Species in I	«riculture, The
MIT Press, Cambridge, Massachusetts.
iI isymposium  and book! picbli shed 20'>ears before tbe
1999 poput'ari y of  bis sujbect.

McCarthy, S.A. and F.M. Kharnbaty. 1994.
International dissemination of epidemic Vibrio choler-
a» by cargo ship ballast and other nonpotable waters.
Applied Fnz>i ronmental Aficrobi ology 60:2597-2601.

McDermott, J.J, 1998, The western Pacific brachyuran
 Hemigrapsus sanguineus; Grapsidae!, in its new habitat
along the Atlantic coast of the United States: geo-
graphic distribution and ecology. ICES Journal rif
>M arzne Science 55:289-298.

First discoveredin IsI»w Jerseyin 1988, by th» late 1990s
the crab occurredfrom north of Cape Coa'to ¹rtb
Caroli net. It may have been introduced by ballast wat»r,
cil hough other ship-r»lated mechanisms  such as sea chests or
»xiernal hullfouling, wi th small crabs in empty barnacles in
the fouling matrix, for exampl»! are possible.

McDermott, J J, 1998. The western Pacific brachyuran
Hemtgmpsus sanguineus  Grapsidae! in its new habitat
along the Atlantic coast of the United States: repro-
duction, Journal of Crustacean Biology 18:308-316,

McDermott, J.J, 1999, The Western Pacific brachyuran
Hemigrapsus sangu'incus Grapsidae! in its new habitat
along the Atlantic coast of the United States: feeding,
chcliped morphology and growth. pp. 425444 In:
Shrarn, F.R. and J. C. Von Vaupel IQein  eds,!
Crustaceaizs and the Biodivei si ty Ciisis. Proceedi ngs of the
4th International Crustacean Congress. Koninklijke Brill
NV, Leiden.

iMeinesz, A, 1999. Ki lier Algae. University of Chicago
Press, 376 pp,
Th» English iranslation  by Daniel Simberloff! of the
remarkable, emotional, political story of bow the aquczzzum
seaweed Caulerpa taxifoli a was released into ihe Mediterr-
anean at the foo  of the Ililonaco Aquari rim a>id the sordi d
ez>ents of denial and obfuscation that followed. The ti le,
"Killer Algae", is a partial translation of that of  he
orig 'nal French book, "Le roman noir de 1'alg ice tueuse"
 Tbe Black ¹vel of th» Killer Alga!, and refers to thc erro-
m ous name � applt'cd by the French press � by zcbi ch the
I'rench public knows of thisi nvasi on i t means nothi ng out-
side of France, and the alga doesn 'f kill any tbmg.
Although the adverti si ng websi te pro due»d by the publi sh»r
i n advance of tbe book proclaims several ti ines cbe alga
doesn 't kill, Ihc publi sher persi sted with the litle, evidently
/br >a »spic>poses, doing litt »good toimprot>can
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understanding of invasions by thepublic or political world,
Meng, L, and J,J, Orsi, 1991, Selective predation by lar-

val striped bass on native and introduced copepods.
Trans' i rrvs of the American Fisheries Society 120: 187-
192.

Mills, C.E. and F. Sommer 1995. Invertebrate introduc-
tions in marine habitats: two species of hydrome-
dusae  Cnidaria! native to the Black Sea, Maentiar
inexspec a a and Blackfordia virgini ca, invade San
Francisco Bay. Marine Biology 122:279-288.

Minchin, D. 1996. Management of the introduction
and transfer of'marine molluscs. Aqua i'c Covserva ion:
Marine anil Freshwater Ecosystems 6:229-244,

Monnlot, C., F. Monniot, and P. Laboute. 1985.
Ascidies du port de Papeete  Polynesie francaise!: rela-
tions avec le milieu naturel et apports intercontinen-
taux par la navigation. Bulletin du Museum ¹tionul
d'His oire is 'aturelk �! 7',481495,
The Monrii ots have produced numerous papers demons rat-
i ng  he role of ships in movi ng seasquirts as fouli ng organ-
i sms around  he world. Manor of 'these species have rzoze
become  hr aspec dominant organismsin rnavy shallow-
water communities.

Moyle, P,B. and T, Light, 1996. Biological invasion~ of
fresh water: empirical rules and assembly theory.
Biological Conserva ion 78:149-161.
Indudes brackish waterinvasions, particularly thosein
California 's Sacramento-San Joaqui n estuary.

National Research Council. 1996. Stemming the Tide,
Controlling lv roduc i ons of ¹nindrgenous Species by
Ships'Ballast Water. National Academy Press,
Washingron, D.C., 141 pp.
The committee nature ofthis bookinevi ably bubbks rq~
occasionally.

Nehring, S, 1998, Establishment of thermophilic phyto-
plankton species In the North Sea: biological indica-
tors of climatic changes? lCES Journal of Marine
Sci ence 55:818-823.

Newman, W.A, 1967, On physiology and behaviour of
estuarine barnacles. pp. 1038-1066 In: Proceedings of
 he Sy mposium on Criistacea held a  Ernakulam from
January 12 to j5, 7965. Symposium Series 2, Part III.
Marine Biological Association of India.
The distributional ecology and physi ok>gy of >hei rrtrrrduced
barnacles, Baiavusimprovt' usand Balanusamphitrite,in
Sav Francisco Bay, California.

Nichols, F.H. and J.K. Thompson. 1985. Persistence of
an introduced mudflat community in South San
Francisco Bay, California, Marine Ecology Progress Series
24:83-97.

Of more thun 20in roducti ons, the Arian tc dam, Gemma
gemma, the Atlanti c amphipod, Ampeli sea abdita, and  he
Atlantic zerorm, Streblospio benedicti, are the most abun-
rturr .

Nichols, F.H., J.K. Thompson, and L.F. Schemel. 1990.
Remarkable invasion of San Francisco Bay
 California, USA! by the Asian c 1am Po arnocorbuln
amurensis, II, Displacement of a former community,
Marine Ecology Progress Series 66;95-101,

Noel, P., E, Tardy, and C. D'Ukem D'Acoz. 1997. Will
the crab Hemigrupsuspenicillutus invade the coasts of
Europe!. Comptes revduc de l'academic des sci encer de la
vie 320:741-745,

Yes,

Ofoighil, D., P.M. Gaffney, A.E. Wilbur, and TJ.
Hilbish. 1998. Mitochondrial cytochrome oxidase I
gene sequences support an Asian origin for the
Portuguese oyster Crassos reu angulatci. Marine Biology
l 31:497-503.

77re Japanese oyster Crassostrea gigas was in roduced by
 he Portuguesefrom Japan  o southern Europe probablyin
 h» j 6th cen ury; it was described as a species nett 'zre to
Europe in the 18th century, where ezren now it continues
to most rrf en be referred  rr by  he synrrny mous name
Crnssostren ungula a, under  he guise of'being n va i zre
species.' Ofoighil put a final nai li nto  h»junior synonymy
ofungulatu, ri ma ter nicely discussed by Edwards
in l 976,

Olenin, S. and E. Leppakoski. 1999, Non-native ammals
in the Baltic Sea: alteration of benthic habitats in

coastal inlets and lagoons, Hydrobioiogia 393:233-243.
Introduced species "have significav ly al ered ecosystems of
the sou heastern Baltic coastal lagoons ": one of theseis
Vis uln Lagoon, whose modern-day dominance byinva-
sions beu'rs con pariso trr similar enzrironmen r elscrwhere
around the world, such as the l'etang de Thau  Thau
Lagoon! i n Sete, ov the south coast of France;  he Ala Wai
Canuli v Waikiki, Honolulu, on  he sou h cons  of Oahu,
Hazerrtir; and Lake Merrittin' Oakland, California, on the
east shore of San Francisco Bay.

Orsi, JJ. and TC. Walter. 1991. Pseudodiaptomusforbesi
and P. marinus fCopepoda: Calanoida!, the latest
copepod immigrants to California's Sacramento-San
Joaquin estuary, Proceedings of he Fourth ln ernutirmal
Crrnference on Crrpepoda. Bulle in of  hc' Plank on Soli etgi of
/apav Special Volume �991!:553-562,

Paula, E.J. and V,R. Eston. 1987. Are there other
Sargassum species potentially as invasive as S. mu icuni.'
Botanica Marina 30:405410.

Yes there arc.

Petersen, K.S., K.L. Rasmussen,J. Heinemeler, and N.
Rud. 1992. Clams before Columbus? Xature 359:679,

Extends  he arrival of  he Xorth American dam, Mya are-
vnrin, in Europe back  o the l200s, und thus veri bin the
realm of Viki ng trunspor .

Petraitis, P.S. 1983. Grazing patterns of the periwinkle
and their effect on sessile intertidal organisms. Ecology
64:522-533.
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Theimpacts oJ  he European periwinkle Liftorina li torea in
New Fngland.

Petraitis, P.S. 1987. Factors organizing rocky intertidal
communities of New England: herbivory and preda-
tion in sheltered bays, Journal of Experimental Marine
Biology and E< ology 109;117-136,

P< traitis, P.S. 1989. Effects of the periwinkle Littorina lit-
forea  L.! and of intraspecific competition on growth
and survivorship of the limpet ¹ oacmea tes udinali s
 M u I le r!. Journal of Experimental Marine Biology and
Ecology 125:99-115.
The removal of the introduced European snar'I Li   orina li -

 orea in bne>er in ertidal areas in sheltered bays enhanced the
growth, weight gain, arid survrz>al of the na ive limpet
Tectura tes udi>ialis.

Pierce, R.W.,J.T. Carlton, D.A. Carlton, and J,B, Geller,
1997, Ballast water as a vector for tintinnid transport.
Marine Ecology Progress Series 149:295-297.
Identifies 33 species of intinnidsin ballast wafer arriv'ing m
Coos Bay from Japan; as Carlton and Geller  I 993! had
already reported 2 tinti nnid species, this adds 31 to the total
number of ballast speci 'es repor ed in Carlton and Geller,

Por, F.D. 1978. I.essepsian Migration: The Influx of Red Sea
Biota i nto the . mediterranean Sea by Way of  he Suez
Canal. Berlin: Springer-Verlag,
Thisis the classic summary up to the mid1970s; see Spanier
and Galil � 991!.

P<isey, M.H. 1988. Community changes associated with
the spread of an introduced seagrass, Zosteraj aponica.
Ecology 69:974-983,
The Japanese eelgrass in Oregon; experimental marripula-
 ions demonstrate tha  tbe plant has changed the physical
habitat  mean. ediment grain size declined with Z. Japonica
patches as compared to unvegetafed areas! rind the ri chness
and density of resi dent inver ebra einfauna  brgherin than
outsidi of  be patch!.

Planes, S. and G. Lecaillon. 1998. Consequences of the
founder effect in the genetic structure of introduced
island coral reef fish populations. Biological Journal of
 he Linnean Society 63:537-552.
Allozyme studies on what it takes 'in terms of mi nirnum pop
ulati on size inoc ulatior< fo make for a successful planting of
non-native fish it>to tbe Hawaiian Islands. In the casein
hand, only 3 of 1 1fishfrom French Polynesiapurposefully
r eleased between 1955 and 1961 in Hawair became estab-

lished; of the  brie successful species, even though only afew
individuals bequeathed their characteristics to subsequent
genera ions, no srgnifican changeirr genetic diversity was
<rbserz>ed. "

Prince, J, and %'. LeBlanc. 1992. Comparative feeding
preference of Sfrongylocenfrotus droebachiensis
 Echinoidea! for the invasive green seaweed, Codium
fragile ssp. tomentosoides  Chlorophyceae! and four
ocher seaweeds. 1tfarine Bi<dngy 1 13;159-163,

Race, M.S. 1982. Competitive displacemerit and preda-
tion between introduced and native mud snails.

Oecologia 54: 337-347.
The players are tbei ntroduced Atlantic mudsnar'I, Ilyanassa
obsnleta, and the native Cal Jornia mudsnail, Ceritbi dea
californi ca. The fnrmer eats the eggs of the latter and other-
zi>iseelr'minutes Cerithideafrom  he lower shore. See also the
ze>ork of %hi latch and Obrebski � 980! anil Brencbley and
Carl on  I 983!.

Recher, H.F. 1966. Some aspects of the ecology of
migrant shorebirds. Ecol<>gy 47:393407.
Although not mentioned by the author, virtually all nf tbe
prey of fbese native bi rds are species introduced to San
Francisco Bay .

Reise, K. 1999. Exotic invaders of the North Sea shore
Preface. Proceedings of a workshop held on the island
of Sylt, 19-22 February 1998. Helgolander
Meeresunfersucbungen 52 �/4!:217-218.
A symposium of 16 papers:
~ In roduc ed marine speci es ojthe ¹r h Sea coas s
~ Exotic flagellate of coastal ¹rth Sea waters

Red algal exotics on ¹rth Sea coasts
Irifroducecl brown algaein fhe ¹rth Fast Atlantic, wr h
parti c'ular respec'1 to Undaria pinna ifida  Harvey!
Sunngar

~ Fromin roduced species toinvader: wha determines
vari a lion i n the suc'cess of Cod 'um fragr'le ssp. tomen-
tosoi des  Chlorophyta! in  he 1Vorfh A lan i c Ocean?

~ On  he population development of  hei ntroduced razor
clam En.sis americanus near  he island of Sylt  I<for h Sea!

~ Introduc i ons and developments of oystersi n the Xorth
Sea area: a review

~ Mya arenaria - an ancienfinvader of the North Sea coast
 see S rasser, 1998!

~ Rapid colonizati on of new habi fats rn fhe Wadden Sea by
the ovoviviparous Littorina saxatilis  Olivi!
The neozoan Elmi nius modestus Darwin  Crustacea,
Ci rripedi a!: Possible explanati nns fori ts successfulinva-
sionin European wafer

- The recen  arri z al of the oceani cisopod Idofea metallica
Bose ofJHelgoland  German Eight, Nor b Sea!; an indi-
cafion of a warming trendin the ¹r h Sea?

~ The Asian decapod Hemigrapsus peni cillatus  de Haan,
1835!  Crrapsidae, Decapoda! introducedin European
waters: status quo and future perspecti ve
Dispersal and development of Marenzelleria spp,
 Polycbae a, Spronidae! populations in I<IWEurope and
the Netherlands

~ Ecophysi ologi cal capability of Marenzellerr'a populations
r'nhabiting ¹rth Sea estuaries: an overvrer<r>
Styela claz<a Herdma'n  Urochordata, Ascidiacea!, a
successfuli mmigrant to 1Vortb West Europe: ecology,
propagation and chronology of spread
Fxoli < invaders of the meso-ofr'gohalinr zone nf
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estuari e> in the Xetherlandsr why are there so many?
Reusch, T.B.H. and S.L. Williams. 1998. Variable

responses of native eelgrass Zoslera marin~ to a non-
indigenous bivalve clrlusculista senhousia, Oecologia
113:428-441,

The r'ntroduced Japanese mussel, >II>lusculista, when experi-
meritally added to Zosiera beds, causes eelgrass rhizomes to
grozi 409'o less thari controls.

Ribera, M.A. and C.F. Boudouresque. 1995, Introduced
marine plants, with special reference to macroalgae:
mechanisms and impact, pp. 188-268 In: Round, F.E.
and D.J. Chapman  eds,! Progress in Phycological
Research 11.

77>efirst tboroagh global review ofintroduced marine algae.
Ricciardi, A, and H.J. MacIsaac. 2000. Recent mass

invasion oF the North American Great Lakes by
Ponto-Caspian species. Trendsin Ecology ana'Evolution
15:62-65.

Species from the Black and Caspian Seas are often euryha-
line and have formed a I onspicuous global element in the
i nvasi ons picture.

Ricketts, E.F., J. Calvin, and J.W. Hedgpeth. 1968.
Between Pacific Tides. Fourth Edition. Stanford
University Press, Stanford, CA. 614 pp.

Rosenfield, A. and R. Mann  eds.!. 1992, Dispersal of
Li ving Orgiini sms into Aquatic Ecosystemrc University of
Maryland and Maryland Sea Grant College Program,
College Park, Maryland. 436 pp.

Rueness,J, 1989. Sargassum muticum and other intro-
duced Japanese macroalgae: biological pollution of
European coasts. !lrlarine Pollution Bulletin 20:173-176,

Russell, D.J. and G.H. Balazs. 1994. Coloiiization by
the alien marine alga Hypnea miisciformis  Wulfen! J.
Ag. Rhodophyta: Gigartinales! in the Hawaiian
Islands and its utilization by the green turtle, Chelonia
mydas L. Aquatic Bolany 47:53-60.

Ruiz, G.M.,J.T. Carlton, E.D. Grosholz, and A.H.
Hines. 1997. Global invasions of marine and estuarine

habitats by non-indigenous species: mechanisms,
extent, and consequences, American Zoologisl 37:621-
632,

Ruiz, G.M., P. Fofonoff, and A.H. Hines. 1999. Non-
indigenous species as stressors in estuarine and
marine communities: assessing invasion impacts and
interactions. Limnology and Oceanography 44:950-972,
Uses Chesapeake Bay as a model system, with 196intro-
duced and cryptogenic taxa used for analysis: while 39 �0
%! of these species were beli eved to have had "some signifi-
cant impai t", the authors couldfind quantitative dala on
impacts for only 12 of the 39, representing only 6% of the
196 speci es surveyed!

Sheath, R.G. 1987. Invasions into the Laurentian Great
Lakes by marine algae. Archive fur FEgdrobiologi'e Beiheft
Ergebni sse der Li >nnr>lngi e 25; 165-1 86.

An all-too-rarely cited paper; vrith rare exception usual y
citedas Arch. Hydrobiol, Beih. Ergebn. Lirnnol,, a mys-
leri ous sel of abbrevi alions lo mosl Engli sh-speaking zi>orker s.

Shushkina, E.A., G.G. Nikolaeva, and TA. Lukasheva.
1990. Changes in the structure of the Black Sea plank-
tonic cominunity at mass reprOductian Of sea gOOse-
berries 7FFnemiopsi s lei dyi  Agassiz!. Oceanology 5 I:54-
60,

An early paper on the invasion of ibis combjellyfish
 ctenophore! from the Americas to thc Black Sea.

Sinderrnann, C J. 1993. Disease risks associated with
importation of nonindigenous marine animals.
liZlarinc Fisheries Review 54:1-10.

Skerrnan, TM. 1959. Marine fouling at the Port of
Auckland. ¹w Zealand Jnurnal qf Sci ence 2.'57-94.
A mid-century look at a fauna domi naled byintroduced
species.

Smith, I..D,, MJ, Wonhain, L,D, McCann, G.M, Ruiz,
A.H. Hines, and J.T. Carlton. 1999. Invasion pressure
to a ballast-flooded estuary and an assessment of inoc-
ulant survival, Biological lnvasioris 1:67-87.

Southward, A.J,, R,S, Burton, S.L, Coles, P.R, Dando,
R. De Felice,J. Hoover, P.E. Parnell, T. Yamaguchi,
and WA. Newman. 1998. Invasion of Hawaiian

waters by an Atlantic barnacle. hfarine Ecology Progress
Seri es 165:119- 126,

The Caribbean barnacle Chthamalus proteus Dando and
Southward, 1980, invades the Hawaiian archipelago, but
exacdj: when it did soi n the previous ZO years is surprisingly
unclear.

Spanier, E, and B,S, Galil, 1991, I.essepsian migration: a
continuous biogeographical process. Endeavour
15; l 02-106.

... through the Suez Canal; see Por 1978.
Stachowicz, J.J., R.B. Whitlatch, and R.W. Osman.

1999. Species diversity and invasion resistance in a
marine ecosystein, Science 286:1577-1579.
"ln experimental communities of sessile marine i nverte-
brates, increased species ri chness sigiiificantly decreasea'i nvu-
sion success, apparently because species-rich communilies
more completely arid egiciently used available space, the lim-
iting resourcein this system. "Species contributing to this
richness and said to be nativei n this Lung Island Sound,
Connecticut, foaling communi ty ze>ere the blue mussel
rlrly tilus ea'uli s, the asci dian seasquirls hloiguk manhalten-
sis, Ciona inleslinalis and Bolryllus schlnsseri, and the bry-
ozoun Ciyptosula pallasiana; with the excepti on of the mas-
se!, all of' these species, however, are either cryptogeni c or
introducedfroin Europe.

Stigzelius,J., A. Laine,J. Rissanen, A.B. Andersin, and
E. Ilus. 1997. The introduction of rl>1 arenzelleria zriridis

 Polychaeta, Spionidae! into the Gulf of Finland and
the Gulf of Bothnia  northern Baltic Sea!. Annules
Zoologi Fennici 34:205-212,



Strasser, M, 1999. }Iqya arenaria � an ancient invader of
the North Sea coast. Helgolunder kfeeresuvtersuchungen
52:309-324.

A clam that wus once widespread through the cold waters of
the iVor bern Hemi sphere until the Plei stocene gluciers wipea'
i t oui from the Eastern Pacific and the Eastern Atlantic,
orily to be introduced  not reintroduced/! to the Eastern
Pacific and the Eastern Atlantic by humans so thatits mod-
ern distribut on parallelsits ancient distribution. American
readers will note that the author s reference to the "Paci fic
west coast" means Asia.

Sutherland, J.P, 1974. Multiple stable points in natural
communities. Ainer'tean ¹turalist 108:859-873.

A major controlling species focused upon in this foundation
paperis the stalked seasqui rt  ascidi an!, Styela pli cata,
whi ch forms one of the stable pointsi>n thefouling communi-
ty at Beaufort, ¹rth Carolina, und directly andindi rectly
impacts many other species in the coinmunity. Unbeknownst
to the author, this n an Asian speciesintroducedin the Ih'th
or 19th centuries tir Atlantic ¹rth America,

Sutherland, J.P. 1981, The fouling community at
Beaufort, North Carolina: a study in stability,
American IValurali st 118:499-519.

See Sutherland 1974, Introduced or cryptogeni c species  not
so notea' by the autho'r} ivcluded arnoiig the fouling commu-
ni ty's 'foundation species "in»Iud» the seasquirts  ascidians!
Styela plicctta, i'icIolgulu manhattensis, and Botryllus
schlossert, ihe barnacle Balanus amphitri re and Balanus
reticulatu.>'  identi fied as Balanus tintinnabulum!, and the
bryozoan Angui nellu palmnat.

Swennen, C. and R. Dekker. 1995. Corambe batava
Kerbert, 1886  Gastropoda: Opisthobranchia!, an
immigrant in the Netherlands, with a revision of the
family Coram hidae, Journal of I molluscan Studies 61:97-
107.

Aninteresiing case wherein the "endemic" brackish water
Zuiderzee seaslug  once li stedin the eridungered species Red
Book! i s found to be the introduced ¹rth American speci es
Dorideltu obscura.

Ti owbridge, C.D. 1996. Introduced versus native sub-
species of Codiumfragile: how distinctive is the inva-
sive subspecies tomevtosoides. }Ifarine Biology 126:193-
204,

Trowbridge, C,I3. 1998. Ecology of the green rnacroalga
Codiumfragile  Suringar! Hariot 1889: invasive and
non-invasive subspecies. Oceanography and I>pluri ne
Biology; An Annual Review 36:1-64.

Utting, S.D. and B.E. Spencer. 1992. Introductions of
marine bivalve inolluscs into the United Kingdom for
commercial culture - case histories. ICES Il7Iarine

Science Sy>mposi a 194:84-91.
V;idas, R.L. 1992. Littorinid grazing and algal patch

dynainics. pp. 197-209 In: Grahame, J., PJ. Mill, and
D.G, Reid  eds,!. Proceedings of ihe Third International

.'>ymposium on Littonnid Biology, Malacological Society
ot London, I ondon, 324 pp.
A thorough demonstrcition of the control that the European
peri rtiinkle, Li ttori na littoiea, exerts ov upper and mi dinter-
ti dal algal patches,

Valiarino, E,A, and R, Elias. 1997, The dynamics of an
introduced Bulunusglandulu population in the south-
western Atlantic rocky shores. The consequences on
the intertidal community. inarine Ecology, Pubblica-
zioni della Stazion»Zoologiiu di A'apoli 18:319-335.
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Atssvkacrt .Australia has been actively researching and developing management strategies for invasive marine
species since the mid-l980s, following the discovery that several species of toxic dinoflageilates were likely of for-
eign origin. While the problem of introduced marine pests is far from solved, an evaluation of the results of efforts
to date suggest four key points. First, exotic species have been, and continue to be, introduced by a range of vec-
tors; priorities for management action need to be based on a critical evaluation of the real risks posed by each vec-
tor, and encompass an understanding that even major effort directed at a few vectors will not prevent new incur-
sions of major pest species, Second, eradication of new incursions is achievable, but is uncommon and limited to
those situations where the pest was either detected quickly or otherwise still had a limited distribution. For most
species, practical options for rapid eradication still need to be developed. Third, long-term options for pest man-
agement have to take into account social and cultural issues that make some options unfeasible. And fourth, groups
likely to pose major threats in the future include pathogens, marine macroalgae, and genetically enhanced pro-
duction lines developed for use in mariculture. The development of options to deal with these issues will rely heav-
ily on an integration of techniques for management strategy evaluation, fundamental marine ecology, and the
emerging science of marine bioinvasions.
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INTRODUCTION
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For the last decade, Australia has had a national

program explicitly to deal with ballast water introduc-
tions and their management. Australian government
agencies  and particularly the Australian Quarantine
and Inspection Service � AQIS! have long recognized
th: threat posed by exotic marine organisms intro-
duced by shipping, and have led the agenda at the
International Maritime Organization ta do sorne-
thing about the problem  Paterson 1994!.
Domestically, Australia has had a continuous pro-
gram of research and management into ballast water
and other potential vectors since 1989 and undertook
world-first studies on ballast water exchange and heat
treatment as partial solutions to the ballast water
problein  Manning et al, 1996!, The recently �999!
released Australian government Oceans Policy
emphasizes the country's continued coinmitrnent to

Inanaging ballast water as a vector, including support
fOr a natiOnally integrated rnanagesnent regime, the
development of practical management tools, and
implementation of a national process for identifying
and responding rapidly to new pest incursions and
outbreaks, This process is an extension of Australia's
existing programs to deal with exotic terrestrial pests
such as rabbits, cats, and a plethora of weeds.

Some aspects of the Australian situation are
unusual to it, such as the strong social comrnitrnent
to protecting its unique biota, but the vectors for
marine invaders  Carlton 1996! and many of the
species themselves are shared problems world-wide
 eg., Cohen and Carlton 1997; Clark et a/, 1998;
Trowbridge 1998!, In this paper, I review some of the
conclusions that we have gleaned from dealing with
these vectors and pests over the last decade, present-
ed as an assessmerit of the critical threats we currently
and are likely to face in the near future. The issues
covered and ideas presented are idiosyncratic, but
also reflect to an extent emerging priorities in
Australia.
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Table I. Intr<iduced marine species in Ausirahan waters, divided
by state and likely mode of'iniroduciion, as compiled through
January 199g. The table includes some species ol uncertain taxo-
nomic siatui and some crypiogenic species; species are listed inde-
pendently if they occur in snore than one state; and inosi species
are allocated to more than one iianspoii inechanism as they could
have been transported in each. Key: WA � Western Australia, SA-
South Austmli;I, Vic � Victoria, Tas � Tasmania, NSW � Neo
South Wales, Qld � Queensland, NT � Northern Territory.

State Number of Hull fouling Marieulture Dry Ballast Intentional
Species and boring Ballast Water

WA 53 36 23 12 18 3

SA 48 30 24 7 10 2

Vic 104 61 52 13 23 4

Tas 42 23 21 8 19 4

NSW 56 36 23 8 12 2

QI I 21 17 10 0 2 0

NT 2 0 0 0 0 2

INVASION MECHANISMS

Cohen and Carlton �997! listed ten broad cate-
gories of mechanisms theoretically available for
tranSoceanic tranSpOrt, many Of whiCh have nurner-
ous subcategories  e.g., Cohen and Carlton 1995; Eno
e/ al. 1997'!. The significance of each is debatable,
doubtless varies among sites, and has changed over
time, For many species, transport could have
occurred by any one of several vectors. International
shipping simultaneously offers transport opportuni-
ties via hull fouling, sea chests, and ballast, and
species prone to transport as hull foulers are of'ten
also amenable to transport in rnariculture shipments.
Determining with certainty the vector for a particular
unintentional introduction is iinpossible, and in all
cases has lo be decided on the basis of probability
 although in some instances, the probability app-
roaches 1, e g., the introduction of hfrfemiopsis feidyi
into the Black Sea in ballast water!. Data on the nuin-
ber of larvae in ballast tanks or the ~umber of' species
attached to hulls or in a Inariculture shipment only
tell us that a particular transport mechanism is oper-
ating, but say little about consequent rates of success-
ful invasion and impacts,

One measure of the relative importance of the
different transport vectors is the proportion of inva-
sive species attributed to each by different studies.
Cohen and Carlton �995! estimated that four major
vectors were historically of roughly equal importance
in San Francisco Bay; ship fouling �6o/II of intro-
duced species!, ballast water �4si/o!, accidental intro-

ductians due to mariculture �2 /o!, and deliberate
introductions �0'/O!. Their study included a large
number of freshwater species, however, which inflat-
ed the last category. Eno et al. �997! suggested the
largest single identifiable transport mechanism for
introduced inarine species in Britain �1 "/o of the
species! was accidental introduction associated with
mariculture. Fouling accounted for about 26 /0 and
ballast water for another 18II/O, with an additional

12B/D of'species equally likely to have been introduced
by either of these shipping-related vectors. Deliberate
introductions accounted for a further 80/o of the

introduced species. Cranfield et a/. �998! stated that
"most �9n/II! of the adventive species, arrived in New
Zealand as part of hull fouling communities, "
attributing only 3'/O to ballast water and 2 III/II to
either fouling or ballast water. It is not clear from the
report whether vectors other than hull fouling, such
as mariculture shipinents, were considered in detail.
Our evaluation of the introduced species in
Australian waters  Table 1! suggests that the domi-
nant Inodes of introduction to Australia historically
are hull fouling and accidental releases associated
with mariculture, f'ollowed by ballast water, dry bal-
last, and intentional releases. Ballast water accounts

for 15-20II/o of the invasive Inarine species we have
thus far found in Australia.

From a management perspective, a more useful
analysis is the relative iinportance of transport vec-
tors For pest species, here defined as those species
likely ta cause significant social, health, economic, or
environniental dainage. The Australian Joint
Ministerial Taskforce on Managing Marine Pest
Incursions recently �999! reviewed the known inva-
sive species in Australian waters and overseas against
a set of criteria  Table 2!, to produce a list of 12
species against which incursion response plans would
be developed. This list excluded freshwater species,
and also excluded pest species already widely distrib-
uted in Australian waters. The latter include the New

Zealand screw shell  Afaorieulpus roseus!, the
European shore crab  Careinus rnaenas!, the
Mediterranean fan worm  Sabella spallanzanif!, the
Pacific oyster  Crassosrrea gfgar! and three species of
toxic dinoflagellates  genera Gynnfadinium and
Aleaandrium!.

Of the established pest taxa, only the toxic
dinoflagellates almost certainly arrived in ballast
tanks  Hallegraeff and Bolch 1991!. Of the remaining
SpccieS, the PaCifIC OySter waS deliberately intro-
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Interim List

Species

Criteria

Common Narue Native
Disti'Ibutlon

Introduced
Distribution

C'avlerpa raxifoiia Marine A gae
Aquarium si. airi

Native strains Invasive 'hybrid"
circumiropical m Mediterranean

Sea

Europe; West
Coast North
America

Mnemiopsrs leidy. Comb Jel y Black Sea,
Nlediterranean

Western
Atlantic

Mytiiopsis sarfei Black Striped
Ivlu sse!

Caribbean llong Kong; India;
S ngapore;
[Darwin, NTl

! I  proposed as
introduced to
N Americal

North East Pacific
 SF Bay!
Black Sea,
East Coast
North Amenca

Pfiesrena pi.cicida DinoflagellateNorth West
Atlantic

POrainOCOibula ASian Clam
amurensis

North West
Pacific

North West
Pacific

Rapana rfiomasrna Gastropod

North West Pacific,
England

Tasmania, Victoria

Codium fragile ssp.
iomenfosoides

Broccoli weed,
Dead man's
fingers

Asian Date or
Bag mussel

Tasmania, VictoriaNorth East
Pacilic

Mvscvlista
senhousia

North West
Pacific, South
Asian Seas

Tasmania, Victoria,
Western Australia

Undana pinnatifida Undaria
Seaweed,
wakarne

North West
Pacific

Tasmania, Victoria

Tal>le 2a. Interim selection criteria developed by the National
Tar.kforce on Managing Marine Pest Incursions

Necessary and sufficient information to justify including a
species on the trigger list  all four need to be satisfied!

Demonstrable invasive history.

One or more relevant transport vectors are sti I operating.
Demonstrable impact in native or invaded ranges on:
~ economy

~ environment

~ human hea th

~ ameriity

a, Inferred as likely to have major impacts in Austra ia based on
the overseas data and characteristics of Australian environ-

ments and marine communities.

Necessary and sufficient information to justify removing
species from the trigger list  any one needs to be satisfied!

Scientific, empirical data show that impacts overseas are less
than previously thought.

Scientific, empirical data show that impacts in Austra ia are
likely to be less than previously thought.
Already is or becomes widely distr buted in Australia.

duced, the European crab likely arrived in dry ballast,
the screw shell was accidentally introduced in oyster
shipments from New Zealand, and the rest were most
likely fouling organisms in the broad sense of the
term  including, for exainple, transport in sea chests!.
Ol the "dangerous, but not yet here" species, two
 /if, leidyi and Pfiesteria piscicida! are clearly ballast
wa ter species, two  Rapana thomasina and
Potamocorbula amurensis! are most likely to be intro-
duced in ballast water, one  Sargassum muticum! is a
foaling species, Friochier sinensis would likely be intro-
duced intentionally or in ballast water  Cohen and
Carlton 1997!, and the hybrid form of Caulerpa taxi-
fol!a will mast likely be introduced in the aquariutn
trade, though it is alsa easily transported fouled in
fishing gear, anchors, and the like  Meinesz et al.
1998!,

This analysis suggests two points. First, na single
vector or small subset of vectors accounts for all pest
species; targeting any single vector will, therefore, not
stop the introduction of species with significant pest
potential. But second, by far the single most active
transport mechanism historically for pest species is
fouling, which accounts for five of the nine estab-
lished pcsts. Aniong thrcatcning species, ballast water

Table 2b. Interim trigger list developed by the Nanonal Taskiorce
on Managing Marine Pest incursions

Eriochiisinensis Chinese lviitien NorthWest
Crab Pacific

Sargassum mvticvm Asian Seaweed North West
Pacific

In Australia, but not widespread
Asten'as amvrensis Northern Pacific North West

Seastar Pacific

is more significant, accounting clearly for two
species, the most likely vector for two more, and a
potential vector for another.

The distinction between fouling, in a broad sense,
as the dominant historical vector and ballast water as

a major recent threat is consistent with our analysis
of invasion patterns in Port Phillip Bay  Victoria,
Australia!  Hewitt et aL 1999!. Fven so, fouling
appears to currently be a threat equal or greater to
ballast water, in Port Phillip Bay and elsewhere in
Australian waters. Two additional observations appear
ta support this paint.

First, Australian scientists have now surveyed 15
ports for exotic species. All ports surveyed had exotic
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marine species. However, ports receiving very high
levels of ballast water are not generally any Inore
invaded than those receiving little ballast water
 Hewitt, in prep.!, The exotic species found typically
have been in Australian waters since prior to the use
of ballast water, and appear to have been introduced
into the high ballast water ports by domestic trans-
port, rather than international shipping.

Second, the Inajor invasion events in Australia
over the last decade can be attributed to fouling, mar-
iculture operations, and natural dispersal. None
appear to be unainbiguously a consequence of ballast
water transport. These events include the introduc-
tions to Australia of Asterias amurensis, Undariayin-
rratifida,  ,odiumfragile ssp. tomerrtosoides, and
hfytilopsis sallei; the domestic translocation of rf.
arrturenSis and U pinnatifida FIOin TaSrnania tO
Victoria; the spread of Sabella spallartzanii and
hfaorieulpus Ioseus; and the invasion of C. maertas
From the niainland to Tasinania.

Of these, the only invasions debatably Inediated
by ballast water are those involving A. amurensis.
Evidence for this is the presence of 8, amurertsislar-
vae in ballast water of'ships  Martin and Sutton, in
prep.!. However, we have also collected adults in sea
chests of these same vessels, have had several appar-
ently reliable reports of deliberate atteinpts to spread
the species, and small juveniles are cryptofauna in
fouling communities and hence routinely found in
aquaculture equipment and on mussel ropes, which
are moved by the aquaculture industry among sites,
With regard to the initial introduction into Australia,
the probable point of introduction  the Derwent
estuary in Tasmania! receives little ballast water from
the original source location in Japan  eg., in 1991,
the only year for which hard data are available, there
was only one visit to Hobart from Japan that resulted
in a ballast water discharge, and that vessel was from
well outside the area that genetic analysis indicates as
the probable source location; qualitative inforination
for other years indicate a siinilar picture!. Large vol-
umes of Japanese sourced ballast water are discharged
at sites near the Derwent, but improbable scenarios
are required to explain why the animals are common
in the Derwent, but not at these sites  Ward and
Andrew 1995!. In contrast, each year the Derwent
harbors a sizable fleet of Japanese fishing vessels from
areas that genetic analysis  Ward and Andrew 1995!
suggests as the probable source location for the
invacfcrs. Thcsc vcsscils, which historically werc oftctI

heavily fouled  Hobart Port Authority, pers. comm.!,
dock in the Derwent for several weeks at a time. We

conclude that although Inost of the media and many
scientific reports have reported 8, amurensis as a bal-
last water introduction in Australia, the evidence sug-
gests otherwise.

There are several likely reasons why the assurnp-
tion was made that ballast water was the relevant vec-

tor f' or A. amurensis, and why Atistralia ha* empha-
sized managing this vector, despite evidence of'the
historical and current role of hul] Fouling, sea chests,
and associated vectors as sources of invaders, and

pest species in particular.
First, ballast water unainbiguously results in the

introduction of exotic species, some of which achieve
pest status. Several of' the more prominent invasions
can be linked to ballast water; in Australia, Gustaff

Hallegraeff's work on the transport of toxic dinofla-
gellates in ballast water  see Hallegraeff and Solch
l991! was a key discovery that stimulated Inuch of
the Australian efFort, The zebra Inussel  Dreissena
potymorpha! and its likely introduction in freshwater
ballast had a similar effect in North America, as did

Af, leidji in Europe, The predominance ol ballast
water as a likely vector for the threatening species not
yet in Australia at least in part justifies the current
emphasis,

Second, ballast water is conspicuous and the scale
of the vector sounds threatening. The perceived
threat and the conspicuous nature of ballast water as
a vector have made it the transport mechanism to
which new invasions are often quickly linked in pub-
lic and political arenas. With regard to the latter,
Inedia emphasis and recent high-profile tcchnical
publications have alerted both managers and envi-
ronrnentalists to the problem, and prompted an
einphatic reaction.

Third, the prospect of a technical/operational
solution to the problein for an industry used to deal-
ing with such issues  and that acknowledges a prob-
lem that needs to be solved! contrasts with the Inorc
complex solutions that are likely to be required to
address fouling, intentional introductions, and acci-
dental and casual releases from mariculture opera-
tions. National and international processes are being
developed and impleinented to deal with these other
vectors, but they often lack the f'ocus or prominence
attached to ballast water.

Uncertainty about the relative importance of dif-
fcrcnt vectors as a source of itIvasivc spccics is stot a
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vi ble excuse to do nothing. Societal and political
pn ssure to respond to these invasions forces Inan-
agers to make decisions in the face of uncertainty
about underlying biology or effectiveness of policy
settings. In this environment, I suggest we need to
deliver three Inessages.
1, PrOvide realiStiC eXpeCtatianS tO Inanagement

agencies atteinpting to solve the problein, The
diversity of vectors means thar even a perfect sys-
tem of sterilizing ballast tanks will not prevent
new, damaging, and high-profile invasions. In the
Australian context, even if such a system was avail-
able, it is debatable whether it would have had
any effect on the invasions and recent range
expansions by U. pinnatifida, S, spallanzanti, or
pOSSibly even A. ansstrenSiS.

2. Manage the manageable, If the technology and
political, social, and industrial will exists to deal
with ballast water, but not yet other vectors, then
deal with ballast water, But at the same tiine, we
should continue to emphasize the multifaceted
nature of the threat, and seek to ensure that a

focus on ballast water does not preclude the avail-
ability of resources to deal with other vectors.

3, Develop and help impleinent manageinent struc-
tures and strategies that are compatible with, if
not also actually effective against, inultiple inva-
sion paths. In so doing, we can help ensure that
effort invested now will be equally useful in the
future, should the evidence cause a shift in the

emphasis of response actions.
Reflecting these Inessages, the Australian Ballast

Water Manageinent Advisory Council is likely to
shortly be re-co»figured as the Australian Introduced
Marine Pests Advisory Council. The AQIS has devel-
oped action plans for the next several years that
address a range of vectors, rather than continuing to
focus solely on ballast water.

MANAGING PEST POPULATIONS

Responding to established pest populations has
three logically distinct coinponents: �! early detec-
tion of and, if possible, eradication of new incur-
sions, �! containing infections by minimizing the
rat of spread of established pest species, and �!
long-term pest nianageineii.

Logically, the inost effective time to eradicate a
new pest is before it is well established and has
spread froin the point of initial infection. Three
reCent eXainpleS demOnStrate the viability Of the

approach. In 1998, early detection and rapid response
by South Australian Fisheries led to the elimination
of a patch of about 20 New Zealand greenlip mussels,
Perna eanaliculus, detected by chance during a
research survey. This action appears to have eradicat-
ed the invader from South Australian waters  J.
Gilliland, pers. comin.!. Joint action by scientists and
industry appears to have recently eradicated an unde-
scribed South African sabellid that infested Tegstla
fttnebralts and Haliotis rufcscens in California  Culver
and Kuris, in prep.!. In 1999, a large-scale, coordinat-
ed program lcd by the Northern Territory govern-
rnent and involving most Australian states, several
Commonwealth agencies, and a number of industry
and community groups eradicated an incursion of a
dreissenid, Mytilopsis sallei, from three Darwin mari-
nas  Bax 1999!. The incursion response involved clos-
ing the infested rnarinas, a prolonged program of poi-
soning using chlorine and copper sulphate, and the
tracking and checking of every vessel that had left the
rnarinas since the estimated date at which the dreis-

senid invaded, The eradication program cost A $2.8
Inillion, and has led to a whole-of-governinent review
of incursion response mechanisms,

Such attempts often fail, however. A recent efFort
to trap out 8, ansstrertsis frotn Port Philip Bay, Vic-
toria, proved to be too little, too late, as did earlier
attempts to physically eradicate infections of
S. mutiettm in England, C. taxifolia in Spain, and
V. pi nnatifida in Tasinania. The practicality of an
eradication attempt critically depends on the nature
of the invader, the scale of the infestation  and hence
the rapidity with which it was detected!, and the will-
ingness of relevant authorities and the community to
invest the often considerable effort required. Our
experience has been that expectations regarding the
effort involved are typically unrealistic, so that insuf-
ficient resources are made available for the eradica-

tion attempt to have any real hope of success. In
response, we are currently preparing a management-
oriented guide to rapid response options  Bax, in
prep.!, that will review what has and has not been
successful in the past, recoinmend response aCtiOnS
for different groups of organisnis, specify the likely
costs  huinan and financial!, and outline the theor-
etical and conceptual underpinnings for the response
action.

Detection of'new pest incursions also frequently
leads to demands f' or it to be contained until effective

couiitermeasures can be developed. In Australia,
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public education programs and soine management
actions have been instituted in an attempt to reduce
the rates of spread of U. pinnzztifida, C, fmgile spp,
tomen/osoides and 8, amurensis. A similar program
against U. pinncztifida is underway in New Zealand.
The critical issues clearly relate to potential transport
vectors, the extent to which they can be inanaged,
and, again, the willingness of government to act. Our
experience has been that marine quarantine zones are
difficult politically to establish, are often not rnain-
tained once the original flurry of activity has passed,
and rarely incorporate a community awareness pro-
grain sufficiently well designed and coordinated as to
generate the level of voluntary compliance typically
required. The notable exception was the quarantine
erected to contain cV sailei in Darwin. The very rapid
and strong response by government agencies, which
included declaring a state of einergency, impounding
vessels, at-sea hull inspections, and a well-coordinat-
ed public relations campaign, was effective, but also
expensive. Legal action For compensation arising
from the quarantine is still pending.

Once a pest species is established, the options for
its long-term inanagement are still few. In Australia,
two crucial sets of'issues emerge almost immediately
when control options are discussed. The first is an
attitude of defeatisin. Most managers have stated
implicitly or explicitly that once a pest is established,
we have to learn to live with it. The reasoning behind
this attitude flows from the second issue: the social
milieu in which control needs to be undertaken dif-'
fers fundamentally from those for land or freshwater-
based control programs  Lafferty and Kuris 1996!.
There are three critical differences. First, the ocean is
perceived by much of'the public as pristine; this per-
ception is illogical and easily refuted in principle, but
difficult to overturn in practice. Because of it, sugges-
tions of releasing a local biocide or an exotic biologi-
cal control organism sometimes evoke strong, nega-
tive reactions, based on a perception that it would
degrade the pristine ocean. The second difference is
the perceived fenceless ocean, which has two irnpor-
tant consequences: because inarine organisms are
perceived to have unlimited dispersal potential, �!
managers assume that local actions are not likely to
have local impacts on the target organism, and �! a
seginent of'the community assumes that any manage-
inent action, but particularly biological control, will
impact adjacent areas, and more to the point, their
adjacent areas  a manifestation of the unot in my

Table 3. Evalution of potential control options for r6rrriu>
arrtnrrrr>i>, using the criteria proposed by Norton �988!. Based on
Go88>n f1998!. Thc criterion of'economic desirability is assumed
to have been answered in the p<>s>tive before any of these options
are applie J.

Method

Physical Control

Trapping
Hand col ection

Oredging

Mopping
Fencing

Chemica Control

Broadcast

Yes Yes

Yes Yes

Yes No

YesSmall scale only

Small scale only
Small/Medium scale

Small/Medium scale

Small scale only

Yes

No

Yes ?

<es YesYes

Metfium scale on y
Small scale only

Farm scale only
diation

No Yes No

Yes

No

YesInfecbon

Barriers Yes

Yes ' Yes

Yes 7

Yes

Yes

No No

Yes ?Yes

Yes Yes ? ?

Yes Yes ? ?
7 7Yes

backyard" syndrome!, The third critical difference is
that the ocean is utilized by hunter-gatherers  fisher-
men! who �! are suspicious of any perceived threat
to their independence or fishing success and �! har-
vest dispersed resources, which makes it difficult to
assign a dollar value to pest impacts or recover cost
ot control actions. There are obvious exceptions to
the last point, such as mariculture operations and
pests that affect industrial operations, but these are a
minority, Lafferty and Kuris �996! also raise the
point that the level of control required f' or a inarine
pest may often be less than required far terrestrial
agricultural pests. This is probably true in principal,
but may not be true in practice; conservation groups
typically push a strong agenda for complete eradica-
tion, even if this is currently impractical with avail-
able technology for widely distributed pests.

Enviromental Reme

Rehabilitation

Redulate
nutrienfs

Biocontrol

Native predator

Native parasite

Exotic predator

Exotic parasite
Genet'c Control

Programmed
fatality

Ind ucible fatality
Vectored
sterilization

Ctfective Environmentally practical politically
Acceptable Advantageous
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Norton �988! provides a useful process to evalu-
ate the conflicting objectives of pest eradication and
the pristine ocean syndrome. He suggested that f' or
any pest inanagement program to be successful it
inust fulfill all of five criteria: it must be �! technical-
ly possible, �! practically feasible, �! environinental-
ly acceptable, �! econoinically desirable, and �!
politically advantageous, The last is perhaps the most
important and the most often overlooked, The cru-
cial standard is not that a rnanageinent approach be
politically acceptable, but rather that the politicians
and/or bureaucrats who ultimately will approve
application of a control inechanism inust benefit
from this decision. A good recent Australian exainple
is the proposed use of ichthyocides to kill carp in
river., Although it appears to be technically feasible
to develop a carp-specific biocide, approving the
release of such a "poison" into waters in which chil-
dren swim and farin stock and human communities
draw drinking water would be a "brave" decision by a
minister, and henc e one that may never be taken,

We have applied Norton's �988! approach to
evaluate possible control options for A. amurensis in
the Australian cultural context  Table 3!  Goggin
1998!. Froin this and siinilar exercises we have under-
taken for other species, pest management options can
be ranked on the basis of political and social likeli-
hood of being supported. In descending order of
acceptability, these are

I,:3o nothing; the problem might go away.
2,:Rehabilitate the environment, in the belief that

pests are only probleins in degraded areas.
3. I'hysically reniove pests froni iinportant sites

i'fish farms, marine reserves! and ignore the rest.
4, Utilize the pests commercially.
5. Deploy species-specific biocides, reproductive

inhibitors, etc.

6. Encourage native predators.
7. Deploy general biocides, selectively applied.
8. Encourage native diseases and parasites.
9, Apply novel genetic approaches that affect only

the pest.
10. Apply classical biocontrol, using exotic parasites,
11. Apply classic,>1 biocontrol, using exotic nonviral

diseases.

12, Apply novel genetic approaches that involve
modification of native species  i,e., to use them
a.s vectors!.
On the basis of'our discussions, two additional

approaches are unlikely to be supported in Australia

under any circumstances: biocontrol using an exotic
predator and biocontrol using a viral disease  or even
worse, a genetically inodified virus!. I suspect these
options would not be supported anywhere.

A key element in this ranking is reversibility. Up
to option 8, if things go wrong, no permanent change
to the system has been made due to the response
action itself'. From option 9 onwards, participants in
our workshops were very loathe to commit, which is
reasonable given uncertainties on the specifics of
each application. However, there was very strong
resistance to the permanent introduction of "anoth-
er" exotic species � a disease or parasite � to address a
problem caused by the original introduction. This
contrasts reinarkably with Australia's relatively fre-
quent iinportation and release of insect biological
control agents against terrestrial weeds, and reflects
the social considerations discussed above.

This ranking does not reflect the likelihood of
success. Options 1 and 2 are largely wishful thinking,
though option 2 has benefits in its own right and
constitutes a "no-regrets" attempt at pest rernedia-
tion, Physical removal is only likely to be successful
against species early in an invasion, and will be limit-
ed to those species that can be easily identified and
removed, Application of physical removal on a large
scale, eg,, cornrnercial harvesting, can generate strong
advocates, but was not supported by fisheries and
marine environmental agencies on the basis of insti-
tutionalizing a pest and encouraging its translocation
to areas not already infested. Biocidal approaches
were close to the nervousness threshold, but were
generally considered acceptable if suitable safety tests
were done, collateral damage was slight,,md an effec-
tive delivery mechanism could be found; the last
requirement was considered a major technological
difficulty. Among biocontrol options, the only
broadly supported approach was enhancing native
species to cornbat the invader, though it was also
agreed this would probably not be effective in the
long term. Genetic approaches that only modified
the target species was also considered likely to be
widely supported, Classical biocontrol were broadly
seen as an option ol last resort, which would require
extensive public consultation before it was approved,

NEXT PESTS: WHAT ARE THE KEY THREATS

The social, economic, and political factors that
define a niarine pest species are rarely based on a
quantitative assessment of real impacts. Ivlore often,



KEY THREATs FROM MARiNE R101NVASIONs 31

pest status is conferred on the basis of'perceived
impacts in other areas and aspect dominance. The
central issue, unexainined for most species, is
whether a pest does something substantially different
from the endeinic species it displaces or co-exists
with, and, ultimately, whether it distorts nutrient and
energy flows and shifts cominunity composition to
the point where the effects are conspicuous and/or
local species face extinction. Although any exotic
species must have an impact, this statement alone is
clearly inadequate to justify the cost of reducing its
impacts, Invasive species offer huge opportunities to
investigate in a quantitative and robust way the
dynamics of marine communities, but the extent to
which the impacts of a particular species justify rerne-
diation can be difficult to determine.

In that light, what are the real threats? I suggest
three groups of organisms that not only have a high
likelihood of invading, but also are likely to cause
substantial ecological and economic impacts.

1. Marine pathogens, parasites, and fungi�
HallegraefI �993! noted the apparent recent increase
in the frequency of toxic algal blooms, which he
attributed to the introduction of exotic species in
ship's ballast. Since then, outbreaks of marine
pathogens, often unexplainable, have occurred with
increasing frequency. Examples range froin the
pilcharcl kills off southern Australia and New Zealand
 jones et al, 1997!, which might be the result of an as-
yet-unidentified viral agent, well-publicized Pfisteria
outbreaks on the U.S. east coast, toxigenic Vibrio
cholera in the U,S, Gulf states  McCarthy and
Khambaty 1994!, lobster kills attributable to Vibrio
fluvialis off Maine, and seal kills in the
Mediterranean, suggested to be the result of blooms
of introduced toxic dinoflagellates  Hernandez et al.
1998!.

Marine pathogens are particularly dangerous in
two respects. First, the vectors that can transport
them are diverse, defenses against them are difficult
to develop, and legislative barriers to ininiinize risks
may be dificult to enforce. Australian efforts to pre-
vent importation of fresh Canadian salmon products,
for exainple, as a ineans of protecting the current dis-
ease-free status of the stocks has been rejected by the
World Trade Organization as an unjustified trade bar-
rier. This decision is being appealed. Second,
pathogens have the potential to fundamentally alter
the dynamics of inarine systeins, perhaps more so
than any other group. The decimation of the

Caribbean urchin, Diadema antellarum, in the 1980s,
duc apparently to a marine pathogen of unknown
origin  Lessios el al. 1984!, had a profound effect on
algal-coral dynainics throughout the region and fun-
darnentally altered the composition of Caribbean
reef communities  Hughes 1994!. There are similar
reports in other regions. Duncan et al, �982! reported
on a mass die-off of a large keystone predator seastar
in the Sea of Cortez, attributed to unusually warm
temperatures and the action of an as-yet-unidentified
pathogen, and suggested inajor changes in benthic
communities as a result, A similar die-off oF the sea-

star, rfsterias rubens, off the coast of the northeastern
United States occurred in the 1990s, again for
unknown reasons  "ray rot disease"!, but attributed at
least in part to stress due to warer temperatures.
Anthropogenically enhanced dispersal of marine
pathogens to naive populations may prove to be one
of the major challenges globally to marine industries
and ecosysteins, and is one that we are particularly
poorly prepared to handle.

2. Invasive marine niacroalgae � Introduced
macroalgae are already common and causing substan-
tial concern: V. pinnatifida in Australia, New Zealand,
and Europe; C. fragile ssp. tomentosoia'es in America,
Australia and New Zealand; S. muticum in Europe;
and a number of species of Caulerpa at sites world-
wide. As well, there are increasingly more frequent
reports of pest rnacroalgal blooms at both temperate
and tropical sites  Raf'faelli et al. 1998!, often involv-
ing broadly distributed genera and attributed, possi-
bly incorrectly, to outbreaks by native species  as per
arguinents in Carlton 1996!. Introduced macroalgae
have a number of'features that facilitate their inva-
sion, most notably an ability to easily transport by a
variety of vectors and, in many instances, limited dis-
penal abilities of motile reproductive stages  facilitat-
ing population establishment!, as well as vegetative
and clonal reproduction, Invasive plants inay of'ten
do little inore than increase local diversity or replace
native congenerics  Trowbridge 1998!, but in at least
some cases they clearly occupy habitats and reach
such high densities that they become space dorni-
nants and fundamentally change cominunity dynain-
ics. Again, preventative options against such inva-
sions are poorly developed, nor do we have any effec-
tive ineans to cornbat such species once they have
invaded. Physical removal has proven unsuccessful in
a number of instances, and herbicidal and biological
options are still f'ar f'roin being developed.
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'. Genetically enhanced production species � The
invasion of the Mediterranean by an artificial hybrid
of C. taxtfolia, selectively bred for increased growth
and environniental tolerances  Jousson et'. 1998!, is
likely to be only the first of what may in the long
term prove to be one of the major problems facing
marine systems. Work is underway worldwide to pro-
duce species for marine inariculture that grow faster
and are more environmentally tolerant than existing
species. At least sonic of these species, such as Pacific
oysters  C. gigas!, are already considered pests in
Australia when feral, a situation likely to only worsen
whe:i "super-oysters" are introduced, Unlike terrestri-
al systems, where production lines are often competi-
tively inferior because they are selected for rigidly
controlled farm conditions, rnariculture often relies
on what are essentially natural and unregulated envi-
ronments, and, hence, in the short term at least, will
seek organisms capable of increased production
und r natural conditions. When these enhanced

plants and aniinals are introduced, it may well be
impossible to stop their spread and consequent
impacts on native communities. Although the prob-
lern has been recognized and some work ta contain
sucl.. production organisms is underway  e,g., the
Aus-ralian "sterile f'erals" project!, it is very unclear
that caution, regulations, and technological solutions
will be adequate to counter advocates driven by
incr=ased profit niargins and increasing demand
wor.'.dwide for seafood products. The vectors associat-
ed with the introduction of these super-competitors
at first are likely to be quite different from those with
whii h we are currently concerned, but as shown in
the Mediterranean, once such a taxon is established,
the familiar vectors, such as fouling on anchor
chains, rapidly come into play in spreading the pest
 Meinesz et al 1998!.

The prospects for managing these threats are
mixed. Marine pathogens are likely to be manageable
by reducing the likelihood of transport and by inadi-
fica:ions of mariculture and human health operations
pos-.-invasion to minimize impacts. As ballast water
appears to be a very suitable vector for pathogens, it
is ci ucial that treatment processes for it are effective
against them. Treatinents that deal only with meta-
zoans and their larvae not only may be targeting the
lesser threat, but inay even exacerbate the threat due
to pathogens  Desmarchalier 1997!, Deal.ing with
marine invasive plants, although technically challeng-
ing, is likely to be able to borrow from the Integrated

Pest Management  IPM! approaches developed for
terrestrial weeds, including topical application of spe-
cialized herbicides, physical control, and classical
biological control. The inforination we require to
implement IPM for any marine plant is la«king, but
the con«eptua1 approaches appear to be in place, This
is not likely to be true for genetically enhanced
invaders. For these, as is the current situation with C.
tcuifolid in the Mediterranean, problem species will
need to be approached on a case-by-case basis.

CoNcx.vsiorss

Australia's decade of concerted and coordinated

atteinpts to manage the problein of'introduced
marine pests has resulted in some successes, some
failures, and a far better understanding of the scope
of the problem and the scope for management
action, A principle outcome of such knowledge is a
much greater public and political appreciation of the
problem, But this appreciation has led to demands
that scientists and managers solve the problem,
which has proven difficult at best.

Australia has structured its approach to intro-
duced marine species around a zonal defense system.
The first zone � up-take and transport � is targeted by
the Australian Ballast Water Management Advisory
Council and the Australian Quarantine and
Inspection Service, as w'ell as several states. The
Northern Territory, for example, evaluates the risk
posed by arriving re«re- tional yachts and fishing ves-
sels, and, when in doubt, requires a hull survey and
sterilization af any plumbing open to seawater prior
to allowing international vessels into berths,

Zone 1 is permeable. Even assuming we could
sterilize ballast tanks and clean hulls, sea chests, and
internal plumbing, pests would still arrive. To the
extent that we have done none of that, or dernon-
strated that what inanagernent actions we have initi-
ated, such as exchanging ballast at sea, are even effec-
tive at reducing the rate of invasions, we have barely
slowed the invasion rate, if at all, But the preconcep-
tion that once a species arrives, you have lost the
garne is not only unacceptable, but wrong. Several
successFul eradication attempts have been launched
in the last f'ew years, though all combined an element
of good luck, good planning, and a suitable, still con-
tained incursion. Australia is formalizing a process to
rnaxiinize its luck, by establishing a nationally coordi-
nated system to manage its second defense zone � the
receiver ports. Action is seen to be primarily a state
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responsibility and, since the successful eradication of
the black-striped mussel in particular, focuses on
rapid detection of new pest species, development of
tactical control options, and the establishment of an
effective system of communication among state and
commonwealth agencies that would need to be
involved. Public awareness campaigns have been put
in place in all Australian states, and several are devel-
oping programs for routine surveillance of high-risk
environments. As well, work has begun at developing
more effective and better targeted biocides than the
broad spectrum chemicals employed in Darwin.

The third zone of defense is long-term pest con-
trol. We have begun testing commercial harvesting as
a Ineans of reducing pest numbers, are assessing the
potential of'environtnental remediation to reduce the
numbers of A. atttttrettsis and U. pinttatifida, and have
projects underway looking into both biological con-
trol and the developtnent of novel biotnolecular
techniques for pest control. Which, if any, of these
approaches will prove useful is still to be determined.

At times, the biological, bureaucratic, and politi-
cal complexity of the problem is daunting. But, slow-
ly, rnanagernent structures are being put in place that
encourage  and in sotne instances! require protocols
to lower risks of new introductions; programs have
begun to be better integrated nationally, particularly
through the actions of the recently established
Australian National Taskforce on Managing Marine
Pest Incursions; and managers are beginning to
appreciate the scale of the resources required to solve
the problem, The cost of eradicating the dreissenid,
51ytilopsis <a let, in Darwin, at just under A $3 mil-
lion, drove home not only the cost of poor barrier
controls, but also the threat that even one particular-
ly bad pest species posed to Australia's biodiversity
and marine industries,
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In the past decade, our knowledge about the
extent and potential impacts of marine invasions has
increased rapidly. For North AInerica alone, hun-
dreds of marine and estuarine species are known to
have established non-native populations, resulting
from human-mediated transfer beyond their histori-
cal ranges  e.g., Carlton 1979, Cohen and Carlton
1995, Fuller et al. 1999, Carlton 2000, Carlton and
%'onham 2000, Ruiz et aL 2000a, Fofonoff et al.
2000!. Scores to hundreds of marine invasions are
reported for Inany other global regions as well  e,g.,
Por 1978, Jansson 1994, Eno 1996, Cranfield et al.
1998, Hewitt et td. 1999, Reise et al. 1999, Olenin and
Leppakoski 2000!. Furthermore, recent work has
begun tO IneaSure the efFeCts Of marine invasions on
population, community, and ecosystem processes,
underscoring both their ecological and economic sig-
nificance  e.g., Bertness 1984, Grosholz et aL 2000,
I3yers 2000; for review see Ruiz et al. 1997!.

Despite recent advances in describing the scope
and consequences of marine invasions, many con-
spicuous gaps exist in our knowledge in both aspects.
For example, the ecological impacts of Inost Inarine
invasions remain unknown  e.g., Ruiz et al. 1999!.
Perhaps more surprising, the spatial and temporal
patterns of invasion remain poorly resolved, due to
many confounding factors in the quantity and quali-
ty of existing data. These gaps in knowledge present
many challenges for both  a! understanding invasion
prOCeSSeS and  b! deVelOping effeCtiVe Inanagement

strategies to reduce the risks associated with invasions
in marine systems.

Here, I discuss briefly the state of knowledge for
marine invasion patterns of North America, high-
lighting general patterns and limitations, In addition,
I review next steps to address these litnitations. This
abstract is intended to provide only a short summary
of Inuch more comprehensive reviews  as cited
below!. I have also excluded further discussion of
invasion impacts, which are reviewed by others in
this volume.

A recent review by Ruiz et al. �000b! summarized
information for 298 nonindigenous species  NIS! of
invertebrates and algae that are established in
marine/estuarine coastal ecosystetns of North
America, describing the patterns that emerge from
these data:

Significant spatial variation exists in the number
of NIS known among different coasts and differ-
ent bays  Table 1!;

~ Most known NIS are crustaceans and Inolluscs,

which are relatively large and conspicuous;
Most known NIS invasions have been attributed

to shipping;
The rate of reported NIS invasions has increased
exponentially over time,
These emergent patterns must be considered with

great caution and may be misleading  Ruiz et al.
2000b!. The existing data are derived primarily as
"by-catch"  i.e., synthesis of reports! from the
literature and cto not result from standardized, con-
ternporary measures, Although they provide a usef'ul
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Table l. Number of non-native species ol algae and invertebrates
reported as established in coastal marine estuarine waters of
North America. Reported numbers are shown f' or  A! each ol'the
three coasts and lB! selected bays in North Atnerica. [See Ruiz a
at. 2 ir!Ob for mote detailed information, including sources, for
spec>es and local>ties.]

Locality/Region Number of Species

 A! Coast

West Coast

East Coast

Gulf Coast

�! Selected Bays
Prince William Sound, AK

Puget Sound, WA

Cons Bay, OR

Sar Francisco Bay, CA

Chesapeake Bay, MDNA

228

108

39

10

57

55

163

49

rninimurn estimate for the number of invasions,
underscoring their importance in marine comrnuni-
ties, the quality and quantity of these data are
extreinely uneven. In essence, search effort and the
resolution of taxonomy/biogeography has been high-
ly variable in space and time, and by taxonomic
group. Significant biases may therefore exist in the
data, confounding interpretation. Thus, the available
data indicate many "apparent patterns" that largely
awa,t verification through unbiased measures,

NEXT STEPS: TOWARD INTERPRETING

PATTERNS OF INVASION

Despite the present limitations in existing data,
there is presently no plan to implement the standard-
ized and quantitative measures needed to interpret
patterns of marine invasion. As recognized at the
1998 Forum on Ecological Surveys of Aquatic
Nuisance Species  hereafter the Forum; Ruiz et al.
2000c!, this approach is necessary not only to under-
stand invasion patterns and processes but also to
inform and evaluate management strategies. More
specifically, quantitative analyses of invasion patterns
remove the biases discussed above and allow direct

measures of the rate of invasion, relative contribution

of various invasion inechanisrns  or vectors!, and
effectiveness of management strategies. Without this
app-oach, we simply lack the key indicators to ade-
quately evaluate what management is needed and
whether it is working  see Ruiz et al, 2000b,c for dis-
cussion!,

The Forum group concluded that advancing both
scientific and management goals in marine invasion
ecology requires direct, contemporary measures of
invasion that include:

1. Standardized and quantitative measures, This serves
to remove bias, allow statistical comparisons  and
confidence!, and make the measures repeatable in
space and time.

2. replication across multiple coasts, sites, and habi tats.
This provides a robust measure that tests both for
generality and variation ainong locations. For
example, it is possible  if not probable! that inva-
sion patterns and processes differ by latitude, bio-
geographic province, or habitat type.

3. Jtepeated and regular measures over time. It is only
repeated, standardized measures that can ade-
quately assess rate of invasions with statistical
confidence,

4, Establishment of taxonomic verification and voucher
system s!. Since reliable identification and refer-
ence collections are at the core of invasion analy-
sis, expert consultation and maintenance of
voucher materials are essential,

5, Establishment ofdatabase system s!, Although inva-
sion measures are the primary focus, data rnan-
ageinent and standard database forinats are of
fundamental importance to promote analyses,
access, and comparisons among core sites and
research groups.
Overall, there is a fundainental need to develop

and implement national-scale baseline measures to
evaluate the patterns and rates ot invasion, The
Foruin recommended key criteria for establishing this
baseline across a nehvork of core sites. Clearly, addi-
tional measures  e.g., vector operation, experimental
assessment of invasion processes! are also needed to
advance invasion science. However, a premium
should be placed upon measuring the number of
invasions in space and time, because this remains the
dependent variable ol central focus to both scientists
and managers.
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Invasions Status and Policy on the U. S. West Coast
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ABsTRAcT: Over the past 20 years, a rapidly accumulating body of knowledge has demonstrated that invasions
by non-native organisms threaten the aquatic flora and fauna in the world's coastal regions and the human activ-
ities and economies that depend on them. Intensive research in the San Francisco Bay/Delta Estuary has revealed
striking alterations in biodiversity and ecosystem functioning, and provided evidence that the rate of invasion is
increasing. This increase appears linked to the expansion and globalization oF commerce, and the wider and
faster movement of goods and people around the world. The consequences are not limited to the oceans. On
land as in the sea, exotic predators and competitors alter ecosystems, while parasites or diseases of crops, live-
stock, native animals or plants, or human beings, may arrive with devastating effect on populations chat lack
genetic or acquired immunities. Although methods exist to reduce the frequency of invasions by exotic organ-
isms, we have thus far done little to apply them, Fai/ures at the iniernational and national level to effectively con-
trol a major transport vector of exotic species, the transoceanic relocation of aquatic organisms via ships' ballast
water, have led to increasing state and focal efforts to regulate ballast water discharges.

Key words: invasion, exotic species, nonindigenous species, ballast water, Sa» 1'rancisco Bay

INTRODUCTsON

AN INVADED ESTUARY
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.. he marine waters of the globe are soinetiines
regarded as constituting a single, interconnected
ecosystem � the world ocean. However, biogeogra-
phers have long recognized that the organisms
inhabiting temperate zone coastal waters are distrib-
uted in distinct bioregions, separated by continents,
by zones of tropical water, and by reaches of'deep
ocean inimical to the survival of coastal life. Each of

these regions, developing in relative isolation from
the others, has evolved its own unique assemblage of
native endemic organisms,

These assemblages, and potentially the species
that comprise them, are increasingly threatened by
exotic organisms transported in association with
hun..an cominerce and travel, Over the past decade
and a half, several spectacular invasions European
inussels  Dreissena polymorpha! clogging Midwestern
water pipes, a tropical seaweed  Caulerpa tcLcifolia!
"astioturfing" the Mediterranean, Atlantic comb jel-
lies 1, t4neiniopsis leidyt! vacuuming the zooplankton
from the Black Sea � have persuaded limnologists and
oceanographers that something is seriously amiss,
Known vectors transporting invasive species into

aquatic habitats are expanding in scale, new vectors
are being created, and bays, estuaries and f'reshwater
ecosystems are progressively becoming invaded by
exotic organisms.

Recent studies in the San Francisco Bay/Delta
Estuary provide a gliinpse of just how bad things can
get. We have now documented over 230 exotic
plants, protists, and animals that have becoine estab-
lished within the Estuary, with over 160 of these
found in the salt- and brackish-water portion of the
estuary  Cohen and Carlton 1995, 199g!, We have
identified another 100-200 species as cryptogenic-
meaning that we do not know whether they are
native or exotic  Carlton 1996!. Perhaps even more
impressive than the sheer number ol exotic species is
the frequency with which they visually and numeri-
cally doininate habitats in the Estuary. Exotic species
account for 40 to 100o/o of the common organisms
in several biotic comtnunities at various sites,

whether calculated as a percentage of the nuinber of
species present, a percentage of the number of indi-
viduals, or a percentage of biomass.

For example, the organisms clinging to the sides
of the docks and burrowing in the sediment on the
bottom of the Bay are nearly all exotic, primarily
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from North Atlantic or Asian coasts. Coininon crabs

in the Bay are from Europe, the eastern United
States, and China; common rnussels derive from the
Atlantic, the Mediterranean, and the southern herni-
sphere; the most coininon clams carne from the
Atlantic and from Asia; and the most coinrnon
snails are trotn the Atlantic  Cohen and Carlton
1995!. Most of the fish in the Delta are native to the
eastern Uitited States  Moyle 1976!. The crustacean
zooplankton are increasingly dominated by Asian
species  Orsi 1995!, while several exotic jellyfish have
arrived frotTI the Black Sea  Mills and Sominer 1995!.
These introductions have dratnatically reduced some
native populations, altered habitat structure and
energy flows, and caused direct economic damage
amounting to billions of dollars  Cohen and Carlton
1995; Cohen 1996!.

One recent invasion demonstrates the potential
for exotic species to damage ecosysterns in myriad
ways. In October 1986, three small, nondescript
clams of a type never before seen on the Pacific
coast of North America were collected in San

Francisco Bay by a coinmunity college biology class.
By the surnrner of'1987, nine months later, this clam
had become the most abundant clam in the north-

ern part of the Bay, averaging over 2000 clams per
m2. The clam  an Asian species, Potarnocorbutrt
amurensis! also turns out to be a highly efficient
filter feeder, ingesting bacteria and small zooplank-
ton as well as phytoplankton. At the densities in
which it occurs in the Bay, virtually the entire water
colunin inay pass through the filtering apparatus of
these clatns between once and twice a day. Since its
arrival the clam has elitninated annual phyto-
plankton blooms that had previously characterized
the ecosystem, disrupted food webs, reduced the
populations of existing zooplankton species, and
possibly increased the vulnerability of the ecosystein
to invasions by exotic zooplankton, inany of which
have since occurred  Carlton et at. 1990; Nichols
et al, 1990; Alpine and Cloern 1992; Werner and

Hollibaugh 1993; Kimmerer et at. 1994; Orsi 1995!.
Changes at higher trophic levels, though less clear,
may also have resulted. The clam may also be
acting as an accumulator of contarninants, possibly
concentrating selenium in the diets of bottom-
feeding fish and birds at levels that might be high
enough to cause reproductive defects  Thompson
1997!.

Exotic species are present not only in San

Francisco Bay, but are common as well in other har-
bors and bays in California and along the Pacific
Coast. For example, recent coinpilations indicate
about 50 exotic species known to be established in
puget Sound  Cohen et at. 1998!, about 25 exotic
species in Morro Bay in central California, and
about 80 exotic species in the bays and harbors of
southern California. Once established in one bay,
exotic organisms may quickly spread to aiiother
through either natural or anthropogenic transport.
For exainple, the European green crab Carcinut mrre-
nas, first observed in San Francisco Bay iri 1989-90,
had spread to Bodega Bay by 1993, to Elkhorn
Slough in Monterey Bay by 1994, to Huinboldt Bay
by 1995, to Coos Bay in southern Oregon by 1997,
and to %'illapa Bay and Grays Harbor in
Washington and Morro Bay in Calif'ornia by 1998,
and to southern Vancouver Island in British

Coluinbia by 1999  Cohen et at. 1995; Grosholtz
and Ruiz 1995; Miller 1996; N. Richmond, B.
Dunibauld, E. Grosholtz, G. Jamieson, pers. cornrn.!,
Exotic species initially established in bays may also
inove out of them to invade the open coast. A
predatory New Zealand sea slug, Phitine auriforrnis,
that was collected in San Francisco Bay in 1992,
appears subsequently to have spread north to
Bodega Bay and south to near San Diego, becoming
the most commonly collected sea slug along the
southern California coast  Gosliner 1995; D. Cadien,
pers, comm, 1996 � although the presence of one or
more additional exotic sea slugs in rhe same genus
may confound this picture ~M, Chow, T, Gosliner,
M. Behrens, pers. comm.j!.

ON LAND AS IN THE SEA

Biologic invasions in California are by no means
limited to aquatic environments. Some 1,023
species2 of exotic plants, at least 18 species of exotic

"This iiicludcs both tcrrcstrial and a<luattc plants. Ihe number is
tr<>m the most recent manual of California flora  Hicktnan
1993!, and includes both "naturalized" and "wait species. An
estimate b,ised on the prior manual  Muirz 1968! had been criti-
cized for including plants that are not fully establislied and capa-
ble <it pers»ting without human interfereti<.e, sucli as narrow gar.
den escapes, taxa that are only sparingly established, and agricul-
tural weeds that are maintained though summer irrigation, and a
more <.onservative estimate was calcul,<ted fltat excluded these
 Howell 1972 and Raven 1988, cited in Rcrmanek er <rt 1991!.
Reducing the estimate ot'1023 species by the sante proportion
yields a more conservative cstimatc ot 686 introduced and estab-
lished plants in California.
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Figurc I. Increasing rate of invasions. Cumulative number
of ex.!tic-' spec!es established in the San Francisco Bay/Delta
Estuary. Adapted from Cohen and Carlton 1998,

land snails and slugs, 24 species of exotic birds, 22
species of exotic Inammals, and an unknown but cer-
tainly large number of exotic insects and other tenes-
trial arthropods have been reported as established in
Calilornia  Hanna 1966; Hickman 1993;
Laudenslayer e/ al. 1991 as updated by R. Jurek, pers.
corn.m.!. The data for plants have been interpreted as
indicating a decline in the rate of invasion since the
1950s  that is, a decline in the rate at which new
plan.s become established in California;  »any previ-
ously established plants continued to expand their
rang» and abundance!  Rejmanek er al. 1991!.

The data fror» aquatic habitats, however, reveal a
substantial acceleration in invasions  Figure 1!.
Roughly half of all invasions documented for the
San l'rancisco Estuary occurred in the last 35 years.
Overall, the rate of invasion increased from an aver-
age of'one every 55 weeks between 1851 and 1960,
to o»e every 14 weeks from 1961 to 1995  Cohen
and Carlton 1998!. In the decade from 1986 to 1995,

for example, 43 exotic species were newly collected
in the Estuary, with at least 33 of these apparently
becoming established  Cohen 1997!. Similarly, a
study of the Great Lakes also found the rate of inva-
sion to be increasiiig, though not as steeply, froitl

one every 64 weeks between 1840 and 1959, to one
every 39 weeks from 1960 to 1990  Mills er al. 1993!.

4'ithi» aquatic and especially marine ecosystems,
important pathways for the introduction of exotic
species include transport with transoceanic shipping
 in ballast tanks and other coinponents of ships' sea-
water systems, and as fouling on hulls, anchor
chains, etc,! and transport via aquaculture activities
 including both the intentional or accidental release
of fish, shellfish or other cultured species in areas
where they may become established, and the acci-
dental transport and introduction of accompanying
organist»s, including predators, parasites, or diseases
of fish and shellfish!, Both of these areas ol activity
are expected to increase substantially over the cotrt-
ing decades.

The transport of exotic organisms in ships' bal-
last water has received a good deal of attention in
recent years. Various data suggest that the relative
importance of this pathway has been increasing in
recent decades, so that currently it is probably
responsible for the transport and introduction of'
more aquatic species than any other mechanism. For
exainple, it appears that none of the exotic organ.-
isrns established in San Francisco Bay that were
reported on the Pacific coast of North American
prior to 1920 were initially introduced via ballast
water; however, ballast water was the initial introduc-
tion pathway for between 6 and 620/0 of the species
that were first reported in the 1950s, and for 53 � 880/0
of the species first reported in the 1990s  Figure 2!.

One method that could reduce the introduction

and establishment of exotic organisms via ballast
water discharges is the exchange of ballast water at
sea. If done properly, the ballast water later dis-
charged in or near bays or harbors should contain
primarily oceanic organisms, which are thought to
be unlikely to survive or become established in
coastal waters. For reasons related to vessel architec-

ture, sea conditions, and ship saf'ety, some ships can-
not exchange ballast water at sea under some condi-
tions, and even when exchange is conducted, the
completeness of exchange will vary. Thus, at-sea bal-
last water exchange is at best a partial solution,
though still worthwhile where better alternatives are
not available.

For several years, U. S. federal regulations have
required the at-sea exchange of ballast water for
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Figure 2. Ballast water introductions as a percentage ol' total
introductions. Based on the date of the first records on the
Pacific coast of North America for exotic organisms in the San
Francisco Bay data set. Lower line indicates probable ballast
water introductions: organisms for which no other mechanism
but ballast water seems likely as the pathway far initial introduc-
tion. Upper line indicates passible ballast water introductions:
includes organisms for which other mechanisms as well as ballast
water appear likely. Based on data updated from Cohen and
Carlton 1995!.

ships entering the Great Lakes and upper Hudson
River from overseas ports; in 1996 similar require-
ments were placed on oil tankers transporting
Alaskan oil overseas and returning in baHast.
However, despite mounting evidence of the extent
of marine invasions and of ballast water intro-

ductions in other parts of the country, the 1996
National Invasive Species Act  NISA! failed to
extend these requirements to the rest of the country.
The NISA did mandate a process that could provide
for the eventual promulgation of regulations by the
Secretary of Transportation, but this process has
been greatly delayed  Table 1!.

Responding to the display of federal inaction
under NISA, several efforts have been initiated out-
side of Washington, DC to regulate the discharge
of exotic species into the nation's coastal waters,
either through state laws or through other federal
laws  Figure 3!. Most of these intiatives would use
water poHution laws to regulate the release of exotic
organisms in baHast water � as a waste discharge of
a biological pollutant � and there appears to be a
developing consensus around this approach as an
effective mechanism for managing the problem. This
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Environmental groups cha lenge
Port of Oakland's dredging plan
for not addressing ballast issue

2

/ Draft Ca ifornia Ocean P an re eased;
proposes to regu ate bal ast water

M A /
California Assembly ho ds hearing on ballast water

0OM / / 2

J Port of Oak and agrees to require
ba last exchange by ships using port

J / /

, State Water Board holds hearing on ba last water
2

Charges filed under Endangered Species Act on
'' ba last discharges and Oakland's dredging project

N US EPA petitioned to regu ate bal ast water
/

D
.- Executive Order on exotic species issued

J
Members of Congress ask US EPA to regulate ballast water

O1 F
California legislation introduced to regulate ballast water

US EPA agrees Clean Water Act provides
authority to regulate ballast water

Figure 3. Policy initiatives regarding ballast water management
in the United States since the enactment of the National
Invasive Species Act.

approach is likely to lead beyond requiring ballast
water exchange, and require the treatment of ballast
water discharges to remove or kill the exotic organ-
isms in them, much as other wastewater discharges
are treated to prevent the introduction of pollutants
into the nation's waters.
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Table 1. Delay in imple<nentatioo of actions directed by thc Nationail lnvasivc Spccics Act  NISA! regarding the consideration and
proniulgation of tnandatory regulations for ballast water exchange.

Action Directed Action Taken

April 16, 1996. NISA enacted into law Draft guidelines were published in the Federal Register on April 10, 1998,

and fina guidelines were published as an Interim Rule on May 17, '1999

 over 18 months behind schedule!.
Oct. 16, 1997: Secretary of Transportation to issue

volui tary guidelines.

Apr116, 1998: Aquatic NuiSance Species Task Force
to submit criteria for assessing compliance with and
effe< tiveness of guidelines.

In April 1999 the Task Force appointed a committee to develop recornmenda-
tions for criteria, which were to be submitted in initial form to the Task Force

and made available for public review by Nov. 11, 1999, with final recomrnen-
dations submitted to the Task Force in May 2000. The Task Force v ould then
develop and submit criteria to the Secretary of Transportation. However, as of
May 31, 2000, the tomrnittee had not yet submitted draft criteria or made

them available for public review  The schedule set by the Task Force when
appointing the committee was thus over 2 years behind NISA's schedule; and
the work has now fallen at least six months further behind.!

Apr i 16, 2000. Secretary of Transportation to

submit report to Congress on guideline compliance
and effectiveness

Because of delays to date, the report will likely be delayed until at least
November 2001  a minimum of over 18 months behind schedule!

Oct. 16, 2000: Secretary of Transportation to assess

gu'deline compliance and effectiveness and, if criteria

are iot met, promulgate mandatory regulations.

Because of delays to date, the Secretary's consideration of mandatory regula-
tions will I'kely be delayed until at least May 2002  a minimum of over 18

months behind schedule!.
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Maine, in 1964  Coffin and Stickney 1966; Boerner
1972! and subsequently at the Isles of Shoals
 NH/ME! by 1982  Prince 1987, 1988!, It is now dis-
persed throughout the southwestern portion of the
Gulf of Maine, as well as being coinrnon along the
coast of Nova Scotia  Bleakney 1996! and into the
Gulf of St, Lawrence  Garbary et al, 1997!. /l/l. mem-
lrranaeea was first observed at the Isles of Shoals in

1987  Berman et al 1992! and has since spread
throughout the Gulf of Maine and along the coast of
Nova Scotia  Scheibling, pers, comin.!, The two
species have proven to be highly successful invaders
and they share similarities in that both species have
expanded their habitat selection over time and
acquired opisthobranch predators that may influence
their continued success and respective roles within
local cornrn unities.

The objectives of this report are threefold: �! to
describe dispersal patterns of C. fragile ssp. tomen-
tosoides and M. membranaeea within the Gulf of

Maine, �! to document habitat expansion for the
species, and �! to compare the respective roles of the
two predators on each introduced species. We will
use a combination of previous observations, studies,
and published reports to provide a historical back-
ground, plus a series of recent collections, observa-
tions, and quantitative sampling to describe the cur-
rent status of each species.

MATERIALS AND METHODS

The present study gives a synthesis of previous
data documenting the dispersal and habitat distribu-
tion in both C. fragile ssp. tomentosoides and AL mem-
branacea, plus a recent quantitative sampling describ-
ing patterns and changes. Most of the information is
obtained from two Gulf of Maine sites: a station off

Star Island, NH, at the Isles of Shoals, and the New
Hampshire/southern Maine coastal zone  Figure 1!,
Mathieson has been studying algal populations along
the coast of New Hampshire since 1965  Fralick et al.
1974; Mathieson 1979; Mathieson and Hehre 1986;
Mathieson and Penniman 1986a,b; Mathieson et al.
1991; Mathieson et al 1998!. The Star Island site has
been studied by Harris and his students since 1974
 Hulbert 1980; Witman 1985; Martin et al. 1988;
Berrnan et al. 1992; Harris et al. 1994; Harris and
Chester 1996; Harris et al. 1998; Harris and Tyrrell, in
prep.!. A series of additional stations at the Isles of
Shoals have been utilized since 1992 as part of an
expanded study of sea urchin recruitment  Harris et

al. 1994; Harris and Chester 1996! and changing sea
star populations  Harris etal. 1998!. All stations used
were upper horizontal rocky substrates that were his-
torically composed of algal doininated communities
including crustose coralline algae  Hulbert 1980;
Witinan 1985; Sebens 1985; Martin et al. 1988; Ojeda
and Dearborn 1989!.

InfOrmatian On previauS patternS Of Coinrnunity
structure were obtained from published and unpub-
lished material. The ITIost complete documentation
was available f' or a site  Figure 1! on the south side of
Star Island  Hulbert 1980; Witman 1985; Martin et
al, 1988!. More descriptive observations were utilized
for the other stations, including photographic slides
taken at variOus timeS, In Order tO dOCuinent Current

patterns of canopy, algal distribution, and relative
abundance at the six sites shown in Figure 1, a set of'
36 photographs was taken with a 15-Inrn lens on a
Nikonos V underwater camera with flash, Slides were

taken over a depth gradient from -3 to -12 rn in order
to show changes in relative abundance and cominu-
nity structure with depth. Counts of canopy species
were made from these pictures by projecting them on
a screen,

The distribution of C.Pagtle ssp. tomentosoides and
other seaweeds was documented by Inaking systernat-
ic collections within the littoral and sublittoral zone~
of diverse open coastal and estuarine sites within
New Hampshire and southern Maine. That is, vouch-
er samples of all taxa per site, including C. fragile ssp,
tomentosoides, were made with these then being identi-
fied and established as herbariuni voucher specimens
 ef, Mathieson and Hehre 1986!, Specific details on
collection sites, voucher preparation, and clocurnen-
tation of temporal and spatial distribution between
1986 and 1998 is available for coastal and estuarine

sites from southern Maine through New Hampshire
and Massachusetts. The 1998 results presented here
include the results of sampling more than 300 sites,

Temporal patterns of /le, rnembranaeea presence on
different algal species was enuinerated based upon
surveys conducted throughout the year at Cape
Neddick, York Beach, Maine. The animals' abun-
dance  o/0 occurrence! on various algae was deter-
rnined by censusing all canopy seaweeds within a ran-
dorn patch of bottom approximately a meter square
and then repeating the census after moving 1-3 m at
the same depth, At least 20 sets of samples were col-
lected each time, Each canopy species was identified
to species and the presence of tW. membranacea was
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noted and the coverage estimated as 0, I-10o/o, 11-
50oh, and 51-100u/o. On 4 December 1998, all canopy
species with 10olo or greater M. membranacea were also
surveyed for the presence of the nudibranch
Oner'~idoris msrricata, including the number of nudi-
brarrchs found on each plant, A similar count of pres-
enc» of 0. msrncata on M. membranacea-encrusted

canopy species was conducted at the eastern Star
Islarid site on 16 November 1998, but the survey was
less detailed than the one conducted on 4 December

at Cape Neddick.

RESULTS AND OBSERVATIONS

Three major stages in comtnunity composition
have occurred at the Isles of Shoals and throughout
much of the Gulf'of Maine since the early 1970s.
Prior to 1980, the dominant shallow water cornrnuni-
ty tci -10 rn was a canopy of Lami naria spp., an
understory of red algae, particularly Chrondrirs crispsrs,
Corallina ogicinali's, and several crustose coralline
algae  Sebens 1985; Mathieson et aL 1991!, About
1981!, populations of the green sea urchin
Strotgylocentrotus droebachiensis increased in many
areas, resulting in a conversion of vast areas into bar-
ren areas in which crustose coralline algae were the
only conspicuous algae  Witman 1985; Ojeda and
Dearborn 1989!. Large scale harvesting of urchins
began in 1987 and many portions of the Gulf of
Maine then begari to revert to algal-dotninated corn-
munities  Mathicson and Hehre 1986; Harris et al
1998!, Soine areas, such as the kelp bed site off ryr/hite
Islarid and Gosport Harbor  Figure 1!, did not under-
go this shift to urchin-dominatecl communities, but
they were still subjected to the impacts of new species
introductions. C. fragile ssp. tomentosoides, M. mem-
branacea, and the tunicate Oiplosoma sp. were all ini-
tially seen in Gosport Harbor before spreading to
other locations in the New Hampshire/southern
Maine coastal zone  Prince 1987; Berrnan et al 1992;
Harris et al. 1998!.

CODIUM FRAGILE SSY. TOMENTOSOIDES

The original population of C, fragile ssp. tomen-
toso,'des documented from the Gulf of Maine was

fouiid at a protected area in Boothbay Harbor
 Coffin and Stickney 1966; Carlton and Scanlon
1985!, Drift specimens of C. fragile ssp, tomentosoides
were collected at the Isles of Shoals in 1982 and

attached plants were observed in Gosport Harbor in
the summer of 1983  Prince 1987!. Table 1 provides a

TABLE l. A synopsis oF C. fragile ssp. rortretrtosctdrs dispersal with-
in the Guff of Maine based upon collecrrons by Mathieson at
more rhan.300 locations within Southern Maine arad New
Hampshire during 1965-1998.

1964 Initial attached specimens found at Boothbay Harbor, Maine
near U. S. Bureau of Commercia Fisheries Biological
Laboratory  Fralick and Mathieson 1973!,

1982 Drift populations initial y found onAppledore Island, Maine,
Isles of Shoals <A. Borror personal communication; Prince
1988!.

1984 Second attached populations found at the Isles of Shoals
from Babb's Cove and other sheltered sites on Appledore
Island.

1985 Detached populations recorded from Rye Ledge  N-l,
nearshore open coast! and Weeks Point  NH, Great Bay!

1986 Dense subtidal beds �-13 m below MLW! found at severa
locations in Gosport Harbor.

1989 Attached populations recorded from the nearshore open
coast of southern Maine at Cape Neddick, York.

1992 Abundant at severa locations in Gosport I-larbo' and first
attached populations recorded from the nearshore open coast
of New Hampshire at Fort Stark  Jaffrey Point!.

1993 Well established on the exposed side ofAppledore ls and

1994 First attached populations found at Duck, Malaga, White,
Lunging and Seavey Islands at the Isles of Shoals. Attached
popu ations also found on the nearshore open:oast at Rye
Ledge and drift populations found at Long Sands, York and
Qdiornes Point, Rye, NH.

1995 Abundant populations fo~nd on the exposed side of
Smuttynose Island and initia attached populations found at
Odiornes Point Rye NH.

1997 Anached populations at Star sland, N-l, Isles of Shoals and
also in the nearshore open coast at Seapoint, Kittery, Maine,
and two nearby sites within the outermost part of Brave Boat
I-larbor, Kitteryl york, ME.

1998 Attached populations found at a third outer Brave Boat
Harbor site, as well as nearby Sisters Point and Fort Foster on
Gerrish ls and, Kittery, Maine, Initial collections also found at
Great Island Common, Newcastle, Nl-l, and Concord Point,

Rye, NH.

temporal synopsis of C, fragile ssp. tomentosoides' dis-
persal within the Gulf of Maine between 1964 and
1998. As noted previously, Mathieson has made
detailed seasonal and spatial collections at over
300 locations along the open coastal and estuarine
zones of southern Maine and New Hatrtpshire, find-
ing  .'. fragile ssp. tomentosoides at only 11 open coastal
sites between Cape Neddick, Maine and the New
Hampshire coast. No attached plants have been
found within the Great Bay or Hampton-Scabrook
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Figure l. A snap of the coast of New Hampshire and Maine �3'�
45' N by 67'-- 7l' W!. The tull map shows the location of
I3oothbay Harbor where C fragik ssp, totttetttosoides was first seen.
The first insert shows the locations of C fragile ssp. tometttosoisks
collections at the Isles of Shoals and along the southern Maine/
New Hampshire coast. The star  '! indicates the site of the first
observation of C, fragik ssp. tottttntosoieks at the Isles of Shoals.
The second insert shows sites at the Isles ot Shoals where C.Pagrle
ssp. tometstosoidet has been observed and the numbers indicate the
stations sampled For Figure 2.

estuarine systems  Figure 1!. C.Pagtle ssp. tomen-
tosoides was primarily limited to Gosport Harbor at
the Isles of Shoals through 1990, but between 1991
and 1993 it underwent a major expansion, spreading
throughout all of the islands  Figure 1!, Extensive
sampling along the coast of Maine has docutnented
C.Pctgt'le ssp. tomentosoides populations at a number of
sites between New Hampshire and Chamberlain,
Maine, just to the north of Boothbay Harbor, No
attached C.Pagile ssp. tometttosoides plants have been
observed north of Chamberlain, though a drifting
specimen was collected in Cobscook Bay, near
Eastport, in 1994.

C.Pagile ssp. tomentosoides plants found within
nearshore open coastal sites in New Hampshire and

Maine tend to be smaller in stature and in more lirn-

ited numbers versus insular sites like the Isles of

Shoals, For example, several sma11 aggregations of C,
fragile ssp. tomentosoi des have occurred at Cape
Neddick since at least 1995, but most of the plants
are short  �0 ctn! and only slightly branched. Such
a pattern contrasts with the dense populations found
at protected sites such as Boothbay Harbor, Casco
Bay, and Gosport Harbor, where large +40 cm!,
heavily branched plants produce dense stands.
Populations of C fragile ssp. tomentosotdes at the Isles
of Shoals are consistently larger in size and denser,
regardless of exposure. Such patterns contrast strong-
ly to those found in nearshore open coastal sites.

Figure 2 shows the relative abundance of canopy
species at two depths � to -7 m and -8 to -12 m! at
six sites at the Isles of Shoals, C. fragtle ssp. tomen-
tosoides shows a consistent dominance at all shallow

water depths. The relative abundance of C. fragile ssp.
tomentosoides, which is based upon counts from over
30 photographs/site, is an underestimate, since small
plants are hard to distinguish among adults. The
sporophytes of Laminaria saccharina and Agarum
clctthrtttum are Inore conspicuous and thus are more
accurately represented in these assessments. By con-
trast, sporophytes of Dcsmarestia taculeataoften grow
closely together, hence their abundance may also be
undereStitnated. OVerall, C. fragt'le SSp. tOmerttasoideS iS
the dominant canopy species above 7 m at all sites,
including the kelp bed site at White Island, where
there has been no disturbance of community struc-
ture by urchins. The relative abundance of canopy
species below 8 m varies by site. Gosport Harbor data
were not included in the 8-12 m section as it was

impossible to distinguish between slides taken above
and below 8 In.

Laminaria spp. are abundant at several sites below
8 tn. A. clarhratum is also common in this zone and

shallower at Cape Neddick on the nearshore open
coast. The abundance of D. aculeuta at the Star and
White Island sites is much higher than it was in the
1970s and '80s. The zonation of canopy species prior
to 1990 tended to separate populations of J ttmirtaria
spp. and A. clathratum above and below the 10 In
therrnocline, respectively  Witrnan 1985; Martin et tsL
1988; Ojeda and Dearborn 1989; Mathieson et al.
1991!. It now appears that C. fragile ssp, tomerttosoides
has become the dominant canopy species at the Isles
of Shoals under diverse conditions, The pattern is
consistent to at least 7 m, and the presence of young
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Re ative Abundance of Canopy Species to 7 m

Laminana Agarum Desmaresrta

B. Relative Abundance of Canopy Species at 8-12 m depth

Figure 2. The relative abundance of canopy species at six Isles of
Shoals sites, The data were obtained from counts made from
more than 30 randomly taken photographic slides at each site.
The relative abundance of canopy species from 0 to -7 m is shown
in A, while the relative abundance of canopy species from -g to-
12 rn is shown in Figure B.

plants among established adults suggests that it will
persist for some time.

The saccoglossan gastropod, Placida dena'ritica,
was initially found during 1996 occurring in very
high numbers on large C. fragile ssp. tomentosoides
plants in Gosport Harbor. Several hundred individu-
als were observed along with nuinerous egg masses
on portions of plants that were covered by other
branches of the same plants. The slugs were
aggregated on branches shaded from direct view in
most cases. The portions of the plants occupied by
the P. dendritica were lighter in color and often broke
when the plant was lif'ted. P. dendritica feeds by punc-
turing cell walls and pumping out the cytoplasm.
Subsequent visits to the Gosport site have showed no

decline in C. fragile ssp. tomentosoides density in spite
of these high populations of a specialized herbivore.
P. dendritica remains common in Gosport Harbor,
particularly on large, old C, fragile ssp. tomentosoides
plants and detached fragments accumulated in
depressions. By contrast, it is rare in exposed sites,
even after intense searching, which suggests it is bet-
ter adapted to quiet conditions. P. dendritica is most
often aggregated at the junctions of branches
and appears to weaken the plant by its feeding,
potentially increasing fragmentation and dispersal
 Fralick and Mathieson 1972; Prince 1987,1988!.

MEMBRANIPORA MEMBRANACEA

Colonies of the ectoproct bryozoan M. mem-
branacea were first observed on Laminaria spp. at the
Isles of Shoals during the summer of 1987  Berman
et al, 1992!, During its initial occurrence �988 and
1989!, about 51% of Laminaria spp. had colonies of
M. membranacea, while only 14% of A. clathraturn
populations were colonized by the bryozoan
 Herman et al. 1992!, Lambert et al. �992! described
M. membranacea overgrowing kelps at Cape Neddick,
Maine as well as near Cape Cod, Massachusetts, and
within the Damariscotta Estuary of Maine. Heavy
overgrowth of L. saccharina blades by bryozoans
increased fragility and blade loss, leading to kelp
declines.

M. membranacea had spread to the northeastern
portion of the Gulf of Maine by 1993  Harris, pers.
obs.!. Colony size on kelps within these northern
waters was not as large nor was overgrowth as exten-
sive as within the southern portions of the Gulf of
Maine, Populations of A. clathraturn appeared to
increase in abundance within shallower depths dur-
ing the early 1990s, while the occurrence of
M membranacea on 8, clathratum and other algae
increased, By 1996, M membranacea could be found
growing on a wide range of flat-bladed algae as well
as terete forms such as Chordaria flagelliformis,
Desmarestia aculeata, C. fragile ssp. tomentosoides, and
Ascophyllum nodosum  Harris and Tyrrell, in prep.!.
D. aculeata populations have also exhibited increased
abundance below 8 m at Cape Neddick and the Isles
of Shoals in the 1990s. Neither Witman �985! nor
Martin et al. �988! previously recorded this brown
alga as a common subtida! taxon below 12 m at Star
Island; however, Hanis and Tyrrell  in prep.! found
that it was the numerically dominant canopy species
in 1996 and it remains so today. As shown in Figure
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Figure 3. The relative abundance of four categories of percent
cover for.Ã membranacea on canopy seaweeds made by direct
counts at two sites: Cape Neddick, Maine and the outer side  sta-
tion 5! of Star Island, Isles of Shoals. The categories are 0 /0 M
mernbranaceu, 1 to 10o/0, 11 to 50o/0 and 51 to 1000/0. The algal
species observed were Laminarta saccharina, ~arum clathratum,
Oesmarestl'a acuteata, Fucus distichus ssp. evanescent, and Saccorhiza
dermatodea.

2, D, aculeata is common between 8 and 12 m at
three of the six sites sampled.

Figure 3 documents the abundance of M mern-
branacea populations on canopy seaweed populations
at Cape Neddick and Star Island. Two important
points should be noted. Foremost, A. clathraturn and
D. aculeata now have higher percent coverage by M
membranacea than does Laminaria spp. The kelp
Saccorhiza dermatodea appears to be a special case, for
it endures total coverage by M. membranacea and then
clears itself by sloughing the outer cell coating on the
blade without apparent damage to the plant  Harris,
pers. obs.!. The second point represents a new obser-
vation, as this is the first time that L. saccharina
blades have shown substantial new growth after set-
tlement and growth of M membranacea in the fall sea-
son when the bryozoan percent cover is usually at its
maximum. At Cape Neddick, less than 10 lo of
L. saccharina blades had 50olo or more cover while

almost 70olo of A. clathratum and 25olo of D. aculeata

had 50 lo or more bryozoan cover. Ninety percent of
A, clathratum and D. aculeata populations at Star
Island had 50 lo or Inore bryozoan coverage. The val-
ues presented in Figure 3 are based on direct counts
 Harris, pers. obs.!. A survey of the values recorded
from the slides used in Figure 2 gave the following
estimates of 50'lo or more bryozoan coverage:
Laminaria spp. � 16.3 to 66.7olo; A. clathratum � 91,2

to 100 lo; D. aculeata � 79,7 to 100olo. The results are
for the five stations outside of Gosport Harbor and
-8 to -12 m. In all cases, the most conspicuous feature
was the area of bare L. saccharina blade below the

zone of M. membranacea cover.

Upon its arrival in the Gulf of Maine, M mem-
branacea was free of predators. By contrast, in Europe
and on the west coast of the United States, several

dorid species readily feed upon M membranacea
 Thompson and Brown 1984; Harvell 1986; Behrens
1991!. The dorid Onchidoris muricata is common in
the Gulf of Maine  Harris 1973!, and while it is
reported to feed on M. membranacea in Europe, it was
primarily associated with other bryozoans, particular-
ly Electra pilosa, within the Gulf of Maine. Until 1997,
the only time 0, muricata were found feeding on M.
membranacea was in the spring as older adults, i.e.,
after other food sources had been depleted. It was
predictable that sooner or later, some members of the
species would produce veligers that accepted M. mem-
branacea as a site for metamorphosis and juvenile
growth. In the fall of 1997, numerous juvenile O.
muricata were initially found on M, membranacea, The
densities of recruiting O. muricata were even more
conspicuous in the fall of 1998, at which time nudi-
branchs were found associated with M membranacea

as far north as Bar Harbor, Maine. Figure 4 summa-
rizes the occurrence of 0. muricata associated with M

membranacea colonies on different canopy species.
The sampling was limited to canopy plants with
either no M membranacea or with at least 10olo cover

of the bryozoan, A. tlathratum with M. membranacea

u!
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Figure 4. A comparison of the presence of the nudibranch
Onchidoris muricata on M membranarea on different canopy
species. Only plants with at least 100/0 cover of M membranarea
were used in the counts,
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had the highest nudibranch association, while it was
lowest for M membranacea associated with D.

acraeata; the relative percent association for these two
algae was almost identical for both Star Island and
Cape Neddick. At Cape Neddick, the density of
nudibranchs per plant was also highest on A. clathra-
thrm, with the incan nuinber of nudibranchs per blade
with 10 lo or !nore cover as follows: 8, clathrathrm�

6.1; Fh cus di sti chirr ssp. eoanescens � 3,8; l . saccharina
� 3.7 and D, act leata � 0.64.

The unexpected occurrence of three separate
groups of O. muricata laying egg masses on 4
Deceinber 1998 should be noted, as well as the
occurrence of newly settled juveniles less than 1.0
rnrn in length. 0. m!hricata is well known to have an
annual life cycle, with its young appearing in late
su rimer and earlv fall and reproduction occurring in
the spring with the adults dying saon after egg laying
 Thompson and Brown 1984; Clark 1975; Todd
1987!. The switch to recognizing a new food source
was expected, since the species feeds on M mem-
brar acea in other parts of its range; however, the
breakdown of its annual reproductive cycle is new,

DtscUsstoN

Any evaluation of the role of introduced species
in an ecosystem must be placed within the context of
multiple human impacts that have been occurring for
centuries  Carlton 1998!, Ecologists are now recog-
nizing the pervasiveness of human interaction with
the environment  Vitousek et al, 1997!. Fish stocks
hav been declining in the Gulf of Maine and else-
where for as long as Europeans have been fishing
these waters, but the number of studies relating to
this impact are few  Witman and Sebens 1992;
Parsons 1996; Botsford et al, 1997!. Physical alteration
of benthic corninunities by fishing gear is even more
recent  Watling a id Norse 1998!. Little work has
been done on how increasing water temperatures in
the Gulf of Maine may influence community coinpo-
sition  Harris et al, 1998; Mathieson et al. 1998!. The
frequency of introductions and the level of impacts
appear to be increasing at a tiine when parallel pres-
sures from reinoval of natural populations and habi-
tat inodifications within many ecosystems are grow-
ing  Laws 1985; Parsons 1996; Vitousek et al. 1997;
Botsford chal 1997!. Three major areas of interest
have developed regarding introduced species: �!
rates of spread  Carlton and Scanlon 1985; Grosholz
1996!, �! impacts on established corninunities

 GriHiths et al. 1992; Cohen et al, 1995; Vitousek et aL
1996!, and �! the roles they will assume in the new
system  Hedgepeth 1980; Le Roux etal, 1990; Carroll
and Dingle 1996!.

The present study focuses on two of the more
conspicuous and recent additions to the Gulf of
Maine: CoChhhm fragile ssp. tomentosoides and
3lembranipora membranacea. Both of these taxa are
now prominent members of southern Gulf of Maine
cominunities and their roles within these comrnuni-

ties have certainly not reached equilibrium. Further,
neither species appears to be following the patterns
that might have been predicted froin reviewing previ-
ous studies from other regions or from the Gulf of
Maine. For example, C. fragile ssp. tomentosoides has
previously been known to colonize and dominate
protected habitats  Fralick and Mathieson 1973;
Carlton and Scanlon 1985; Trowbridge 1996!. The
initial popuLations at the Isles of Shoals were in pro-
tected Gosport Harbor  Prince 1987; Prince and
LeBlanc 1992; Figure 1 and Table 1!. However, this
pattern began to change in 1990, when a Few small
plants were observed at several locations outside of'
the Harbor, such as on the south side of Star Island
 Figure 1!. Subsequently, populations of C frag 'le ssp.
tomentosoides expanded to several shallow subtidal
habitats around the Isles of Shoals during the next
few years and they are now the dominant canopy
species in shallow zones at all exposures  Figure 2!.
The mechanism by which this shift in habitat breadth
occurred is unknown, but C.paghie ssp, tomentosoides
was not the only species undergoing a rapid expan-
sion at this time  Harris and Tyrrell, in prep.!. The
introduced tunicate Botrylloides sp. was also aggres-
sively colonizing exposed subtidal habitats, and M
membranacea was beginning to be observed on a
wider variety of algal morphologies than previously
documented  Berrnan et al, 1992!. Carlton and
Scanlon �985! reported that Malinowski �974!
found that Boothbay Harbor populations grew better
at lower temperatures than those from Long Island
Sound, suggesting that adaptation by natural selec-
tion was occurring. It is likely that Boothbay Harbor
was the source population for the Isles of Shoals C.
fragile ssp. tomentosoides, given the southward currents
prevalent in the Gulf of Maine coastal zone  Brooks
1985!. Harris et al �998! reported a pattern of
increasing surniner water temperatures in the south-
ern Gulf of Maine that  nay have influenced changes
in sea star populations and cornn!unity structure, The



PATTERNS OF RANGE ERPANsiON IN THE GULF OF MAINE 53

Changing enViranrnental COnditiOnS and COmmunity
instability due to overfishing of urchins may have
provided an ecological vacuum that C.Pagile ssp.
tomentosoides, preadapted to Gulf of Maine condi-
tions, could take advantage of to occupy an expand-
ed range of exposures. The fact that C.Pagile ssp.
tomentosoides populations have been less effective at
colonizing nearshore exposed habitats suggests that
further work is needed to understand the rnecha-
nisms involved.

The spread of M membranacea throughout the
Gulf of Maine and into new habitats has been much

faster than for C. fragik ssp. tomentosoides, Reports for
Europe  Ebling et al, 1948; Sloane et al. 1957; Ryland
1970; Hayward and Ryland 1990! and the Pacific
coast of'the United States  Yoshioka 1982; Harvell
1986; Grunbaum 1997! consistently describe M
membranacea as inhabiting flat-bladed kelps and Fucus
spp. Berrnaii et al. �992! and Lambert et al. �992!
also emphasized the association of M membranacea
with the kelp Laminaria. However, more recent
observations indicate that the bryozoan has expand-
ed its habitat selection to include even terete, abores-
cent algae, such as D. aculeata  Harris and Tyrrell, in
prep.; Figure 3!. As is shown in Figure 3, M mem-
branacea may actually have a higher percentage of
association with A. clathratum than with Larninaria

spp.  Bersnan et al. 1992!. M membranacea can also
grow on other red and green algae, including C. frag-
ile ssp, tomentosoides. When M membranacea first
appeared in the Gulf of Maine, Laminaria spp. were
seldom covered with sessile fauna  Berman et al.
1992!. The heavy overgrowth by M membranacea
appeared tO have a signifiCant negatiVe isnpact On
Laminaria spp. populations  Lambert et al. 1992;
Harris and Tyrrell, in prep.!, The stress of overgrowth
ofl aminaria spp. populations by M. membranacea
may have facilitated the expansion of C.pagi'le ssp.
tomentosoides populations into exposed habitats at the
Isles of Shoals  Figure 2!. C. fragile ssp. tomentosoid'es
colonized and replaced L. saccharina as the dominant
canopy spec ies at the site at White Island, which
never had an urchin barrens  Figure 2!. L. saccharina
appears to be adapting to cosnpetition with C. fragile
ssp, tomentosoides, or rather it seems to be shifting its
center of abundance below the C.frags'le ssp. tomen-
tosoides zone  Figure 2, site 2!. L. saccharina also
appears to be adjusting its growth to Ininiinize M
membranacea overgrowth  Figure 3!. One result of the
shift in the association of the bryozoan with L. sac-

charina appears to be a closer association with A.
clatbratum and D. aculeata  Figure 3!. What factor led
to shifts in substrate selection for M membranacea?

The bryozoan is dormant through the winter and is
susceptible to sloughing off via intercalary kelp
growth at the base of the blades. The success of
colonies occupying the slower growing, more stable
A. datbratum as well as the adaptation to grow
around the holes in rf. clathraturn's blades may have
opened the way to colonize perennial, cylindrical
substrates such as D, aculeata.

The acquisition of predators on C fragile ssp.
tomentosoides and M membranacea was predictable
since both have these nudibranch predators in other
regions. For example, P. dendritica is cominon in salt
Inarsh environments where it feeds primarily on the
siphonaceous green alga Bryopsisplumosa, which is a
close relative of C. fragile ssp. tomentosoides  Bleakney
1996; Harris, pers. obs.!. 0. muricata was commonly
associated with the bryozoan B. pilosa  Harris 1973!.
The finding of'high numbers of each predator on its
respective introduced host has been a recent develop-
Inent. Few observations of C. fragile ssp, tomentosoides
populations in Gosport Harbor were made before
1996 so the period of buildup for P, dendritica popu-
lations is unknown. However, M membranacea popu-
lations were observed regularly and the appearance ot
newly settled 0, muricata juveniles on this colonial
bryozoan became noticeable in fall of 1997, One year
later, it had become very common. Trowbridge
�992! documented a negative iinpact of P. dendritica
on the distribution of Codium setchellii in Oregon. C.
fragile ssp. tomentosoides plants in Gosport Harbor
having large nuinbers of P, dendrttica showed
bleached thalli and ragged branches when the sac-
coglossans were aggregated. P. dendri tica predation
Can CauSe fraginentatiOn Of C,frag>1e SSp.  OmentoSoides
 Trowbridge 1992!, potentially increasing the plant's
dispersal as these fragments are capable of attaching
to new substrates  Fralick and Mathieson 1973;
Carlton and Scanlon 1985!.

0. muricata has an annual life history that begins
with settlement of juveniles in the late sumITIer/fall
followed by growth in the winter and reproduction in
the spring after which the adults die  Todd 1987,
Bleakney 1996!. Thus, 0, murica a feeds and grows
while M membranacea is dormant in the winter. The

results presented in Figure 4, as well as the density of
O. muricala per plant preSented in the reSultS, SuggeSt
that JK membranacea OCCupying O. aCuleata Inay Suf-
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fer I he lowest predation pressure. This may be due to
the inability of the broad-footed nudibranch to
maiieuver efficiently on the narrow and highly
branched ftonds of D, acukata, The net result of'high
preciation on bryozoan colonies occupying flat-blad-
ed algae may have increased selection towards D.
acut'cata as described above.

ln summary, the two introduced species described
in this report, the green alga Codium fragile ssp. tomen-
tosoides and the bryozoan Membrampora membranacea,
are functioning within a system that has undergone
significant changes in cornrnunity structure and the
relative abundances of a number of species  Harris et
aL:.998; Harris and Tyrrell, in prep.!. The changing
ecology of C, fraIr/e ssp. tomerttosoides and M mem-
brattacea must be viewed in the context of an ecosys-
tem in flux. That is, the instability and changes
occurring provide an environment that favors shifts
in the roles played by a species in its interactions
with other taxa. lt is likely that the conditions
described here will continue to change for some titne
and only continued studies will answer the questions
of how these introduced species will fit into the
diverse environments occurring within the Gulf of
Maine. The tates at which changes in their ecology
have occurred suggests that each species represents an
interesting subject for the study of natural selection.
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INT RODUCTI Oisi

CAsE STUDY

Ecological niche theory  eg., Hutchinson 1957!
provides a foundation For understanding the role of a
species in,i community. Niche theory can therefore
be used to address questions of why some exotic
organisms succeed in fitting into coinrnunities with
which they have shared no evolutionary history.
Based on a wealth of experiinental and theoretical
literature, a series of niche-based models was devel-
oped into a framework for studying the invasive suc-
cess of'exotic species  Lohrer 2000!. This framework
was created to provide testable hypotheses character-
iZing alternative InOdeS Of SuCCessful invaSiOn by
exotic species.

Here we report the findings of a case study which
served as the initial application of the framework.
Hemigrapsus sanguineus, a grapsid shore crab indige-
nous to Japan and other western Pacific regions, was
recently introduced to the Atlantic coast of North
America  McDermott 1991!. First noted in southern
New Jersey in 1988  Williams and McDerrnott
1990!, the crab now ranges from North Carolina to
New Hampshire  McDerrnott 1998a; A,H, Hines and
M.C. Tyrrell, pers, comm.,!. H. sanguineus is frequent-

~ New address and corresponding author; telephone: 845-546-
3623; fax: 843-546-1632; e-inail: andrewdohrer@uconn.edu;
Baruch Marine Lab�Unrversity of South Carolina, PO Box 1630,
Georgetown, NC 29442

ly thc most abundant brachyuran in a variety of
rocky intertidal habitats in southern New England
 Lohrer 2000!, with maximum densities of	00
crabs m 2 in several l.ocalities. Unfortunately, basic
ecological paraineters of H. sanguineus are still largely
undescribed in its native and invaded habitats

 Kikuchi et al. 1981; but see Fukui 1988; Lohrer and
Whitlatch 1997; McDennott 1998a, 1998b; Gerard et
al. 1999; Lohrer et al. 2000, Lohrer et al, in press!.
Table 1 summarizes a comparative analysis of H. san-
guineus in Tanabe Bay, Japan and Long Island Sound,
USA. Objectives were to understand how this Asian
crab successfully invaded the northeastern coast of
North America as well as to provide specific predic-
tions of future ecological impacts in New England.

Several factors listed below Inay have co~tributed
to the successful invasion of H. sanguineus into North
America. �! Physical and climatological f'eatures of
northeastern Asia and northeastern North America

are similar. �! H. sanguineus is tolerant of a wide
range of physical conditions and has opportunistic
f'ceding habits, �! The large reproductive capacity
of H. sanguineus ~0,000 eggs brood-<, several
broods year ' in large females; Fukui 1988! is not lim-
ited by rhizocephalan parasites in the invaded range
as it is in its native range �! Intertidal areas of cobble
and boulder  apparently suitable for H, sanguineus!
are coinmon in parts of the invaded range  particular-
ly at latitudes >40' N!. �! Other crab species are not
likely to compete with or restrict the niche of
H. rangrrineus in the invaded range; the region has
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Table i. Observations pertaining to the successful rnvasion of the northeastern coast ot North America by the Asian shore crab,
Herrrigvapsrrs sdrrguirrerr~. Table is based on literature reports and data collection in Tanabe Bay, Japan and Long Island Sound, USA.

Northwestern
Pacific  Asia!

Northwestern
Atlantic  USA!

ReferencesNotes

Latitudinal Range of =20' N to 50' N =36' N to 42' N

H. sanguineus
Current range in USA is well within
the observed range in Asia and
annual air and water temperature
fluctuations are simi ar in both

Sakai 1976,

Takahashi et a/. 198S;
McDermott 1998b

regions

"Sakai 1976, Fukui and

Wada 1983; Fukui 1988;
'Williams 1984

Diversity of crabs High  =20 spp.� Low  =5 spp.!'
co-ocr.urring with
H. sanguineus

There are many other grapsids which
co-occui with H sanguineus in Asia,

but H. sanguineus is the only grapsid
in northeastern USA rocky
intertidal areas

Lohrer et a/. in press;
Lohrer 2000

Common  mean of

S to 10 crabs m-z!
Abundant to very
abundant  mean of
20 or more crabs m-'!

H. sanguineus
abundance

Moderately exposed
cobble and boulder

shores'

Moderately exposed
cobble and boulder

ShOres4

H. sanguineus
habitat utilization

Found throughout
intertidal zone4,
associated with high
structura I comp exity
arease

H. sanguineus is not exc usively an
"upper intertida " species'-, No crabs
were found below the leve of

maximum low tide  i.e., subtidally! in
Tanabe Bay or Long sland Soundo

Found throughout
intertidal zone4,

associated with high

structural complexity
areasii

H. sanguineus
vertical distribution

Lohrer and Whitlatch

1997, Lohrer et a/.

in press

Low 'lo parasitism in Parasites absent in
Tanabe Bay, reports invaded range
of heavy parasitism
e Isewhere in Ja pa n

Parasitism by
rhizoi:epha lans
 para'itic castrators!

H. sangurneus diet Omnivorous, =40:60 Omnivorous, =40:60
animal:plant matter animal:plant matter

Apparent association with larger-sized
stones and >60'/v cover by all stonesc,
less abundant when stones are buried

sediment, rare/absent in low-salinity,
in marsh and soft-sediment habitats

in Asia and North Americao

Judging from gut contents, male and
fernale crabs consume small-s zed

calcified invertebrates  snails <4 mrn
shell height, mussels <10 mm shell
length!; annelids and arthropods also
consumed, red and green algae
dominated algal matter found in
stomachs, barnacles only found in
guts from North American
H. sanguineus population

4Kikuchi et a/. 1981,
Fukui and Wada 1983,;
Takahashi et a/ 1985;
rrLohrer and Whit atch

1997; McDermott 1998b;

Cserard et a/ 1999;

cLohrer et a/. 2000,

oLohrer et a/. in press

"Lohrer and Whitlatch

1997; Lohrer et a/. in
press; sLohrer et a/. 2000
c Mc Dermott 1992;
Lafferty and Kuris 1996;
oLohrer, pers. obs.

Takahashi and Matsuura

1994; Lutzen and

Takahashi 1997; Takahashi
et a/.1997;A M, Kuris,

pers. comm.; Lohrer,
pers. obs,
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1ow species richness in rocky intertidal areas and
H, sanguin< us is distantly related to the resident crabs
in this habitat type  Sakai 1976; Williams 1984!. �!
Comparing H. Sanguineus to other crabs in the rocky
intertidal, measurements of niche overlap  along 3
niche diinensions: habitat utilization, crab size, food
habits! were low �5-62 lo! in Long Island Sound
 Lohrer et <2. in press!. �! Roughly seven years fol-
lowing its establishment in Long Island Sound, no
restriction of the niche of H. Iangutneus is apparent
relative to Tanabe Bay  Lohrer et al. in press!,

Most likely, H. sanguineus did not invade by com-
petitively displacing resident crabs from rocky inter-
tidal habitats in Long Island Sound, but rather, it
appears to occupy a habitat type which is marginal to
and/or underutilized by other resident species. The
impact of H. sanguineus will likely be restricted to
rocky intertidal habitats where its abundance is great-
est. At a larger scale, its rate of spread and impact will.
likely be greater north af 40' latitude where appropri-
ate rocky intertidal habitat is more common than on
the rnid-Atlantic coast of the U.S. H. sanguineu> will
likely impact local populations through predation
and grazing  rather than by coinpetition!. Further-
rnore, gut content data and the relatively small size
of H. sanguineus indicate a potential threat to small-
sized prey. For example, H. Sunguineus is incapable of
consunIing the largest Mj tiles edulis, but will readily
consuine mussels �0 mm shell length. BT addition,
Cctrcinus ynaenas recruits and juveniles  �5 mm
carapace width! are known to reside intertidally and
their densities in rocky intertidal habitats of Long
Island Sound have been declining concurrent with
increases in H. Iangutneus  Lohrer 2000!. The biolog-
ical composition of rocky intertidal areas could be
altered by the extreme densities of H, sanguineus if
this invader preys significantly on sinall organisms in
this habitat type.
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ABsTRAGT: In the past several decades, a number of benthic invertebrates have successfully invaded New England coastal
waters and are frequently found as dominant members of these habitats. These species include several ascidians  Botrttlloides
diagenss's, Styeta claoa, AscidielEa aspersa, Diptosoma rnacdonatds!, an encrusting bryozoan  htembranipora Inernbranacea!, and the
Western pacific shore crab  Hemittrapsus sanguineus!. In order to better understand their potential impact on resident fauna,
establish current distributions of the species, and assess habitat types where the species do and not occur, we conducted a
broad-scale survey ol' coastal habitats ranging from Connecticut to Maine in 1997 and 1998, Our findings indicate that
Botryttoides and Styeta are found throughout most of New England; particularly in tidal inlets and embayments. Diplosomaand
Ascidietta appear more restricted to southern New England, whereas hfembranipora is most commonly found north of Cape
Cod, Hemijyapsus sang''neus has spread rapidly throughout southern New England and was found at several sites in
Massachusetts Bay, and showing high habitat overlap with the invasive green crab Carcinus maenas.

Key words: New England, invasive ascidian, invasive crab, range, survey

INTRODUCTION

' CorrespondIng author; telephone: 860405-9154;
tax: 860405-9155; e-maih whitlatc n!uconnvrn.uconn.edu

In recent years we have seen the environinental
devastation that can result from the inadvertent

introduction into a region of non-native or exotic
species such as the zebra Inussel  Dreissena polymor-
pha!. Valuable resources have been invested in efforts
to control or eradicate such pest species. For the
most part these efforts have resulted only in tempo-
rary solutions. There is a severe lack of knowledge
about the general ecology of invading species. This
knowledge is needed both to estimate future dangers
and to prepare manageinent approaches that will
enable us to react intelligently to the inevitable new
introductions, The need for such inforsnation is
extremely critical for the marine environment. There
has been little or no research directed at identifying
how such exotic marine species invade, yet the "bar-
rier-free" OCean enVirOmnent places mariiie COInrnu-
nities at great risk.

In the past 25 years several species have invaded

the New England coast and have spread from
Connecticut to Maine. These include several species
of ascidians  Botrylloides diagensis, Styela cia@a,
Ascidielk aspersa, l3iplosonra macdonaldi!, an encrust-
ing bryozoan  Membranipora nrembranacea!, and the
Western Pacific shore crab  Remigrate sus sanguineus!.
We have been studying these species  e.g., Osrnan
and Whitlatch, this volusne; Lohrer et al, this vol.-
ume! in order to determine and test future strategies
for the managesnent of introduced species, Our
research has generally focused on three inter-related
problems: �! determinirig the extent to which newly
introduced species had invaded coastal New England
and whether they were restricted to speciftc habitats,
�! examining the differences between native and
introduced species in how their populations expand
into new areas, and �! delineating the interactions
between invading species and the native community.

In order to better understand the potential
impact of these invaders on resident fauna, we con-
ducted a broad-scale regional survey in the suinrners
of 1997 and 1998. The primary goal of the surveys
was to establish thc current distributions of the
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introduced species and assess habitat types where the
species occur and do not occur,

MATERIALS AND METHoDS

In 1997 we concentrated on areas from Groton,

Connecticut southwest to Greenwich, Connecticut
and in 1998 we surveyed the coast from Groton
northeast to Bar Harbor, Maine. In the two years, we
sampled at 35 locations along the coastline. At most
of these sites samples were taken in a variety of habi-
tats including harbors, exposed points, headlands
and coves, mussel beds, inarshes, and eelgrass beds.
Sampled substrates included pilings and floating
docks in rnarinas, natural rock faces and boulders,
jetties, fronds of macroscopic algae, eelgrass blades,
shells of living and dead molluscs, and debris. Since
our primary objective was to examine broad-scale
distribution patterns, we did not quantify the abun-
dance of the invaders.

REsvLTS

The regional distribution patterns that we
fourid for the fbur ascidians and the bryozoan
h1ernbranipora rnernbranacea are shown in Table 1.
Borrylloides was the most broadly distributed of the
five fouling species. We found it as far north as
Penobscot Bay, Maine and as far south as Bridge-
port, Connecticut. In addition we have had uncon-
firmed reports from colleagues that this species may
have been found as f'ar north as Prince Edward

Islarid, Canada and as far south as Chesapeake Bay.
The distribution of Stela was almost as extensive.
We .ound this species from Casco Bay, Maine to
east of'the Connecticut River in Long Island Sound.
Both Ascidiella and Dipiosornu had much narrower
distributions. As with Styela, neither was found west
of the Connecticut River. Ascidiella was found as far

north as Buzzards Bay, Massachusetts and Diplosoma
was not found north of Narragansett Bay, Rhode
Island, Finally, hlenrbranipora was found more corn-
monly north of Cape Cod, usually on fronds of
Larrinaria and other subtidal seaweeds  eg., Berman
er al 1992!.

ln Table 2, the distribution of Western Pacific
shore crab, Hemigvapsus sanguineus, is contrasted with
that of the green crab, Carcinus rnaenas, which was
introduced to New England early in the l.9th centu-
ry  Grosholz and Ruiz 1996!. Hernigrapsus was found
as far north as Cape Cod Bay and because it was first
fouiid in New Jersey, we know it extends far to the

south of New England. Reports from colleagues indi-
cate recent sightings of Hemigrapsus along the New
Hampshire shoreline. This range overlaps completely
with the green crab which is known to occur from
New Jersey to Canada  Grosholz and R.uiz 1996! and
was found at our most northern most stations.

DISC USS IO N

Overall, the distributions reflected in Tables I
and 2 demonstrate the continued but sporadic
spread of these exotic species, Of the ascidians, those
species that have been in New England the longest,
Borrylioides and Sryeia, have spread much further than
more recent arrivals. In addition, Hernigraprus, which
has relatively long-lived larvae and is motile as an
adult, has also spread rapidly, The patchy distribu-
tion of all the species is also not indicative of a slow
spread or dif'fusion from the initial invasion site.
Rather, the pattern is suggestive of a process of estab-
lishing persistent local populations from which larval
colonists are released and occasionally transported to
other distant sites.

The general habitat patterns recorded in our sur-
vey are very siinilar to the local patterns we observed
in eastern Long Island Sound over the past ten years.
Sheltered areas such as harbors had a fairly rich
ascidian fauna, while the exotic species were general-
ly missing from open coasts and exposed headlands.
Salt marshes and the low salinity parts of estuaries
also seemed to be poor habitats for these species. For
example, in Long Island Sound Styela was not found
to the west of the Connecticut River. In addition, a
sheltered site at the mouth of this large river had no
ascidians. It is possible that the large amount of
f'reshwater entering Long Island Sound at the
Connecticut River may act as a partial barrier and
slow the spread of these species to the southwest.
Our findings indicate that Borrylloides and Sryela are
found throughout rrrost of New England, particularly
in tidal inlets and ernbayments. In contrast, we only
found Diplosoma and Arcidiella in southern New
England shallow subtidal habitats. L, Harris  pers.
comm.! has noted extensive populations of
Diplosorna off the coast of New Hamsphire. From
our studies in Lang Island Sound over the past
decade, this species displays remarkable spatial and
temporal variability in its abundance, and our "one
shot" survey may siinply have failed to record the
presence of the species north of Cape Cod. In gener-
al, colonial ascidians appeared to be more common



Table 1. Presence of fouling ascideans at surveyed sites along the New England coast. Sites are arranged from the Northeast to the
Southwest and grouped by water body or coastal feature. Floats include floating docks within harbors. Long Island Sound was surveyed
in 1997 and the remaining sites iu I998.

State Type Habitat Botrylloiryes Diplosoma Stye a Ascidiefla iHembran'rpora Native Ascidi an sLocation

Mt. Desert Island

Northeast Harbor

Bass Harbor Coast

Northeast Harbor

ME Harbor Floats

ME Coast Bedrock

ME Cove Rocks

Penobscot Bay
E llsworth

Castine

Be fast

ME Estuary Floats
ME Harbor Floats

ME Harbor Floats

Casco Bay
Boothbay Harbor ME
Cape Elizabeth � Open ME
Cape Elizabeth � Cove ME
Cape Parpoise IVI E

Harbor

Coast

Coast

Harbor

Floats X

Bedrock X

Bedrock X

Floats X

Bigelow Bight
Kennebunkport
York H a rbor

Rye Harbor

ME Harbor Floats

ME Harbor Floats

NH Estuary Floats

Massachusetts Bay
G oucester � Rockport MA Harbor Floats

Pleasant Bay
Chatham MA Harbor Floats

Vineyard Sound
Hyannis
Woods Hole

MA Harbor Floats

MA Harbor Floats

Buzzards Bay/ Rl Sound
West Falrnouth MA Harbor Floats X

Westport MA Harbor Floats X
Sakonnet Point Rl Coast Bedrock X

Narragansett Bay
Tiverton

Jamestown

Beavertail Point

Rl Harbor Floats

Rl Harbor Floats

R I Coast Bedrock

Cape Cod Bay
Plymouth Harbor
ManOmet Point

Sagamore
Ba rnsta b le Harbor

Rock Harbor

Long Island Sound
6roton

Niantic

Saybrook
Hammonassett Paint

Sachem Head

New Haven

Bridgeport

MA Harbor Floats

MA Coast Rocks

MA Harbor Floats

MA Harbor Floats

MA Estuary Floats

CT Coast Racks

CT Harbor Racks

CT Estuary F oats
CT Coast Rocks

CT CoaSt ROcks

CT Harbor Piles

CT Harbor Piles
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l.ocation

Penobscot Bay
Ca iiden ME Estuary Rocks

Casco Bay
Caoe Elizabeth'.

Qpen
:ove

Caoe Porpoise

ME Coast Bedrock

ME Coast Bedrock X

ME Harbor Rocks X

ACKNOwLEDGMKNTS

Narragansett Bay
Beavertail Point Rl

Narragansett Rl
Pouit Judith Rl

Coast Bedrock

Coast Rocks

Coast Rocks X
LITERATURE CITED

Long Island Sound
Stonington CT
Grnton CT

Ni intic CT

Harnmonassett Pt CT

New Haven CT

M Iford CT

Gr enw<ch Point CT

Rocks X

Rocks X

Rocks X

Rocks X

Rocks X

Rocks X

Rocks X

X X X X X
X X

Coast

Coast

Harbor

Coast

Coast

Coast
Coast
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aloitg exposed coastlines north of Cape Cod than in
southern New England. Also, Botrylloides was fre-
queiitly found to inhabit the intertidal zone in
northern New England, whereas it is uncommon to
find intertidal populations in southern New
England, Based on recruitment ta fioating docks,
local populations of the encrusting invaders are well
established throughout coastal New England. While
Membranipora is more commonly found north of

Tabl< 2. Presence of ihc invading crabs, Curcinus rnuei<us and
Bern q~rq>st<a sung<«ncus, at sites surveyed along the View England
coast. I.ong Island Sound was surveyed in 1997 and the resnain-
ing sites in 1998.

State Type Habitat Carcinus Hemigrapsus

Mt. Desert Island
Ba.,s Harbor Coast ME Coast Bedrock X

NO<theaSt Harbor ME Cove Rocks X

Cape Cod Bay
Plymouth Harbor IvlA Harbor Shore X
Me nomet Point MA Coast Rocks X

Vineyard Sound
Woods Hole MA Harbor Rocks X

Martha'sVineyard MA Harbor Rocks X

Buzzards Bayl Rl Sound
Horseneck Beach MA Harbor Rocks X

Sakonnet Point Rl Coast Bedrock

Block Island Sound
Matunuck Rl Coast Rocks X

Weekapaug Rl Coast Rocks

Cape Cod, Hemigraspsus has rapidly spread through-
out southern New England and was found at several
sites in Massachusetts Bay.

Our present work, coupled with previous studies,
has indicated that one of the invading species
 BorrJ4'oisces! is resistant to native predators but the
others are not  eg., Osman and Whitlatch 1995!. In
the absence of predators, the invading species can
reduce the abundance of similar native species and
permanently change the nature of local communities
 Whitlatch el aI. 1995!. Our surveys along 500 km of
coast in New England have confirmed that those
habitats without these predators had the highest den-
sities of,s everal of the introduced ascidian species.
We have also recently experiinentally detnonstraled
that more diverse, species-rich fouling assemblages
appear more resistant to these invaders  Stachowicz
et al. 1999!, thereby providing a compelling reason
for the perservation of'global inarine biodiversity.
Continued studies are underway on: �! What
makes some species particularly good invaders? and
�! Why are some cominunities more easily invaded
than others? The long-term goal of our work is to
develop a predictive framework for the study and
rnanagernent of invasions in coastal habitats.

This work was supported by a grant froin the
bessie B. Cox Charitable Trust. We also wish to
acknowledge the Natio ial Science Foundation and
Connecticut Sea Grant College Progrant for their
continued support for our studies on the ecology of
invasive species. We thank A,M. Lohrer for distribu-
tional data on Hemigapsses in Long Island Sound
and the organizers of this symposium for the oppor-
tunity of presenting our results.
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AtisTRAcr: Global relations between cliinate and the diversity of peracaridan crustacean intr'oductions in estuar-
ies reveal where management resources may be concentrated for maximum limitation of nonindigenous species
and their impacts. Nearly all non-indigenous species  NIS! in estuaries of the northern hemisphere are front the
western sides of the Pacific or the Atlantic oceans. In contrast, few native northeast Pacific species have invaded
western ocean estuaries. Peracaridan Nl S diversity dedines also in the northeast Pacific bctwcen 38' and 60' north
latitude with nearly all NIS occurring in Puget Sound, Washington or Prince William Sound, Alaska occurring also
in San Francisco Bay, California. These regional and global patterns of introductions coincide closely with varia-
tions in climate of the northern hemisphere between 25 and 60' N. Annual sea surface temperatures vary less in
the northeast Pacific and northeast Atlantic relative to temperatures of western ocean coasts. Low salinities occur
in the coldest months of the northeast Pacific and the northeast Atlantic below 50 N. while low salinities occur

in the warmest months on the western sides of these oceans. Assuming introductions occur only in the range of
climate conditions in which species are adapted, the proliferation of introductions in the northeast Pacific may
result, from the diversity of climates that encompass the relatively mild northeast Pacific maritime climate. Similarly,
species native to the northeast Pacific transported to other regions may be less likely to survive because of the
broader range of climate conditions they must endure there. The south to north decline of northeast Pacific NIS
also coincides with fewer introductions establishing where greater annual variations in temperature and lower sum-
mer salinities occur. The patterns of NIS diversity and assumptions of risk for introductions may vary among lat-
itudes with greater ecological importance of individual introductions at high latitudes.

Keywords: introduced species; northeast Pacific; Atlantic; range; estuary; climate; risk analysis; crustacea; peracarida;
biogeography; JVya urenaria.
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:Vlajor objectives of invasion ecology are to dis-
cover which nonindigenous species  NIS! can be
introduced, where, and the factors that control their

dispersal and probable survival once introduced. The
diversity of mechanisms that disperse NIS among
estuaries are rapidly being discovered  eg., Carlton
1979a, 1985, 1996b; Kelly 1993; Carlton and Geller
1991; Cangelosi 2000; Cohen 1998; Frey et al 1999;
Draheim and Olson 2000; Ruiz et al. 1997a, 1997b;
Smith et al. 1999a; Miller and Chapman 2000; Moy
2000; Thresher 2000! while the processes regulating
NIS survival and diversity among estuaries remain
poorly resolved. The distributions of NIS reveal how
survival varies with dispersal and thus the interac-

tions of dispersal and ecology, Interpreting the geog-
raphy NIS distributions is thus a critical part of the
search for factors controlling NIS invasions.

Nonindigenous species are diverse and abundant
in estuaries of the northeastern Pacific, including San
Francisco Bay, California  Carlton and Geller 1993;
Cohen and Carlton 1995, 1997; Ruiz et al. 1997a,
1997b! and in Europe  Leppakoski 1994; Leppakoski
and Olenin 2000; Eno et al, 1997!, Most eastern
ocean NIS are endemic to western ocean coasts

 Cohen and Carlton 1995; Leppakoski and Olenin
2000! and eastern ocean NIS diversity declines with
increasing latitude  Carlton 1979a; Cohen et al. 1998;
Mills et al. 2000!. Neither geographical pattern results
entirely from the mechanisms of dispersal or from
interactions between native and nonindigenous
species. Additional processes, including climate and
control of NIS distributions, warrant consideration.
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NORTH-SOUTH NIS DivERSITY

METHODS

Figure 1. Prince William Sound, Alaska and south central Alaska
rapid assesstnent sites with open boxes indicating all 46 sampling
sites of 1998, inset indicating the five port areas of the sound in
1999.  Latitudes, longitudes and site descriptions reported in
Chapman 2000, appendix table 1!.

Most chemical, biological, and hydrological
processes of estuaries that limit abundances and dis-
tributions of estuarine organisms are also controlled
by, or closely correlated with, salinity and tempera-
ture  e,g�Kinne 1963; Southward 1969; Green 1971;
Ebbesmeyer et al, 1991; Cohen and Carlton 1995,
1998; Chapman 1998; Thompson 1998!. Long-term
seasonal variations of salinity and temperature are
poorly known in most estuaries, However salinity
and temperature are controlled largely by precipita-
tion and air temperature. Seasonal and geographical
patterns of precipitation and air temperature are well
known  e.g., Ebbesmeyer et al. 1991; Cayan 1993;
Nichols et al. 1986!. Therefore, NIS diversity can be
compared with geographical patterns of precipitation
and air temperature to infer whether climate affects
the probability of NIS invasions in estuaries.

The diversities of marine and estuarine peracari-
dan crustaceans of the northern hemisphere are used
as a sample of the global NIS diversity to compare
with variations in climate. Crustacea comprise
approximately 250/o of the 250 NIS reported from
San Francisco Bay  Cohen and Carlton 1995; J, T,
Carlton, pers. comm.! where they are the Inost
diverse NIS taxon. The majority of crustacean NIS
are peracaridans. Peracaridans are small, short-lived
and consist primarily of Inysids, amphipods, isopods,
tanaidaceans and cumaceans. Nonindigenous per-
acaridans are prominent in most North Pacific and
North Atlantic marine and estuarine communities

 Bowinan et al. 1981; Chapman 1988, 1998;
Chapman and Carlton 1991, 1994; Mees and
Fockedey 1993; Leppakoski 1994; Cohen and
Carlton 1995, 1997; Eno etal. 1997; Toft etal. 1999!
diverse, ubiquitous and t'elatively well resolved taxo-
nomically  e.g., Barnard 1975; Barnard and Barnard
1983a; 1983b, Barnard and Karaman 1990a, 1990b;
Chapman 1988; Cohen and Carlton 1995; Staude
1997!, Peracarida also develop directly, without larval
dispersal stages or unique life history traits that com-
plicate identifications and interpretations of their
geographical distributions,

North to south variation in northeast Pacific NIS

diversity is assessed priinarily from rapid assessment
field surveys  Mills et al. 2000! of the native and
introduced peracaridan crustaceans in Prince Williain
Sound, Seward and Homer, Alaska �0'00' � 61'00'
N! Puget Sound, Washington �7'10' � 49'00' N! and
San Francisco Bay, California �7'30' - 38'10' N!.
Collections were made from three sites in Port Valdez

in early spring of 1997, 46 sites throughout Prince
William Sound in!une 1998, and from 23 sites in
Prince William Sound, Seward and Homer in 1999

 Ruiz and Hines 1997; 2000!  Figure 1!. Twenty-six
sites were surveyed in Puget Sound, Washington in
Septeinber 1998  Cohen et al. 1998; Mills et al. 2000!.
San Francisco Bay was surveyed in early fall, late
spring or summer of 1993, 1994, 1996 and 1997 at 25
regular sites plus several irregular sites  Cohen 1998;
Cohen and Carlton 1995, 1997, 1998!. The three reg-
ions are suitable for comparison because they have
all received and have been interconnected by signifi-
cant aquaculture and shipping activities that are vec-
tors of NIS dispersal in at least the last century and
are of similar areas and environmental diversities.

Each site was sampled by hand scrapings, cores,
or dredge as necessary to remove biological commu-
nities or substratums from accessible floats, intertidal

pilings, rocks and mudflats. These samples were
washed on an 0.5 mm mesh sieve directly or decant-
ed onto the sieve and washed following vigorous
sloshing in buckets of seawater, to suspend organisms
from the removed substratum, Harbor float, rock and
piling substratums were sampled most intensely in all
three survey areas but other habitats were sampled
extensively as available. Organisms were picked
directly from substratums during sample collection,
from the sieves on which the substratums were
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Figure 2, Sea surface temperature monthly average minimum, mean, maximum and range of northeast Pacific coastal waters estimated
over an approximately 100 years up to 1986  Cayan 1991!,

EAsT-wEsT N IS DlvERSITY

East to west variation of NIS diversity in the
northern hemisphere is assessed from common per-
acaridan introductions that are documented either in

the literature or by personal observations. Poorly doc-
umented introductions, introductions not examined
directly, cryptogenic species or species introduced
from outside of the North Atlantic or North Pacific,
are not included in the east to west survey. Examples

washed or from voucher samples of substratums
examined under a stereomicroscope. AII collected
organisms were fixed in 10 /o formalin and then trans-
ferred to 700/o ETOH For long-term preservation. All
specimens were identified to lowest possible taxo-
nomic category.

Voucher specimens will be deposited in the Los
Angeles County Museum, the California Academy of
Sciences and the Smithsonian National Museum of

Natural History. The precise locality records and
notes For each collection site are available from the

author. Temperature and salinity was measured at
each collection site. Surface salinties ranged between
0 and 33o/os in all three survey areas. Surface water
temperatures ranged between 8 and 20'C in Prince
William Sound, between 10 and 21 C in Puget
Sound and between 12 and 30 C in San Francisco

Bay. San Francisco Bay is a well-mixed estuary. Low
surface salinities and vertical stratification in temper-
ature were apparent in both sounds during the sur-
veys.

All species from the three surveys were collected
and examined directly by the author and thus are

likely to provide a more standardized sample of
diversity. The origins of species are inferred from pre-
viously published records or herein using the criteria
for nonindigenous species provided by Carlton
�979! and Chapman and Carlton �991, 1994!. The
criteria used For cyptogenic species  species that are
not clearly native or introduced! are adopted From
Carlton �996a!. Only populations of species that
have been moved by human activities to new loca-
tions, that are reproductive there, and that satisfy the
criteria for nonindigenous species  Carlton 1979a;
Chapman and Carlton 1991, 1994! are considered to
be introduced.
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Table l. The 106 peracaridan crustaceans Identified as nonir>digenous, cryptogernc or native, and the records per species collected f'rom
S F S >C It,>midi Fogm S»d W h gto iehdmll edamlb Id ~nderhh d dl hr> . th r IHI I d>I»
Will ian> Soui>d   igh only!. CP>»>rr'»r<rhhphr>ercrmdr legree> v:as collected from San l rancisu> 13ay and Vr>nce W>lharn Sound only. No species were
collected only in Puger S<>und.

Nonindigenous Cry ptogenic Native
Records Records Records

Ta na idacea
I~to II d Ir

 umacea
C ~nmll I

Gamrnaridea
a~he I n
Dulichia sp,
H~ll I
h~h
Jesse staudei
M~on~ ro h I ne ra
Pontog~ rttfS~a

Caprellidea
~ar l ~~ranochir

Cmrmlllaa
Caprella penantus
~CIH
Tri  ella sp.

Mysidacea
hfysi s lltroralis

lsopoda
b~amenelta labra
Gnorimos haeroma lut
Gnorimosphaeroma oregonensis
~lamb tean d
ldotea montereftensif
ido ea obscura
ldo ea resecata
ls~ukk~wemettfkr'i
Ligia pa/Jasi
~im E>s> JrgnOCum

Cumacea
Dias y >s alaskensis
E>fas ylis sp.
Lamprops beringi

Q
Gammaridea

A~II rfhhttgf HLnlfufte
h~b
A~m~nt~rh~trn ~lmynis
Amri i i'
A~mr >~'pe
Am pi hoe ku Isa kiiii
Am pirhOe Sec  imanu

Aniso ammarus u ettensis
>8s G ttf eSSgfummnae
AOrOideS in e mediut
CCall I I
~Call
~E« I holm
Eogammarus oclain
Gammaridaen gen n sp
n s u ettensis

H~ale h

Locus ogammafus locus aides
M~hamoera: br
lÃicrodeutopus schmi tti
 h>aine n sp
P~all II h eg
Paragon~he ochotensis
P~~a boorl eldl
Paiamoera mohi'

Paiampi hoe mea
Photis brevis

Pon ogeneia isanoei
~Po to brea f
SpinulOgammaruS SuCCanna ub
T he ' k'

Caprellidea
Caprella aiaskena
Caprelia graci li or
~Cn'/ly irn~lnr>t
A~htetaca t~l/~knur!~ i

Total Specie
Records/Species

38
1.4 14 21 54 1.8

Mysidacea
Acanthomysis asperse

Tanaidacea
~Tan fssff>nfggg

Iso poda
Asellus sp.
t>ynoi des dentisinus
Eurylana arcuate
laniropsis serdcatus
Limnoira guadripunctata
b~tm m
hfunna upbiguita
Paranth ura sp.
Sphaeroma guoyanurn
Synidotea laevidorsalis

Cumacea
N~ti   gfftn~itiLnensis

Gammandea
Ampelisca abdita
Antf ithoe valida
Crangonyx sp.
f~>eb'diu~ms .
Gammarus daiberi
Grandidierella 'a onica
Hyalle a azteca
Jesse marmorata
i~t i a~he
Leucothoe alata
hfelita niti da
ILfelita sp.
Monge~h~ium a I>>grus>'curn
fdttRgfrtlfthium insidiosum
ffonocorophlum oaklandense
 f>tonocorophium uenoi
Orchestia enigmatica
Paradexamine sp.
Parapleustes derzhavini
I ~lh
Sinocorophium heteroceratum

Caprellidea
QpeeL RAtettthagmhf
Capret a bidentata
5'es}tylle wlrfornica
~ILett~ili rA
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of excluded species include the amphipod Chelicor-
ophium curvispinum  Sars, 1895!, which spread from
the Black and Caspian Sea to northern Europe  Eno
et al. 1997!, the introduced mysid Acanthomysis bow-
mani Modlin and Orsi, 1997 in San Francisco Bay
that has unknown origins, and many northern NIS
that are native to the southern hemisphere.

Long-term climate conditions in the northeast
Pacific, including San Francisco Bay, Puget Sound
and Prince William Sound are inferred from monthly
average climate time series data for the Pacific Ocean
and western Americas  Cayan et al. 1991!, These data
extend over approximately 100 years up to 1986.
Global records of sea surface temperature and precip-
itation minus evaporation  http: //www.cdc.noaa.gov/
1998! are used for comparisons of temperature
among ocean regions. The term "western ocean" is
used in reference to the Pacific Ocean bordering the
east Asian coast and the Atlantic Ocean bordering
the eastern North American coast. The term "eastern

ocean" refers to the ocean areas bordering the west
coasts of Europe and North Africa and the west coast
of North America.

RESULTS

NORTH-SOUTH NIS DIYERSITY AND CLIIVIATE

The maximum, minimum, mean and range of
monthly sea surface temperatures of the eastern
Pacific vary by 5'C or less between 28' and 52' N lat-
itude  Figure 2!, The 11 to 14'C maximum average
monthly temperatures of Seward, Kodiak and Sitka,
Alaska  between 58 and 60 N! overlap the Neah Bay,
Washington maximum surface temperatures at 48 N
and are similar to the 13'C average sea surface tem-
peratures adjacent to San Francisco at 38' N  Figure
2!. Nonindigenous species likely to survive in south
central Alaska could include those that reproduce
within Puget Sound in summer temperatures or in
San Francisco at average temperatures  Figure 2!.

Of the 106 peracaridan crustacean species identi-
fied from the surveys of Prince William Sound, Puget
Sound and San Francisco Bay, 54 are native, 14 are
cryptogenic and 38 are introduced  Table 1!. Eight
prominent species in benthic or fouling communities
recovered in the survey are cryptogenic  Table 1!. The
tanaidacean Leptochelia dubia  Kroyer, 1842! is cosmo-
politan  Miller 1975; Ishimaru 1985!. The cumacean
Cumella vulgaris Hart, 1930 occurs in Asia  Lomakina

S Native ~~ Cryptogenio Nonindigenous

Figure 3. Native, cryptogenic, nonindigenous and total species in
samples from San Francisco Bay, California, Puget Sound,
Washington and Price William Sound, Alaska  SFB, PS and PWS,
respectively!.

1958! as well as the many habitats of the eastern
Pacific. The amphipod Monocorophi um carlottensis
Bousfield and Hoover, 1997 is not clearly distin-
guished from the nonindigenous species
Monocorophium acherusicum and Monocorophium
insidiosum  Ruiz and Hines 1997!. The amphipod
Hyaleplumulosa  Stimpson, 1857! is reported also
from the western Atlantic  Bousfield 1973!. The
amphipod Jassa staudei Conlan 1990 is extremely sim-
ilar to the cosmopolitan Jassa marmorata Holmes,
1903. The amphipod Pontogeneia rostrata Gurjanova,
1938 is reported from the eastern and western Pacific
 Gurjanova 1938, 1951; Barnard 1962, 1964!, The
caprellid Caprella depranochir Mayer, 1880 is reported
from the eastern and western Pacific  Arimoto 1976,
Kozloff and Price 1997!.

The diversity of species collected is nearly the
same between San Francisco, Puget Sound and Prince
William Sound �6 to 60 and 59, respectively!. Of
the 54 native species collected in Alaska, 52  960/o!
were collected also in San Francisco Bay or Puget
Sound  Table 1!. The common pool of native species
and the similar species diversities collected among
the three areas both indicate that the habitat selec-

tion, collection and sample processing methods of
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the rapid assessment surveys were consistent between
the three areas. Little variation in NIS diversity
among these three sample sets therefore results from
sample biases.

Froin San Francisco Bay north to Puget Sound
and Prince William Sound, 38, 15 and 0, NIS were
f'ound respectively  Figure 3, Xz ! 27,01; P   0.0001;
df= 2! while the frequencies of cryptogenic species
are nearly the saine at 11, 10 and 7, respective]y
 Xz = 2,0; P ! 0,73; df = 2!. In contrast, the frequen-
cies of native species increase to the north from 17
to 35 and 52, respectively  Figure 3, Xz ! 27,01;
P   0,000]; df = 2 !, All NIS and all but two of the
cryptogenic species at any site also occur in San
Francisco Bay. In contrast, only 17 of the 54 native
species were recovered from San Francisco Bay
 Table 1, Figure 3!. Most of the successful NIS intro-
ductions to northeast Pacific estuaries are thus adapt-
ed to lower latitude climates than are the native

species. The inassive numbers and broad diversities
of NIS in ballast water arriving in Alaska from
California, Oregon and Washington  Hines and Ruiz
1998; 2000! are predominantly warm water species,
which are inappropriate indicators of the risk of
introducing cold water NIS to Alaska.

EAsr-WEsT NIS DIVERSITY AND CLIMATE

N IS diversity varies siinilarly with climate
throughout the northern hemisphere. Peracaridan
NIS diversity varies among the four major ocean
coasts of the northern heinisphere  X' = 17.27, P =
0.001 df= 3! with five times as inany introductions
occurring on eastern ocean coasts as on western
ocean coasts  Table 2; Xz = 16.05, P = 0.001 df = I!.
Except for the garnrnaridean amphipods Orchesria
garrirrtarella  PallaS, 1766! and COrOphirtrrr volutatOr
 Pallas, 1766! in the rnarshes and tidal mudflats of the
Bay of Fundy, nonindigenous peracaridan species
diversities and population abundances in western
Atlantic estuaries are low, Similarly, of the 28 intro-
duced peracaridan species examined  Table 2! only
2 � 3 are introduced to the northwest Pacific, com-

pared to 20 � 23 in the northeastern Pacific and 10 � 12
in the northeast Atlantic  Table 2!, None of the com-
mon northeast Pacific peracaridans are introduced to
other areas of the world. Only 2 of the northeast
Atlantic species are clearly introduced to other
regions compared to 13 from the northwest Pacific
and 14 from the northwest Atlantic  Table 2!.
Remarkably, 5 � 9 of these 28 N!S  Table 2! have beers

Table 2. The east and west destinations and sources of common
introduced peracaridan crustaceans of the Norihwesc Pacific,
Northeast Pacific, Northwest Atlantic and Norfheash Atlantic
 NWP, NEP, NWA and NEA, respectively!, rheir native, intro-
duced, or probable introduced status  N, I, and I?, respecrrvely!
and the numbered reference sources.

NWP NEP NWA NBA Sources

N 1,2

N 1,3

17 N

N

N

N

N

N I I

4 7 1
1,8

1

1,5

Tota I Natives  Exports!
Tota I N�  Imports!

13 0 14 2
1-3 21-23 2-3 10-12

N = nalive, l = intraduCed; lh = inCOmplete y reSOlved bur prabable infrOduCIIOn
 I! Cohen and Carlton 1995 �! Modlin and Qrsi 1997; �! Wailing 1991; �!
Williams 1972; �! flees and Fockedey 1993, Chapman and Carlton 1991,
1994; �! Chapman 1988; �! Toft er ai. 1999;  8! Kussakin 1988;  9! Barnard
1975; �0! Carlton 1979a, �1! Platvoei er ai. 1995; �2! Chapman and Cole, hn
prep; �3! Bousfie d 1973; �4! Lincoln 1979; �5! Hirayama 1984, 1986, �6!
Jania 1995, �7! Chapman and Smith, in prep., �8! Costello 1993, �9! Wailing
1979, �0! Chapman and Dorman 1975; �1! Smith er al 1999b; �2! Con!an
1990; �3! I'aills et ai. 2000; �4! Nagaia 1965a-d; �5! Hirayama 1986; �6!
Chapman and Miller, in prep

Mysidacea

Acanthomyshs aspera
Cumacea

Afippofeucon hinvmensis
Isopoda

Asellus communis

Caecidotea racovi tzai

Dynoides dentisinvs
ianiropsis serricatvs

Paranthvra sp.
SynhdOtea /aeyhdOrSafhS

Amphipoda
AmpefhSCa abdkta

Ampiihoe valida
Apocorophium lacustre

Caprella acanthogaster
Cohophium sp.

Corophium voiutator
Crangonyx tloridanus

Crangonyx pseudogracilis
Gammarus dai beri

Gammarus tigrinus
Grandkdkerel!a /apOniCa
Jassa marmorata

Leucothoe afata

Meiita nhtida

MhCrOdeutOpus gryllOtaipa

Moncorophivm uenoi
Monocorophium acherusicum

MOnOCOrOphium inSidkOSum
Orchestia gammarelia

Parapieustes derzhavini
SinOCOrOphhvm heterOCera turn

N

N

N

N I I

N 17

I N

N

N

N

N

N I I

I N

N I

I? I N

I N

N I

I N

! ILI

I? N

I

N I

1,6,10

1,9,10

13,14

1,10,11

15,16

13,14,17

7

18

1,7

'I 3,14,18,19

10,20,21

10,22,23

1,24

1,6,10,25

13,26

9,10

1,9,10

1,9,10

13,14,19

1,6,10

1,12
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Figure 4. Northwest and northeast Pacific sea surface temperature
in degrees Celsius and bimonthly precipitation minus evaporation
in mrn/day at ten degree latitude intervals for the bimonthly peri-
ods of Jan-Feb, Mar-Apr, May-Jun, Jul-Aug, Sep-Oct and Nov-
Dec,  Note: axes of latitude are reversed between graphs of tem-
perature and precipitation.!

Figure 5. Northwest and northeast Atlantic sea surface tempera-
ture in degrees Celsius and bimonthly precipitation minus evapo-
ration in mm/day at ten degree latitude intervals for the birnonth-
ly periods of Jan-Feb, Mar-Apr, May-Jun, Jul-Aug, Sep-Oct and
Nov-Dec,  Note: axes of latitude are reversed between graphs of
temperature and precipitation.!
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NWA � � NEA ~ ~ NWP � NEP

Figure 6, Maximum and rninirnum monthly sea surface tempera-
ture in degrees Celsius  A! and monthly precipitation minus evap-
oration in rnm d-l  B! at ten degree latitude intervals for the
northwest  dashed lines! and northeast  solid lines! Atlantic  thin
lines! and Pacific  thick fines!. Northeast Pacific, northwest
Pacific, northeast Atlantic and northwest Atlantic are NEP, NWP,
NEA and N%'A, respectively.

introduced to two coasts and 4 have been introduced

to 3 coasts.

Sea surface temperatures of eastern ocean coasts
are more constant than on western ocean coasts

between 25' and 50' N latitude  Figures 4 and 5!.
Eastern ocean populations between 32' and 50' N
are exposed to temperature ranges that span only lati-
tudes 40' to 42' N in western oceans  Figure 6!.
Selection for broad temperature tolerance ranges is
therefore less for eastern ocean species than for west-
ern ocean species. Eastern oceans below 50' N are
thus broad thermal targets for western ocean species
while western ocean coasts are narrow thermal targets
for eastern ocean species.

Precipitation and salinity also vary from east to
west in patterns consistent with the south to north
pattern between San Francisco to Alaska. The broad-
est ranges of precipitation occur in the eastern Pacific
north of 35' N.  Figure 4!. The narrowest ranges of
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precipitation and negative net precipitation  desert
conditions! occur in the eastern Pacific and Atlantic
south of 35' N.  Figure 4!. Desert conditions do not
occur at low latitudes m the northwest Pacific and
occur in the northwest Atlantic only below 30' N
 Figure 4!. The latitudinal range and area of low salin-
ity estuaries is therefore less in eastern oceans than in
western oceans,

The seasonal patterns of precipitation  Figures 4
and 5! also differ consistently between eastern and
western oceans. More precipitation occurs in western
oceans during summer when temperatures are great-
est while most precipitation occurs in eastern oceans
in winter when teinperatures are low  Figures 4 and
5!. Where snow-melt is not important, and in the
absence of major water impoundments, the salinity-
temperature patterns of eastern and western ocean
estuaries are out of synchrony. In high latitude
regions, such as Alaska, runoff varies most with snow-
inelt. Salinity in Alaskan estuaries is lower in warin
seasons in correspondence with western ocean cli-
rnates.

The ranks of climates from least to most siinilar
based on overall teinperature variation and seasonal
precipitation  Figures 4, 5 and 6! are, northeast
Pacific, northeast Atlantic, northwest Pacific and
northwest Atlantic  NEP, NEA, NWP and NWA,
respectively!. The ranks of NIS invaders of these
regions  Imports, Table 2! are from highest to lowest:
NEP, NEA, NWP and NWA. The ranks of native
species that have been introduced to other regions
 Exports, Table 2! are from lowest to highest: NEP,
NEA, and NWP and NWA, The east and west varia-

tions in NIS iinports and exports are thus correlated
with climate variation  Kendall coefficient of concor-
dance  W = 1.0; X~ = 8.2; P   0.02; df = 2!  Siegal
1956! in a siinilar pattern to the south to north pat-
tern of NIS between San Francisco Bay and Prince
William Sound,

DtscUsstoN

Climate effects and processes controlled by cli-
Inate superimpose over all other pracesses controlling
the distributions of NIS if they are the dominant fac-
tors controlling NIS diversity and geography. The cli-
Inate hypothesis assumes that adaptations of NIS
Inust equal or exceed the stresses in the invaded areas
to become established; that invasions from all areas
of the world superimpose upon and are superim-
posed on ihc distributions of NIS from similar cli-

Inates and; that climate creates NIS distributions

largely independent of particular life history or taxo-
nomic origins ar dispersal pathways of the invaders.
Major predictions are possible it these assumptions
are true, including: �! NIS from only a narrow range
of western ocean latitudes and cliinate conditions

readily become established in eastern ocean cliinates;
�! eastern ocean invaders, being poorly adapted to
broad ranges of climate variation, readily invade only
a narrow range of western ocean latitudes and cli-
mates; �! NIS diversities decline north and south of
42' N due to increasing incompatibilities of rnid lati-
tude cliinates across the Atlantic and Pacific Oceans

between 25' and 60' N; �! the large seasonal weather
variations of latitudes above 50' N favor western

ocean NIS over eastern ocean NIS. The south to

north and west to east declines in NIS diversity
observed here largely corroborate all four specific
predictions of the climate hypothe,sis.

These geographical patterns of diversity do not
appear to be biased or obscured by insufficient taxo-
noinic resolution, sampling biases or uneven human
mechanisms of dispersal. Likely sources of over-
looked nonindigenous peracaridans are anTong the
cryptogenic species discovered in the eastern Pacific
surveys  Table I!. Cryptogenic species can prove to
be nonindigenaus after further investigation  Carlton
1996a!. However, 7 of the 8 cryptogenic peracaridans
of Prince William Sound  Figure 3! occur also in
Puget Sound and San Francisco Bay  Table 1!.
Disproportionate nuinbers of NIS are therefore
unlikely to be discovered where NIS diversity
presently appears to be low. The great overlap of
native and nonindigenous species discovered among
the three rapid assessinent areas indicates that the
taxonomy and sampling procedures are sufficiently
consistent and comprehensive.

The declining west to east NIS diversity  Table 2!
is not a likely sampling artifact or an artifact unique
to peracaridan crustaceans, West to east declines in
NIS diversity are noted among other taxa  Cohen
and Carlton 1995; Eno er al. 1997; Leppakoski and
Olenin 2000!, These distributions are probably stable
since diverse estuarine taxa have been introduced

extensively over the last 500 years  Carlton 1992,
1999; Carltan and Hodder 1995!. The south to north
decline in NIS diversity in the northeast Pacific must
also be an old and stable pattern, not exclusive to
peracaridans and atypical of native species. A rnajori-
ty of native southeast Alaskan intertidal organisms
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 O'Claire and O'Claire 1998! occur also in
Washington  Kozloff and Price 1997! and central
California  Sinith and Carlton 1975!. The NIS intro-
ductions in the northeast Pacific arrived with disper-
sal mechanisins that have operated for hundreds of
years  Carlton 1979a; Cohen and Carlton 1995;
Carlton and Ho<lder 1995; Cohen et al. 1998; Hines

and Ruiz 2000; Mills et al. 2000!.
The lack of cold-water peracaridan NIS in Alaska

also does not result from unequal passive dispersal
mechanisms. Dispersal of species associated with ship
fouling and solid ballast has been active between
Alaska and Asia since Alaska was a territory of Russia.
Port Valdez is the third largest ballast water port in
the U.S. and has already received diverse, abundant
populations of Asian species in ballast water ship-
meiits  Hines and Ruiz and 2000!. Moreover, aqua-
culiure activities  Foster 1991; Carlton 1979a, b! have
been an irnportaiit vector for potential introductions
to Alaska for inany decades.

The absence of unique, cold water NIS in Puget
Sound and all other northeast Pacific estuaries north

of San Francisco Bay is more likely due to incompati-
ble receiving areas than to insufficient vectors f'rom
donor regions. Unique, cold water NIS are lacking
also in Puget Sound. Yet, NIS dispersal vectors to
Puget Sound are even more active than NIS dispersal
mechanism to Alaska, Mechanisms to transport all
taxa of NIS into I'uget Sound and the Georgia Strait
from nearly all latitudes by international ballast water
traffic  Levings et al. 1998!, aquarium, live seafood,
aquaculture or ship fouling  Elston 1997; Smith
1998; Levins et a/. 1998! have been operating for at
least 200 years  Mills 2000!, Although similar broad
sources of transport inechanisrns move NIS to San
Francisco Bay  Carlton 1979b!, all peracaridan NIS of
Puget Sound occur also in San Francisco Bay  Table
1!, The warm water origins of northeast Pacific NIS
are thus unlikely results of unequal dispersal vectors.

The west to east declines of NIS diversity  Table
2! are consistent with climate predictions 1 and 2.
Sea surface temperature maximums and averages in
eastern oceans above 42' N exceed temperature rnaxi-
muins and averages of western oceans at the saine lat-
itu<les by 5' to 7'C  Figure 6!. Higher summer tern-
peratures in high latitude eastern ocean estuaries may
prevent invasions of western ocean species from sirni-
lar .atitudes  consistent with prediction 3!,
Per,icaridan NIS cannot be used to test prediction 4
 wcstcrn occaii NIS favored by thc morc variable

high latitude climates! since they were not found in
Alaska. However, inost NIS of' San Francisco Bay
and Puget Sound occur in shallow, warin, brackish
environments. Invasions of eastern oceans by cold-
water we, stern ocean species therefore appear to be
limited in the northeast Pacific above 42' N and pre-
vented above 52' N by high summer temperatures
 Figure 6!.

The seasonal salinity variations of all estuaries
north of 50' N inay coincide despite great differences
in precipitation patterns between eastern and western
ocean regions  Figures 4 and 5!. Precipitation at these
latitudes occurs predominantly as winter snow in
eastern oceans and does not enter estuaries until

spring snowmelt. In contrast, freshwater enters west-
ern ocean estuaries <lirectly from runoff during spring
and summer rains. The seasonal salinity differences
between eastern and western ocean estuaries are

therefore greatest below 50' N, The great diversity of
NIS in San Francisco Bay compared to other eastern
Pacific estu.tries could result from nearly complete
water irnpoundrnents and diversions that create low
surnrner salinity conditions atypical of eastern oceans
and more closely resembling eastern ocean estuaries.

Above 38' N, adaptations of native eastern ocean
species to high summer salinities and narrow temper-
ature ranges must prevent their establishinent in
western ocean estuaries. The entire sea surf'ace tem-

perature range of the eastern ocean coasts between
25' and 60' N is overlapped by the temperature
ranges of western ocean coasts between 37' and 42'
N  Figure 6!, Thus, the regions of western oceans
with suitable temperature ranges for all eastern ocean
species are small while the regions of eastern ocean
estuaries with suitable temperature ranges for some
western ocean species are large.

Temperature limitation of western ocean NIS in
the eastern Pacific is evident beyond biogeographical
correlations. The Pacific oyster Crassoslrea gigas
 Thunberg, 1795! is native to Asia and cultured com-
rnercially as tar north as Hokkaido, Japan  Quayle
1969! at 44' N. The minimum monthly sea surface
temperatures of Prince W'il.liain Sound rnatch western
Pacific mini~urn sea surface temperatures as far
south as 44' N  Figure 6!. From figure 6, lethal low
temperatures For C. giga' or other western ocean NIS
from 44' N, or even slightly farther south, would not
be predicted in Prince William Sound and south cen-
tra! Alaska. However, maximum northeast Pacific sea
surface tcmpcraturcs at 60' N match wcstcrn Atlantic
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and western Pacific maximums only as far south as
48' N  Figure 6!, Crassostrea grows from spat but
require temperatures greater than 15' C to spawn
 Barrett 1963!. The climate model thus predicts that
C. gigas can survive in Alaska but cannot reproduce
there, In correspondence with these predictions, even
the 11-14' C surnrner temperatures in the Inost pro-
tected bays and estuaries of Prince William Sound
and south central Alaska  Hines and Ruiz 2000! are
too low for C. gras to reproduce  Foster 1991!,

CowcivsioNs

The mosaic of peracaridan introductions in the
northern hemisphere indicates that NIS establish
only in climates within their evolved physiological
tolerances. This relationship extends beyond physiol-
ogy, pcracaridan crustaceans and beyond the north-
ern hemisphere  Carlton 1987; Ruiz er al. 1997b;
Edgar el al. 1999; Hewitt el ul, 1999!. The overall cor-
relation between NIS diversity and cliniate allows
predictions of invasion risks among regions af the
world. For instance, baring Arctic Ocean passages of
ballast water from the north Atlantic, global climate
changes, or NIS transport frotn high latitudes of the
southern heinisphere, there are no diverse sources of
species that are adapted to climates similar to those
of Alaska. The present mechanisms for introducing
species to Alaska are thus unlikely to cause large
diversities of'NIS to becoine established. West to

east, the risks of introducing high diversities of' NIS
froin the western ocean climates to Inild eastern

ocean climates are high while the risk of such intro-
ductions in the reverse direction are low. The relative

importance of different biodiversities within climate
types or east and west ocean coasts and the different
target areas or habitats into which species can be
introduced in creating this pattern are unknown.

The exceptional NIS introductions should be
examined to determine whether variation in NIS

diversity with climate is a sufficient metric for ecosys-
tem risk assessments, Among these exceptions are the
amphipods Corophi um volutator  Pallas, 1766! and
Orchestra gummarellus  Pallas, 1766! reported here
 Table 2!. The introductions of these species froin
Europe to eastern North America are exceptions to
the western ocean to eastern ocean pattern of intro-
ductions. Corophium voluturor is confined in North
America to the Bay of Fundy while Orcheslia gam-
marellus is confined in North Ainerica to the Bay of
Fundy and the outer coasts north to Newfoundland

 Bousfield 1973; Watling 1979!. The climates of these
areas are isolated from the Gulf Current and have

narrower temperature ranges than areas either to the
north or south  Bousfield 1973!. The particular suc-
cesses of these two peracaridans and other European
species such as the green crab Careiiius maevas
 Linnaeus, 1758! and the European littorine snail
Littorinu lI'rtorea  Linnaeus, 1758! may result from the
closer rnatch of the climate of this region with north-
ern European climates. The cumulative impacts of
these few high density NIS are large in the Gulf of
Maine and adjacent areas relative to the low overall
diversity of NIS.

The relations between NIS diversity and NIS
impacts are not resolved in estuarine ecosystems.
Impacts per NIS, for example, may be particularly
high in Alaska. The seven cryptogen.ic peracaridans
found in Alaska are abundant over broad ecological
conditions within south central Alaska  Chapnian
2000!. These species, if introduced, indicate a low
diversity of NIS can increase to ecologically signifi-
cant densities in Alaskan waters, The high potential
f' or single species to produce massive impacts  eg.,
Barber 1997; Nichols eI ul. 1990! may reduce the
value of NIS diversity surveys as metrics for ecologi-
cal risk assessments.

The soft shell clam, Myu urenuriuLinnaeus, 1758,
an introduction from the east coast of the United

States to the eastern Pacific, Inay be such an excep-
tional species in Alaska, Hines and Ruiz �000! report
24 NIS in marine and estuarine ecosystems of Alaska
 Chapter 8!. Twenty-three of these species are poorly
resolved, species coinplexes preventing definitive
identification, cryptogenic  Carlton 1996a! or are not
marine Or eStuarine. My@ arenariu iS the Oiily marine
or estuarine rnernber of the 24 NIS that satisfies a sig-
nificant number of the criteria for introduced species
 Carlton 1979a, Chapman and Carlton 1991, 1994;
Eno et al 1997!. hfya arenaria is extremely widespread
in south central Alaska and occurs in great abun-
dance in some areas  Feder and Paul 1974; Foster
1991; Hines and Ruiz 2000! and is likely to be eco-
logically important. The occurrence of M arenana in
Alaska is consistent with prediction 4  western ocean
NIS favored by the more variable high latitude cli-
rnates!.

If M. arenaria, the most clearly documented
introduction, proves to be native to Prince William
Sound, the cryptogenic species in the Sound are less
likely to be introduced. In this case, the ecological
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and economic risks of introducing low diversities of
estuarine specie~ to Alaska via ballast water or by
otlier mechanisins would be small. If M. arenaria is

infroduced or any of the present cryptogenic species
prove to be introduced to south central Alaska how-
ever, there is little evidence that any of the other
cryptogenic species in Alaska are not also introduced.
The rapid NIS assessment surveys, focused on NIS
diversity rather than particular species, data from
th< se surveys are, in this latter case, inappropriate for
assessing ecological risk. These risks could be large.

The most parsimonious hypothesis is that
M arenaria is nonindigenous in south central Alaska.
Assumptions of risk for NIS in Alaskan waters there-
f'ore should be that introductions of even a few

sp< cies into the region would pose large and unac-
ceptable ecological and economic risks. However,
"Perhaps more confusion has surrounded the history
of this common soft-shell clam on the Pacific coast

than any other introduced species"  Carlton 1979a, p.
526!. Native populations of M, arenaria occur in the
Bering Sea  Carlton 1979a, p. 529!. The nonindige-
nous status of 31, arenaria is of critical concern for

the risk analysis. Its origins in Alaska and should be
more clearly resolved.

Global relations between NIS cliversity and cli-
inate may indicate where to concentrate limited
resources to provide the greatest control of NIS
impacts. Managers can possibly use climate models
to predict which NIS vectors transport the most NIS
invasions from the western sides of oceans, The cli-

rn:<te model may also reveal management options to
limit NIS introductions in eastern ocean estuaries.

Water diversions could create or eliminate western

ocean salinity patterns in eastern ocean estuaries to
prevent or control introductions of'western ocean
species. The climate model may allow predictions of
changing NIS distributions with global warming. The
value of NIS risk assessments can be increased with

greater resolution of the overall global patterns of
NIS diversity and abundances in all regions, These
dai a are critical in the search for, the relationships
berween NIS diversity and impacts, the most threat-
ened ecosysterns and the major sources, rates of
introduction and vectors of NIS, These general pat-
terns of invasion occur also in the southern hemi-

spliere and in all taxa if the climate model is valid.
Effects of'cliinate on introductions of nonindige-

nous estuarine species are clearly indicated by these
results. Fmplicit predictions of this crude model are

thai the saine NIS discovered at higher latitudes of'
eastern oceans occur also between 28' and 37' N due

to eastern ocean temperatures that are low relative to
western ocean temperatures at these latitudes  Figure
6!. Western ocean NIS invading eastern Pacific bays
and estuaries of Mexico are predicted to spread north
or to arrive by secondary dispersal from the north.
Similarly, NIS invading Canada and Washington
bays and estuaries are predicted to spread south or
colonize f'rom the south if the climate model is valid.

The international cooperation is critically needed
to limit further introductions and deal with their pro-
liferation. These data indicate that siniilar nonindige-
nous estuarine species threaten to invade eastern
Pacific estuaries and coastal inarine waters of Mexico,
the United States and Canada. The United States

provides the largest target and thus has the greatest
potential to benefit and the greatest responsibility for
action. More extensive surveys, including inore
coasts, more taxa and greater ranges of latitudes than
are covered here are needed to develop, test and
refine a better model of climate effects on NIS.
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tr ated at a shore-side Ballast Water Treatinent

Facility at the Valdez Marine Terminal. The purpose
ol this facility is to remove residual petroleum com-
pliunds prior to release into Port Valdez.

Given that ballast water is a inajor vector for
in troductions of' NIS into coastal ecosystems
 Carlton and Celler 1993!, management practices are
urgently needed to reduce the quantities of plankton-
ic organisms in ballast water  National Research
Council 1996; Greenrnan er al. 1997!, Presently, mid-
ol.ean exchange of ballast water is the only feasible
management practice available to limit transfer of
coastal organisms in ballast water, and evaluation of
alternative treatment methods is a high rnanagernent
priority  National Research Council 1996; Greenman
et rd. 1997!. Our research in Prince Williain Sound
h,is focused on five major objectives; �! to provide a
detailed search for, and analysis of, existing and
potential NIS from field collections, niuseuin vouch-
ers, and literature; �! to assess abundance and viabili-
ty of organisins transported in ballast water, tank sed-
irient, ship hulls, and sea chests; �! to measure sur-
vivorship of'pl,inkton collected f'rom segregated bal-
last water when exposed to temperatures and salini-
ti:s characteristic of Port Valdez, �! to analyze ballast
water delivery patterns and rnanagernent practices of'
at riving vessels; and �! to calculate efficacy of ballast
water exchanges. During 1997, we sampled segregated
a!id nonsegregated ballast water from several tankers
tr> describe the plankton communities transported
into Prince William Sound and Port Valdez. Prior to

this research, the effect of the Ballast Water Treat-
rnent Facility on planktonic organisms within the
nonsegregated ballast water was unknown. Here, we
report the characteristics of the planktonic communi-
ties associated with nonsegregated ballast water and
the effects of the Ballast Water Treatment Facility on
these organisms.

METHODS

During the period from 23 May to 6 June 1997,
s;imples of the discharged nonsegregated ballast water
ssere collected from four successive stages of the
Ballast Water Treatment Facility at the Valdez Marine
T rrninal operated by Alyeska Pipeline Service
Company  Figure 1!. The four stages are �! Chicksan
Arms, which link vessels to the treatment facility; �!
90s tanks, which allow oils to separate froin the bal-
I;st water through differential settling; �! Dissolved
Air Filtration  DAF! facility, which injects inicrobub-

Port Valttez Ship
Outf.rlt Oirtrra

Dissolved Arr
Filtratien lOAFl

Facility
Oil Reepyery Pnmary
ao T m separation  at>s! Sos! Tanks

bles of air following the addition of a polymer, caus-
ing residual petroleuin compounds to adhere to the
foani and volatilize; and �! Biological Treatment
 BT! tanks, which culture microbes that metabolize
petroleum compounds and remove any residual oil
chetnicals before discharge into Port Valdez.
Obtaining s;iniples from the Chicksan Arins allowed
for characterization of the plankton community in
the nonsegregated ballast water of each vessel before
entering the treatment process. We attempted to sarn-
ple the same parcel of water as it passed through the
stages of treatment, but, in several cases, water from
more than one ship was inixed in the 90s tanks and
subsequent stages of the treatment process. As ballast
water passed through the treatment f'acility, it often
becaine niixed to varying degrees with water from
other ships, and samples were therefore coniposed of
composited water. Thus, nonsegregated ballast water
was sampled distinctly from 11 tanker~ as it was
putttped into the treatment facility, while samples of
water from subsequent treatinent stages were derived
from water corningled to varying degrees from these
tankers  Table I!. Five additional ships arriving dur-
ing the sampling period were boarded to determine
quantities of ballast water on board, and included
one ship from a nearby, local port containing no bal-
last water.

For the first three stages, duplicate samples of
0.06 rn' �0 gal! of water were collected from spigots
specifically designed for taking water froin the piping
System of the treatment f'acility. Eaeli Sample waS

Figure 1. Diagram of the Ballast Water Treatment l'acility in Port
Valrtez, Alaska. Asterisks 1"! indicate the f'our loi.ations ot sam-
ple collections in the rreatmenr process: Chicksan Arm, 90s
Tanks, DAf' 'l'anks, and BT I'anks. The 80v Tanks are not a tre,lt.
melit stage: they receive t>ll that is separated front  lie bal}ast svater
as it stands in the 90s Tanks.
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Table 1. Characteristics of all ballast wa er arriving at Port Valdex, Alask,i, f'o r each of 16 od tankers. Shown are the sources and volumes of
segregated and nonsegregated ballast water, percent of total bagast water  BW! that is nonsegregated, and date of arrival for each vessel.
Mean arid staiidard error  S.F..! arc also given f' or the three volume characierisrics. EXCH. indicates ships that conducted some open ocean
ballast water exchange,

Date of Arrival Segregated
BW Source

Vessel Segregated
BW fins!

Nonsegregated
BW  ms!

Nonsegregated Nonsegregated
BW Source ew </.l

Long Beach, CA
Cherry Pl., WA
Anacortes, WA

San Francisco, CA

27421

21529

32234

28306

Long Beach, CA
Cherry Pt., WA
Anacortes, WA

37-47N 122-34 WI

38-01N 124-19W

23-05-97

25-05-97

26-05-97

26-05-97

ARCO SPIRIT

ARCO ANC/,"ORAGE

SR BATON ROUGE

SR LOIVG BEACH  EXCH.!

55415

29174

14415

36786

67

58

31

57

POTOMAC TRADER

CHEVRON MISSISSIPP/

27-05-97

27-05-97

28-05-97

28-05-97

10528

19764

21504

508

Cook inlet, AK

Anacortes, WA

Cherry Pt., WA
Richmond, CA

0

2594

28636

43680

0

12

57

99OS WASHIIVGTOIV

SR NORTH SI OPE

ARCO JUNEAU

BT ALASKA

SR SAN FRANCISCO

ARGO IIVDEPENDENCE

OMI COLUMBIA

PRIIVCE WILLIAM SOUND

48192

22579

57498

30241

29832

16701

26202

Portland, OR

Cherry Pt., WA
San Francisco, CA

Anacortes, WA

Long Beach, CA
Barber's Pt., Hl
45-40N 156-50E/

40-27N 134-39E

Benecia, CA

50363

34293

14669

11383

60305

50168

16963

02-06-97

02-06-97

02-06-97

02-06-97

03-06-97

03-06-97

04-06-97

51

60

20

27

67

75

39

SR BEN/CIA  EXCH.!

Mean

S.E,

Benecia, CA06-06-97 22706

25984

3317

29692

29909

4693

57

49 0.06

Rgsvrxs

Of the 11 ships sampled, nonsegregated ballast
water accounted for an average 29,909 rnt per ship
 approximately 49o/o of the total ballast water!  Table
1!. The sources of the water included predoininantly

poured through an 80-firn mesh plankton net, and
rinsed to ensure that any plankton retained on the
net would be collected within the cod-end jar,
Duplicate samples �,32 rn-'! were also collected at
the BT tanks using an 80-lrm mesh plankton net with
a 30-crn diameter that was pulled vertically through a
4.5-m water column. Temperature and salinity of
each sample were measured with a calibrated alcohol
thermometer and refractorneter, respectively.

Following collection, each sample was examined
using a microscope �0 � 40X zoom magnification! for
qualitative measures of abundance and viability of
plankton. For each morphologically distinct taxon,
we estimated qualitative abundance as rare  present,
but �0 individuals!, common �0 � 100 individuals!,
and abundant @100 individuals!. The percentage of
live individuals was evaluated according to morpho-
logical integrity and movement. Sainples were pre-
served in 5 ro buffered formalin solution immediately
after live analysis, and transported to our laboratory
at the Smithsonian Environmental Research Center
for further quantitative aiialysis.

none

Anacortes, WA

Cherry Pt., WA
25 '%%d � Richmord, C A
75'%%d-100 mi offshore

Po rtla nd, OR

Cherry Pt., WA
San Francisco, CA

Anacortes, WA

Long Beach, CA
Barber's Pt., Hl

Yostl, Korea

For quantitative analysis, samples were concen-
trated on an 80-lrm mesh sieve, transferred to a glass
finger bowl, and examined under a microscope �0�
40X zoom magnification!. All morphologically dis-
tinct organisms were identified to the lowest possible
taxonomic level. Taxa in abundances of fewer than

100 individuals per sample were counted within the
whole sample. For abundant taxa  	00 individuals
per sample!, samples were split with a Folsoin plank-
ton splitter �/8 to 1/32 splits!, and two subsamples
were counted. Counts from split samples were adjust-
ed to standard sample size. StatisticaJ analysis
employed Kruskal-&allis tests to determine statistica]-
ly significant differences in densities of planktonic
organisms among stages of the ballast water treat-
rnent process.



Ttble 2. Charactet nttcs of nonsegregated ballasr water sampled at tour stages of the BaBast Water Treatment Facility in valdez, Alaska.
5 iown are the date, source, temperature, and salinity of water sampled at each st~ge. Temperature and salinity measures represent mc.ms
o two consecutive samples. Multiple sources indicate cominglirig ot water, it tliat stage.

Salinity ippt!Temperature  'C!Vessel Source s!DateTreatment

CHICKSAN ARMS ARCO SPIRIT

ARCO ANCHORAGE

SR LOIVG BEACH

SR BATON ROUGE

CHEVROIV MISSISSIPPI

ARCO FAIRBANKS

SR IVORTH SLOPE

SR 5AN FRANCISCO

BT ALASKA

ARCO INDEPENDENCE

OM/ COL UIVIBIA

ARCO SP RIT

ARCO ANCHORAGE

SR LONG BEACH SR BATON ROUGE

CHEVRON M�5�5 PPI

SR NORTH 5LOPE/BT ALASKA

SR 5AIV FRAIVCISCO/BT ALASKA

ARCO I/VDEPE/VDEIVCE

OMI COLLIMBIAIARCO INDEPENDE/VCE

<30s TANKS

[!AF TANKS ARCO SPIRIT

ARCO ANCHORAGE

SR LONG BEACH/SR BATON ROUGE

CHEVRON M�5�5 PPIIOS I/VASHIIV G TON

SR A ORTH SLOPE BT ALASKA

SR SAN FRAIVCISCO BT ALASKA

ARCO /NDEPENDEIV CE

OM/ COLUMBIAIARCO INDEPENDENCE

ARCO SPIRIT

ARCO ANCHORA GE

SR LONG BEACHISR BATOIV ROUGE

CHEVROIV IVI�5�5 PP/

SR /VORTH 5LOPEIBT ALASKA

SR SAIV FRAIVCISCOIB 1 ALASKA

ARCO /IV DEPENDEIV CE

OIVII COL UMBIA7ARCO IIVDEPEIVDE VCE

BT TANKS

tank~. At all stages of treatment, the water had a dis-
tinct odor of petroleum, and an element of the
treatment process was designed to drive off volatile
petroleum components. Residence time of the water
passing through the treatment facility averaged about
24 hr, ranging from about 12 to 36 hr.

Nonsegregated ballast water contained planktonic

domestic but also foreign ports  Table 1!. Temperat-
ure and salinity of the water varied little throughout
trre successive ballast water treatment stages, averag-
ittg 11.5'C and 31 ppt, respectively  Table 2!,
Nonsegregated ballast water corning off the tankers
c.f'ten contained globs of crude oil as well as lighter
petroleum components as residuals in the cargo

24-05-97

25-05-97

27-05-97

27-05-97

27-05-97

28-05-97

02-06-97

02-06-97

02-06-97

03-06-97

03-06-97

24-05-97

25-05-97

27-05-97

28-05-97

02-06-97

03-06-97

03-06-97

04-06-97

24-05-97

25-05-97

28-05-97

28-05-97

02-06-97

03-06-97

03-06-97

04-06-97

25-05-97

26-05-97

28-05-97

01-06-97

03-06-97

03-06-97

03-06-97

04-06-97

12.0

10.8

12.0

10.0

11.0

1 1,0

14.0

1 1.0

1 1.5

13.0

15.0

12.0

12.0

12.0

14.5

10,0

12.0

12.0

13.0

12.0

13.0

14.0

13.0

12.0

13.0

13.0

140

120

12.8

15.0

14.0

13.0

13.0

130

14.0

32.0

29.0

32.0

28.0

31.0

29.5

13.0

31.0

31.0

32.0

35.0

32.0

30.0

32,0

30.0

1 3.0

32.0

32.0

34.0

32.0

30.0

31,0

30.0

1 2,5

32.0

30.0

34.0

32.0

33.0

31.0

30.0

23.5

32.0

29.0

32.0
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coininunities, which were characterized by relatively
low diversity and abundance  Table 3!, A total of 23
inorphologically distinct taxa were identified among
70 samples collected  Table 3!, Occurrence of indi-
vidual taxa ranged from 0 to 94 i/o of the sainples.
Although the samples were dominated by various
stages of copepods, discoid diatorns, and nematodes,
relative abuiidance of taxa changed with sequential
stages of treatment. Percent occurrence of discoid
diatoms remained relatively constant among samples
froin sequential stages of treatment. While the occur-
rence of copepods declined with treatment sequence,
the percent of nernatodes increased.

Numerically dominant taxa were discoid diatoms
and nernatodes  Table 4, Figure 2A!. The density of
discoid diatoms differed significantly among treat-
ments  Kruskal-Wallis, H=10.722, P=0,013!,
Densities of discoid diatoms increased 3- to 8-t'old at

interinediate treatment stages, and decreased 4-fold
in the final lreatinent stages comparecl to initial sarn-
ples froin the Chicksan Arins. Densities of nema-
todes also differed significantly among treatments
 Kruskal-Wallis, H=28.051, ~.0001!. Nematodes
increased greatly between the Chicksan Arms �6.7
individuals/m'! and the BT tanks  992
individuals/m-'!. Similar significant differences
ainong treatments were found for densities of other
taxa combined  Kruskal-Wallis, H=7,8578, P=0.0490!.
These densities averaged 1450 individuals/ina in sam-
ples from Chicksan Arms, and decreased with treat-
rnent stage to an average of 174 individuals/m' in the
BT tanks.

Viability of organisms in the sainples was rather
low, particularly in the initial stages of treatment
 Figure 2b!. Nonsegregated ballast water sainpled
froin the Chicksan Arms before passing to the treat-
ment facility frequently contained plankton that was
in poor condition or dead and in various stages of
decomposition. Nematodes and diatorns exhibited an
increase in viability in the BT tanks �5o/Ii and 40%,
respectively!, while the viability of other taxa
remained low throughout all treatinent stages.

DISCUSS1ON

The abundance and viability of planktonic organ-
isrr s in the nonsegregated ballast water discharged
into the Ballast Water Treatment Facility of' the
Valdez Marine Terminal were relatively low, particu-
larly when compared to the abundant and species-
rich plankton coinrnunities found in segregated bal-

1'able 3. Percent occurrence of organisms in each taxonomic
group thai occurred in samples collected irom each of the flour
treatment stages ol'the Ballast Water Tteatinent Facility in Vafdez,
Alaska. percentage calculated as the number ol satnples contain-
ing thc specified taxa divided by totalnutnbet of samples  iiidicat-
ed iii parentheses! Counts do not distingu»h benveen live and
dead organisms  see text for discussion!,

Taxon

Dinoflage I ates
Ceratium

Pencfrni um

Diatoms

Chain forming
DIscoId

Protozoans

For aminifera

TIntInnIdS

Rotifers

Nernatodes

Platyhelminthes
fur be 1 aria ns 0 0 0.0 0.09.1

Molluscs

8ivalvia

 a astro poda

Eggs

last water of the same ships  Ruiz and Hines 1997!.
Plankton in segregated ballast water arriving at Port
Valdez during the study period included hundreds of
morphologically distinct taxa from virtually all inajor
groups of'planktonic invertebrates and algae; most of'
these were very active and healthy in appearance
 Ruiz and Hines 1997!.

In most cases, densities of the 23 taxa in the noix-
segregated ballast water decreased throughout the

Arthropods

Amphipoda
Barnacle Nau plii

Barnacle Cyprids

Copepods
Ca I a no id a

Cycl opo id a
Harpacticoida
Poecilisloma

Nauplii

Copepodites
Cumacea

Mite

Chicksan Arms 90s Tanks DAF Tanks BTTanks
 n=22!  n=t61  a=16!  n=16!

18.2 43.8 25.0 25.0

36.4 18.8 12.5 25.0

182 188 313 63

81.8 87. 5 81.3 93.8

59.1 37.5 43.8 81.3

31,8 25 0 188 56 3

0.0 6.3 0.0 1 2.5

36.4 37.5 93.8 93.8

4.5 0,0 0.0 0.0

4 5 5 2 5.0 6.3 2 5.0

1 8 2 6.3 0.0 0.0

54. 5 43.8 6 3 6.3

27.3 31.3 18 8 'I 2.5

3 1.8 6.3 0 0 1 2.5

136 00 00 00

45.5 37.5 18.8 12.5

50 0 43 8 12 5 6 3

4.5 0.0 0 0 0.0

9 1 0.0 0.0 0.0

182 63 00 00

1 3.6 0.0 0.0 0.0

50.0 37. 5 12. 5 2 5,0
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Table 4. Density ol'organisms  number/ms! in each taxonomic group that occurred in sansples collected From the Ballast Water Treatrneni
Facility in Valdez, Alaska. Shown are the means and standard errors obtained From preserved samples for each ot the tour locations  witli
indicated samples sizes!. Counts do not distinguish between live and dead organisms  see text for discussion!.

Treatment
90s Tanks  n=gl

Taxon
BT tanks  n=12!DAF Tanks  n=6!Chieksan Arms in=16!

0.4

1,'I

10

1,8

0.0 0.00,0 0.02.3 0.0 0.03,1

0.0

2.8

0.0

0.0

1.3

0.0

0,0

2.8

0.0

0.0

0.6

00

1.0

124.0

20,8

1.0

56.1

1 7.6

0.0

5.6

1.9

0.0

3 9

'l.9

0.0

2 5.0

0.0

0,0

19.4

19.4

0.0

0.0

0.0

14.1

0.0

0.0

1 0.9

1 6.3

0.0

0,0

1.0

1.3

0.5

0.0

0.5

0.3

0.0

0.0

69.6

39.8

6.1

9.7

1 2.0

1 9.0

1,0

2,3

35.2 29.1

148 71

5.6 5.6

0.0 0.0

29.6 16.1

50.0 31.8

0.0 0.0

0.0 0.0

1.0

1.1

04

0.0

0.4

0.3

0.0

0.0

127.1

61.5

16.7

14.6

38,5

65.6

10

31

the BT tanks appeared low. We did not assess the
conditions in the nonsegregated ballast water that
may have contributed to the low survival of the
plankton. Clearly, the nonsegregated ballast water

sequential stages of treatment, except for an increase
in abundance of nernatodes in the final stages. The
source of this increase in nernatodes remains unclear,

One possibility is that they originated in low num-
bers from the nonsegregated ballast water, and then
flourished under conditions within the BT tanks.

Alternatively, nematodes, which as cysts are easily
dispersed by wind, could have colonized the BT
tanks if conditions were favorable for population
growth. Despite the increase, the viability of nema-
todes, discoid diatoms, and other combined taxa in

contained high levels of petroleuin products. In addi-
tion, oxygen levels in the tanks may have been low,
because ship operations are required to reduce oxy-
gen concentrations in air space overlying the ballast
water below critical levels for combustion. In con-

trast, oxygen levels in segregated ballast water were
consistently high. In any case, the conditions of the

BInoflagellateS
Ceratium

Peri dinium

8 iatoms

DiscoId

Chain diatoms

Protozoans

Tintinnid

Eoraminife ra

Rotifers

h ematodes

Platyhelminthes
Torbellarians

A rthropods

Arnphipods
Barnacle Naup Ii
Barnacle Cyprid

Copepods
Calanoida

Cyclopo da
Harpacticoida

Poecil stoma

Nauplii

Copepodite
Ctimacea

Mte

Molluscs

Bivalvia

Gastropod a

Eggs
Total

Avg Density Std Error Avg Density Std Error Avg Density Std Error Avg Density Std Error

14.6 8.7 235.2 206,3 169 4 105.2

267.7 172.0 7.4 4,0 5 6 3. 5

4714.6 1795 5 37996.3 22160 1 17686.1 9326.4 969.3 328 9

12.5 7 2 5.6 3,9 5.6 3.5 0.0 0 0

59.4 38 5 55.6 47.4 72.2 40.1 5.5 2.6

604,2 312 2 72.2 38.9 111.1 75.0 134.4 41.9

00 00 1.9 1.9 0.0 0.0 26.5 16.2

16.7 5 5 463.0 385.6 244.4 93.3 992.4 1'2,3

1 4,6 l 0.4 3.7 3.7 0.0 0.0 0.0 0,0

3,1 1.7 0.0 0.0 0.0 0.0 0.0 0.0

1 1 6.7 36.5 64.8 24,9 0.0 0.0 6.3 4.9

6301.0 2258.6 39048.1 22611 8 18361.1 9580.3 2142.3 403,3
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Figures Z.A! Total density of organisms and 2.B! viabihny �/0 live!
in samples collected from the Ballast Water Treatment Facility in
Valdez, Alaska. Shown are means  +l- S.E.! for diatoms, nema-
todes, and all other combined taxa at the four successive stages of
treatment.

nonsegregated ballast water were not favorable f' or
nearly all plankton.

The Alyeska Ballast Water Treatment Facility at
the Valdez Marine Terminal provides both useful
insights and an inappropriate model for the design of
shore-side facilities for removal of plankton from bal-
last water. The Valdez facility does demonstrate the
engineering capability to receive large volumes of bal-
last water pumped off ships and to process it through
multiple stages of treatment. However, this plant
does not provide a good alternative management sys-
tem for reducing NIS in segregated ballast water. The
Alyeska f'acility was designed for removal of petro-
chemicals from ballast water and not for removal of

plankton. It appears unhkely that the plant's treat-
ment process produced the great reduction of plank-
ton abundance and diversity in the nonsegregated

ballast water. Further, the facility probably would not
tolerate the addition of large volumes of segregated
ballast water, because the important last biological
treatment stage of the process uses microorganisms
that depend upon a supply of petrochemicals to sus-
tain large standing stocks of bacteria to attack the oil.
Ultimately, a variety of other treatment processes
need to be evaluated for reducing the risk of intro-
ducing alien species transported in ballast water.
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Larval Experience Can Influence Invasion Potential for Benthic
Marine Invertebrates

JAN A. PECHENIKI
Tujts Utriverrr'g
hfedford, Sf' 02155 USA

AusTRAcT; Marine invertebrate larvae may be transported large distances in ship ballast water and then dis-
charged into remote locations. Planktotrophic larvae are likely to be food-limited during ballast transport, where-
as competent larvae, whether they are feeding or nonfeeding, may delay their metamorphosis until after they are
discharged into the new habitat. In laboratory studies, even a few days of nutritional stress during larval devel-
opment can result in significantly reduced juvenile growth rates, as in the gastropod CrepidulaIornicara. Similarly,
prolonged larval life can reduce size at metamorphosis  as in the crab CbaseugneIebus granrelata!, rates of postset-
tlement survivorship  as in the polychaete Capite1/a sp. I!. rates of postmetamorphic growth  as in the barnacIe
Balaarm atxrphitrire and the polychaete Hydroides elegaris!, or rates of colony development  as in several bryozoan
species!. Interspecific differences in the sensitivity of larvae to these and other sublethal stresses may play impor-
tant roles in determining the competitive ability of transported individuals and their likelihood of successfully
invading a new location. The following questions must be asked: I! To what extent are planktotrophic larvae of
difFerent species food limited during ballast water transport? 2! To what extent do the larvae of particular species
delay their metamorphosis during ballast water transport? 3! To what extent does postmetamorphic fitness
decline over time for particular species during ballast water transport? 4! Why are some species more sensitive
than others to the postmetarnorphic consequences of sublethal stresses experienced as larvae?

Key words; ballast water, delayed metamorphosis, invasion, invertebrate, larva
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The frequency with which marine organisms suc-
cessfully invade new areas � and become long-lasting,
reproductive members of those new communities � is
apparently increasing in many regions of the world
 Carlton 1996; Ruiz et al. 1997; Cohen and Carlton
1998!. Furthermore, a large percentage of the inva-
sions accomplished to date appear to have been
Inediated by the transport of larval stages from place
to place in ship ballast water  Carlton 1996; McGinn
1999!. A single ship can carry about 150,000 mt of
ballast water on a single voyage  Ruiz et al, 1997!,
More than 56 million Int of ballast water are dis-

charged each year into U.S. ports alone  Ruiz et al,
1997; McGinn 1999!, creating the potential for intro-
ducing hundreds or thousands of species that would
not normally visit those areas, or at least not very
Often Or in large numbers.

Although many successful invasions by benthic
marine animals have been documented, it is clear
that many other introductions do not succeed.

Larvae of Inany species must have been introduced
tO partiCular areaS Inany tirneS Over the paSt SeVeral
decades, without having successfully established new
populations  Ruiz e al. 1997!,

In general, we do not yet understand why some
species have been more successful than others at
establishing expanding, reproducing populations
after their introduction to new areas  Carlton and
Geller 1993; Carlton 1996; Ruiz et al,1997!. How do
species that successfully invade new areas differ from
those that are transported to new places but fail to
become established? To a large extent, the likelihood
of a successful invasion must depend on changes in
the availability of transportable individuals of any
particular species in a donor population and the
nunIbers of individuals that end up in ballast water.
It Inust also depend on the travel time between ports
and how that affects larval survival, the frequency
with which ships travel between any two particular
ports, and how hospitable the new envirorunent is to
the transported individuals at the titne of their
release  Carlton 1996; Ruiz eterl. 1997!. In this article
I suggest one additional possibility that has been
largely overlooked: the potential role of the transport
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process itself in detertnining the fitness of transport-
ed individuals.

LIFE CYCLES OF MARINE BENTHIC

MARINE INVERTEBRATES

Typically, the life cycles of benthic inarine inver-
tebrates include a free-living larval stage that may or
m.iy not be able to feed in the plankton  Thorson
1950!. At soine point in development the larva
becomes competent to metamorphose.
Metamorphosis can then be triggered by specific
environmental factors, which in many species are
chemical cues associated with appropriate habitat for
th. juvenile  Thorson 1950; Burke 1983; Pechenik
1990!, In the absence of those cues the larval stage is
prolonged, and we can say that Inetarnorphosis is
being delayed or postponed  Pechenik et al. 1998!.
The capacity for delaying metamorphosis varies con-
siderably among species, ranging froin minutes or
hcurs in sotne to many months in others  Pechenik
1990!. The important point is that throughout much
or all of the del,iy period, the larvae retain the ability
to metamorphose if appropriate cues are encoun-
tered. The ability of competent larvae to delay Ineta-
morphosis has been demonstrated in a wide range of
animals  reviewed by Pechenik 1990!, including
sponges  e.g., Wilson 1935; Maldonado and Young
1999!, cnidarians  eg,, Mathews 1917; Chia and
Spaulding 1972: Chia and Bickell 1978; Fitt et al,
1987; Richniand 1985!, bivalved niolluscs  e,g.,
Bayne 1965; Pechenik et ai. 1990!, gastropod mol-
luscs  Schelteina 1961, 1986; Hadfield 1977; Kernpf
1981; Pechenik I 980, 1984a!, polychaete annelids
 Wilson 1948; Butman et al. 1988; Pawlik 1988;
Pechenik and CeruIli 1991; Bryan et al.1998! decapod
crtistaceans  O' Connor 1991; Harvey 1996; Weber
and Epifanio 1996; O' Connor and Judge 1997;
Fitzgerald et al.1998; Gebauer et al.1999; O' Connor
and Gregg 1998; Strasser and Felder 1998!, barnacles
 Pechenik et al.1993!, echinoids  Burke 1983;
Highsrnith and Emlet, 1986!, asteroids  Birkeland
1971; Barker 1977!, bryozoans  Nielsen 1981;
Waollacott et al. 1989; Wendt 1996,1998!, bra-
chIopods  Zirnmer 1996!, and even some tropical
fishes  Victor 1986; Cowen 1991; McCorinick 1999!,
The phenoinenon is widespread, and presumed to be
ad;iptive in prOInOting the eventual plaCement Of
individuals into habitats that will best support juve-
nile survival, growth, and reproductive success
 Thorson 1950!,

Although we corninonly think of larval and juve-
nile lives as being largely independent � separated by
what is often a dramatic metamorphosis that
reshapes the animal morphologically, physiological-
ly, and ecologically � larval and postlarval lives may
nat, in fact, be as independent as cominonly
thought: certain subtle larval experiences can iiiflu-
ence how well juveniles perf'orm after metamoipho-
sis. As used here, "performance" refers to rates of
survival, growth, maturation, and other factors likely
to influenc fitness, In particular, some larval experi-
ences during ballast transport may at least partially
deterinine the competitive ability of individuals that
metamorphose successfully after they have been
released into a new environment.

THE EFFECTS OF LARVAL EXPERIENCE ON

POSTLARVAL PERFORMANC F.

Two sorts of larval experiences have been shown
ta influence postmetamorphic performance: delayed
metamorphosis and nutritional stress. The effects of
delayed metamorphosis were first demonstrated
far nonfceding bryozoan larvae in preliminary obser-
vations by Nielsen �981! and then documented in
greater detaiI by Woollacott et al �989!. Larvae of
Btegula stolonifera and B. neritina are competent ta
metamorphose within minutes of being released
f'rom the parent zooid, but will keep swiniining For
at least 24 hr in the absence of triggering substratum
and in the presence of bright light  Woollacott et at.
1989; Wendt 1996,1998!. Prolonging larval swiin-
Ining in the laboratory by as few as 6-8 hr  at 20'C!
resulted in significantly slower rates of colony devel-
opment for several bryozoan species  Waollacott et
al. ] 989; Orellana and Cancino 1991, Wendt 1996!.
More recently, Wendt �998! showed that when
young colonies of B, neritina were transplanted to
the field, the effects of delayed metamorphosis on
colony growth and development persisted for at least
two weeks. In additian., delaying metaniorphosis
increased the time to reproductive activity and
reduced the numbers of brood chambers per colony
in these transplants. Thus, increasing the swiinrning
time of bryozoan larvae by only 6-24 hr lias the
potential to diminish the competitive ability and
reproductive fitness of colonies in the field.

Similarly, delaying metanIorphosis of barnacle
cyprids  Batanns amphi trite! by as few as 3 days  at
about 28'C! significantly reduced juvenile growth
rates, even though it had no effect on Itietamorphic
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success per se  Pechenik et al. 1993!. Longer swirnining
periods were also associated with lower survival and
SlOWer grOWth rate in the demOSpOnge Sigjmadoeia
eaerulea  Maldonado and Young 1999!, lower post-
settlcincnt survival in the polychaete worm Capt tella
sp. I  Pechenik and Cerulli 1991!, reduced survival
and growth rates in the calcareous tubeworrn
Hjdroides elegans  Qian and Pechenik 1996!, and pos-
sibly reduced tolerance of environinental stresses in
the echinoid Dendraster excentrietts  Highsinith and
Ernlet 1986!. Prolonging larval life of'the estuarine
crab Chasmagnathus granulata resulted in smaller
juveniles, potentially increasing vulnerability to pred-
ators  Gebauer et al. 1999!.

13elayed metamorphosis does not always dirnin-
ish juvenile performance, however. Prolonging larval
life in the polychaete Capitella sp. I for up to 5 days,
for example, had no detectable effect on average
juvenile grOwth rate, tiine tO repraduCtive maturity,
or fecundit!.  Pechenik and Cerulli 1991!. Similarly,
delaying the rnetarnorphosis of decapod crustaceans
did not prolong the duration of the 1st crab stage for
Uea pugrtax  O' Connor and Gregg 1998! and had no
effect on juvenile survival or molt-cycle duration for
Chasmagnathusgranulata  Gebauer et al. 1999!.
Additional studies will be required to deteritiine why
the effects of delayed metamorphosis carry over into
later life in some species but not others  Pechenik et
al. 1998!.

Short-terin nutritional stress during larval lif'e can
also reduce juvenile performance. Transferring larvae
of the gastropod Creptdtela fornicata from seawater
with a high phytoplankton concentration �8 x 10'
cells ml ' ot' the naked flagellate lsoehrysis galbana! to
either filtered seawater or to seawater of substantially
reduced phvtoplankton concentration  less than 100/o
of the control concentration! for several days in the
laboratory significantly reduced mean juvenile
growth rates  Pechenik et al. 1996a, 1996b!, When
larvae of this species were starved for 3 days, begin-
ning one day after hatching, and then returned to
full ration for about another 10 days until they
became competent to Inetamorphose, larval growth
rates returned to control levels within 4-6 days.
Following nIetamorphosis, however, mean juvenile
growth rates were again significantly below Incan
control growth rates, despite the complete recovery
of the larval growth rates to control levels  Pechenik
et al. 1998!.

Thus, sliori.-term nutritional stress, even if cxpcri-

enced oniy very early in development, can � through
as yet undetermined mechanisins  Pcchenik et al.
1998! � reduce the juvenile's capacity for growth. If
there is an escape in size froin predation  e.g., Wahle
and Steneck 1992; Sousa 1993; Moksnes et al. 1998!,
then slower-growing juveniles will remain vulnerable
to predators far a IOnger periOd Of tinie, ReCently
metamorphosed juveniles,ire extremely vulnerable
to predators  Gosselin and Qian 1997; Hunt and
Scheibling 1997!; thus, even if'juvenile growth rates
would eventually recover to those of control individ-
uals that had not experienced nutritional stress or
delayed metainorphosis as larvae, fewer of the initial-
ly slower growing juveniles may survive to exhibit
such a return to normal growth, and to benefit f'rom
the larger size.

APPLICATION TO TRANSPORT IN

SHIP BALLAST

What are conditions like in ship ballast water?
Many of the specific cues that would norma!.ly stim-
ulate competent larvae to metamorphose  e,g,, chem-
icals associated with juvenile f'ood sources and adult
members oF the same species � reviewed by Pechenik
1990; Pawlik 1992! are probably absent in ballast
water, If so, the larvae of many species may delay
their nietamorphosis until they are discharged into a
new habitat at the next port. Also, while feeding lar-
vae Inay be getting something to eat while in ballast
water  eg,, bacteria and detritus: Boidron-Metairon
1995!, they probably experience sonic degree of
nutritional stress, and quite possibly a great. deal of
nutritional stress, in the absence of' photosynthesis.
Degree of nutritional stress could be surmised by
monitoring average larval growth rates for particular
species during ballast water transport. Studies investi-
gating changes in the physiological condition of lar-
vae during transport in ship ballast water have not
yet been reported, but also seem warranted. Clearly,
both delays in metamorphosis by competent larvae
and the iinposition of nutritionaJ stress during larval
development can subsequently reduce the ability of
juveniles to grow or develop rapidly. That could
Inakc juveniles less able to conipete for space or
food, and may increase the amount of tiine that they
remain maximally vulnerable to predators. If there is
an escape in size, it will take these juveniles longer to
reach that size, In at least some species, time to
reproductive maturity and total reproductive output
can also be affected. Moreover, it seems likely that
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the larvae of son1e species wil! be found to be more
sensitive to these stresses than the larvae of other

species. Such differential vulnerability may play a
role in determining why some species are more suc-
cessful than others in invading new areas after being
tr.nsported to those areas in ship ballast.
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1998!  l'igure 2!. After this, we started searching the
Coos, Coquille, Umpqua, Yaquina, and Siletz estuar-
ies for green crabs. In 1998, we added the Siuslaw,
Alsea, Salmon, Netarts, Tillarnook, and Columbia
estuaries.

The survey methods we employed were �! molt
searches, �! shore searches, �! rock turning, and �!
trapping, During the spring and summer, when crabs
grow rapidly, their exuvia tend to collect with other
flotsain in the drift line on beaches. A quick search
of the drift-line can yield a non-quantitative species
list of crabs present in an estuary, The most produc-
tive drift-line searches are in sites where the wind

blows along the shoreline and where barriers such as
jetties and rushes trap the flotsam. Shore searches
consist of walking along stretches of beach at low
tide and examining potential crab shelters such as
the undersides of'rocks or logs, marsh bank burrows,
and vegetation. For annual comparisons of relative
abundance and sizes of crab species in permanent
study sites, we collected, identified, sexed, and rneas-
ured carapace width  CW! of all crabs under stan-
dard-size rocks �0-50 crn maxiinuin diam.!. Traps

1arp 120 rro'
Longitude

Figure 1. Map of the west coast of' North America, showing
the spread of C rrraerrar from San Francisco Bay. Dates indi-
cate the year C. maerras was first reported,

Figure 2. Vfap oi the Oregon coast showing the cstuancs in
whi~h C. rnaerrar has been tound. Car<iarrr maerrar was nor
found in the Umpqua, Siusiaw or Columbia.

used were cylindrical crawdad or minnow traps, with
5 mm mesh, 41 cm long, and 23 cm diam. We
increased the diameter of the funnel-shaped open-
ings to 9 cm by bending the mesh back, Traps were
baited with fish scraps inside a perforated plastic
container, weighted down with rocks, and positioned
.it the upper-ntid to lower-high tide level. Traps were
typically checked after one high tide, and all organ-
isins inside the trap noted. Crabs were identified to
species, sexed, examined for the presence of eggs,
and measured to the next lowest mm using vernier
calipers,

To confirm field observations on growth, 60 C.
maenris from various estuaries were reared at Hatfield

Marine Science Center in Newport, Oregon, from
July 25 to October 15, 1998. Crabs were individually
housed in numbered plastic sandwich boxes � x 15
x 15 cni! with sides perforated for water circulation.
The boxes were kept in tanks �18 x 118 x 30 crn!
with flow rates of 5L/min. Crabs were typically
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l able 1, Correlation of'oyster growing activities anil baHasi water
discharge in Oregon estuaries with the distribution of the new
and old year class es! of Circinus muenus, Estuanes were sampled
from spring 1997 to December 1998. An "X" iiu!ii.ates that C.
svucnus was 1'ound in an estuary; "M" indicates diat only molis
were found. We estimate that the new year class settled from th»
plankton between September 1997 and April 1998, a period of
unusually strong northward-flowing El Nino currents. The older
year class in Coos Bay most likely settled between fall 1995 and
spring 1996.

New Older Oyster Ballast
Estuary Year Year Culture Water

Class Class es!

checked for molts twice a week and molted crabs

were rneasurecl. All crabs were fed a diet of shrimp or
crushed mussels. Water temperatures during this
time ranged from 11-14'C whiJe salinity varied from
32-35%0

In 1997, over 200 hr of shore searching and over
800 trap-hr produced only 8 additional live green
crabs in Coos Bay. No C. maenas were found by
trapping and shore searches in Vmpqua, or by rock
turning in Yaquina and Siletz. All nine crabs from
C,'oos were large adults ranging in size from 58-86
rum CW. Similar-sized crabs were found in 1998 in

tlie Coquille, Yaquina, Netarts, and Tillarnook estu-
aries  Table 1!.

A new year class of C, maenas was discovered in
seven Oregon estuaries in 1998  Figure 2, Table 1!.
C'reen crabs were not found in Vmpqua, Siuslaw,
or Columbia. This new year class is characterized by
a welf-defined size distribution. For example, in
Yaquina Bay iri September we note a normal distri-
bution with a mean of 47 + 5 SD rnm  Figure 3!. No
size differences were observed between the males

and ferna]es. The new year class followed a sirniJar
growth pattern in all the bays. Crabs grew very rapid-
ly from June to September and then leveled off

35 40 45 50 55 60 65 70

Figure 3. Size-frequency distribution of the new year class of C,
iisuevus f'iom Yaquma Bay, sampled between September 7 to 26,
1998, N = 202; mean = 47+5 SD mrn CW; solid bars =- Females;
screened bars = males.

Jun Jul Aug Sep Oct Nov Dec

1998

I-'igure 4. Growth of: C. waesius in various Oregon estuaries.
Mean carapace width  inm! aiid 95a>ii confidence interval ot the
mean for Coos Bay and Yaquina Bay samples are indicaied.
N<iie that the last sample froin Coos Bay was taken while diving
and thus may represent the larger crabs of the siz» spectrum

 Figure 4!. Average CW was 14 mm in June, 27 mm
in July, 42 rnm in August and 47 mm in September.
Note that the last sample in Coos Bay represents a
subtidal sample taken while diving and thus may
represent the larger crabs of the size spectrum. In
November and December 1998, crabs from the new
year class ranged from 35-66 rnm CW.

This new year class reproduced: gravid females
were caught in the Coos, Yaquina and Tillamook
estuaries. Seventy-five percent �5/20! of the females
caught in Yaquina in early November and held in
the laboratory released eggs by early December 1998.
Since the life span of green crabs varies f'rom 3-6 yr
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Figure 5. Carapace width  CW! of C. rrraenrtt before and after
molting. I ine of'no growth is indicated by a stippled line, A 30-
mrn CW crab typically molts into a 40 tnm CW crab.
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Figure 6. Percent molt increment in C, mrrertrts as a functio~ of'
initial carapace width. A 20-mrn crab adds 38%, while a 40-mrn
crab adds 27e/o in carapace width.

 Berrill 1982!, this strong year class wiil survive for at
least one more reproductive season.

MOLT INCREMENT STUDY

Molt increment data support field growth rates.
From the regression of new CW on old CW, we
determined that crabs have high growth rates  Figure
5!. For example, a 30-mm CW crab will molt into a
40-mm CW crab, From the regression, we can esti-
mate the CW of successive instars: 17, 24, 3Z, 42, 52,

and 65 mm. By plotting percent molt increment
against initial size, we see that crabs add between 20-
40% CW, depending on size  Figure 6!, On average,
a 20-mm crab will add 38%, a 30-rnrn crab 31%, and
.I 40 mrn crab 27% in CW.

DISCVSSION

C. mrterras colonized Oregon estuaries on at least
two occasions, as inferred by the discovery of at least
two distinct size groups of crabs, We estimate that
the larger animals �6-86 rnm CW! that were found
in Coos Bay in 1997 represent the 1995/1996 year
class. Only nine live crabs were found in over 1,000
hours of searching and trapping, suggesting that this
year class was rare in 1997. Large crabs found in
Coquille, Yaquina, Netarts, and Tillamook in 1998
either carne from the 1995/1996 or the 1996/1997

year classes. Since only Coos Bay was sampled exten-
sively in 1997, we know nothing about the history of
C. rrrcreiras irt these four estuaries. Sinall crabs sarn-

pled in 1998 most likely represent the 1997/]998
year ciass. Their sizes and growth patterns parallel
those of C, maerras in its first year of life in Bodega
Harbor  Grosholz and Ruiz 1995!. The 1997/98 year
class of C. rrraenas appeared to be most abundant in
the upper-rnid and lower-high tide zone of marshy
habitats.

The 1997/98 year class exhibits a weil-defined
size frequency distribution, which did not overlap
with the older year class es! during the summer of
1998. The 1997/98 year class grew at similar rates at
all sites in Oregon estuaries sampled. The crabs grew
rapidly from an average CW of 17 rnrn in June to an
average of 45 rnm CW in September, then leveled
off. At the end of 1998, C, maerras from the 1997/98
year class ranged in size from 35-66 mrn, Similar
sizes and growth patterns were observed in Willapa
Bay, Washington  B, Durnbauld, pers. cornrn,!. Molt
increments f' or C. rritaenas in Oregon are similar to
those in northern Maine or the North Sea  Berrill
1982; d'Udekern d'Acoz 1993!.

Three possible mechanisms can be invoked for
the appearance of C. maenas in Oregon: ballast water
discharge, transplantation of oysters, and coloniza-
tion by planktonic larvae from source populations in
California. Ballast water discharge is liinited to Coos
and Yaquina Bays as these large estuaries are the only
ones now receiving cargo ships, Since green crabs
were also found in six other estuaries, it is unlikely
that ballast water was the prtmary source of the
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green crab introduction. Oyster culture is practiced
in all five estuaries in which we found the older year
« lass es! of C. maenas. Since oyster growers frequent-
ly import seed oysters and inarket-size oysters from
other growing areas such as Humboldt Bay,
  alifornia, it is possible that newly settled green
«rabs could h.ive been introduced along with the
«>ysters, An alternative explanation is that a coast-
wide colonization event occurred in which green
crab larvae from California entered all the estuaries,
bui survived only in the most f'avorable ones � the
«>Des supporting good oyster growth. Based on limit-
«d evidence, we speculate that ballast water most
likely was not the mechanism for the introduction of
the older year class es! of' C, maenad and that trans-
portation of oysters and colonization via ocean cur-
rents cannot be ruled out,

Larval recruitment froin source populations in
the south is the most plausible mechanism for the
;ppearance of the 1997/98 class of C. maenas in eight
Oregon estuaries as well as in Humboldt Bay,  T. W.
1'vliller, pers. comm.!, Willapa Bay, and Grays
I farbar,  B. Durnbauld, pers, cornin.!. A few crabs
froin that saine year class were also discovered as far
riorth as Esquimalt Harbor and Barkley Sound on
Vancouver Isl,ind, British Columbia in the sunimer
«>f 1999  G. Jamieson, pers. comm.!. Since crabs
from the older year class es! were extreinely rare, we
feel that any larvae from these crabs alone were not
'bundant enough to seed Oregon, Washington, and
»'ancouver Isl,md bays. We suspect that larvae from
well-established populations in California were the
source. Trapping data for San Francisco Bay indicate
that adult green crabs may have been more abun-
dant in 1997 titan in previous years  K. Hieb, pers.
«ornm,! suggesting that these crabs could have pro-
duced a large larval pool.

The anomalous EI Nino ocean conditions from

Septeinber 1997 to April 1998 were extremely favor-
-ble for larval transport from California  Huyer e/al.
1998!, In a typical year, surface currents along the
Oregon coast generally are in a southerly direction
from April to October and in a northerly direction
from October to April. Northward-moving currents
typically occur in a narrow, 10 to 20-km strip close
to shore at art>und 10-20 km/da. In 1997/1998, such
northward-moving currents were more intense in
both duration and magnitude. In 1997 a northward-
nioving current of 10 kin/da was measured off New-
port, Oregon as early as September, By November it

had intensified over the whole shelf and slope, from
Point Arena, Calfornia to Newport, Oregon. The
nortliward currents were especially stroiig off
Crescent City, California and Coos Bay, Oregon
measuring �0 km/da. Such strong currents lasted
until April 1998. Drifters released off'Newport in
January 1998 moved north to the west coast of
Vincouver Island at a velocity up to 50 km/da  Barth
and Smith 1998!. These observations support the
view that strong northward currents v,ere a coast-
wide phenomenon during the f'all, winter, and spring
of 1997/1998. If we use 55 days as the developmen-
tal tiine f' or C. maenas larvae at 14'C  Dawirs er at.
1986!, then it is possible I' or larvae to be transported
2200 km by ocean currents, a distance f'rom San
Fran«isco to the Queen Charlotte Islands. It is feasi-
ble that C, maenas larvae from the San Francisco Bay
area could have seeded Oregon, Washington, and
Vancouver Island estuaries between September 1997
and April 1998,

Range expansions of marine fishes and inverte-
brates are commonly observed during and af'ter an El
Nino event  Schoener and Fluharty 1985!. For exain-
ple, permanent populations of the mole crab,
&nerita analoga, occur f'rom Mexico to Oregon  Hart
1982!. During and af'ter El Nitro years, this species
h,is been found off Vancouver Island, British

Columbia and even on Kodiak Island, Alaska  Butler
1959; Hart 1982!. The inference is that larvae from
source populations in California and Oregon are
transported north by anomalously strong northward
moving currents during El Nino year~. In subsequent
nr>n-El Nino years, these populations die out due to
lack of recruitment.

The norther>i range expansion of C. maenas may
be similarly liinited by El Nino events. While
recruitment of C. maenas was good after the
1997/1998 El Nino, it was late and poor the follow-
ing year, The 1998/1999 year class did not enter
traps until carly September  L, Carr, pers. conun.!.
These crabs were much rarer and smaller �7-42 rnm
CW! than the 1997/1998 year class at the same tiine
of ye,ir. Weak northward-flowing currents occurred
only between Noveinber 1998 and February 1999  A.
Huyer and R. L. Smith, pers. comm.!, thus limiting
the chances for larval recruitment from established

populations to the south. Recruitment during, 1999,
most likely, was localized within each estuary.
Females froni the 1997/1998 class of C. maenas pro-
duced viable eggs in Yaquina, Bay, Tillamook Bay
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and Willapa Bay  B, Durnbauld, pers. comm.!, but
these reproductive efforts were insufficient for the
parental year class to replace itself, If recruitment
remainS lOw in SubSequent yearS, then C, mereitaS in
the northern estuaries will decrease in number, until
the next El Niiio event transports more larvae from
California.
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Once a marine invader has become established,

the possibility of its subsequent control has been inet
with little more than fatalism. This fatalisin stems

1'rom a defeatist attitude that once a pest has become
established we can do nothing to eJiminate or reduce
its impacts, and thus we niust learn to live with it.
However, as illustrated by the history of the intro-
duced sabellid worm, Terebrasabella heterouncinata, in
California, such an outlook Inay not be warranted. A
previousIy unknown species, this sabellid polychaete
presumably arrived as a contaminant on iinported
South Af'rican abalone, Haliotis rnidae  Culver et al.
1997; Kuris and Culver 1999; Fitzhugh and Rouse
1999!. The sabellid infestations caused shell deforma-
tion and slowed growth of the cultured abalone,
causing substantial economic losses to the industry.

Although initially contained in California
;ibalone mariculture facilities, we detected a well-
established sabellid population  a minimum of 2.2
iniliion worms! at an intertidal site near Cayucos,
California in 1996  Culver and Kuris 2000!. We con-
. idered this pest to be potentially ecologically delete-
. ious, because, having broad host specificity, its
potential iinpacts  eg., shell deformation, increased
:mortality! could extend to many native California
gastropods  Kuris and Culver 1999; Culver 1999!. In
.-."act, moderate to high abundances of'these worms
substantially impact hosts in culture facilities and
natural South African habitats  Oakes and Fields
1996; C. Culver and A. Kuris pers, obs,!. Thus, to
Fnitigate the impact of this introduced marine pest at

this site and prevent or slow its geographic spread, we
proposed an eradication program based on the
Kerinack-McKendrick epidemiological theory of the
threshold of transmission  Culver and Kuris 2000!.
This theory states that if the density of transmissive
stages and the density of highly susceptible hosts are
reduced below the replacement transmission rate,
successive generations of the pest will damp out
 McKendrick 1940; Bailey 1957; Stiven 1964; Stiven
1968!,

Specifically, our eradication program included
three components:  I! prevention of further release
of adult worms from the facility  through screening
of facility discharge water!, �! reduction of the adult
pest population  through removal of infested animals
and shell debris that had been released from the facil-

ity!, and �! reduction of the population of the most
susceptible native host  through removal of large
individuals P 10 mrn shell. width! of the abundant
black turban snail, Tegstlaftenebralis!. This three-
pronged approach is unique in that it targets not only
the pest, but also a component of'the pest's life cycle
� the host, T. funebralis � which is required for contin-
uance of the established population. Importantly,
this program was not designed to remove every last
individual pest. This was virtually impossible as the
sabellid is microscopic and can not be readily detect-
ed, Instead, we used a theoretically based strategy to
diminish the future success of this population, This
eradication program was iinplernented in]uly 1997,
in collaboration with the associated rnariculture facil-

ity and the California Department of Fish and Game.
Since that time, we have removed over 1.6 million T,
funebrulis and over 2,000 escaped cultured abalone
 some live, but inostly empty shells that contained
hundreds to thousands of'actively reproducing
wornas per shell!.
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Using transect surveys and mark-and-recapture
studies, we have monitored the success of the eradi-
cation efforts. For over two years, no new infestatiorss
have been detected, These results are quite impressive
given the rate of infestation documented in
September 1996, when 32o/hI of marked sentinel snails
becaine infested within six weeks ofbeing released,
with 8 /o infested within the first two weeks  Culver
and Kuris 2000!. The lack of sabellid transmission
over the last two years indicates that successive gener-
ations have not become established. Thus, even
though an occasional snail is found with evidence of
a previously established sabellid, the population is no
longer self-sustaining and has apparently been eradi-
cated.

The success of this eradication program depended
on �! early detection, �! cooperatioii between corn-
rnercial interests, regulatory agencies, and pest con-
trol scientists, �! rapid response  avoidance of analy-
sis paralysis!, �! development of a control strategy
with a theoretical basis, �! persistent efforts beyond
the point where the situation had merely improved,
and �! monitoring of eradication efficacy through
use of sentinel host experiments. This successful erad-
ication program, the first of its kind against a well-
established marine pest, illustrates how vigorous pro-
active measures can eliminate introduced marine

pests. Thus, while prevention of future introductions
is the most desirable option, the results of our efforts
counter defeatist attitudes and instead support the
development and implementation of aggressive
coherent strategies for the eradication or control of

those non-indigenous marine pests that have already
become established,
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Ass TRACT: We define the scientific basis for classical biological control in a marine environment and briefly eval.
uate the nature of the controversy surrounding its safety. For the natural enemies envisioned for biological con-
trol of introduced marine pests, the evaluation of efficacy will be comparable to that of terrestrial insect pest con-
trol agents, while assessment of safety will be similar to that of weed pest control agents. Although some are fear-
ful of this approach, the cost of inaction may be very high. Thus, there is a great need for careful scientific analy-
sis of these concerns so that the public can judge the evidence.
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INTRODUCTION
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USING NATURAL ENEMIES IN THK

MARINE ENVIRONMENT
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We now have a broad scientific consensus that

introduced marine species sornetirnes becoine serious
environinental pests, and that actions to reduce their
rates of inovement, entry, and establishment are very
Iiecessary. However, after their establishment at a
point of entry, we presently lack consensus on the
means to control such pests and we have few or no
practical tools to prevent their further spread, nor to
significantly reduce their impact on native organisms.

Lafferty and Kuris �996! proposed the use of nat-
iiral enemies, as developed for the classical scientific
biological control of introduced weeds and agricul-
tural insect pests, to significantly reduce the impact
<>f those established Inarine pests that have the poten-
tial to cause great economic and ecological damage.
The key issues concerning such an approach are clear-
ly efficacy and safety. Some Inarine biologists see
this as a f'ruitf'ul avenue for investigation and consid-
er the cost of inaction great enough to assume some
iisk towards its resolution. Others, however, fear that
this approach has substantial potential to cause more
harm than benefit. They raise two general argu-
inents. Potential natural enemies are seen as likely to
I>ave a disastrous impact on native species. Reference
points include cane toads and rabbit calicivirus. For

some, its irreversible nature argues against its consid-
eration  e.g., Howarth 1991!. Somewhat paradoxical-
ly, the other arguinent is that a biocontrol agent will
not be effective because the pest is cominon where it
is native  A. Cohen, E. Grosholz, pers. comm,, G.
Ruiz and A. Hines, pers. coinm. to [. Goddard.!
Thus, the natural eneniy cannot effectively reduce its
density where the pest has been introduced.

To enable an analysis of this potential methodol-
ogy, it is essential to carefully define what is ineant
by this approach. By keeping this in tnind, we can
avoid spurious arguinents. "Scientific" means that
the proposed control agent has been carefully evalu-
ated for its potential efficacy and safety. These ana-
lytical tools include laboratory experiments, evalua-
tion of natural history, and Inathematical inodels.
"Classical" refers to the use of an introduced natural

eneiny, from the region where the pest was native,
against that pest. It does not include the use of intro-
duced natural enemies against native pests, soine-
times termed "neoclassical" biological control
 Lockwood 1993! that has very different risk factors,
Biological "control" implies that the pest will remain,
but at reduced densities so that its undesired impact
will bc decreased or elirninaterL "Natural enemies"
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ref'ers to the use of predators, parasites, pathogens, or
coinpetitors. Biological control does not include
many other "biological" techniques such as sterile
wales, pheromone traps, biocides, etc.

Insect pI st biological control agents are most
often tiny hyrnenopteran parasitoid wasps that are
fTequently rither host-specific, However, records of
parasitizatioii of native species are not unconimon
and a few are at high prevalences and likely impact
some native insects  Hawkins and Marino 1997!,
However, little evidence exists for negative impacts of
introduced iiatural enemies on nontarget native
species  Roberts 1986; Saniways 1988; %'aage and
Greathead 1988; Greathead 1995; Jervis 1998!. Iii
the many ex.imples of darirage due to biocontrol list-
ed in Howartli's �991! influential review, there was
only one case where a classical biological control
agent, that had been scientifically iiivestigated caused
great damage to a probably native organism-the
coconut moth in Fiji  Tothill et aX 1930!. This was
the target pest, and it inay have been driven to
extinction by the tachinid fly biological control
agent. All the other listings of'significant iinpacts
were due to the release of generalist predators, were
largely speculative, or did not stand up to scrutiny of
the original reports  Blossey 1995; AMK, unpub.!.
Greathead 1995 noted that "most of the examples
that he [I Iowarthj cites do not stand up to the scruti-
ny of the original reports and are largely based on
speculation or are totally unsubstantiated."

Application of biological control to introduced
marine pests takes its roots from f'our different fields.
�! Studies of the impact of'certain kinds of infec-
tious agents  parasitic castrators and symbiotic egg
predators! ori fisheries demonstrates that there is a
theoretical window of'opportunity for such agents to
significantly reduce host abundance and that fisheries
manage host-parasite dynamics  usually inadvertent-
ly!  Kuris and Lafferty 1992!, �! The mechanisms of
host population regulation of these agents resemble
the use of parasitoids and oligophagous predators in
the control of agricultural insect pests; so studies of'
efficacy borrow from the field of insect pest biologi-
cal control using such natural enemies. �! A marine
environment in which organisms may become widely
distributed, and in which native non-target organisms
are often related to the introduced pests, requires a
careful evalu,ition of the safety of potential natural
enemies, Because this issue is quite comparable to
the safety issues pertinent to weed pest control, stud-

ies ot host specificity and other safety issues are
infomied by weed pest biological controlstudies, �!
Parasitology and epidemiology contribute the physio-
logical and ecological knowledge necessary to evalu-
ate the potential agents for safety and efficacy.

It is worth emphasizing at the outset that
although this discussion is focused on the use of bio-
logical control, we consider this part of'an overall
control strategy-an integrated pest management phi-
losophy-in which other control approaches may well
be essential elements, These include, but are not lim-
ited to, eradication, frsheries, chemical agents, and
genetic manipulations, Effective management of
pests after they have become established enables sci-
entists, stakeholders, regulatory agencies, and the
public to develop a coherent policy on specific pests.
Without postestablishrnent control of pests as a goal,
even the study of their impacts lacks essential pur-
pose. It is also crucial to stress that control does not
obviate our need to prevent f'urther introdur tions.

THE BIOLOGICAL CONTROI. CONTROVERSY

As recently as 1987, a blue-ribbon panel of ecolo-
gists convened by the U,S. National Academy of'
Scientists recommended that "biological control can
.ind should become the primag~ [pest control
method] in the United States"  NAS 1987!. This
report stressed the development of biological con-
irol as thc foundation of pest control in the United
States is the most irirportant challenge we f'ace in
making safe and efficient use of our managed ecosys-
terns," Yet, since that tiinc, there has been a flurry of
papers opposing biological coritrol, or urging that it
be considered only as a last resort  e,e., Howarth
1991; Secord and Kareiva 1995,' Simberloff and
Stiling 1996a, b; Hager and McCoy 1998!. Some fre-
quently raised argurrrerits against biological control in
general are also pertinent to the possible use of'scien-
tific classical biological control in manne habitats.

Most ref'erences to bad outcomes  putative con-
trol agent did little against the pest arid did much
damage to native organisms! were for non-scientific
projects without safety evaluation, and used general-
ist predators. The agents involved in these ill-con-
ceived projects were vertebrates such as cane toads,
mongooses, and mosquitofish. Those "control"
agents are very unlike the parasitoid wasps being con-
sidered as efficacy iiiodels I'ar marine pest biocontrol
or for the parasitic casirators under evaluation for
green crab  Carcinus maeiras! biological control in



104 Kukls A'VD LAFFERTY

California. In some cases, safety was evaluated
 predatory land snails introduced to Hawaii and
Moorea to control the African giant snail!, but regu-
latory agencies disregarded this information  R,
Cowie, pers. coinin.!. Following the Hawaiian disas-
ter, the subsequent release of these predators in
French Polynesia, 20 years later, was egregious and
inexcusable from an ecological perspective  M.
&Iadfield, pers. comm.!; particularly since these gen-
eralist predators did nat provide effective control
against the Afiican giant snails  Howarth 1991!.
I'his was failed politics, not failed science. That safety
issues were brushed aside 30, 50, or 75 years ago does
not imply that this will easily happen again in our
current environmentally conscious cultural climate,
But it does suggest that enviranmentalists inust effec-
t:vely express their informed concerns as stakeholders
iii the decision-making process.

The history of the recent use of a calicivirus
against introduced rabbits in Australia exemplifies
another concern, This was certainly a scientifically
evaluated biological control agent. However, it was
inadvertently released onto mainland Australia,
apparently froin a pilot release on an offshore island.
I'he rabbit calicivirus had undergone several levels of
safety tests, and in Europe and Asia, where it was
r ative, it had never been detected in anything but a
lagomorph. However, it had not yet cleared the last
regulatory hurdle af approval for safety when it
jumped to the mainland and spread rapidly through
rabbit populations. This was an uninitigated public
r lations disaster for the agency responsible for its
study and release  Cominanwealth Scientific and
Industrial Research Organisation, CSIRO! and for
biocontrol in general. However, two years later, the
calicivirus has not been detected in any animal other
than a rabbit, and its efficacy as a biocontrol agent
has been gratifying. Several studies indicate that
populations of native marsupial herbivores are
increasing in the areas where the rabbits have died off
 DroJlette 1997!. So, the CSIRO safety tests were
valid, handling of the safety protocols was conserva-
tive, and this biocontrol "disaster story" appears to be
an important biocontrol success,

The irreversible nature of the release of a biocon-

trol agent is a focal point of some of the recent critics
of biocontrol  Howarth 1991; Simberloff and Stiling
1996a, b; Secord and Kareiva 1995!, They extend
this to the evolutionary domain as it is possible that
some biological control agents may evolve to use

new  native! hosts, These "forever" concerns have
led same to propose a "white list" approach ta bio-
control agents, requiring "proof" of their safety
bef'ore they could be approved for use as control
agents  Ruesink et at. 1995; A. Cohen, pers. comm.!.
 A white list would include only the organisms
proven saf'e for introduction, A black list includes
those organisins known or suspected to be economi-
cally or ecologically dangerous.! This, of course, is a
formula for never using biological control. because
the hypothesis of proven safety is untestable. Na
amount of study can guarantee that anything will
ai'sways be safe.

The evolutionary risk argument is diininished by
recent theoretical studies which show, tor the type of
host-specific control agent being proposed for bio-
logical control in marine environinents, that selective
pressures generally intensify specialization. It is
selectively difficult for specialists to evolve towards a
generalist phenotype  Kawecki 1998; Hastings and
Gadfray 1999!.

EFF1CACY AND SAFFTY

To consider control, there must be evidence of
pest potential for an introduced species. Unless the
cast of no action is judged to be considerable, it is
unlikely that any society will incur the risk of'inter-
vention by biological control or any other i»cans.
Several introduced marine organisms have attained
sufficient pest status for biological contral to have
been considered as part of a control strategy. In the
discussion below, we will draw a few examples from
the european green crab, C. nraenas, a pest in North
America  both coasts! and Tasmania, and the north-
ern Pacific starfish, 2'sierras anrurensis, a pest in
Tasinania and Victoria. Both are voracious generalist
predators, reaching high population densities and
spreading rapidly where they were introduced

The efFectiveness of biological control in a
marine environment is unknown. Case studies of

fisheries and analytical models  Blower and
Roughgarden 1987; Kuris and Lafferty 1992! indicate
that for parasitic castratars and specialized egg preda-
tors there is evidence for population regulation of
soine marine animals by natural eneinies. However,
there are concerns, raised from another body of fish-
eries literature, that the weak relationship between
reproductive output and subsequent recruitment
indicates that only very prevalent natural eneinies
acting an host reproduction would be effective ca»-
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trol agents. Continuing development of fisheries
models with more realistic recruitment dynanTics
Inay resOlve thiS cOnflict.

Another line of reasoning that sheds doubt on
the potential efficacy of'natural enemies in the con-
trol of introduced marine pests is the observation
that they may be abundant where they are native.
This is quite evident for both C. Inaenai in Europe
and A. amurensis in Japan  e,g,, Kuris et al, 1996!,
This Inight suggest that native populations are not
under control by native natural enemies, However,
where these pests were introduced, they certainly are
less parasitized in general and are never parasitized
by parasitic castrators  Kuris and Lafferty 1992, Kuris
and Gurney 1997; Goggin 1998; Lampo and Bayliss
1996; Calvo-Ugarteburu and McQuaid 1998!, There
is also evidence to suggest that they may experience
release from natural enemies, such as parasites,
because they may reach larger sizes and show other
evidence of improved performance  M. Torchin ee al,,
in prep.!. Thus, although soine of these introduced
marine pests are abundant where they are native, per-
haps the question to be addressed is how much more
abundant would they be where they are native, if
they lacked iniportant natural enemies such as para-
sitic castrators?

The saf< ty of natural enemies of introduced
marine pests closely resembles safety concerns for
weed pest control. Since the pest plants often occur
with native plants that are either taxonomically relat-
ed or ecologically similar  or both!, a potential herbi-
vore with low feeding specificity would be a very
dangerous introduction, Hence, weed pest biocon-
trol has a well-developed literature on safety and has
generally been regulated with this issue a key concern
 Harris 1991; Blossey 1995!. Until the recent deinon-
stration of significant damage to native thistle in the
biocontrol of the introduced star thistle  Louda er al.
1997!, the record of safety for weed pest biological
control was excellent  Blossey 1995!. In this case,
safety tests conducted prior to the 1968 release of the
control agent had actually predicted its spread to
native thistles  Boldt 1997!, These native plants were
considered abundant, weedy, and of little value.
Thirty years later, values have changed � for some, all
native species are prized and habitat loss has made
some Formerly plentiful species less abundant
 Boldt 1997; E.S. Delfosse, pers. cornin.!. There is a
substantial literature on protocols, experiments and
the evaluation of safety tests  see Blossey 1995!.

These issues will be very important concerns for
marine pest control for they illustrate how conflicting
values, and which stakeholders bear the costs and
the benefits of control, strongly determine regulatory

policies.

SOME SAFBTY GUIDELINES

As a starting point for effective safety testing for
natural enernics of introduced marine pests, we pro-
pose the following general principles:
1. A standard for a successful infection of a poten-

tial natural enemy against a target introduced pest
must be defined a priori and adhered to through-
out the testing protocol. This should include its
completed development in the native non-target
host, or lack of significant pathogenicity in that
host.

2. The designed specificity assay must be statistically
powerful. It must have a high likelihood to
detect an infection in the non-target host.

Accordingly,
3. The experimental exposure procedure must be

logistically reliable. Repeated tests must give sim-
ilar results.

To guard against a False negative error, highly sen-
sitive host life stages must be known and used in
experiinental exposures, Also, the most cornpe-
tent infective stages of the potential control agent
must be known and used in these tests. These

conditions for effective safety testing require that
considerable research on the infection process be
known  or conducted! before comprehensive
safety tests are initiated, "Quick and dirty" tests
are attractive because they are inexpensive, rapid,
and may infarin SOme aSpeCtS Of hOst specificity,
but they should be avoided because they have a
high probability of both types I and II errors.

Finally,
5. A plausible mechanism for the theoretical basis

fOr hOSt SpeCifiCity Of the natural eneiny muSt be
proposed and evaluated, Even if safety tests sup-
port the contention that a control agent is host-
specific, the question will irninediately arise as to
why this is so. If no rnechanisin is available and
consistent with safety test results, then their relia-
bility will be in doubt.
In general, very high standards for experimen-

tation and analysis of host specificity must be estab-
lished, rigorously defined, closely adhered to, widely
recognized, arid critically evaluated. A skeptical
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public and pol>t>call!t sensitive, cautious, regulatory
agencies will be the final arbiters. Only the best sci-
ence will be able to pass muster in this climate. Anci
tl..at is as it should be.
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ABsTRAGT: The biological diversity of the European brackish water seas, either enclosed  Baltic and Black! or iso-
lated from the world ocean  Caspian and Aral!, is by far lower than that of the fully marine water bodies. The
ecosystem may consist of only a few components, so that only one or hvo species represent a functional group.
Any new species added quite often means major changes in the structure and functioning of the whole system.
The European brackish water seas presently contain a lot of "foreign" biological diversity. We defmc this as xen-
odiversity  Gr. xenos � strange! to indicate structural and functional diversity caused by nonindigcnous species
 NIS!. Until now, 112 species have been included in a Baltic and Black Sea NIS Database. Of these, 91 species are
known from the Baltic, 35 from the Black Sea, and of them 16 NIS of non-European origin are common for both
seas. The Atlantic coast of North America has exported more species to Europe than any other donor area duc to
the successive opening of routes of commerce in the post-Columbian era. At present, there are 33 known Nls of
American origin in European brackish-water seas; only 14 of them have been intentionally introduced. Once estab-
lished, the most successful NIS have spread rapidly, among them some neo-Europeans of American origin. The
soft-shell clam, hfya arenaria, is thought to have been transported by the Vikings in the 13th century; the barnacle,
Balanusiniprovisus, appeared in the mid-1800s; thc polychaete, Pfarenzelkria viridis, and the comb jelly, hfneniiopsis
leidyi, in the 1980s. Nls also contribute to the functional diversity. The most aggressive invaders in enclosed
European seas have been capable of altering fundamental ecosystem-level processes. This paper presents an overview
on invasive status of the largest European brackish water bodies with special emphasis on the North American
component of their xenodiversity,

Key words: introduced species, biodiversity, marine invasion, Baltic Se.i, Black Sea, Caspian Sea, Aral Sea

INTRODUCTION

iCorresp<indiiig author; telephone: +358-2-2 l 5 4355;
fax. '+358-2-215 4748; e-Inad: eleppakn s!abo.fI

Enclosed seas are defined as being surrounded by
land with a narrow entrance that is at least four times

smaller in diinension than the longest axis within the
enclosed basin  Healy and Harada 1991!. From a bio-
geographical point of view, these are basins isolated
from the ocean by physical and ecological barriers
 both continents and fully marine waters! of which
the salinity factor is one of the Inost important.
These disjunct ecological islands are sufficiently
rernOte f' Or rhe rate Of natural eXChange Of SpeCieS tO
be extremely slow.

The enclosed brackish-water seas of Europe
 Figure 1!, the Baltic and Black Seas  in this paper,
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including the Azov Sea!, the Caspian Sea, and the
Aral Sea  western Asia! are geologically and biologi-
cally young seas. Natural changes are still taking place
as their ecosystems are subjected to maturation
processes. During their geological past, these seas
have changed their areas and shapes, their connec-
tions with neighboring seas, and their physical and
chemical environments.

Some of the main characteristics of the four

brackish-water seas of the western part of Eurasia are
presented in Table l. All of these seas have existed in
nearly their recent form since the end of the Ice Age.
During the last 50 years they have undergone envi-
ronmental changes due to a great variety of'huinan
activities  for reviews, see Aladin and Potts 1992;
Glazovsky 1995; Kaplin 1995; Mandych et a/. 1995;
Leppakoski and Mihnea 1996!. The coiriposition of
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Fif,ure 1. Brackish-waters seas and lakes in western Eurasia',  i!
Gulf' of Bothnta, �! Gulf of Finland, �! Baltic proper, �! Gulf' ol'
Riga, �> Mediterranean Sea, �! Adriatic Sea, �! Black Sea and
Sea of Azov,  8! Caspian Sea,  9! Aral Sea.

their biotic communities is regulated largely by tern-
perature and other season-bound changes in the non-
living environment, giving rise to seasonal svcces-
sions, The process of enrichment of their biota with
new invading species  spontaneously or by means of
passive dispersal! from the adjacent, more saline seas
still continues.

Table 1. Some phys<co-chemical characteristics ol' the western
Eurasian brackish ss ater seas.

Baltic Sea BlaCk Sea' CaSpian Sea Aral sea

Bosporus'

17-18 12-13 10-�04

22-26 22-28 25-30

' exc!uding the Azov Sea
z inferconnected via the overs Dnieper and hlenian and Cfginskij Canal, opened
in the 1780s.

~ Vclga-Don canal opened in 1952.
' before lowering of the evel of the Arel 5ea, ns area was reduced to 53,000
kni ' and volume to 300 kms; the saliniiy increased to 34-35 ppin in the early
1990s  G azovsky 1995!.

Danish

Straitsz

54 -66

1,300

412

21

1,730

459

18

Connection with

aclacent seas

Latitude 'N

Major axis length km
SL ffaCe area 103 krnz

Water volume 103 k ms

Catchment area 10' kmz

Maximum depth m

Sill depth m
Salinity in central parts

 slirface! ppt 6-7
Temperature in central parts
 surface; summer! 'C 14-16

41-46

1,150

423

537

1,860

2,212

32

Rivers, None

canals

36-47 43- 47

1,200 6004
378 67"

78 1

3,700 1,800

1,025 694

Enclosed seas are showing increasing signs of
environmental deterioration, raising the question of
whether more open, well-flushed coastal areas will
become damaged to the same degree  GESAMP
1991; see EMECS '90 �991! for further reading!.
Besides the marine eutrophication syndrome
 Gonioiu 1992!, the introduction of nonindigenovs
species  NIS! tends to have an increasing effect on
the biological integrity of coastal waters all over the
world.

Today the biota of'these water bodies are exposed
to each other, due to the breakdown of geographical
barriers by ship traffi  Table 2!, leaditig to an
exchange of species. In addition to their contacts by
straits with the Mediterranean and the Atlantic, the
BaJtic, Black, and Caspian Sea basins are connected
to each other by canals and rivers, Introduction of
NIS by shipping operations  spreading with ballast
water! or via canals has resulted in major changes in
the near-shore subsystems in these seas, whereas the
deep bottoins and the pelagic systein seeni to have
stayed practically free from NIS until the 1980s
 Kasymov 1982; Leppakoski 1984, 1991; Cvetkov
and Marinov 1986; jansson 1994; Gollasch and
Damrner 1996; Gornoiu 1998!.

A global homogenization of aquatic biota is
underway, due to the establishinent of NIS, and the
effects of these species continue to accrue  Ruiz er aL
1997; Cohen and Carlton 1998,' Lodge er al. 1998!.
Much of the biological diversity of the enclosed seas
is "foreign", especiaHy in their coastal inlets and
lagoons. We have defined this as xenodiversity  Gr.
xezzos � strange! to indicate the structural and func-
tional diversity caused by nonindigenous species
 Leppakoski and Olenin 1998!.

Estuaries have been especially cornrnon sites of
invasions, accumulating froin tens to hundreds of
NIS per estuary; era, 400 NIS are known along the
Pacific, Atlantic, and Gulf coasts of the United States
 Ruiz ef al. 1997!, Alien species have threatened the
Great Lakes for centuries. There have been 139 NIS

introduced since the 1800s  Mills et cz7. 1993!. Of
these,  90 species can be regarded as truly aquatic
 i.e., inarsh and shore flora excluded!; inore than 40oyo
of these species are native to Europe. Some of them
have appeared to be highly aggressive invaders that
have had a heavy impact on the ecology of the Lakes.

In this article we review available documentation
of the occurrence of known nonindigenous marine
and estuarine species of American origin in enclosed



Table 2. Nonindigenous species of American origin rccordcd in chc Baltic, Black, and Caspian Seas and rheir coastal ecosysrerns. En the
Aral Sea, Rhrii nrrranupercr hrrrnsii is believed ro be the only American invader since 197fr. Inrroduction   before or !after  year!.

Caspian SeaBaltic Sea Black SeaTaxonomic group Species

1983

1870

1921

1950

8 AC ILLA R IOPr-I YTA

CORM OP H YTA

CNIDARIA Hydrozoa
1932

1982CTENOPHORA

ANNEL DA Polychaeta
C RU STAC EA C irri pedi a

1985

1936

1899

1990

	952

1844

1925

co 1974

1975

1951

1890

1960

1951

1880

1981

	200

1931

1940

	952

C RU STAC EA Co pep oda

C RU STAC EA Am phi pod a
C RU STAC EA Deca pod a 1967

19571932

	900IVIOLLUSCA Bivalvia

1966

MOLLUSCA Gastropoda

ENTOPROCTA

PISCES

1980

1950

	920

1984

1982

	890
*1970s

**1970s
1890

1872

1959

1930

1925

1920s

AVES

MAMMA LIA

!E920

' unsuccessful <ntroduct<on  Zairsev and Mamaev 1997!
** caught in the early 1970s, no more reports  Zaitsev and Mamaev I997!

this is true especially for their coastal lagoons and
inlets. These seas are a major destination for thou-
sands of cargo vessels and thus are exposed to NIS
that travel as a fouling community on the ships' hulls
or in ballast water tanks  Gollasch and Leppakoski
1999!.

For the 91 species known or thought until now to
be non-native in the Baltic Sea  including the
Kattegat Sea!, the exact routes of introduction are in
many cases unknown  e.g., Leppakoski 1994; Jansson
1994; see BMB Working Group 30 �999! for a
spec.ies list � in this database all marine and estuarine

European brackish-water seas  the Baltic, Black,
and Caspian Seas! and include some data on their
occurrence in the west Asian Aral Sea, This report
also includes introductions that failed to persist.

INVASIVE STATUS OF THE EUROPEAN

BRACKISH WATER SEAS

THE BALTIC SEA

In Europe, the Baltic and Black Seas  both of
them being former post-glacial lakes and thus subject-
ed to spontaneous invasion of fauna and flora in the
last 10,000 years! are heavily contaminated by NIS;

1. Coscinodiscus vvailesii

2. Elodea canadensis

3. Gonionimus vertens

4. Garveia franciscana

5. Mnemiopsis leidyi
6. Marenzelleria cf. viridis

7. Balanus eburneus

8, B improvisus
9, Acartia tonsa

10. Ameira divagans
11. Gammarus tignnus
12. Callinectes sapidus
13. Cfrconectes limosus

14. 0. virilis

15. Rhithropanopeus harrisii
16. Crassostrea virginica
17. Ensis americanus

18. Mya arenaria
19. Petricola pholadiformis
20. Crepidula fornicata
21. Doridella obscura

22. Umatella gracilis
23 Gamb usia affinis

24. lctalurus melas

25. l. nebulosus

26. Lepomis gibbosus
27 Oncorhynchus mykiss
28. Roccus saxatriis

29. Salvelrnus fontinalrs

30. S. namaycush
31. Branta canadensis

32, Mustela visori

33, Ondatra zibethicus
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species known or believed to have been introduced
into the Baltic Sea, either intentionally or uninten-
tionally, are listed!, Of the 55 unintentional introduc-
tions into the Baltic Sea, with more-or-less known
dispersal history, 31 are transoceanic and among
these are 14 trans-Atlantic species of American origin
 Table 2!.

In the Baltic Sea, American species have been
iritroduced unintentionally �8o/o! rather than inten-
tionally �2 /o!. However, very little is known about
the invader status of smaller organisms, such as
p. anktonic algae, copepods, and rotifers, which are
transferred in huge numbers in ballast tanks. In
the coastal inlets of the northern Baltic Sea, alien
benthic animals do not generally doininate over large
areas. The only exceptions are the barnacle Balanus
intprovisus  dominant on firm substrates in the
upper sublittoral! and, since the early 1990s, the
polychaete Marenzelleria virielis. Both species are of
American origin.

BLAcK SEA

The Black Sea has a long history of unintentional
introductions and there is evidence of large-scale bio-
logical contamination by NIS in the northwestern
arid western Black Sea zoobenthic communities.

Species introduced into the Black Sea originate pre-
dominantly from two donor areas: the North
Atlantic and the lndo-Pacific  Zolotarev 1996!.
About 45o/o of the NIS in the Black Sea originate
from the Northern Atlantic  mainly North America;
Figure 2, Table 2! and 35o/o from the Indo-Pacific
 Gornoiu 1998!. There is only one intentionally
introduced Ainerican species in the Black Sea
  ;rassostrea virginiea; not established!, while non-
indigenous fish species of American origin
 Oncorhynchus nykiss, Garnbusia arnis, Lepomi s
gihbosus, and Roceus saxatilis! have spread froin their
areas of introductions in adjacent fresh waters and
into the most diluted parts of the Black Sea, e.g., the
Danube delta.

Among the species unintentionally introduced
into the Black Sea, listed by Cvetkov and Marinov
�986!, are some representatives of the northwest
Atlantic  most probably North American! inverte-
brate fauna. The first known ones are the barnacles,
8, improvisus and B. eburneus, introduced in the
late 1800s  Cvetkov and Marinov 1986; Zaitsev and
lvj amaev 1997!. ln addition, the decapod Rhithro-
panopeus hairisii appeared in the 1930s, the hydro-

zoans BouIainvillt'a inc@as in the 1930s, and the
bivalve Aftra arenaria in the early 1960s. Since then,
at least five NIS of different origin have been added
to this list  Gomoiu 1998!, including two American
species: the nudibranch mollusc, Doridella obscura
�980!, and the ctenophore, Mnentiopsis leidyi �982!.
Even if the number of NIS in the Black Sea is rela-

tively low, these species have had significant eco-
logical and economic consequences in the area
 see below; Gomoiu and Skolka 1996; Leppakoski
and Mihnea 1996; Zolotarev 1996; GESAMP
1997!.

CAsr iAw SEA

The Caspian Sea fauna includes at least 16 NIS
among the snore than 720 native zoobenthic species
recorded in the sea  Kasymov 1982; Cheplaga and
Tarasov 1997!. The first known NIS, the Mediterr-
anean bivalve, Aytilaster lineatus, was brought to the
Caspian Sea as a fouling organisin on the hulls of
small ships transferred by trailer from the Black Sea
 Bogachev 1 928!. The introduction of Mytilaster dur-
ing the Civil War �918-1920s! caused the first
anthropogenic crisis in the Caspian Sea because it
resulted in the extinction of some endemic Caspian
dreissenids  Tarasov 1997!. Another crisis was related
to the intentional introduction of the polychaete
/Vereis diversieolor and the bivalve cobra ovata from the
Black and Azov Seas in the late 1950s-early 60s,
which also led to elimination  or reduction! of some
typical Caspian forms, The benthic coinrnunity was
restructured: A. ovata replaced the native cockle
Cerastoderrna on inuddy-sediment bottoms. Also, R,
hamsii vanished from the soft-sediment bottoms

 Cheplaga and Tarasov 1997!.
The Caspian Sea was connected with the Black

and Azov Seas via the rivers Volga and Don, inter-
connected by a canal between the rivers in 1952.
Opening this canal permitted the Ainerican invaders
B. improvisus, B. eburneus, and R. harrisii  first found
in 1957!, among others, to penetrate into the Caspian
Sea  Kasyrnov 1982!. In 1976, NIS formed 30-99o/o
of the benthic bioinass in most parts of the Caspian.
This dominance can be explained by the inability of
native fauna to tolerate salinities 	3 ppt; there was a
slight increase of the salinity in some of the Caspian
bays studied by Kasyrnov �982!.

Features of the globalization process are seen al.so
in this isolated sea. Cheplaga and Tarasov �997! con-
cluded that "a big part of the Caspian Sea is now in
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the process of transforming to a system where species
widely distributed in the World Ocean predominate".

ARAL SEA

The Aral Lake, called Sea by tradition and for-
merly the wor/d's fourth largest lake, does not have
any connection via waterways to adjacent seas. A
major ecological catastrophe is taking place as a result
of increasing salinity due to the excessive use of water
for irrigation in the Aral drainage basin beginning in
the early 1960s  Aladin and Potts 1992; Glazovsky
1995!. The level of the sea fell by 16 m from 1960 to
1991, and the surface area was reduced from 67,000
to 53,000 kmt; the water volume decreased by ! 60 /o
 Table 1!. Drying up the sea resulted in an increase in
salinity from 10 ppt up to ! 30 ppt, Most of the
native fauna of freshwater and low-brackish-water ori-

gin have been eliminated and replaced by marine and
brackish water NIS, transferred deliberately or acci-
dentally from the Caspian, Black, Azov, and Baltic
Seas.

Since 192'7, many species  only fish before 1954!
have been introduced to the Aral Sea  Glazovsky
1995!; altogether 25 NIS are mentioned by Aladin
and Potts �992!, among them N, diversieolor and A,
ovata, introduced from the Sea of Azov in the 1960s.
The only American species in the Aral fauna is R.
harrisii, first found in 1976, probably brought in acci-
dentally with the intentional introduction of species
from the Caspian Sea or the Azov Sea.

NEO-EUROPEANS OF AMERICAN ORIGIN

In the Baltic and Black Seas, 33 species in total or
30o/o of all known introductions are of American ori-

gin  Figure 2!. To focus this paper, we limit our
attention to some representatives of American
invaders in European seas, with special emphasis on
those species that became invasive and have posed
significant ecological or economic impacts. Most of
these species were introduced unintentionally in the
20th century.

MARENZELLERIA VIRIDIS

Some of the neo-Europeans of'American origin
in European enclosed seas have appeared to be big
and aggressive in comparison to previously dominant
organisms in the same habitats, The new inhabitants
of the Black Sea are the largest animals in their taxo-
nomic groups  Zolotarev 1996!. In the Baltic Sea,
the North American spionid polychaete M. viridis

g Asia Far East & Indo-Pawfic
g North America
~ Pacific Ocean
~ Ponto-Caspian fEorope-to-Eoropet
~ Unknown
g Other regions

12'.

Figure 2. Origin of the Baltic and Black Sea xenodiversity.

burrows down to 40 cm in the sediment and is a

giant compared to native burrowing organisms  chi-
ronomid larvae and oligochaetes! dwelling in muddy
bottoms of the Baltic coastal lagoons  Olenin and
Leppakoski 1999!. Conveyed from North America,
M. virr'dis was found in Scotland in 1982 and in

Germany/the Netherlands in 1983, It was first record-
ed in the southern Baltic in 1985. After its initial

establishment, it successfully colonized, by secondary
spread, most of the Baltic Sea and developed into a
major faunal element  e.g., Zettler 1996; Bastrop et al.
1998!. In 1988, it appeared in Polish coastal waters
and in 1990 on the southern coast of Finland

 Gruszka 1991; Norkko et al. 1993!. During 1990-
1993, M viridis expanded its distribution into the
eastern parts of the Gulf of Finland and into the
southern part of the Gulf of Bothnia  Stigzelius et al.
1997!.

The introduction of M. viridis into the Baltic Sea

has probably occurred via ship transport, as most of
the first findings are connected to harbor areas.
Although the abundance and biomass of M. viridis in
open coastal waters is comparatively low, the species
seems to have become a permanent member of the
macrozoobenthos in the northern Baltic  Stigzelius et
al. 1997!. In the coastal inlets and lagoons of the
southern and southeastern Baltic, it developed high
densities  up to 5,000-30,000 ind. m-2! and biomass-
es  up to 400-800 g wwt m-2! in some Polish and
German estuaries  Bochert et al. 1996; Zettler 1996,
1997a; Zmudzinski et al. 1996!, For example, in
Vistula Lagoon  southeastern Baltic! 95 /o of the total
biomass of bottom fauna consists of Marenzelleria,
the invasion of which began in the mid-1980s
 Zmudzmski 1996!.

On the Finnish coast, M viridis has become
astonishingly common in some areas. In a benthos
study off the town of Rauma  eastern Bothnian Sea!,
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it was found in 82o/o of the samples  mean density
290 ind rn--', n = 141! at �5 m depth in 1994;
P~tamopyrgus antipodarssm  a gastropod species native
to New Zealand! occurred in 21o/o and M. arenaria in
3o/o of the samples  K. Jumppanen and R. Raisanen,
uiipubl, data!. In the inlets aff the town of Turku
 inner Archipelago Sea!, M. viridis was recorded in
17o/o, P. antipodarurn in 14o/o, and M. arenaria in 4'/o
of samples at �5 m depth  n = 81! in 1995  R,
Raisanen, unpubl. data; Olenin and Leppakoski
1999!. In contrast to the coastal lagoons of the south-
ern Baltic Sea, the abundance and biomass of the

species in the I'innish coastal waters has remained
comparatively low  maximum �00 ind m-i and 

g wwt m-z!.

In the coastal waters of northern Germany, M.
v ridis, a euryhaline polychaete, has colonized a wide
r'nge of habitats from almost lirnnic �.5 ppt! to
brackish  up ta 10 ppt; Zettler 1996!. Off the Polish
caas , it has been found fram only a few meters
dawn to about 50 m  Zrnudzinski et al. 1996!, The
deepest open sea occurrence is known from the
southern Bathnian Bay at the depth of 78 rn
 Stigzelius et al. 1997!. The depth distribution of M,
viridis gives an excellent example of brackish water
submergence  Rernane and Schlieper 1958;
Zrnudzinski et al. 1996!: several species known to live
ost shallow bottoins or only in the intertidal zone in
the North Sea have extended their depth range in the
Baltic Sea. This phenomenon has been explained as a
dependence on salinity stratification, or the absence
o.�.'predators and competitors in the Baltic, In fact,
M. viridis is the first NIS in the Baltic to colonize

deeper soft bottoms below the halocline; brackish
water submergence elucidates the flexibility  plastici-
p! of NIS in a novel environinent  cf. Venneij 1996!.

Marenzelieria has created a new food resource for

fish. In Germaii coastal inlets, its larval abundance
has reached 10" ind rn-' and the nuinber of newly
s< ttled juveniles 270,000 ind. m-~  Bochert et al.
1996!, Both piscivoraus  Rutilus rutilous, Stizostedon
lucioperca, and Percaflssvs'a ilis! and planktivorous
 Cisspea barents! fish feed temporarily on M. viridis
or its larvae  Winkler and Debus 1996!. This poly-
chaete possesses several attributes of a highly success-
fi I colonizer. Its rapid within-basin spread in the
Baltic Sea is due to its high fecundity  each fernale
pi oduces 28,000-40,000 eggs!, the pelagic phase last-
ing about four weeks  Bochert etal. 1996!. Moreover,
both the larvae and benthic juveniles are being trans-

ported by the anticlockwise currents typical of the
Baltic and its Gulfs. Zettler �997b! did not report
any negative consequences for the indigenous inacro-
zoobenthos; an the contrary, there was a positive cor-
relation between M, vi ridis and chironomid larvae.

According to Bastrop et al �998!, there are two
species of 2Marenzelleria  M. viridis and PJ, Yeireni!
introduced fram the northwestern Atlantic to Europe
in the 1980s. Based on analysis of mitochandrial 16S
rDNA sequences �26-bp segment! of 98 individuals
fram 17 localities on the North American, North Sea,
and Baltic coasts, they were able to separate the loca-
tions of' origin of the introductions. The individuals
fram the Baltic Sea probably originated from the
Atlantic coast of'the United States between

Chesapeake Bay and Georgia, and the North Sea
populations inay stem from the coast region north of
Chesapeake Bay to Nova Scotia. Despite their similar
inorphologies, the two European Marenzelleria
species inay differ ecologically with respect to their
preference f' or habitat salinity.

The recent invasion history of M, viridis has been
more thoroughly studied than that of any other NIS
in the Baltic Sea. The biology and ecology of this
extremely invasive species is intensively studied
inainly by graduate students in all riparian countries.
These studies will provide valuable knowledge of the
dynainics and cornrnunity impacts of'an NIS in the
soft-botto in subsystem.

MYA ARE NARiA

Since the end of the 19th century, it has been
understood that the soft-shell clain M arenaria is a

late invader and a trans-Atlantic introduction into

the coastal waters of Scandinavia  Hessland 1946!.
Based on rnultidiciplinary oceanographic, geological,
and archaeological evidence, Hessland �946! was
able to show that this species becatne extinct during
the Ice Age and probably did not recolonize
European coastal waters before the 16th or 17th cen-
tury. However, the history of marine introductions
from North America to Europe goes back to the pre-
Columbian era. The Vikings are thought to have
transported M arenaria to Europe in the 13th centu-
ry  Petersen et al. 1992!. Although the invasion histo-
ry of M, arenaria in the Baltic Sea is not known,
this species is known as one of the most common
shallow-water molluscs of western Europe and as a
naturalized species in most of the Baltic Sea. Its
impact in the Baltic Sea has been benign.
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In the Black Sea, M. arenaria is one of eight intro-
duced mollusc species  the bivalves Teredo navalis,
Paphia philig~pinarurn, Cunearca cornea, Crassostrea gi's,
and the gastropods Itapana thornasiana, P. antipo-
darurn, and O. obscura!. Of these recent introductions,
the American M arenaria, the Japanese predacious
gastropod R. thornasiana, and the Indo-Pacific bivalve
C, cornea, h,ive markedly altered the structure and
function of'the benthic cominunity. In places along
the Bulgari-in coast, the native Venusgallina comrnu-
mty turned into a C, cornea community. Introduced
in the early 1980s, C. cornea became very nuinerous;
within less than five years it reached maximum bio-
JIIass values up to 4,300 g m--'  Cvetkov and Marinov
1986!.

Introduced possibly from ballast water discharged
by oil tankers, and first recorded in the Black Sea in
1966  Zaitsev and Alexandrov 1998!, M. arenaria
became the doininant benthic species in sediment
bottoms down to 30-40 rn along the Romanian coast
in the 1970s. In some northwestern parts of the Black
Sea, its biomass exceeded 1,000 g m-t  Zaitsev and
Mamaev 1997!. Within 15 years, M arenarsa became
abundant not only in the northwestern and western
Black Sea but also in the Azov Sea. Its Black Sea pop-
ulations appear to have peaked in 1972  ftequency
72"ta and average density 58 ind. m-~; Zolotarev
1996!. On the Romanian coast M arenaria made up
60-890/a of the total biomass of molluscs in 1976-1979

 Petranu 1997!. Flourishing populations of the
bivalve Corl~ula rnediterranea were reduced by compe-
tition by M. arenaria  Gainoiu 1981!, serving as an
example of competitive exclusion, The density of C,
rnediterranea decreased from 21,000 ind m-~ in 1965
to only 10 ind m-2 in 1991,

The effects of M. arenaria on the sublittoral com-

inunity ecology were many and varied. It acted as an
effective biofilter utilizing the increased resources of
particulate organic matter, which had increased due
to eutrophication. M arenaria also produced a great
quantity of planktonic larvae, which formed a new
food basis for fish such as turbot, young sturgeons,
and gobies lpetranu 1997!. Shell deposits along the
beaches were dominated by C, mediterranea until the
early 1970s. In 1977 � 81, Mpa shells entered sediinen-
taty processes in huge ainounts, and tons of shells
were deposited along the Mamaia beach in Romania
 Gomoiu 1981!. kfya shells forined a major source of
beach deposits in this area, but also caused consider-
able changes in the granulometsy and chemistry of

these beaches and affected their resistance to shore

erosion  Gomoiu 1983!.
Together with other macrobenthic species, M are-

naria was seriously affected by hypoxia, due to excep-
tional phytoplankton blooms, in the late 1980s. Its
numbers decreased from ! 6,000 ind rn-2  max, bio-
mass 3,000 g wwt m t! in 1970-1975 io 400 ind rn-'
�60 g m z! in 1991  Tigarius 1992!.

BALANIJS IMPROvJSDS

B.irnprooLsus, the only barnacle species living in
the Baltic proper, is likely to have been introduced
from North America. It was first tound in the south-

eastern Baltic in 1844, i.e., 10 years before being
described by Darwin, and becaine corrirnori especial-
ly in ports  Gislen 1950!. The introduction of B,
intprOYJiSus intO EurOpe waS SO SuCCeSSful that naw,
not only most of the Baltic, but also the Black Sea
 first f'ound in the 1890s; Gomoiu and Skolka 1996!
,ind the Caspian Sea are colonized. It is capable of
marked habitat alteration through the construction
of dense crusts on hard surfaces and secondary hard
substrates.

In dense populations of B. intproYJisus, associated
species such as chironoinid larvae, ostracods, cope-
pods, and juvenile bivalves increased compared to
adjacent sites without crusts  A. Avail, unpubl. data!.
The main efFect of the barnacle was facilitating settle-
ment of other organisins � as early as 1868 it was
observed in a river in southwest Finland among
entirely fresh-water organisms  Luther 19501.

M N ZM I 0 P s Is LE I DYI

The dramatic increase in biomass of M. leidyi,
native to the east coast of the Americas from Cape
Cod to Brazil, is one of the most spectacular events
in the history of species introductions into marine
systems and raised much concern in all of the Black
Sea countries in recent years. Mnerniopsis, probably
brought in the ballast water tanks of ships, was first
found in the Black Sea in 1982  Vinogradov et at.
1989; Zaika and Sergeyeva 1990; Zaitsev and
Alexandrov 1998!, but there is uncertainiyas to the
exact tiniing of the introduction.

Mnemiopsis feeds on planktonic crustaceans and
pelagic fish eggs and larvae  Harbison and Volovik
1994!. Mnemiopsis is characterized by very high fertili-
ty: in a population explosion culminating in the late
1980s in the Black Sea, it developed biomasses !I kg
m ' in the open sea and  kg m-" in coastal waters
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an«had spread all aver the Black Sea. The total bio-
mass of Mnrmiopsis in the Black Sea was estimated at
800 million tons in August-September 1989  for
reviews, see Shuskina and Musayeva 1990; Malyshev
an«Arkhipov 1992; Kideys and Niermann 1993;
Harbison and Volovik 1994; GESAMP 1997!. It
remained extremely numerous until 1991 � 1992, in
some coastal areas its biomass reached 10-12 kg wwt
m-I but did not exceed 1,5-3 kg wwt m-I in the open
Black Sea in 1988-1990, Since then its abundance has

been reduced to a level 4 � 6 times lower  Vinogradov
et r.!. 1993a!,

The zooplankton community of the Black Sea
an« the Sea af Azov was severely affected by this
in> asive predator. Predation on mesozooplankton by
Mnemiopsis appears ta have affected the coinposition
of copepodan and cladoceran fauna and reduced
populations af Oithona similis and O. minuta
 Konsulov 1998!, The nuinbers of copepods  e.g.,
species of Calanus, Paracalanus, Pseudocalanus, /carta,
an«Oithona! decreased 15- ta 40-fold and the bio-
mass of the jellyfish Aurelia aurita to �'/o of levels
found in the early 1980s  Shuskina and Musayeva
1990; Vinogradov et al. 1993b!; the chaetognath,
Sagitta sp., declined more than 10-fold.

In its area of origin, Mnemiopsis becomes very
abundant during summer and autumn; its heavy
grazing pressure on mesazooplankton results in
depressed copepod populations in, eg., the
Chesapeake Bay  Wulff and Ulanowicz 1989;
GESAMP 1997!. Mnemiopsis has been thaught to rep-
resent a "dead end" of food chains in the Slack Sea,
especially since the decline in the 1970s of the main
coiisumer of gelatinous species, the mackerel.  Scomber
scombrus!. Recent studies demonstrate, however, that
the scad, Trachurus trachurus, feeds on the juvenile
forms of Mnemiopsis that convert detritus and phyto-
plankton into fish food and thus act as a. "de-
euriaphicating agent"  Konsulov 1998!.

This comb jelly invasion was generally held
responsible for the catastrophic decrease in coinrner-
cial fisheries in the Black and Azov Seas. Simultan-

eous with the increase of Mnemiopsis, there has been
a significant decrease not only in the nuinber of
anchovy eggs and larvae  Nierrnann et al. 1994!, but
also in anchovy, sprat, and horse inackerel stocks and
a dramatic decline in pelagic fisheries  Zaitsev 1992;
Kideys 1994!, Traditional fisheries and fish industries
were severely affected during the years of its inass
occurrence, the /Vnemiopsis invasion being the inost

probable reason for the loss of a $250 million fishery
 Ruiz et al. 1997!.

There is a potential of transport of Mnemiopsis
into the Baltic although its temperature preferences
are very different from those provided by the Baltic
environntent. Due to several siinilarities between the

Black Sea and the Baltic Sea, the Baltic is obviously
more open to iinrnigration of NIS from the Black Sea
 and vice versa!, than froin the more inarine
European seas  GESAMP 1997!.

OTHER AMERICAN CRUSTACEANS

R. harrisii has spread fram its European bridge-
head in the Netherlands  first found in 1874;
Turoboyski 1973! into the Black Sea  first recorded in
1932!, the Baltic Sea �951!, the Caspian Sea �957!,
and the Aral Sea �976!. It became rather cornrnon in
brackish lagoons on the Polish coast and in the
Caspian Sea. The main food itein of larval R. harrisii
in Dead Vistula  an abandoned arin of the Vistula
river in Poland! is B. improvisus larvae, while adults
feed inainly upon IV. diversicolor, Myttlus edulis,
Dreissena polymorpha, and Cordylophora caspia
 Turoboyski 1973!. Three of these five species fed
upon are non-native, i.e., whole f'ood chains can be
based on NIS in some coastal lagoons. In addition,
juvenile crabs use empty carapaces of B.improvisus as
hiding places. The number of findings of the North
Ainerican blue crab Callinrrtes sapidus in the Baltic is
low. Since 1968, C. sapidus has been found in the
Black Sea as well but has not become common

 Gornoiu and Skolka 1996!.
Gammarus trgrinus, a North Arnericaii brackish

 oligohaline! and freshwater amphipad, was brought
into northwestern Gerinany in 1957. l'he first record
f'rom the Baltic Sea is froin the German coast in

1975; it has now spread as an epifaunal and infaunal
species to Polish estuaries and coastal lakes in the east
 Gruszka 1999!. The copepod Acartia tonsa has been
known as a N IS in the Baltic Sea since the 1930s

 Leppakoski 1984!, Its presence in plankton samples
from the Ukrainian part of the Black Sea in 1990 was
reported by Belmonte et al, �994!.

BIRDS AND MAMMALS

Some intentional introductions for hunting pur-
poses of semi-aquatic North American birds and
mammals into northern and central Europe have
been success f'ul: muskrat  Ondatra zibethicus!,
American miiik  Mustela vison, an escapee from fur
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farms!, and Canada goose  Branta canadensis!. Of
these, the niuskrat has become common also in

southeastern Europe, e.g., the Danube delta, In 1969,
over 1 million rnuskrar skins were taken f'roin the

Aral Sea  in the Arnu Darya and Syr Darya deltas!
 Glazovsky 1995!.

IMPACTS ON MAN 5 USES OF THE SEA

Not only are biological invasions a major global
environmental problem but they are also an econoin-
ic problem  Cohen and Carlton 1998!. In many
cases, the iinpacts of most NIS established in fully
niarine conditions remain unknown, and the pre-
dictability of their direct and indirect effects remains
uncertain  Ruiz eral, 1997!. In the species-poor
ecosysterns of enclosed brackish seas, the situation is
rather different. The number of both native and alien
"black list" species is relatively low and thus their
impact is easier to assess. We also believe that. under
such circumstances alien species provide an opportu-
nity to test hypotheses on what characteristics of'NIS
or habitats are related to successful establishment

 cf Lodge et al. 1998!.
In the Baltic, Caspian, and Aral Seas the impact

of NIS of American origin, with a few exceptions,
has obviously been benign. As to the fouling species,
there were only a few native animal species in the
Baltic proper and its major Gulfs: the common Inus-
sel Afytilus trossulus, the bryozoan, Electra crustulenta
 whose biofouling potential is low!, and the hydroid,
Laonrea'ea lorzeni, which foul ship hulls and cause loss-
es in heat exchangers at industrial plants that use
cooling water from the sea  Vuorinen et al, 1986;
Gollasch and Leppakoski 1999!, This was prior to the
invasion of 8, irnprovisus, D. polyrnorpha, and  ,. caspia
that now are common meinbers of the biofouling
coininunity in shallow waters, especially at river
mouths and in coastal inlets.

In such cases, the arrival of'new species has raised
a serious problem f' or the coastal industries and their
use of sea water for different purposes. Some NIS
interfere with boating and shipping, even in the low-
salinity waters of the Baltic. The extensive use of
antifouling paints is due not only to annual filamen-
tous algae, but mostly to the attachment of B, i>npro-
visus on boat hulls.

Some environmental problems have been caused
by alien vertebrate species inhabiting parts ot the
Baltic coastline, namely B. canadensis, M vison, and
O. zibethz'cus  in sheltered coastal inlets only!, all of'

them introduced from. North America. The deliberate
introduction of Inink has caused severe negative
impacts on the native cominunities. its feeding on
the nesting sites has threatened bird populations, Ol'
the Ainerican invaders in the Black Sea, the comb
jelly M. leis'yi has caused tremendous changes in the
ecosystem and substantial economic losses. Its main
impacts on fisheries were identified by GESAMP
�997!: �! predation on fish eggs and larvae, �! feed-
ing on larvae and adult fish food, thus causing starva-
iion, and �! accelerating ongoing environmental
change due to eutrophication  eg., anoxia as a result
of decaying.R'nemiopsis on the bottoin on the shal-
low shelf!, Prior to the Mnemiopsis invasion, there
was a change in the Black Sea fisheries from large
pelagic predators, abundant in catches from 1969 to
1970, to pelagic plankton feeders that Inadc up 95<>/o
of the catch in the early 1990s. The reduced diversity
of the catchable stock may have resulted in greater
vulnerability of the Black Sea fishery to external
i m pa cts  G E SAM P 1997!.

DISCUSSION AND CONCLUSIONS

The European history of non-native aquatic
species can be divided into three eras: �! early acci-
dental introductions, �! a period of experimenting
with potentially ecor>omically beneficial species, and
�! modem introductions  intentional ones more or
less banned, but unintentional ones increasing main-
ly due to ballast travellers!. There are 33 known exot-
ic species of'American origin in European brackish-
watcr seas. Only 14 of these have been intentionally
introduced; most of the introductions of American
species have resulted from trans-Atlantic movement
of ballast water.

Once established, several recent NIS of American
origin have been able to colonize their preferred
habitats on a basin-wide scale  M. arenaria arid B.
improz>usus in the Baltic and Black Seas, B.i nzprovisus
in the Caspian Sea, cV viridisin the Baltic Sea, ~K lei-
J!>i in the Black Sea, M vison in the northern archi-
pelagos of the Baltic Sea!. One of the prerequisites
has undoubtedly been the uniforniity of the surface
water layer in these seas. As soon as the invasion cor-
ridor has been opened and a primary establishment
has taken place, there are no within-basin barriers to
prevent: their further spread within the sea,

Several aggressive invaders are known to have
pushed the target ecosysterns close to the edge of
chaos, while many other NIS have established them-
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sel;es without c,iusing any noticeable effects on tire
inc.igenous ecosystem. We conducted an analysis of
sortie of the coastal inlets and lagoons of the Baltic
Sea  Olenin and Leppaikoski 1999! to assess the eco-
logical impact of NIS by comparing pre-invasion
macrozoobenthtrs data with post-invasion data taken
f'rom the same site in the Curonian Lagoon  south-
eastern Baltic! in which NIS dominate many habitats
in .errns of number of species, number of'individu-
als. and biomass  Figure 3!. The overall number of
species was greater following the establishment of
NIS. It was shown that NIS in these species-poor
iiai ive communities manifest their ability of rnodify-
ing their new habitats in several ways by
~ . ncreasing the physical diversity on homogenous

: andy and rntiddy silty bottorrts by adding new
spatial components into the benthic subsystem
i e.g., shells, shell fragments, and burrows!, and
through this impact create new microhabitats for
.issociated fauna;
.ncr easing functional diversity;
. ncreasing bentho-pelagic linkages and thus, the 3-
diinensionality of benthic subsystems, or in a
'>roader context, expand the n-dimensional matrix
-.or a species to enter a habitat successfully  if.
Carlton 1996!;
aroadening the food base of both benthos- and
plankton-eating fish and thus modifying the
.rnpact of predation on native species; and

~ retaining more of the river input of particulate
and dissolved nutrients in semi-enclosed coastal

,'ysterns.

The detrimental  often catastrophic! effects of
alien organisms on different human uses of coastal
waters and the economy are well known, The seem-
ittgly "beneficial" contributions listed above of NIS
to the structural and functional diversity inust be
carefully evaluated in relation to their capacity of
coiiipeting for space and other resources with indige-
nous biota and to their negative influence on the set-
tlement of larvae and juveniles of native species.

Were there vacant nichcs available for the neo-

Europeans of American origin or not? There are
niany examples of "empty" habitats and trophic nich-
es. especially in the Baltic Sea, occupied and utilized
by alien species. Some habitats, e.g., secondary hard
bottoms  underwater constructions!, seem to be
rather open to alien fouling organisms everywhere
 Leppakoski 1984!. The NIS having most significant
eff cts on coastal waters of the Baltic Sea prior to the
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Figure 5. Habitat changes in the benthic and tiektobenthic subsys-
tems ti>lh>w>t>t, tlie intr<>ductiot> oi nor>indigenous ir>vertebrates.
The inodel represents a sile in the northern part ot'the Curontan
Lat,oo», soutlieaster» Baltic Sea  Olenin and l.eppakoski 1999!

invasion of M. vir<di» were, without doubi, B. impro-
oisr<s and the panto-Caspian zebra mussel, D. poly-
nrorpha  in coastal inlets and lagoons only!. These
species increase the area and volume available for
associated macro- and rneiofauna, and enhance detri-

tus-based food chains by supplying their habitat with
particulate detritus.

The invasion of some successful non-native

species has rt:suited in major changes in community
structure and functional biodiversity of the receiving
ecosystems ot'the most intensively inoculated recipi-
ent regions. Examples of'novelty in functions
brought into the Baltic by the American invaders are
~ B. impror>i»r<» � suspension filter feeding in the

uppermost hydrolittoral zone;
M r<irrai'» � deep bioturbation of the sediment;
this pol>chaete burrows deeper than most native
species, thus increasing the thickness of the popu-
lated surface sediment layer and accelerating exch-
ange of nutrients in the water/sediment interface;
ls. harri»i<' � epibenthic invertebrate predator  and
scavenger! in the diluted parts of the inlets where
native marine decapod crustaceans do not occur;

~ M. arenarra, the shells of'which form a secondary
hard substrate available for associated species in
the sandy southeastern Baltic Sea coastal zone,
and the shells of B.improvi»r<» that serve as new
niicrohabittts for small annelids, crustaceans, and
chironornids and facilitate colonization of sub-

strate-specific species  <I Olenin and Leppakoski
1999!. Both species create patches of hard sub-
strate for sessile species on uniform sof't bottoms.
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A similar habitat alteration was observed in the

Black Sea, following the introduction of M arenaria
in the 1960s, which affected the composition and
granulometric structure of shallow-water and sea-
shore deposits  Gomoiu 1983; Leppakoski 1991!.

ln conclusiOn, it iS apparent that Several intrO-
duced species fronr North America have been able to
compete with native species, and in some cases dis-
place them, in the Baltic, Black, and Caspian Seas.
This fact gives further evidence of the opportunistic
nature and expanSive CapaCity Of intrOduCed speCieS,
once transported with human aid over physical and
ecological barriers into new habitats.

The role of non-native species in ecosystem func-
tions  eg., nulrient cycling! and their ability to dis-
place native species in the European brackish-water
seas is still badly understood. Our results from the
Curonian Lagoon  southeastern Baltic!, confirm the
statement  Crooks 1998! that alteration of habitats is
an important effect of exotic species, and that these
habitat alterations can have subsequent effects on res-
ident biotic communities.

Once introduced into an ecosystem, dispersal
may be easier for aquatic than for terrestrial species as
water movements facilitate dispersal an i there are
fewer dispersal barriers in water  Lodge et al. 1998!.
This hypothesis is clearly supported by our data:
within-the-sea dispersal has appeared to be rapid and
effective in,>11 the seas compared, as demonstrated by
the most successful invaders of American origin. The
biogeographical peculiarities of the European brack-
ish-water se;is, developed since the last glaciation
period, are threatened and the seas are, to an increas-
ing extent, subject to worldwide biological hornoge-
nization of the brackish-water fauna.
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Historical and Modern Invasions to Port Phillip Bay, Australia: The Most
Invaded Southern Embayment?
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AtssTRAcr: Port Phillip Bay  PPB! is a large �900 kmZ!, temperate embayment in southern Victoria, Australia.
Extensive bay-widc surveys of PPB hav» occurred between 1803 and 1963. In 1995/96 the Commonwealth Scientific
and Industrial Research Organisation  CSIRO! Centre for Research on Introduced Marine Pests  CRIMP! under-
took an intensive evaluation of the region with the aims of developing a comprehensive species list of native and
introduced fauna and contrasting previous bay-wide assessments with a current field survey in order to detect new
iucursions and discern alterations to native communities. Two methods were used to meet these aims: a re-evalu-

ation of regional museum collections and published research in PPB to identify and determine the timing of intro-
ductions; and field surveys for introduced benthic  infauna, epifauna, and encrusting! organisms conducted by
CRIMP between September 1995 and March 1996. The historic component of PPB invasions groups into four
periods based on significant shifts in trade activities: exploration/colonization  pre-1839!, immigration �839-1851!,
Gold Rush �852-1860!, and modern mechanisms  including aquaculture; 1861-present!. Invasions within PPB
appear to be increasing, possibly due to an increase in modern shipping traffic and an increase in aquaculture  his-
torically associated with incidental introductions!; however, the records of extensi ve biological surveys suggest that
this may in part be an artifact of sampling effort. As expected, the majority of'introductions are concentrated around
the shipping ports of Gee long and Melbourne. Recent incursions into the region include Uehlariapinhrati pier, Codiunh
pagile ssp. tomenrosoides, Asterias arnurensis, Scbizoporclla unicorhris, and Pyromaia tuberculata, Port Phillip Bay is pre-
sented as one of the most invaded marine ecosystems in the Southern Hemisphere.

Key words: survey, introduction mechanism, vector, invasion rate, invasion history, Australia

INTRODUCTION

The threat to biodiversity by introduced species
has long been recognized for island systems  Elton
1958!, As the only island continent, Australia has
developed stringent barrier controls to limit the entry
of rionindigenous organisms. This holds true for ter-
restrial and freshwater systeins, and more recently for
marine systems, Despite these efforts, Australia has
experienced numerous invasions on par with the
spei tacular inten>afional invasions of the Atlantic
coriib jelly, hlnenhiopsis kidyi, into the Black Sea, the
zebra mussel, Dni ssena polynhorpha, into the North
American Great I.akes, and the Asian clam,

Potamocorbula amurensis, into San Francis«o Bay,
California. In the late 1980s, the northern Pacific
Sealtar, rfsteriaS ahnherenSiS, WaS identified in the
Derwent EStuary Of TaSinania. A. ahnurensis has
attained an estimated population of'28 million and

'Conesponding author, telephone:  + 61! 03 62325102;
fax: + 61! 03 623254hts; e-mail; Chad.Hewnt kmannc.csiro.au.

more recently has spread  most likely via coastal ship-
ping! to Port Phillip Bay  PPB! where current popula-
tion estimates are of similar magnitude  -30 million!.
Similarly, the edible Japanese kelp, Undarha pinnatifi-
da, introduced near Triabunna, Tasmani.i, in the mid-
1980s, has since spread to a region of approximately
100 km along the coast and was discovered in PPB
in 1996. Other high-profile invaders include the
Mediterranean fanworrn, Sabella spallanzanii, the
Asian alga, Codh'unr fragile ssp, tornenrosoides, and f'eral
settlement of the rnaricultured Pacific oyster,
Cras.f ostrea gigas.

In 199S, rhe Commonwealth Scientific and

Industrial Research Organisation  CSIRO! Centre for
Research on Introduced Marine Pests  CRIMP!
began a two-fold effort to determine the extent of
invasions in Australian coastal waters. First, the

Australian National Introduced Species Port Surveys
Program was established in conjunction with the
Australian Association of Ports and Marine Author-

ities  AAPMA!, in which 62 international ports of
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first call are being surveyed using a consistent proto-
col  Hewitt and Martin 1996!. Second, the Port
Phillip Bay Introduced Species Study was begun to
provide a cfetailed analysis of the invasion history
and introduced species status of a major Australian
embayrnent. PPB was selected based on several fac-
tors: its long history of use by maritime trade extend-
ing back to the early 1800s; extensive surveys and
evaluations for the physical and biological character-
istics; numerous scientific collaborators in the
irninediate vicinity; and CSIRO's previous work in
the region relating to taxonomy, distribution, and
ecology of the biota.

This p;iper provides a short synopsis of'the results
of Port Phillip Bay Introduced Species Study  Hewitt
ey al. 1999!, which was a col.laborative effort involving
Victoria, CSIRO, and New Zealand scientists and
represents one of the most thorough investigations of
the introduced species status of a single embayinent
in the world, particularly the Southern Hemisphere.

NIETHODS

A review of the vectors for species transfer, histor-
ical trade activities, and shipping patterns into PPB
was conducted by CRIMP. The bioregion scheme
developed by the International Union for the
Conservation of Nature  IUCN; Kelleher er cd. 1995!
was used to aid in evaluating species origins and
changes in trade route patterns through tiine. These
bioregions are based on marine physical properties
 e.g., salinity, temperature, ocean currents! with sec-
ondary regard to biological criteria. An additional
classification was created for cosmopolitan species
 defined as a species whose native distribution was
described as being greater than five IUCN biore-
gions!.

Revievrs of major groups were commissioned with
speCific ernphasiS On thase grOups fOr whiCh taxO-
nottiic expertise was available in Victoria  Table 1!.
The taxonomic experts were requested to review the
literature and re-evaluate the Inuseum and personal
collections with an eye towards introduced and cryp-
togenic marine and brackish water species. If neces-
sary, additional field collections were enc:ouraged to
produce a comprehensive and authoritative review of
the introduced and native status of the biota. We

made no attempt to direct the experts in the assign-
rnent of species co native, introduced, or cryptogenic
status. We recornrnended using as a guide the ten-
point criteria of Chapman and Carlton �991, 1994!

Table I. Taxonomic experts, target groups, arid target habitats for
thc taxonomic review component of'thc Port Phtllip Hay
Iiitroduced Species Study.

Taxonomic expert Organization Target Group Target Habitat

Macroalgae a IIDefense Science
and Technology
Organisation  DSTO!

' U ~ iversity of
lechnology, Sydney,
~Museum of Victoria

J Lewis

FisliM. Lockett
Br M Cjomon'

IVI Keough-'
g J. Ross-'

Hard substrates'- University of
Melbourne, aCRIMP

Fouling
species

HydroidsJ Watson P.1arine Science
and Ecology

P.1 use um of Victoria Soft substraies

SOft Substraies

Soft substraies

MolluscsS. Boyd

R, Wilson Polychaetes

Crustaceans

P,1useam of Victoria

museum of Victoria6 Poore

T. O' Hara lv1useum of Victoria Echinoderms Soft substraies

to aid in the identification of'introduced species and
Carlton �996a! as a guide for cryptogenic species.

A field-sampling program was initiated and car-
ried out by CRIMP �995-1996! to fill any apparent
gaps in the geographic or samplmg coverage of previ-
ous surveys. This field-sampling program was supple-
mented by an introduced species survey of the Port
of Geelong undertaken by the Manne and Freshwater
Resources Institute  MAFRI; Currie et al. 1997!.
Collection inethods were consistent with the proto-
cols developed for the Australian National
Introduced Species Port Surveys Program  Hewitt and
Martin 1996! with the following diflerences:
~ pile scrapings were performed in a qualitative fash-

ion to represent the fouling community across all
depths;

~ qualitative visual surveys towing divers on a ITIanta
board along 100-m transects;

~ beach transect cores were collected at depths of 0,
1, 2, 5, and 10 In depth along a transect perpendi-
cular to the beach;

~ beam trawl tows were conducted at 1, 2, 5, and 10

rn depth parallel to shore for a known duration �
min! or length �00 m!;

~ a sinall version of a CSIRO seainount sled was

developed to sample benthic infauna aiid epifauna
at depths of 5, 10, 15, 20, and 25 rn depending on
site depth;
no algae were collected or preserved during this
survey.
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Figure 1. Port Phillip Bay, Australia regions �-5! and CRIMP
sampling locations  for detailed information on locations of spe-
cific sampling techniques see Hewitt et erl. 1999!. Note the major
shipping ports of Geelong and Melborne and the connection of
sampling effort in these areas.

The geographic extent of PPB �900 km2! pre-
cluded a systematic survey of all locations and habi-
tats; instead, a targeted survey was performed in
regions of high historic and modern shipping traffic
with an overview of the remaining regions  Figure 1!.
Consequently, the regions were not sampled with
equal effort; port regions � and 2! were sampled with
much greater intensity. The sampling methods used
ensured a comprehensive coverage of both hard and
soft habitats.

Survey efficacy was evaluated by comparing the
target list developed by taxonomic experts from mus-
eum and literature reviews with specimen collections
from the CRIMP survey. All specimens from the
CRIMP survey were identified to the lowest possible
taxinomic unit and then verified by the taxonomic
consultants that developed the target list, or against a
reference specimen provided For that purpose.

Trading activities in PPB group into Four periods
 see Campbell and Hewitt 1999a for further details!:
exploration/colonization  pre-1839!, immigration
�839-1851!, Gold Rush �852-1860!, and a modern
era �861-present!. The history of European inHuence
in Australia is relatively short  Crosby 1986!. Despite
the long history of aboriginal culture in the region,

the history of biological invasions most likely begins
with European contact, however the First biological
collections did not begin until the early 1840s and no
detailed surveys were conducted until the 1860s.
Consequently, while the following presentation of
trading patterns broken into four periods provides a
context to evaluate invasions, biological surveys did
not begin until the mid-1800s and consequently an
evaluation of the modern period �861-present! is
presented.

EXPLORATION/COLONIZATION  PRE � I839!

Sealing and whaling operations were established
in the Bass Strait islands by 1796, often using
Western Port  the embayment to the immediate east
of PPB! as a home base  Shaw 1997!. These sealers
and whalers were typically from North America, and
frequently had contact with Asia  Shaw 1997!. British
entry into the Port Philip Heads by John Murray of
the Lady lVelson in 1802 led to the eventual establish-
ment of a convict colony in 1803  Shillinglaw 1972!.
Trade during this period was largely with other
Australian colonies; however, periodic visits from
Great Britain occurred. From 1803 to 1835, only
three ocean-going vessels entered the bay  Shaw
1997!, By 1839, regular intra- and inter-colony  South
Australia, New South Wales, and Tasmania, Australia;
New Zealand! trade routes were established and inter-
national routes to Great Britain. Due to the East

India Company's monopoly of British trade between
the Cape of Good Hope and the Straits of Magellan,
there was limited direct trade between British

colonies until the British Parliament repealed the
British/China trade monopoly laws in 1834  Staples
1966; Bach 1976!. During this period, international
vessels trading with PPB Followed the Admiralty and
later the Great Circle routes. Vessels originating in
Europe would typically travel to South America  Rio
de Janeiro!, South Africa, then to Australia  with
some exceptions to trade in India!.

IMMIGRATION  I839 � I8$I!

Free British immigrants arrived in Melbourne in
1839 from Sydney; however, the David Clarke arrived
from Great Britain later in that year  Strahan 1994!.
During 1839, 11,500 immigrants arrived at the Point
Ormond quarantine station in PPB  Shaw 1997!.
Pacific trade began in 1840, specifically catering for
the demand of Newcastle coal in California  Bach
1976!. The repeal of British Navigation laws in 1849
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allowed foreign vessels entry into British colonial
ports. Simultaneously the signing of the Treaty of
Nanking ceded Hong Kong to Great Britain and
opened Chinese Ports to British residence and trade
 I.ubbock l 933!.

THE GOLD RUSH  I8p-I86O!

The announcement of gold in Victoria was made
in 1851  shortly after the Port Phillip District separat-
ed from Victoria!, despite discovery in 1849. This dis-
covery had much the same effect as the California
gold strike: the population swelled froin �0,000 to
416,000 irt five years  Bach 1976; Wild 1950! with
immigrants from all continents often abandoning the
vessels to rot. Port f'acilities expanded to Ineet the
needs of'a burgeoning population and new doinestic
 coastal! a»d international trade routes were opened.

MODERN SHIPPING �86I � PRESENT!

Australian shipping tonnage was 93o/o British
until the early 1900s. As trade became increasingly
commercial, more ports of call were added to
Conference shipping routes  established routes and
cargo!. By 1870, the trans-Pacific route went from
Melbourne to Honolulu, Vancouver, Seattle, Tacoma,

Portland, San Francisco, and Los Angeles before
returning lo Melbourne  Bach 1976!, The opening ot
the Suez Canal in 1869 and subsequent deepening
�875! led to increasing shipping traffic through the
Mediterranean. As has been reviewed elsewhere

 Carlton 1985, 1996b!, shipping changed consider-
ably between the 1860s and present. The shift from
wooden hulled to steel hulled vessels reduced the

transport of marine borers. Simultaneously, the shift
fram dry ballast  rock, cobble, sand! to water ballast
 in steel ships! halted the transport of near shore
meiofauna and adult benthic encrusting and epifauna
while developing the transport of holo-, mero- and
tycho-planktonic organisms, The increased speeds of
vessels and advent of'more effective anti-fouling
paints is believed to have significantly reduced the
transport of encrusting and fouling organisms in
numbers it'not diversity.

The first biological surveys and collections of
PPB began after the 1840s for flora  Harvey 1847,
1855, 1858-1863, 1869; Sonder 1852, 1853, 1880;
Wiison 1 886, 1889, 1890, 1 892, 1894, 1895! and ben-
thic fauna with surveys by Wilson, Agardh, Carpen-
ter, Hickson, Spencer, Sendy, and Pritchard ainong
others  Ation 1890, 1892, 1894, 1895!. After 1895,
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Figure 2. iifumbers of introduced and cryptogentc species identi-
fied per de<.ade in Port Phillip Bity.

Figure 3. Numbers of identified introduced species from well-
known and conspicuous groups  algae, molluscs, and tish! per
decade in Port Phillip Bay.

few surveys occurred within the region until the early
1950s. Consequently, despite an increase in the num-
bers of recognized introduced and cryptogenic
species through time  Figure 2! our understanding of
the invasion history of PPB is litirited by survey
intensity. A small subset of well-known and conspicu-
ous groups  eg., algae, molluscs, tish! that appear to
have had a consistent sampling effort provide a
mechanism to surmount this difficulty. For these
groups a consistent trend towards an increase in
introductions post-1950 remains evident  Figure 3!.

The taxonomic experts identified a target list of
182 introduced  92!, cryptogenic �5!, and possibly
introduced  I'.e., known from Victoria but not PPB;
25! Inarine and brackish water taxit. These species
spanned nine invertebrate phyla and four algal
divisions. Numerous taxa �01! held in the Museum
of Victoria collections or collected in previous bay-
wide surveys have not been provided specific Latin
binomials due to a lack of description or because
they were not identifiable. In all cases, these taxa
were assigned endemic status by the taxonoirric
experts rather than cryptogenic, No explicit reasoning
was provided for this assignation and their status
should be considered questionable without further
examination.
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.During the course of the CRIMP and the
Victorian Marine and Freshwater Resources Institute

 MAFRI! surveys, an additional nine introduced taxa
were identified, bringing the total introduced and
cryptogenic tally to 191 species from 10 phyla and
five algal divisions  Figure 4!. Forty-nine introduced
and cryptogenic species were collected during the
CRI MP surveys, Of the 108 animal target species
iden tified by the experts  renioving algae!, 47.5% of
the.snown target hard-substrate species were detect-
ed. Similarly, 48% of the target soft-substrate species
wer< collected by the CRIMP survey.

Using the target species list of 182 taxa developed
by the consultants, we evaluated the field surveys
conducted by CRIMP and MAFRI. Clearly the
extent to which dif'f'erent taxa were readily known
and identifiable varied from group to group based in
part on the available taxonomic knowledge; however,

all specinien identifications were verified either by
the taxononiic expert or by a voucher specimen pro-
vided for that purpose. The survey coll. ected differing
proportions of target species according to taxonomic
group. All fish targets  Chordata � 100%! were col-
lected while other groups such as the Ascidiacea
 86%! and Crustacea  80%! were well sampled
though not all target taxa were collected. Porifera
�6%!, Cnidaria �0%!, Mollusca �7%!, and Bryozoa
�2%! were collected with decreasing levels of effi-
ciency, iii part suggesting that either the pattern of
dispersion in these species was more widespread, or
that some of'these target taxa identified from historic
publications and/or collections may no longer b«
established in PPB. The Annelida �2,5%! were
poorly collected; however, this ref!ects a lack taxo-
nomic knowledge of the annelids of hard substrate
 where the majority of specimens were collected;
Wilson 1999! and a reduced emphasis of collection
in soft substrate  Campbel[ and Hewitt 1999b!. A
single target echinoderm  Aste~ius amurensfs! was not
collected during the survey and was subsequently
found in low nuinbers  four in two years! prior to
achieving outbreak status in 1998  Talman Pr al.
1999!. The majority of detected species �6%! were
hard-sub strate organisms  b ryozoans, crustaceans,
cnidarians, and ascidians!. Introduced species were
detected in all regions of the bay; however, the
majority of species were Found in port regions
 regions 1 and 2; Figure 1!.

Species origins can be determined only in retro-
spect based upon the date of first collection in Port
Phillip Bay, the known trade activities prior to collec-
tion date, and the known international distribution

of the species, Based on these criteria, species intro-
duced to PPB have come from all regions of the
world except Antarctica  Figure 5!. Historically, the
majority originated in the Northeast Atl.antic �3! and
the Mediterranean �4!, while another 21 are cosmo-
politan, The North Atlantic  northeast and north-
west! appears to have been a consistent and signifi-
cant donor region for successful invaders. This was
the anticipated origin of many species given the long
history of trade with Britain and the historic parlia-
mentary limitations on traffic into PPB. A large num-
ber of invasions were from the Southern Herni-

sphere: New Zealand �0!, Africa  East Africa, 3; West
Africa, 4! and South America  South Atlantic, 6;
Southeast Pacifiic, 3!, More recently  post 1950! there
has been an increase in the number of introduced
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North Pacific species  Northeast Pacific, 15;
Northwest Pacific, 19!, Since 1990, these North
Pacific species represent the single largest group of
introductions, Inany of'which have been identified as
pest species.

DISCUSSION

Port Phillip Bay represents one of Australia's
largest trade regions historically and in the present.
The extent to which this bay has been invaded and
the patterns of invasion history provide insight into
potential nianagernent activities, Invasions wi hin
PPB appear to be increasing, possibly due to an
increase in modern shipping traffic and an increase in
aquaculture activities  historically associated with
incidental introductions!. As expected, the majority
of introductions are concentrated around the ship-
ping ports of Geelong and Melbourne, However,
these factors alone cannot account for the increased

number of'invaders, Trade with new regions,
increased vessel traffic, and altered conditions  in
Port Phillip Bay! may all have contributed to higher
invasion rates  Carlton 1996b!. Many of the modern
invasions of pest species such as A. ctmurensis, U. pin-
nrtltfida, and C. fragile ssp.  omenlvsvtdes appear to
have been transported as secondary inoculations
from other domestic priinary inoculation sites.

The numbers of'invaders in Port Phillip Bay are
high by world standards. Within Australia no other
single port or region equals the number of recog-
nized species. In part, this Inay be due to the effort
expended in determining the scale of'biological itiva-
sions in these locations. A National Port Survey pro-
grarn has been initiated by CRIMP to evaluate the
scope of introductions in Australian ports using a
consistent,ind quantitative methodology  Hewitt and
Martin 1996!. These surveys are designed to provide
a snapshot of the current invasion diversity rather
than the complete history achieved by the Port
Phillip Bay Introduced Species Study due to the
extensive coverage by expert taxonomists,

The number of reported introduced and crypto-
genic tnariiie and brackish water species in Port
Phillip Bay exceeds similar numbers from anywhere
in the world. While Cohen and Carlton's study of
San Francisco Bay and 13elta region  Cohen and
Carlton 1995! reports a greater overall introduced
and cryptogenic species richness �12 introduced and
123 cryptogenic species!, it includes salt inarsh and
freshwater species. It is difficult to compare survey~

with significantly different methodologies and
approaches; however, if the total numbers are restrict-
ed to only marine and brackish water species  exclud-
ing salt marsh species!, San Francisco Bay has
approximately 138 introduced species  Cohen et al.
1998 present 95 species!. This may reflect a stronger
trading history of the region or may indicate a higher
regional susceptibility to invasions. Regardless, the
findings presented here suggest that Port Phillip Bay
is one of the tnost invaded marine ecosystems in the
Southern Hemisphere,

L[TERATU RE CITED

Anon 1890. Rnnrrai Repor  of'the Royal Stare y of V c or a.
Melbourne.

Anon 1892. Rnnurd Repor  of the Roy rd Socir y of Vic oria,
Melbounse.

Anon 1894. RnnrrulRepor  of thc Royrd So iety of Victo ra.
ivlclbourne.

Anoll 1895. RnrrualR<'port of the RoialSocie y of Victoriri.
Melbourne.

Bach, J. 1976. R,Maritime History of Ru< raliu, Book Club
Associates, Sydney. 481pp.

Campbell, M.I...ind C.I.. Hewitt. ! 999a. Vectors, shipping and
tr,idc, pp. 45-60 In: Hewitt, c,L., M,L. ca<npbel, R,E.
'I'hresher, and R.B. Martin,  eds.! rWarrnc Brologr<al lncournons ol
Porl Phillrp Bay. Centre fest Research <in Introduced Marine
Pcsts Tcchnical Rcport No. 20. CSIRO Marine Research,
Hobart.

Campbell, M.I.. and C.L. Hewitt. 1999b. A bay-wide survey for
introduced species in Port Phillip Bay, 1995-96. pp. 247-260 In:
I lewitt, C.L., M.L. Catnpbell, R.L. Threshe , and R.B. Martin,
 ed<.!,4'larrnr Brologr'cal lnrrasrons of Port Phrllrp Bay. Centre tor
Researcli on Iniroduced Marine Pests T«clinical Report Vio. 20.
CSIRO Marine Research, Hobatt.

Carlton, I.T. 1985. Transoceanic and intero<.eani< dispersal of
coastal niatine organisnis: the biology of ballast v ate ,
Ocranogralrl!y and rtlarr nr Brology: Rn'nrra'7 Rnnrte 23:313-371.

Carlton, J.T. 1996a. Biological insasions and ctyptogenic species.
Prolog  77:1653- 1655.

Carltoii, I.'I'. 1996b. Patter<i, process, ancl prediction in <i urine
invasion ecology. Biological Consrrt atiorr 78:97-106.

Chapinan, J W. and J.T. Carlt<m. 1991. A test of criteria t<ir intr<>
duced species: the global invasion by the isopod Synia'oteu lar ri-
rlorsali<  Mtets, 1881!. lournal of Crusru<'ran Biology I I �!:386-
400.

Chapman, J.W. and J.T. Carlton. 1994. Predicted discoveries of
the intr<iduced isopod 5'yrrido ra lrtrrrrrl<rrsrrlis  IVliens, 1881!,
fournul of Crustacrun Biology 14:700-714.

Cohen, A.!sl. and l.T. Carlton. 1995. Xr!n-inrligenous Rrlurr rc Specua
in rr lr'rrr erl Stu e< Br nary: R Crise.S arly <rf thi Biol<<xi<'a! Inc asions
of thr San l'rarrcis<o Bay and Delta. I'repated For the US Fish and
Wildlife Servi<e, %Washington D.C. 246pp.

Cohen, A.V., C. Mills, H. Berry, M Wonhant, B. Binghatn, B.
Bookhcim, J. Carlton, J. Chapman, J. Conlell, L. Harris, T.
Kltttger, A. Kohn, C, Lambert, G, Lambert, K. Li, K. Secord,
and I. Toft. 1998. Puget Sound &perh'tirrn: R Rapid Rises<ment
Surrrry o/'.'<lors-rnrlrgerrous Spriies rn the Shallrrre: Waters ofP<rget
Sou id Prepared for the Washington State Department of
Natural Resources, Olympia, Washingt<sn. 37pp.



12 i HEWIT'I' Ay, I> CAMPBPLL

Cro by, A.W, 1986, I.cnlogical Imperi ulism: The Bi ologicul Frpan>ion
of Furope, 900-1900. Cainbridge Vniversity Press, Cambndge.
368pp.

Cur>ie, D.R., M.A, IvlcArthur, and B.F. Cohen. 1997. Exoti<.
M a<inc Pests in thc port of Geelong, Victoria. SfAFRI Report
Mr. 8, Marine and Freshwater Resources Institute, OueensclifK

Elto:i, C. 1958. The B<'ology of Invasions b3' Plants and Animals.
Methuen and Co., I.ondon. 181pp.

Hat< ey, W.H. 1847. Xerei s Austrayli> or Algae cf the .Southern Ocean.
L<>nclon. viii + 12-lpp.

Harvey, WH. 1855. Sliort character< of'soiiie ncw genera,ind
species of algae discovered on thc coast of the colony of
Vi < toria, Aust< alia. Annals anil Ilf agazi ne> irf v¹>icral History,
Serie> 2:32-36.

Harvey, W.H. 1858-1863. Phycologia Austral>ca. Volumes 1-5,
pl,ites 1-3000, synop. 1-799. Reeve, London.

Harvey, W.H. 1869..11emoir of W. H. Hcrrvey, ISA, I RS. Bell and
Daldy, London.

Hewitt, C.L. and R.B. Martin, 1996. Port .Sure>eysfnr Introduced
c'Vi'ar> ne Species � Bc«pro und c on ii derat'< on i and .<anrpli ng proto< nl<.
CRIMP Technical Report 4, Division ol Fisheriei, CSIRO,
Hobart.

Hewitt, C.L., M.I., Campbell, R.F,. Thresher, and R.B. Martin.
1999. I�arine Biologi<allnvasions of port Phihip Bay. CRIMP
Tech. Rep. fl 20, CSIRO Marine Resear<.h, Hobait.

Kell<iher, G�C. Bleakeley, and S, Wells, 1995, A Global
R<prcsentatiric Sy<t'em of It>larine Protected Areas. Volumes 1-4. 1'he
Great Barrier Reef Marine Park Authority; The World Bank;
ar d The World Cor>servation Union  IUCN!, Washington.

Lubl>ock, B. 1933. Tl< Opium Clippers. Brown, Son & Ferguson.
Ltd, Glasgow. 392pp.

Shav:. A.G.W, 1997,,4 History of the Port Phillip District, Victoria
Atter Separatiori. Miegunyah, Melbourne. 334pp.

Shillinglav, J.J. 1972. Historical Records nf pnrt Phillip. The First
A >nal>«f>the Cohrr<y c>f Victoria. Hcinnemann; Melbourne.
2i 5pp.

Staples, A.C. 1966. Maritime trade in the Indian Ocean, 1830-
I f 45. Universi t I Studies i» History 4�!:84-120.

S traha n, L. 1994.."I< the Edg« if'the Centre. A Hi itnry nt
Willic<mstoun. Hargrecn, Williaiustown. 489pp.

Sondcr, O.G. 1852. Plantae Muellerianae, Algae. Linnaea 25:657-
709.

Sondcr, O.G. 1853. Algae armis 1852 ct 1853 collcctae. Iinrraea
Z6:506-528.

Sonder, O.G. 1880. I. Supplemenientum ad voluineii undecinem:
algae Australianac hactcnus cognitae. Pp. 1-42, 105-107 ln: F.
voii Mueller  ed.! Fregmentci Phytogr<splnue Austral<ere,

Talrnan, S..! S. Bite, S.J Campbell, M, Holloway, M. McArthur,
D.] Ross,,iiid M. Storey. 1999. Impacts of soine i<>traduced
niarine species found in Port Phillip Bay. pp. 261-274 Iii:
Hewitt, C.l, M.I.. Campbell, R.F.. Thresher, and R.B. Martin
 edi.! Mari>re B<'olog>cul Irrc>a>ion> of Port Phillip Bay. Centre For
Research on Introduced lvlanne Pests Technical Report No. 20
CSIRO M.>rine Reseirch, Hobart.

Wild, D. 1950. The Tale ofa Ci ty. t celong, lg50-1950. Cheshire,
Melbourne.

Wilsoii, J,B. 1886. Li it f oAlguefr'om Port Phillip Fli'ad< and We>tern
Port. Mercer, Ceelong. 11pp.

Wilson, I.B. 1889 list nf'Algaefinm Pnrt Phillip H<ucl< arid We<tern
Pnrt. Mercer, Gcclong. 15pp.

Wilio<i, J.B. 1890. Des<.riptioni ot >iew Victori;m algae. Australia>i
Ass»cia<i onf<>r d>e Advct'><reine>it of Sci ence 2:448-491

Wilion,J.B. 1892 Catalogue of algae collected at or near Port
Phillip Heads arid Western Port. Pr<rceeding> n/ the Royal S<r«ety of
Victona 4: 157-190.

Wilsoii, I.B. 1894 I.ist ol dredging stations at,ind near Port
Phillip Heads. Proceedings of the Ro3»I Societj cf Vicnoria 6.261-
263.

Wilsoii, J,B. 1895. List ol dredging stations at and near Port
Phillip Heads. Proceuii ngs of the Royal Society of lc<ctorur 7:261-
263.

Wilson, R,S. 1999. Annclida: Polychaeta of Port Phillip Bay. pp
108-128. In: Hewitt, C.L.. M.L. C,>rnpbell, R.E. Thresher, and
R.B. Martin,  eds.! II4<<r<ne Biologica'I Invasions of Port Philli'y' Bay,
Victoria. Centre f'o r Rc<carch oii Introduced Marine Pests
Teclmical Report No. 20. CSIRO Marine Research, Hobart.



FACTORS LIMITINC MUSSEL INVASION 127

Factors Limiting the Spread of the Introduced Mediterranean Mussel
AIyti lls galloprovinrialis on %'ashington's Outer Coast

MARJORIE J. WONHAMi
University of Washington,
Departnrent of Zoology,, Box 351800
Seattle, WA 98195 I '."IA

Key words: mussek Ajrrtrrr grdtoprovrncialir; eastern Pacific, invasion, ecological resistance, survivorship, range expansion

INTRODUCTION

METHODS

In the tA ake of fish stock overexploitation around
the world  Naylor et al 1998!, aquaculture is increas-
ingly being developed as a potentially Inore sustain-
able source of protein. Global aquaculture produc-
tion has more than doubled in weight and voluine in
the last decade, and now accounts for more than one
quarter of all seafood consumed by people  Naylor et
aI. 1998!. One consequence of this growth in aqua-
culture is an increase in the transfer and spread of
culture species around the world, In order to predict
the ecological consequences of these introductions,
we need to know where, in a given region, these
introduced species will spread,

One of the most commonly used bivalves in raft
culture is the Mediterranean blue mussel tMjtilus gal-
loprovinciairs. Globally, M gaIIoprovincialis is native to
the Mediterranean Sea and has spread through acci-
dental transport and intentional introduction to Asia,
North Arnenca, and the southern hemisphere
 Carlton in press!. In South Africa, the spread of M.
galloprovineralis has led to a dramatic reorganization
of the intertidal zone, It has replaced the native rnus-
sel AuIaeonrya ater, causing a change in algal diversity
and limpet population structure, and has been corre-
lated with an increase in oystercatcher fecundity
 Grif fiths et al. 1992!, In California, M, gaIIoprovin-
cialis has replaced the native sibling species, M. trossu-
lus, at a nuniber of intertidal locations  Geller 1999!.

Most recently, M. galloprovincialis has been intro-
duced both intentionally and accidentally to the
Pacific Northwest. It is cultured at several shellfish

farms in Puget Sound, Washington, where it is
favored over the native sibling species, M. trossu us,

ICoirespondittg. author: telephone: 206-685-8615; fax: 206-543-
3041; e-niail: ntwonhatn <tJu washington.edu

which succumbs to a heinolytic neoplasia before
reaching market size. In addition, M galloprovinrialis
has been identified in ballast water arriving in
Oregon from Japan  Carlton and Geller 1993!, and is
presumably also delivered to ports of Washington
and British Columbia. From these numerous sources,
M galloprovincialisis spreading in rocky intertidal
communities of the Pacific Northwest  Suchanek et
aI 1997!, Its iiIvasion here will be limited in part by
its ability to survive wave action, desiccation stress,
and predation. Here, I experimentally coinpare the
ability of the introduced and native kfytilus sibling
species to survive wave action, desiccation  as tidal
height!, and predation,

I compared the survivorship of transplanted M
gu/loprovinciali s and M. trossulus in the rocky intertidal
of Tatoosh 1sland, just off the outer coast ot Wash-
ington State �8'24'N, 124'41'W!. At this site the
native California Inussel, M. californianus, a larger
and thicker shelled species, forms conspicuous rnid-
intertidal beds with ephemeral gaps created by wave
and storm disturbance  Paine and Levin 1981!. Since
M, cali fornianus is not a ntember of the sibling
species complex that includes M. ga loprovinriaiis and
M trossulus, and plays a different ecological role
 Suchanek 1978!, I did not manipulate it in the cur-
rent COnipariSOn Of Sibling Species. M. trossuius is
found in two distinct intertidal zoties on Tatoosh: in

the ephemeral gaps within the M. californianus bed,
and in a more permanent band above the M. califor-
nianus  Suchanek 1978, as M. edulis!.

I tranSplanted rnuSSels tO six sites enCOInpaSSing a
range of wave exposures frotn high to low. At each
site, I planted Inussels at two tidal heights: in gaps in
the M caIrfornianus bed, and in the F41. trossuirrs zone
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Fii.ure 1. Mud~el ir.insplant experiineii al design, Taioosh Island,
Washington. Fifty ndividuals of the introduced s'rfyrilsisgall<r-
lrrirsincidlrs  M.g.! .incl of the native M rrossss1us  M.n! were tran s-
pl.inied in three paired plots. The three plots were haphazardly
as. igned to cage  i, predator exclusion!, partial cage  i.e., cage
control!, and i>pen treatments with no cage, This design was
repeated at iv o inicrridal heights  high and mid! at each of six
siis s over a range of wave exposures  high, mediuin, low!.

above the M cidifornianres. At each height, I planted
three patches oF 50 rnussels oF'each species, M. gallo-
prorincialis and M lrossrrlses  Figure 1!. The patches
were paired by species, and pairs were haphazardly
assigned to one of three treatments: fully caged to
exclude predators  primarily the drilling snails,
¹cella ernarginala and N. canalicrdala!; a partial cage
to allow predators in and control for unintended
caging effects; and an open treatment with no cage
 Figure I!. Each patch was covered with fiberglass
mesh to allow the rnussels to attach byssal threads to
the rock. After iwo weeks, I removed the mesh and
monitored mussel survivorship over the next 16 wk,
A 2-wk intervals, I counted the number of live

inussels, empty shells, and shells with drill holes in
each patch. I also surveyed the density of ¹cella spp.
at each pair of transplants, Results are presented for
the first six weeks.

Proportion data were arcsin  square root! trans-
formed and count data were ln  x+I! transformed to
improve normality. All analyses were conducted
using JMP version 3.0 statistical software. Mussel sur-
vivorship at six weeks was analyzed by four-factor
A;VOVA testing For effects of species, tidal height,
wive action, and treatment, The proportion of mus-
sels that was washed away was compared for the two
species using a Student's t-test. The proportion of
empty mussel shells with drill holes was regressed lin-
early against the density of Nucella spp, in each patch,

There was no significant difference in survivor-
ship between the two species, Both species survived
significantly better in caged treatinents, where they
were protected from preda ors, than in open treat-
ments where they were exposed to predation  Table
1; Figure 2A!. Both species survived significantly

Figure Z. Transplanted I grsllispruns'pcs'rdis survived equally with
l!rl. irrssssslsis in all locations and all treatments on Tatoosh Island,
s! rashington, af'ter six weeks. Both rnussels survived significant!y
better  a! ui ihc cage treatment than in the open treatmeni;  b! ai
high than low wave exposure; and  c! ar high than low tid.il
height. Poiiiis represent the mean of n � 12 cages  a and b! and n
= 1g cages  c! +1 standard error. Significant differences iiidicaied
by '  p   0.05! and " '  p   0.01!; horizontal lines indicate ineans
that svere not significantly ditTereni in posi-hoc pairwise compar-
isoiis
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Table 1, Proportion of transplanted mussels surviving after six
weeks on rhe intertidal rocky shore of Tatoosh Island, Washing-
ton: ANOVA results. There was no significant diAerence between
species  inrroduced M galloprtrtrincialrs vs. native cW trossulus!.
Significant m,»n e&ecrs were found for wave exposure  high,
medium, low!, tidal height  high, mid!, and rreatrnenr  predalor
exclusion cag<, partial cage, open!. See also Figure 2.

5ource of Variation DF 55 F P

1 0.092 0,765 0.385

2 0,939 3,882 0.026

1,232 10.194 0.002

2 .300 5.375 0.007

Species
Wave Exposure
Tidal Height

Treat met t

better at high than at low wave exposure, and at high
than at low tidal height  Table 1; Figure 2B, C!.

Inspection of the empty shells suggested that the
primary causes of mortality for these two species may
not be the saine, fOr twO reasOns. First, rnOre Of the
empty shells of M. trossulus �3.7olo + 4.80! than
M galloprovtincialis �1.80/o + 5.02! tended to remain
attached to the rock after six weeks  incan k 1 S.E.,
t = 1.871, p = 0.066!. This suggests that M gallo-
provincial'ts may have weaker byssal thread attach-
ments than M. Irossulus. Second, some of the empty
shells had drill holes, indicating that those inussels
had been eaten by the predatory snails Nucella spp,
¹cella spp. density varied among sites; at sites with
higher ¹cr lla spp. density, the proportion of drilled
M, lrossulus shells tended to be higher  slope = 0.30,
R' = 0.11, p = 0,084!, but the proportion of drilled
M galloproiiincialis shells did not  slope = -0.25,
Ri = 0,05, p = 0,339!, This trend suggests that the
native predatory snail Inay prefer the native mussel
to the introduced mussel, These hypotheses, concern-
ing byssal strength and predator preference, will be
further tested in laboratory experiments.

Since lt f. galloprovincialis appears to survive as
well as M trossulus over a range of wave exposures
and tidal heights, the two species are likely to overlap
as M galloprovincialis spreads through the Pacific
Northwest. Competitive interactions between the two
species ma> therefore be important in limiting the
spread of M. galloprovincialis. The present results
suggest that local variations in wave exposure and

predator density have the potential to affect the out-
corne of this competitive relationship. In fiiture field
experiinents I will compare the growth rates of' these
two species over a range of conditions. Adclitional
factors that I have not yet addressed include the
abiotic variables of water temperature and saIinily;
and the biotic factors of susceptibility to parasites
and disease,

ACKNOWLKDGME NTs

This ongoing research is supported by The
Estuarine Reserves Division Office of Ocean and

Coastal Management, National Ocean Service,
National Oceanic and Atmospheric Adininistration
Fellowship NA77OR0250 at the Padilla Bay National
Estuarine Research Reserve. I am grateful for gener-
ous advice and field assistance from Robert Paine,
Chris Harley, Elaine Soulanille, Adrian Sun, Jennifer
Ruesink, Eric Buhle, Markus Speidel, and Cynthia
Wonham; and for mussels supplied by Taylor United
Shellfish, Inc, This work would not be possible with-
out kind permission from the Makah Tribal Council
and the United States Coast Guard.

LITERATURE CITED

Carlton,f.'E 1999. Molluscan invasions in marine and esruarine
conr munities..Valacologia 41�!:439454

Carlton, J.T. and J.B. Geller. 1993. Ecological roulette: the global
transport of nonindigenous marine organisms. Scierice
261�117!:78-83.

Geller, J.B. 1999. Decline of a native mussel masked liy sibling
species invasion. Conservation Biology 13 �!:661-664.

Grrffrths, C.L., PA.R. Hockey, C. van Erkom Schunnk, and PJ. le
Roux. 1992. Marine invasive aliens on Soul.h African shores:
implications for community structure and rrophic functioning.
.Soa h AJrzcan Jvarnal oflrlarine Science 12:712-722.

Naylor, R.L�R.J, Goldburg, H, Mooney, M. Beveridge, J. Clay,
C. Folke, N. Kautsky, I. Lubchenco,/. Primavera, and
M. Williams. 1998. Nature's subsides io shnmp and salmon
farming. Snence 282�390!:883-884.

Paine, R.T, and Levin, S.A. 1981. Intertidal landscapes: distur-
bance and the dynamics of pattern. Ecologi cal lffonographs
51�!: 145-178.

Suchanek, T.H, 1978, The ecology of lkfyti7us edrelis L, in exposed
rocky intertidal communities. loarnal of Experimental shrine
Biology and Ecolrrgy 31�!: 105-120.

Suchanek, T.H., I.B. Geller, B.R. Kreiser, andI.B. Mrrron. 1997.
Zoogeographic distributions of the sibling species t rytilasgailo-
preroincialis and llf. trvtsalus  Bivalviar Myti idae! and their
hybcrds m the North Pacific. BiolotncalBrelletin 193:187-194.



130 MILLS ET AL.

The 1998 Puget Sound Expedition: A Shallow-Water Rapid Assessment Survey
for Nonindigenous Species, with Comparisons to San Francisco Bay

ALAN J. KOHN
Depurtmen  of Zoology
University of Washington
Seattle, WA 98195

CHARLES LAMBERT

12001 11th Ave. NW

Seattle, WA 99177

GRF.TCHF,N LAMIsERT

12001 11th Ave. NW

Se.uttl», WA 99177

KEVIN LI

Ic ng County Fnvironmental
Lubora ory

322 W Erring St.
Seattk, WA 99119

DAVID L. SECORD

University of Washington
Ikfuils op 3594.36
1900 Commerce Street

Tacoma, WA 98402BRIAN BIN CHAM

Huxley College of
Envi ronmental Studies

Western Washington University
Belli ngham, WA 98225

JASON TOFT
Fisheries Research Institu e

University of We shi ngton
Scuttle, WA 98195

ABsTRAcT: A rapid assessment survey for nonindigenous species at 23 primary stations and eight secondary sta-
tions was conducted September 8-16, 1998, in the inland marine waters of Washington State from Blaine, at the
Canadian border, to Olympia, in south Puget Sound. The 1998 Expedition team was composed of scientists with
both broad and specific taxonomic and regional expertise from universities and local and state agencies. It includ-
ed core researchers from the four San Francisco Bay Expeditions of 1993-1997, where the survey techniques were
developed. Using a variety of sampling methods on marina docks and adjacent shallow water benthic habitats, the
1998 team collected and identified more than 400 native species and 39 nonindigenaus species � plants and 36
invertebrates! � taxonomic work on the samples is still underway. The number of nonindigenous species collected
per site showed no obvious correlation with salinity, temperature or region. We believe that Puget Sound present-
ly hosts mace than 50 nonindigenous marine species. This is substantially fewer than the approximately I60 non-
indigenous species known to be in the marine and estuarine portions of San Francisco Bay, excluding its associ-
ated Delta region. The vast difference in invasion level is noteworthy considering the close shipping links between
these two estuaries for the past 150 years, although it is also partly a sampling artifact reflecting the different state
of knowledge ol'nonindigenous species in the two estuaries.

Key words: rapid assessment, Puget Sound, Washington, Northwest Straits, San Francisco Bay, Pacilic, invertebrate,
alga, Zostera. Spartina, ascidian, crustacea, introduced species, nonindigenous species, estuary
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INTRODUCTION

Understanding the level of invasion and distur-
bance in the various ecosytems within which we
operate is becoming an increasing priority as general
awareness of the disruptive effects of'nonindigenous
SpeCieS in terreStrial, freShwater, and Inarine eCOSyS-
teins grows. San Francisco Bay is one of the best-
studied Inarine ecosystems in terms of non-native
species introduced by human activities over recent
centuries  Carlton 1979; Cohen and Carlton 1995;
Cohen 1996; Cohen and Carlton 1998!. In addition
to these well-known studies on San Francisco Bay, a
series of four surveys  known affectionately as the
San Francisco Bay Expeditions! was completed by
a team of biologists during the 1990s. These were
week-long rapid assessment surveys for introduced
species in the float-fouling corninunities of the Bay.
Following the model of the San Francisco Bay
Expeditions of 1993, 1994, 1996, and 1997, we
carried out a similar Puget Sound Expedition in the
late summer of 1998 to inventory nonindigenous
marine SpecieS in the flaat-fOuling COInmunitieS Of
greater Puget Sound, using the core researchers and
methods pioneered in San Francisco Bay between
1993 and ]997.

The rapid assessment survey Inethods reported
here provide estiinates of species diversity. The use
Of rigOrOus quantitative methods in most Inodern
Inarine ecological research precludes sampling large
areas over;i short time for presence or absence of
species. Rapid assessment methods have been refined
here for the detection of maximum numbers of

marine species, allowing flexibility in sampling.
Biological invasions are detectable only by looking
for species, and becoine apparent only when accom-
panied by accurate taxonomic identification of the
invading organisms. This rapid assessment method
tests whether or not field surveys by taxonomic spe-
cialists can detect biological invasions that have been
overlooked, unreported, or Inisidentified in standard,
inodern ecological studies.

Puget Sound is the southern portion of'one of
the three largest North Ainerican estuary systeins. It
is a complicated, glacier-produced inlet approximate-
ly 150 krn long, with many branches providing
approximately 3,350 km of shoreline. The Sound has
numerous freshwater inflows and a complicated cir-
culation pattern driven by tidal forcing. To its north,
Puget Sound merges with the Strait of Juan de Fuca

 which runs west to the Pacific Ocean! and connects
with the Strait of Georgia  which separates Vancouver
Island from the southern British Columbi,i Inain-

land! via a patch of American waters sometimes
called the Salish Sea or Washington Souncl and
recently dubbed the Northwest Straits in conjunction
with a new Ainerican federal marine conservation

Inanagement initiative. We sampled froin south Puget
Sound to the northern edge of Washington State in
the Salish Sea.

Metropolitan areas are now concentrated on the
eastern side of this region. The Puget Sound basin
presently supports a population of nearly 4 million
people. Southwestern British Columbia includes an
additional 3 million, Population growth rates, prirna-
rily from iminigration, are presently high on both
sides of the international border, and are predicted to
remain high in the foreseeable future. There' is abun-
dant cross-Sound ferry transportation, both public
and private, and heavy recreational boat use, The
robust present-day shipping trade derives priinarily
froin ports up and down the west coast of North
America and from other countries on the Pacific

Rim. Major Puget Sound shipping destinations
include the deep-water port facilities at Seattle,
Tacoina, and Olynipia and oil refineries in the North-
west Straits region near Anacortes and Bel]ingham.
Each year, approximately 6000 ships enter the Strait
of Juan de Fuca from the Pacific Ocean  Washington
State Office of Marine Safety, now Department of
Ecology 1996!, About half of these enter American
ports and the other half turn north into the Strait of
Georgia towards Canadian port facilities around
vancouver  Niiini, this voluine!.

Puget Sound and San Francisco Bay have been
tightly connected by shipping since the earliest days
of European and Asian settleinent of the Puget
Sound region in the early to rnid-1800s. Soine of the
earliest Puget Sound-Pacific Rim shipping contacts
were made by the Hudson Bay Coinpany in the
1830s, when agricultural and other natural resource
products from the Puget Sound region were shipped
to Hawaii, China, Australi'a, and Europe. By the
1850s, logs and lumber from Puget Sound were being
shipped in great quantities to San Francisco. Today,
both the Puget Sound and San Francisco Bay estuary
systeins receive enorinous amounts of shipping
traffic  and associated ballast water! From all over the
world, but principally from other Pacific coast
North American ports and Pacific Rim countries.



Coinparisan of the state of marine bioinvasion of
San Francisco Bay and Puget Sound is therefore an
iinportant and in teresting project.

MATERIALS AND METHODS

The First puget Sound Expedition took place
September 8 � 16, 1998, The Expedition team was
composed of 15 � 20 marine scientists with broad and
specific taxonomic and regional expertise from sever-
al universities and local agencies  Cohen et aL 1998!.
Using a rapid assessinent approach, we sampled 23
Inarinas composed of floating docks  priinary sites!
and eight intertidal sites  secondary sites! between
Olympia and Blaine  Table 1!, a distance of about
230 km. The sampling occurred over six days; we
identified Inast of the species collected in the field or
immediately afterward at the University of
Washington's Friday Harbor Laboratories.

Marinas with floating docks provide important
and common substrates for marine organisms in the
inside waters of Washington State and British
Columbia. Private and public year-round mooring
facilities are located abundantly along the shoreline,
sometimes accorninodating many hundreds of small
boats, and frequently offering covered as well as
uncovered rnoorige space. Different organisms can
be found under the covered and uncovered portians
of these Inarinas and we sampled both whenever the
situation allowed.

Our primary goal in selecting sampling sites was
to achieve the widest and Inost uniforin coverage of
Puget Sound possible in the four full sainpling days
available to us; some additional sampling was done
froin Friday Harbor. The duration of the expedition
was determined by time available to the majority of
scientists involved. The time was then split approxi-
Inately in half to allow both field and lab tiine, With
these goals in mind, preliminary visits were made to
about 60 potential sites from the Canadian border to
the sauth Saund. Site selection was ultitnately based
on geagraphic distribution, with as many different
inlets included as possible, and with sites character-
ized by heavy commercial use as well as by light to
heavy recreational use. A few sites were eliminated on
the days of sampling for lack of time, because our
original schedule was too ambitious. Five sites per
day seemed comfortable and realistic, although on
three days we managed to sample six sites either by
working late, or by sampling the sixth site more
superficially. Waning daylight ultimately detertnined

Table I. List of siations sampled during, the Pugei Sound
Expedition, September 8-16, i 998.

Station iy Station description City County

Primary sites
1 Port of Everett Marina
2 Port of Edmonds Marina
3 City of Des Moines Marina

Harbor Island Marina,
near mouth of Duwamish River

S Elliott Bay lvlarina
6 Fishermen's Terminal
7 Ole Bi Charlie's Marina
8 Steilacoom Marina
9 Boston Harbor Marina

10 Port of She ton Marina
11 Fairharbor Marina
12 Kiisap Marina
13 Brownsville Marina
14 Seabeck Marina, Hood Canal
1S Port Ludlow Marina
16 Port Had ock Bay Marir.a
17 Boat -lave n Marina
18 Deception Pass Marina,

Whidbey Island
19 B aine Marina
20 Squalicum Harbor,

Port of Belling ham
21 Sam sh Bay, small float near

mouth of Samish River
22 Cap Sante Boat Haven
23 university of Washington,

Friday Harbor Labs floating dock

Secondary sites
1 beach at Steilacoom Maiina
2 beach at Boston Harbor

Marina
3 beach ai Seabeck, Hood Canal
4 beach north of the Blaine Marina
S lagoon at Port Ludlow Resort
6 beach at Port t.ud ow Resort
7 Padi la Bay � Vaucheria flats

east of the Swinomish Channel
8 Argyle Lagoon

Snohomish
Snohomish
King
King

Everett
Edmonds
Des Moines
Seattle

Seattle
Seattle
Tacoma
Steilacoom
Olympia
Shelton
Grapeview
Port Orchard
B rownsville
Seabeck
Port Ludlow
Port I-ladlock
Port Townsend
north of
Oak Harbor
Blaine
Belling h a m

King
King
Pierce
Pierce
Thurston
Mason
Mason
Kitsap
Kitsap
Kitsap
Jefferson
Jefferson
Jefferson
Is and

Whatcom
Whatcom

Edison Skagit

Skagit
San Juan

Anacortes
Friday Harbor

Steilacoom
Olympia

Pierce
Thur ton

Seabeck
Bla inc
Port Ludlow
Port Ludlow
east of
Anacoites
south of
Friday Harbor

Kitsap
Whatcom
Jefferson
Jefferson
Skagit

San.luan

the end of each sampling day. ln addition to the
50 � 60 minutes spent sampling each site, another half
hour was required to get the gear put away and sam-
ples properly labeled and stored before moving on ta
the next location.

At each primary site, we sampled a variety of
habitats, Float- and dock-fouling organisms were sarn-
pled by a variety of simple manual techniques. Tools
included hand scrapers, a 1.3-rn long-handled scraper



THE 1988 EVGET sOVND EXI'ED1T[ON 133

with attached 3-mrn steel mesh net, a 2.4-m pole with
attached 1-»ini nylon inesh net, and a broad array of
pans, buckets and other containers. Organisms were
collected individually from the substrata, or by scrap-
ing and subsequent washing through coarse sieves
followed by 1.0-inm or 0.5-mm inesh sieves for final
washing. We collected from concrete, styrofoain, and
wooden float surfaces as we' ll as ropes, tires, conduit,
bumpers, chains, and boat bottoms within reach, At
two sites we were able to examine newly removed
floats because reconstruction was taking place during
our visit, and at another site a heavily fouled rowboat
was pulled out for us. A sample of live bay mussels
 Myrilur sp,! was obtained froin each site where they
were present; these were later frozen for genetic
analysis, Benthic  bottom! and plankton saniples
were also taken at inost dock sites,  Two of'the scien-
tists were uiiable to participate during the first two
days of the sainpling, but returned to the inissed sites
and collected plankton and mussel samples within
two weeks.! An Ekman grab was used to obtain non-
quantitative bottom samples that were sieve-washed
 using 1.0- or 0.5-mrn meshes as deemed appropriate
f' or the organisms being collected! and sorted on site;
unsorted bottom samples were retained for later
examination for foraminifera and other inicrofauna.

A custoin-made cylindrical benthic sampler fitted
with 1-mrn stainless steel mesh walls was thrown out

on a line and dragged back along the bottom, work-
ing like a small benthic sled to collect larger infauna.
Vertical plankton hauls were taken with a 0.5-in
diameter, 102-Iam mesh net with a 211-pin mesh cod
end. Horizontal plankton tows were taken by pulling
a plankton net fitted with 125-Iim mesh alongside
each dock. The tows were made close to the float-

fouling community in an effort to obtain demersal
organisms such as harpacticoid copepods. At least
two team inembers took field notes for the group at
each site. Pilings were sainpled separately at several
sites, and nearby intertidal sites were opportunistical-
ly sainpled when the tide and shoreline geography
allowed. In order to coinpare siinilar environinents,
docks were classified as primary sites, and other sites
such as beaches were classified as secondary sites.

Surface temperature and salinity were measured
at each dock site. We attempted to use two electronic
 Yellow Springs Instruments! meters to obtain depth
profiles of teinperature and salinity, but these devices
produced varying and unreliable readings  as was the
experience of the San Francisco Bay Expeditions!.

The rneasureinents we preferred were near-surface
ineasureinents obtained with two therinorneters

and two refractometers that agreed to within 0.5 C
and 0.5 psu.

At each dock site, we filled a 1-L jar with a repre-
sentative voucher collection, plus additional samples
of material of interest, If laboratory time was sched-
uled soon after the field work, the samples were kept
on ice; otherwise they were preserved on-site in for-
nialin or alcohol for later analysis. Laboratory work
was conducted at the King County Environmental
Laboratory and the University of Washington's
Friday Harbor Laboratories. The voucher collections
were all rc-examined in the laboratory. Most organ-
isms were identified by teain members. Some speci-
inens were retained by individual team menibers f'cr
f'urther study; some were sent to other taxonomic
specialists. The voucher collections are currently held
by the Washington State Department of Natural
Resources, and will ultimately be deposited in an
appropriate cu rated museum collection.

This project was conceived in March 1998, car-
ried out in September 1998 and the results were pre-
sented at the First National Conf'erence on Marine

Bioinvasions in January 1999, all within 10 months.
We had little funding by conventional standards,
but the rapid timeline allowed a high level of spon-
taneity and enthusiasm among the participants. 'I his
was integral to the success of the 1998 Puget Sounrl
Expedition. Not all of the data analysis was
completed during the Expedition and further identi-
fications,ire anticipated later at the convenience of
the participants.

Rr.svLTs

We collected and identified more than 450

species of plants and invertebrates, providing a snap-
shot of the fouling fauna of Puget Sound in late sum-
rner, 1998. Most of the species were native  in the
sense that they are knowii or assunied to be present
on the Pacific coast of America naturally, that is,
prior to the arrival of European colonists!. Thirty-
nine no»indigenous species were identified  Table 2!.
Eleven of these nonindigenous species are new
records for Puget Sound and several more confirm
unpublished reports of established nonindigenous
species.

Aii additional 31 cryptogenic species  those
whose native range cannot be determined, thus of'
unknown ongin! have so far been identified in samples
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From the 1998 Expedition; about half are organisins
requiring further work to identify to the species level.
When species identification is completed, some of
these cryptogenic species may move to the non-
indigenous species list. The  ongoing! list of crypto-
genic species is available on the web at http:t/Facul-
ty.washington.ed u/cemills/PSrecords.htrnl.

Salinity at the sites varied between 0 and 34 psu,
witli all but two of the stations having salinities over
20 psu. Sea water teinperatures varied from 12' to
20'C. The number of nonindigenous species collect-
ed and identified per site, not counting a number of'
still-unidentified annelids or peracarids, ranged froin
zero to eight. Plots of the number of nonindigenous
species per site against salinity, temperature, or by
region revealed no discernible patterns  Cohen et col.
1998!.

Discvssrox

This rapid assessment survey focused primarily on
non-quantitative or semi-quantitative sampling of
dock Fouling comniunities  organisms growing on the
sides and undersides of floating docks and associated
floats, bumpers, tires, ropes, etc.!. Field identification
of specimens was Followed by exainination in the lab-
ora-.ory by taxonomic experts on the team. Sampling
dock-fouling comniunities has the following advan-
tages:

~ The habitat is <-.asily sampled at low cost and with
Siinple equipment,

~ It can be sampled regardless of the tide level.
~ There is easy and quick access to a large selection

of suitable sites throughout Puget Sound.
' Most sites provide an adequate working area for a

sizable team of'experts to sample simultaneously,
while remaining in verbal contact.

' In many coastal regions, the dock-fouling fauna
includes a significant nonindigenous or crypto-
genic component.

~ Dock-fouling communities are normally extremely
diverse and profuse, allowing rapid collection of
inany species.

The following disadvantages should also be
ascribed to dock sampling:
~ The cominunities are inostly restricted to hard and

b iogenic substrates.
Many species of nonindigenous macrophytes  sea-
weeds and vascular plants! are more likely to
becoine estabhshed in shallow benthic habitats

than on docks and pilings and are therefore missed.

It is very difficult to sample quantitatively.
%'e chose to sample in Septeinber mostly because

that is when the participants were available. Late
summer sanipling turned out to be perhaps the best
possible time, as annuals such as hydroids, bry-
ozoans, and tunicates were well developed. Many of
these would not have been present in such abun-
dance at other times of'the year. Tunicates were pro-
ducing large numbers of larvae in September, and the
morphology of the larva proved necessary for posi-
tive identifiCatiOn Of'at leaSt One SpeCieS  BotrylloideS
violacettt!. Peracarid crustaceans are also at peak abun-
dance and reproductive maturity in late summer and
early fall, providing excellent specimens on which to
make specific identification. Many of the hydroids
were also reproductive, enabling their identification
to species, although a somewhat different, and proba-
bly more diverse, set of hydroids would have been
found earlier in the year  May and June!. The algae
would also have been more diverse if we had sani-

pled in May and June; inany early species had
already died back when we sampled,

1 he expedition teain was remarkable f' or the
ainount of'local Inarine invertebrate and plant
knowledge and specific taxonoinic expertise that was
represented. Recognition of newly established alien
organisms requires a thorough knowledge of the local
Fauna and flora to allow recognition of species that
are not native to the systein. Identification of non-
indigenous species requires familiarity with, and
access to, the worldwide literature. Less experienced
laboratory workers might conveniently assign naines
already in the Puget Sound literature to similar, new
nonindigenous species. Because of their expertise, the
ability of the expedition inembers to recognize non-
indigenous species was high. There were, however,
several prominent taxa of organisms that we could
not identify with the specifiicity needed to recognize
nonindigenous species. Such taxa included some
hydroids, which are abundant in fouling coinmuni-
ties throughout Puget Sound, but have never been
thoroughly worked up locally to the species level;
thus, we lacked the background information neces-
sary to draw coinparisons during a week-long field
trip. Flatworrns and sponges could not be positively
identified even to genus during the expedition, The
low worldwide taxonoinic resolution of soine of the

polychaetes and peracarid crustaceans prevent dis-
tinctions between some native and nonindigenous
species, Green algae Ulva and Enterornorphet were
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ubiquitous at the waterline at inost float sites, but
their identification to species is problematic, requir-
ing genetic or ultrastructural taxonomic expertise nat
available to us.

We are now compiling a master list of nonindige-
nous species that are presently established in Puget
Sound. We anticipate that it will include a few more
than 50 species. This list will be substantially shorter
than the 78 species currently listed for all Washington
State and adjacent marine waters by the Washington
State Department of Fish and Wildlife
 http: //www.wa.gov/wdfw/fish/nuisance/ans4,htrn!.
Previous lists of'nonindigenous species in Puget
Sound include that of Carlton �979!, who acknowl-
edged 29 nanindigenous inarine species in the region
covered by the Puget Sound Expedition; Elston
�997!, whose list of 31 nonindigenous species
includes shared inland waters of Washington and
British Coluinbia; and Ruiz and Hines �997!, who
listed 67 nonindigenous species in the marine and
estuarine waters of Washington State and British
Columbia. Our expedition is the flirst extensive field-
based study since Carlton's 1976 and 1977 fieldwork
in Puget Sound and the Strait of Georgia. We collect-
ed 24 nonindigenous species not on Carlton's list, 30
species»ot on Elston's list, and 14 species not on the
Ruiz and Hines list or the Washington State
Department of Fish and Wildlife website  which is
based largely on the Ruiz and Hines list!.

The San Francisco Bay and estuary system now
supports more than 230 no»i»digenous species
 Cohen and Carlton 1998!. Of these, about 160 are
in marine and estuarine habitats coinparable to what
is here considered as greater Puget Sound. The Puget
Sound area has received considerably less attention
than San Francisco Bay; the list of approximately 50
nonindigenous species in Puget Sound does not
include fish or salt marsh organisms, as are listed f' or
San Francisco Bay. Some of the difference between
the lengths of these lists therefore continues to be a
reflection ot'effort by scientists looking for non-
indigenous species, but Puget Sound has not yet
received inany of the devastating new organisms now
well established in San Francisco Bay. We plan to
extend our studies of Puget Sound to additional habi-
tats  see below!. No list of freshwater nonindigenous
species has been generated for rivers in Puget Sound
that inight be comparable to the 90 known non-
indigenous species in the Delta region of the San
Francisco Estuary  A. Cohen, unpubl. data!.

While marinas provided accessible platforms for
sampling subtidal communities close to the surface
that are not subject to tidal exposure  thus consider-
ably lengthening the daily sampling window!, we
largely inissed sampling the extensive intertidal mud-
tlat/sandtlat habitat typical of much of Puget Sound.
Brief'stops at Sarnish Bay and Padilla Bay aclded sev-
eral nonindigenous species to our list and indicate
that these habitats must be sampled in the future to
gain a more comprehensive picture of bioinvaders.

The northernmost site sampled in 1998 was deter-
mined by the Canadian border, which provides a
politically, but not ecologically, meaningful bound-
ary, Puget Sound and the Strait of Georgia are tightly
linked ecasystems that share r»uch of the same flora
and fauna and will together share the burdens and
environmental changes that come with invasions and
establishinent of new inarine organisms from other
regions.

Further cornplernentary expeditions are planned
for Puget Sound and the Strait of Georgia. Much ol.
rhe original Puget Sound Expedition team plans to
reasser»ble to sar»pie mudflats and beaches in Puget
Sound and Willapa Bay in May 2000. A teain of
 mostly Canadian! biologists sampled float-touling
conimunities on both the mainland and Vancouver

Island sides of'the southern Strait of Georgi,i in late
winter 1999 and plans to repeat this exercise in late
summer in the near f'uture  C. Levings, pers. cornrn.!.

At least one-quarter of the nonindigenous species
now known ta be present in Pugei. Sound have bee»
previously overlooked, unreported, or misidentified,
The possible impacts of these invasions thus remaiii
unexplored by modern ecological research. Our find-
ings demonstrate the value of rapid assessment sur-
veys by trained systeinatists as a useful technique to
detect marine or aquatic bioinvasions. Comparison
of nonindigenous species in Pugei Sound and San
Francisco Bay also highlights the magnitude of the
continued threat fram interstate ballast water trans-

port up and down the west coast.
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The Freshwater Expansion and Classification of the Colonial Hydroid
Cordylopbora  Phylum Cnidaria, Class Hydrozoa!

NADINE C, FoEINoi

Bio/ngy Deg~artment, Wheaton College
Wheaton, IL 60187 USrf

AnsTRAcr: Cordylophora spp. is a colonial hydroid occurring in brackish and f'reshwater habitats. Records indicate
that the distribution of this hydroid is expanding globally by increased boat travel and ballast discharge. Cordylophora
spp. occurrences are becoming more common in freshwater habitats probably due to an increase in salts from
runoff This paper provides an updated distribution of Cordylopbora spp. populations in several &eshwater systeins
in the United States. DNA analyses along with interbreeding experiments using several populations of Cordylupbora
spp. are proposed to address a possible taxonomic discrepancy between two of the five documented species of'
Cordylnpbora, C. easpia and C. lucmtris. Cordylopbora spp. poses problems to power plants in Europe and the United
States. Methods to curtail hydroid growth in pipes at a local power plant in Morris, Illinois were investigated.
Laboratory experiments using cultured colonies indicate that high temperature is most effective  compared to chlo-
rine doses! in killing or curtailing hydroid growth. Hydroids exposed to lower temperatures and chlorine regen-
erated due to the presence of menonts or resting stages. Elucidation of the overall distribution patterns and genet-
ic structure of'various hydroid populations will assist in confirming or modif'ying the taxonomy of this genus and
will provide ecological information for an organism that is becoming a more prevalent invading species,

Key w<irds; hycfroi<f, range, taxonomy, Cordylnyhora

INTRODUCTION

BIOLOGY OF CORDYLOPHORA

DISTRIBUTION AND RANGE EXPANSION

Cordylophora spp. was first discovered in the
Caspian and Black Seas and supposedly came to'Corresponding author; telephone: 630-752-703II;

fhx: <i30-752-5996; e-mail:nadine.c.fohno@whcaton,cdu

Evaluation of the distribution, classification,
and biofou ling potential of the hydroid Cordylophora
spp. is necessary due to an increased occurrence
of this organistn in freshwater systems. The purpose
of this paper is to provide an updated literature
review of the biology and classification of the genus
Cordjlophora. Reasons for the range expansion of'
the hydroid are addressed and are related to a
higher incidence of fouling problems caused by
Cnrdylnphora spp.

Corelylophora spp.  Class Hydrozoa, Family
Clavr'dae! is a colonial, athecate hydroid occurring in
f'resh water to brackish habitats and therefore is able

to live within a wide salinity range from 0 to 20 ppt
 Fulton 1962; Green 1968; Roos 1979; Gaulin et al.
1986; Pennak 1989; Thorp and Covich 1991!
 Figure 1A, 18!. Growth is optimal at 15 ppt salinity
with colonies growing up to 5 crn though this varies
depending on the habitat  Green 1968; Pennak
1989!. Colonies are polymorphic, consisting
of polyps specialized for feeding  gastrozooids! or

reproduction  gonophores! and are dioecious with
gOnOphOrcs cOntaining eggS Or Sperm  Figure 1B!, A
medusa stage is lacking, while a free-swimming planu-
la larva is released f'rom female gonophores  Pcnnak
1989!. Colonies flourish especially during late spring
and summer months with a peak in growth during
July, August, and September depending on water
temperature  Roos 1979; Jourinalainen et al. 1994;
pers, obs.!. Colony proliferation via asexual budding
can be quite rapid if conditions are favorable. When
water teniperatures decrease in the fall, the colonies
die back and consist siinply of stalks, with portions of
the COenOsarc Or StruCtureS ref'erred tO as InenOntS

inside the perisarc or chitinous covering  Roos 1979!
 Figure I B, 1C!. The rnenonts allow the hydroid to
withstand periods of stress and/or cold temperatures.
When water temperatures begin lo increase in the
spring, cells within the menonts begin dividing and
new colonies are established. The presence of
menonts and the ability for regeneration make this
hydroid resistant to environmental changes and
persistent in growth when it is responsible lor
biofouling.
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North America in the late 1800s  Clarke 1878; Thorp
and Covich 1991!. There are currently five species of
CC rdylophora documented in the literature: caspia,
la<ssstris, annttlata, psssilla, and inkerrnanica  Roos 1979;
Fulton 1962; Calder 1988; Boreo 1987; Marfenin
1983, respectively!. Amdt � 984! produced a map of
th global distribution of Cordplophora caspia. That
in;ip has been updated by adding the locations of the
other four species along with additional citations for
th. occurrence of C. caspia  Figure 2!. C, annulata
occurs in Bermuda, while C. pusilla and C. inkermani-
ca occur off the coast of Spain and in the Black Sea,
respectively  Marfenin 1983; Boreo 1987; Calder
1988!. The reinai ning locations, and thus the majori-
ty of the points on the map, refer either to C, caspia
or C. lacustris. It is apparent from the updated map
that the geographical distribution of Cordjlophora
spa.  especially in the United States! is expanding
inland in freshwater ecosysterns. The global distribu-
tic n of the hydroid is in part due to its ability to tol-
erate a wide range of salinity along with increased
boat travel and ballast discharge  Roos 1979; Thorp
and Covich 199 1; Carlton and Hodder 1995!. It is
also suggested that anthropogenic factors such as pol-
lution or eutrophication are responsible for this
expansion by altering salt concentrations in the water
 Hubschrnan 1971!. The increased prevalence of this
hydroid in freshwater systems is possibly due to an
increase in salts  especially chlorides! from runoff
 Sinith 1 989!.

CLARIFICATION OF CLASSIFICATION

A need for clarification of the taxonomy relating
ta C. caspi a and C. lacs<stris is evident by reviewing
the literature. Pennak �989! describes C. lacststris as a
freshwater hydroid and states that some taxonomists
think that C. lacs<stri sand C. caspia are synonymous
Confusion exists in the literature with some biolo-

gists referring to Cordjrlopi2ora as C. lacustris while oth-
ers refer to it as C. caspia  Table 1A,B!. Sosne authors
equate the two  Roch 1924 as cited by Rarnane and
Schlieper 1971; iMcCtung et al. 1978; Roos 1979;
Smith 1989; Cohen et al. 1 998!, Sinith �989! states
that C. caspia is used more commonly in the
European literature. Jormalainen et al � 994! cites
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Figure 2. An updated map showing the global distr>bution of
Cordytophoru spp,  modified f'rom Amdt 1984!. The Xs indicate
additional locations of the hydroid There are currently five
species <>f Cordyinphora docun>en ted in thc litera ure: <u<t>i <<, te<< u>.
rrr<, fl>er>u/fltrc p>e<i ilfl and i r>kerrriflr>i rfl.

Figure 1. A. Part of a Cordytnphorfl colony taken I'rom a ¹phflr stalk, with gastrozooids, female gonophores and epiphauna. Carne<a luci-
da drawing  Roos 1979!, B, A drawing of' the anatomy of an upright stalks and hydrorhiaa of' Cr>retytophora  rc-drawn f'rom Marcum and
Diehl 1978!. C, Mcnonts in hydrothiaa 2nd base of hydrocaulus. Camera lucida drawing  Roos 1979!.
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Table 1. A summary ol thc documentation of'iwo species of'
Cordylophora  C, caspia=Ciy C. tacrrs/ris=CI!. Some authors were
more specific m providing habitat descriptions and locations.
FW= Freshwater habirats. Part A lists studies documenting C.
caspia  Pallas t 771!. Part B inc.ludes references ro C. lacassris
 Allman 1844!.

Part A.
Habitat LocationAuthor

Amdt 1984
Calder 1971

Iraq
Virginia, U.S.

 Cc! Brackish �-/ ppr!
 Cc! Brackish,
5, Chesapeake Bay

 Cc! Estuarine

 Cc! Estuarine
 Cc! Estuarine
 Cc=CI! Brackish

San Frannsco Bay

 Cc! Brackish �-6 ppi!,
Baltic Sea

 Cc! Brackish,
Aurajoki River

 Cc! Brackish �0 ppt!

Calder 1976

Calder 1990
Calrnano era/ '992

Cohen et a/. 1998

South Carolina, U.S.

South Carolina, U.S.

Germany
California;
Washington, U.S
Stockholm,
Sweden

Turku, Finland

Franz en 1996

Jorma ainen er a/.
19'94

Ringelband
and Karbe 1996

Roos 1979

Von Holle and
Ruiz 1997

Walton 1996

Nord-Ostseekanal,
Germany
Amsterdam, Holland

Maryland, LI.S.
 Cc=CI! Brackish rivers

 Cc! Estuarine,
Baltimore Bay

 Cc! Brackish, Hudson River New York, U.S.

work by Gaulin et al. �986! on C, lacustris by making
reference to C, caspia. Green �968! describes C.
caspia as growing best at about 15 ppt while its fresh-
water counterpart has different "proportions" and has
been described as C, iacastris, Differences in rnor-

phology suggest either that C. caspia and C. lacsrstris
are two difFerent species or that they are synonyms
and that a great deal of plasticity in inorphology is
present, Morphological variation in C, caspia is
caused by variation in salinity and temperature
 Kinne 1956, as cited by Rernane and Schlieper
1971!. Kelly and Franks �995! cite work by McClung
et al. �978! indicating variable colony size with
increased chloride concentrations. However, the data

of McClung et al. �978! do not concur with Kelly
and Franks' results for C. lacrrstris observed in east

Texas, Kinne �956, as cited by Remane and Schlieper
1971! reports Cordpkphora casp/'a stalks being taller in
brackish water �6.7 ppt! compared to colonies in
freshwater, Similarly, Pennak �989! documents that
brackish water colonies of C. laczrstris reach 20-100

mrn in height while freshwater colonies rarely exceed
30 mm. Locally in Illinois, freshwater colonies obtain
heights of 10-50 min  pers. obs., Morris Illinois; Dr.
Terry Marsh, pers. comm.!, These colonies grow in

Table 1 Continued: Rcfcrcnccs ro Corrtytophnra lacrrrtris.

Part B.
HabitatAuthor Location

Calder 1968

Chain 1980
 CI! FW/low salinity
 CI! FW, Tarnar River
�-10 ppr!

 CI! Brackish, Curtisi creek

Virginia, U.S.

Cotechele Quay,
England
Baltimore, Maryland,
U.S
Nye Pond, North
Falmouih, MA

New Hampshire, U.S.

Pennsylvania, U. 5
Huntsville, Texas, tJ.S.

Clarke 1878

Fulton 1962  CI! FW

 CI! Estuarine

 CI! FW, Lake Erie
 CI! FW, Livinqston

Reservoir
 C I! F W, Baldwin La ke

Gaulin et a/ 1986
Hubschman 1971
Kelly and Franks

1995

tipsey and
Chimney 1978

McClung and
Davis 1983

McClung et a/. 1978
Moore 1951

illinois, J.S.

 Cl! FW, Concha River San Anclelo, Texas
U.S
Texas, U.S.

Norfolk, England
 CI=Cc! FW, 5 rivers

 CI! Estuarine,
Tamar Bi Ouse River

 CI! FW New Jersey io Gulf
of St. Lawrence,
illinois, Arkansas,
Arizona, Kansas,
Tennessee, Louisi na,
U.S
California, U.S.

Pennak 1989

Siegfried eta/ 1980  CI! Estuarine,
Sacramento River

 CI=Cc! FW

 CI! FW, Little River Spring
cave system

Sniith 1989
Sireever 1992

Massacnussetts, L.S.

Florida, U.S.

areas of extreme flow and are at times exposed to
slight increases in salinity due to evaporation caused
by heating of power plant effluent water. Jormalainen
et al. �994! observed brackish water colonies of C.
caspia reaching heights of 5 to ! 50 rnm. Remane and
Schlieper �971! also state that brackish colonies are
at "their best" in the number of gonozooids and the
number of tentacles on the hydranths; f'reshwater
colonies have fewer and stnaller gonophores and
eggs, Roch �924, as cited by Remane and Schlieper
1971! indicates that colonies of C. lacastrz's require
more oxygen at lower salinity.

Yet another anatomical or morphological feature
that can lead to confusion in classification between

C;. casp/a and C. lacsrstrrs are rings or annulations on
the perisarc of'the stalk as seen in diagrams presented
in the literature. For exainple, Pennak �989! and
Stnith �989! present diagratns of C. lacgstrii with
annulations  Smith also ref'ers to C, caspia and
C. lacrrstris as synonymous! while Moore's   l951!
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diagram of C. lacustris lacks rings. Green �968!,
Remane and Schlieper �971!, Marcurn and Diehl
�978!, and Barnes �994! present diagrams of C.
caspia without annulations, while Roos �979! pres-
ents a diagram ot a colony  C. caspia = C. lacustris!
without annulations and another drawing document-
irig InenOntS Or Overwintering StruCtureS with annula-
tions on the stalk, Calder �971! presents C, caspia
with annulations.

All of these teatures, including variation in
colony height, numbers of gonophores and tentacles,
and the presence or absence of annulations on the
p risarc indicate prominent eco-plasticity in colony
morphology. This eco-plasticity may be genetically
based and may lead to reclassification within the
genus Cordylophora. The environmental habitats and
locations of Cora'ylophora spp., as sutnrnarized from
the literature, clearly indicate a great deal of habitat
v,triation  Table 1B!. With current taxonomic
thought considering C. iarussris and C. caspia as
conspecifics, Calder does encourage molecular
analyses among populations for clarification  D.
Calder, pers. comm.!. It is unknown how much
morphological variation is plastic and how Inuch
is genetically based.

FOULING BY CORDYLOPHORA SPP.

Comylopbora spp. causes biofouling by colonizing
the inner walls of power plant pipes in Europe and
the United Stares  Lipsey and Chimney 1978; brenner
at>d Janssen-Mommen 1993; Moreteau and
Khalanski 1994; A. Cohen, pers. comm,; Folino and
Indelicato, unpublished data; M. Khalanski, pers,
cotnnL!.

The Collins Generating Station located in Morris,
Illinois, south of Chicago, is owned and operated by
Midwest Generation  formerly owned by Common-
wealth Edison!. Cordylophora spp. was clogging the
ir.take tunnel, causing blockage of'filters and con-
d> nser tube sh<.ets at the plant. Funding was granted
tc> the author and student assistants to develop a
treatment protocol For curtailing growth of the
ht>droids in unwanted areas. Colonies obtained from
the Des Planes River in Joliet, Illionois were cultured
and exposed to thermal treatments of 35'C, 36.5'C,
3".,7'C, and 40.5'C for varying lengths of time rang-
ir g from 1 to 8 hr. Several experimental sets of
colonies were also exposed to chlorine levels ranging
from 0-5 ppm for 20 min, 105 min, and for three 20-
Ir..in doses in a 24-hr period. Colonies did not survive

> 60

> 2<>
<»
E

> t>t>
Z

t><>
Ta
z <><>
0 cc
Q 40
0

Bt>tt»e Treat»>e>>t Alter I>ca>me»t > Weak After Tr»zt»»»»

Figure 3. Results of rhe 37.7 and the 40.5'C treatments, Colonies
were t xposed F>,>r land 2 hrs. Polyp or hydranth nuinber >vas
assessed before, itnmediately after and 1 week after each treat-
ment. Nime of'the colonies survived.

at the two highest temperatures  Figure 3!, while
colonies at the lower temperatures and at all of the
chlorine concentrations exhibited varying degrees of
survival and regeneration relative to exposure time
 Folino and Indelicato, unpubl. data!. It was clear
that the presence of the rnenonts in the chitinous
perisarc allowed for colony regeneration and growth.
Thertnal treatments appear to be the mare effective
and ecologically sound approach to addressing this
biof'ouling problem at this particular plant. In other
related studies dealing with pests such as Corbicula

fluminea  asiatic clams!  Carneron ef al. 1989! or
Drissetra polyrrtorpha  Van Benschoten ef al. 1995;
Harrington er al. 1997!, chlorine and/or exposure to
high temperatures were used to control or curtail
growth,

In addition to fouling problems, some have sug-
gested that this hydroid impacts freshwater/estuarine
colnmunities, Von Holle and Ruiz �997! docutnent
the negative effects of Cordylophora caspia on ciliates
and bryozoa, while the hydroid attracted barnacles,
amphipods and polychaetes. They suggest that this
hydroid is a major restructuring force in the fouling
colnmunity of Baltimore Harbor, Maryland.

Cordylophora spp. also occurs with the zebra mus-
sel. D, po/ymorpba, at locations in Europe  Jenner and
Janssen-Mommen 1993; Moreteau and Khalanki
1994! and in Illinois  J, Stoeckel, pers. comm.; pers.
obs,!, Competition for space may occur between
the hydroid and D. polymorpba  Srnit et al, 1993;
Walton 1996!. The presence of Cordylophora spp.
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may enhance or facilitate recruitment of D, polymor-
pha  Dean and Hurd 1980; Moreteau and Khalanski
1994; M. Khalanski, pers. comm.!, The hydroid may
also provide a physical barrier to D. polpmorphu settle-
ment and/or Inay act as a larval filter  Standing 1976!.
Lastly, ftltering by clumps of O. polymorpha may pro-
vide a more favorable substrate for Cordjrlophoru spp.
by enhancing flow, This type of symbiotic relation-
ship is similar to associations between sponges and
brittle stars in the Caribbean  Hendler 1984!. Perhaps
some ecological association exists between these
organisms that enhances their roles in biofouling
 %'alton 1996!. This is yet to be investigated.

FvTvRK RESEARCH

With the range of Coraylophoru spp, expanding, it
is of great interest to identify the factors responsible
for this expansion, Future research with populations
of Cordylophoru spp. should address the following:
�! global population locations and physiochemical
water conditions at each population location,
�! hydroid morphoinetric features such as colony
height and polyp morphology, �! genetic sitnilarities
and difFerences among populations collected, and
�! interbreeding capabilities among populations
sampled.

As mentioned previously, C. caspiu and C. lac'aslrir
are considered conspecifics though the existence of
difFerent species is possible, The species names caspiu
and lucteslris have been used interchangeably without
clear scientific docuntentation of anatomical or

genetic differences for various Conj lophora spp.
populations. To ascertain whether different species
exist, morphological and genetic data need to be
carefully analyzed.

Distinguishing morphological and genetic differ-
ences in populations of Cordylophora spp. will pro-
vide infOrtnatiOn tO traCe invaSiOn rOuteS and help
explain the range expansion of Cordylophoru. It is of
great interest to aquatic biologists to understand rea-
SOnS fOr a given OrganiSIniS range eXpanSiOn, SinCe it
may become a larger fouling problem for power corn-
panies and may have a major impact on cornrnunity
structure in freshwater and estuarine ecosysterns.
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THE PROBLEIYI
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The invasion of coastal marine and estuarine sys-
teins by nonindigenous species is simultaneously a
widely heralded phenomenon and one that is poorly
understood, This paradoxical situation has involved
immense media attention and subsequent increase in
public awareness, which, in part, has created prob-
lernS fOr reSOurCe InanagerS and regulatary agencies
burdened with the job of "doing something about
nonindigenous species" with little or no data upon
which to act. Only recently have national funding
solicitations targeted exotic species beyond oyster dis-
eases and the zebra Inussel, Dreissena polymorpha,
woes of the Great Lakes. However, this new funding
is still supporting a comparatively narrow range of
projects focused on estuarine and marine nonindige-
nous species. A much broader research agenda is
needed both to develop a more general understand-
ing of the invasion process in the habitats as well as
to generate the data needed by managers and deci-
sion makers.

My goal is not simply to review studies of non-
indigenous species that have already contributed to
what we know about impacts of introduced species.
Rather, I attempt to distinguish the areas being
addressed f'roin those that are largely being ignored,
in order to emphasize the need for directing
resources to these holes in the agenda and to identify
them as productive areas for future research. To soine
degree, I will highlight areas that are generally
ignored by ecologists and evolutionary biologists

working in Inarine and estuarine environnients,
whether they are concerned with nonindigenous
species or not. However, the particular areas of
emphasis upon which invasion biologists have to
focus are particularly idiosyncratic and represent an
even narrower subset of ecological and evolutionary
endeavors. My desire is to snake a plea for broaden-
ing the invasion biology agenda in marine and estu-
arine systems so that we develop a Inore general
understanding of'the ecological and evolutionary
impacts of invaders. This should not delay providing
answers to decision makers, but rather will broaden

the sphere of answers available and permit refining
the ItIOSt needed apprOaCheS.

Most experimental approaches available to beiith-
ic ecologists are useful only at small spatiaJ scales.
Unfortunately, the kinds of perturbations produced
by introduced species are not unlike regional climatic
events in that they Inay occur over broad spatial
scales, certainly at scales beyond which experimental
Inanipulation is feasible. In many cases, finding
appropriate control sites for study Inay be dificult if
the invading species has been undergoing rapid range
expansion. Baseline data collected before an inva-
sion, whether ecological, morphological, or genetic,
arc often few and scattered, as those trying to inter-
pret impacts due to oil spills or other natural or man-
Inade disasters have found. Unfortunately, research
often begins after the fact and after the invading
species has become a problem, typically several years
after it has become established and pre-invasion data
are no longer availablc, And unlike broacf-scale cnvi-
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roiImental fluctuations  El Nino events, hurricanes!,
th» introduced species does not go away and come
ba k again permitting baseline data to be collected in
the future,

ECOLOGICAL CONSEQUENCES

Nonindigenous species may have a range of nega-
tive  and SOme pOSitiVe! itnpactS on the syStemS they
invade. These include ecological impacts and eco-
nOniiC impaCtS On fiSheries, reCreatian, COmmerCe,
and other huinan activities in estuarine and marine

environments. 1 will focus on the ecological impacts
wiihOut regard to the ecOnOnIiC COnSequenCeS,
although none of'Iny conclusions would change in
any case, The numbers of studies that have quantita-
tiv:ly documented the inIpacts of'nonindigenous
species are few. These studies have been reviewed
recently by Ruiz et al. �997! as part of a broader
res iew of mechanisms, rates, and extent of invasions.
AlI hough there are many studies with anecdotal
information about impacts, fewer than two dozen
studies actually measure iinpacts quantitatively and
test hypotheses about the causes, A few additional
newer studies h,ive also occurred since this review
 C.oaks 1998!.

SINGLE SPECIES TO COMMUNITIES

Most of the studies in Ruiz et al. �997! focused
on impacts of a single nonindigenous species or a few
species. Much of this work has focused on impacts to
prey and competitors of the nonindigenous species
of interest. This is not surprising, since prey and com-
peling species are most likely to be affected by the
introduction.

Unlike the direct impacts of predation or contpe-
tition due to nonindigenous species, only a handf'ul
of studies to date have considered indirect effects of

introduced species  Alpine and Cloern 1992;
Kiinmerer et al. 1994; Cloern 1996; Grosholz et al. in

press!, although these are likely to be as important
and pervasive as direct effects  Menge 1995; Menge
1997!. Much of ecology now focuses on indirect
effi cts: for example, positive indirect effects on non-
prey species; however, these are rarely considered in
studies of invasive species.

Finally, few, if'any, studies have investigated the
impacts of exotic pathogens or parasites on host pop-
ulations, although many studies have examined
impacts on individual hosts or the abundance of the
parasite  eg., Grosholz and Ruiz 1995; Hines et etl,

1997!. This is particularly disturbing given the poten-
tial f' or parasites and disease to have f;ir-reaching
itnpaCtS On native cOmmunitieS  LeSSiOs 1995!.

FOOD WERS AND ECOSYSTEMS

MIssing almost entirely from these studies are any
iinplications for food web or ecosystem-level process-
es, except for studies of the Asian clam,
r'otartroeorbttltt amurensis  Alpine and Cloern 1992;
Kimmerer et al. 1994; Cloern 1996!. These studies
have shown changes in phytoplankton production
caused by this bivalve that have profound irnplica-
tions for the entire food web in San Francisco Bay,
CA. A few other studies have docutnented the

impacts of' habitat modification due to nonindige-
nous species, arguably a type of ecosystem-level
change, either by providing new habitat or stabilizing
and changing sediments  Posey et aL 1993; Crooks
1998!. But given the potential itnportance of these
kinds of changes and the consequences seen in terres-
trial systems  Vitousek et al. 1996!, it is surprising that
so few studies have been conducted.

PHYSICAL TRANSPORT MECHANISMS

The process of'range expansion of nonindigenous
SpeCieS iS Inuch eaSier tO ObServe than tracking a rare
allele in a native population, and, thus, monitoring
dispersal along a coastline early in an invasion can
provide rare insights into the physical transport
mechanisins that are so important for understanding
recruitment processes in marine and estuarine sys-
terns. MOnitOring the range eXpanSiOn Of nOnindige-
nous species in the context of models of surface
advection may provide unique information that may
aid in further model developtnent. However, this
goes beyond the realm of basic science, because
understanding the rnechanisrn and rate of range
expansion for unwanted nonindigenous species is
critical for predicting the arrival of a given species at
a particular location. Understanding the rate of
spread of one Inarine species Inay be the best guide
we have for predicting the subsequent rate of spread
for another exotic species with a similar life history.

MULTIPLE APPROACHES

The nature of invasions may only inf'requently
lend itself'to the use of'controlled manipulative
experimentation on scales with which ecologists
working in benthic marine systems are familiar. If
experiinental rnanipulatiOns Of the inVader Or itS prey
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are possible, these should receive the highest priority.
The numbers of studies in which one or the other is

manipulated are growing, but they still represent only
a sinall portion of the study of marine exotics, In
most cases, a broader range of approaches that are
now reasonably common in other systems is going to
be needed Io interpret the often imperfect and after-
the-fact dat.i that invasion studies often generate.

One method is the use of path analysis as a way
of inferring direct and indirect effects of the exotic
species on the community of native species. This
Inethod has been used successfully in marine inter-
tidal systeins for addressing the iinpacts of predators
both native and introduced  Wootton 1994;
Grosholz er aL in press!. In short, this inethod is a
structured multiple-regression approach that allows
the specificatio~ of causal pathways based on an
understanding of the natural history of the system. It
allows the construction of a model with causal path-
ways involving several dependent and independent
variables, arid permits the decomposition of the cor-
relation between two variables  due to direct and
indirect effects! into causal and noncausal coinpo-
nents. Preferably, this should be accompanied by
manipulative experiments to test the strength of the
causal pathways postulated by the model, but the
path analysis framework is a good beginning for
investigating the multiple impacts of an invader in a
complex system.

Another niethod that can and should be used fre-

quently on broader spatial and teinporal scales that
are not amenable to experir»ental manipulation is to
compare the site s! impacted by the invader with
appropriate control sites, ideally both before and
after the impact. The use of these before-af'ter con-
trol-iinpact  BACI! designs  Osenberg er al. 1994;
Underwood 1996! will greatly strengthen inferences
about the impact of the invader through compar-
isons with typically several control sites that have
been sampled both before and after the invasion, A
weaker but still useful comparison is a siinple corn-
parison of the impacted site with multiple control
sites after the invasion has taken place. One way of
strengthening the inferences based on this inethod
involves gathering measurements of' impact  on prey
or coinpeting species, habitat variables, etc.! as sites
become sequentially invaded. The difference in the
timing of the impacts witnessed at these sequentially
invaded sites would be predicted to be equivalent to
the difference in timing of invasion. For example, if

two sites were invaded in different years  site one
invaded in year one, and site two invaded two years
later i» year three!, the changes in species coinposi-
tion or habitat variables witnessed at site one would

be predicted to occur after a two-year delay at site
two. If this can be accomplished with several sites, a
match between the temporal offset i» time of inva-
sion and the delay in the corresponding changes due
to the invader can provide a means of testing f' or
invasion impacts.

Additional inference about the impact of'
invaders Inay be constructed through the use of
Bayesian statistics  Ellison 1996!, These methods are
frequently used in ecology, including situations
involving introductions  albeit native species! of
predators and competitors  Stow etc . 1995; Pascual
and Kareiva 1996; Stow eral. 1997!. Although the
validity of this statistical approach is continually
debated  Dennis 1996!, Bayesian methods inay be
particulaily important in situations where significant
inf'ormation from prior invasion exists, or for which
only a single time series exists with no control sites.
Assuming that sufficient knowledge of the system
exists with which alternative causal models can be

constructed to explain the changes that inay be
ascribed to the invader, Bayesian methods permit the
selection of the model most likely to produce the
data in hand. By contrast, the more universally used
frequentist statistics assume that the data in hand are
a sar»pie from the theoretical true population of v;il-
ues, and then estimate the probability that the
observed data are caused by the model hypothesis
 the invader! or its null alternative. In addition,
Bayesian methods are especially useful if data from
previous studies of the invader are available, This
inf'ormation can be included in the estiination of a

prior probability which is an integral part ot model
testing. Thus, information f'rom previous invasions
can be used to inf'orm interpretations of a current
invasion.

EVOLUTIONARY CONSEQUENCES

CONSEQUENCE5 FOR THE INVADING SPECIES

Vs. THE NATIVE S PECIE s

Unlike ecological studies, in which the focus is
typically the resident native species  occasionally
other exotics!, evolutionary studies of invasions in
marine a»d estuarine systems have focused almost
entirely on how the invasion process has molded the
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riiorphology or genetics of populations of the invad-
iiig species, There are a few notable exceptions where
the iinpact of the invader on the genetics or rnorph-
ology of the native species has been investigated  e.g.,
Vermeij 1982; Trussell 1996!, This is perhaps not sur-
prising, given that hard evidence for large impacts on
native species is limited, since pursuing the genetic or
morphological consequences of invasion impacts on
populations might be unproductive. However, the
invading species may be acting as a significant new
s< lective force even though its ecological impacts on
tlie native population may be minimal. Even if the
invading species is rare, with little or no numerical
impact at all on the native species, there is the poten-
tial for hybridization with closely related indigenous
species, a point that remains almost entirely untested
for any marine or estuarine species. Hybridization
would of course represent a potentially enormous
threat to the integrity of native species.

ALLOMETRY AND FUNCTIONAL MORPHOLOGY

Characters that might influence the invading
species' performance  e.g., trophic morphology! are
perhaps the most obvious starting point for studies of
functional inorphology. Past studies mentioned
above have examined the consequences of predation
by the European green crab, Carcinns rnaenas, in east-
ern North America, with regard to changes in the
shape of the shells of their snail prey  Vermeij 1982;
Trussell 1996!, Similar changes inay occur in the tirn-
iitg or size of reproduction as well as growth rates in
t.ae invading species and perhaps the native species as
well. Extensive predation on prey taxa may provide
i. Ovel selection pressure for altered behavior, distribu-
tional changes, reduced incan size, early reproduc-
tion, altered growth rates, etc. Much work needs to
be done in anv or all of these areas,

HYBRIDIZATION

One of the most significant consequences of an
i.avading species is in regard to its potential for
reproductive compatibility and possible hybridiza-
tion with native species. The potential for loss of the
r<ative genotypes may be great, depending on the
reproductive life history ot the species; the iinpacts
r<Iay range from the introgression of a few exotic
genes into the native gene pool to complete loss of
native genotypes.

The consequences of the invasion for the invader
may be significant as well and can include the loss of

rare alleles and even a reduction in overall heterozy-
gosity it the founding population remains sinall for
an extended period of time. The loss of genetic varia-
tion may have important, but as yet unmeasured for
marine organisms, implications for the perforinance
of the invader in the new range. Patterns ol spatial
and temporal genetic variation resulting froin subse-
quent founder events in the range-extension process
may further influence the potential of the invader to
adapt to the novel local conditions.

CRYPTIC SPECIEs

The invasion process, either through ballast trans-
port or other vectors, may create the possibility that
close relatives of the initial invader may also become
established. The possibility that what is viewed as a
single invasive species inay, upon closer examination,
be two or more morphologically similar species has
already been realized for at least one invasion  Geller
et aL 1997! and may be the case for several others
 Cohen, unpub. data!.

POPULATION STRUCTURE

Investigations of population structure of tlie
invading species provide several opportunities for
understanding pathways of invasion and the poten-
tial for regional dispersal, and for providing insights
into physical processes that may influence dispersal
 Kordos and Burton 1993; Hare and Avise 1996;
Burton 1998!. Estimating gene flow between popu!a-
tions of an invading species will provide critical data
for assessing the potential for any local control meas-
ures. If reproduction and recruitment for a species are
local and not regional, then some kind of population
reduction measure may prove successful. Gene flow
estimates could suggest that recruitment at a particu-
lar site is not liinited to the local pool, thus inaking
control or reduction at that site much less likely.

MULTIPLE APPROACHEs

A number of Inolecular techniques are available
to ask questions about pathways of invasion, species
identity, extent of hybridization, population struc-
ture, etc.  Avise 1994; Burton 1996; Ferraris and
Paluinbi 1996!. Questions about the population
structure of invader and native can be investigated
with allozyme techniques as well as with DNA and
RNA methods. However, the potential tor limited
genetic variation in the invading species resulting
from the colonization bottleneck may limit the use
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of some techniques such as allozymes or more slowly
evolving genes due to lack of appropriate variation,
Rapidly evolving microsatellite loci may be particu-
larly useful for distinguishing population structure in
these cases. To infer phylogeographic patterns en
route to determining pathways of invasion, distin-
guishing hybrids, or separating single froin niultiple
invasions, several different kinds of sequence data
may be required,  depending on the level of variation
needed!, including mitochondrial DNA, internal
transcribed spacer  ITS!, or micros ate llites  Burton
1996; F.irraris and Palumbi 1996!.

Finally, crossing or breeding design experiments
can be employed to determine the contribution of
heritable genetic variation to morphological or even
behavioral characters that appear to be variable
between invasions or between native and invaded

populations, Crosses between species may also be
inforinative f'o r determining hybnd viability between
closely related native and invading species,

FUTURE OPPORTUNrries

The invasion of coastal habitats by nonindige-
nous species is a cause of great concern, and only sig-
nificant investinents of effort and resources will halt

the spread ot existing invaders and prevent future
invasions, At the same time, inuch can be learned
and should be learned about the natural or serninat-

ural systems that we have left by studying the ecolog-
ical and evolutionary consequences of these inva-
sions. Invasions bring novel predators, competitors,
prey, and habitat changes to our coastal environ-
inents. Moreover, the invaders are likely undergoing
rapid evolution in their new habitat, with changes in
prey choice. habitat usage, reproductive life history,
and many oi.her characters. Current evidence suggests
that the founding populations of inarine invaders
may be very small  Bagley and Geller, unpub, data!,
which in a novel environinent often hundreds or

thousands of tniles from their native range creates an
exceptional opportunity for rapid evolution. The
opportunities for parallel studies of ecological and
evolutionary processes here are unprecedented.

WeAr To Do NExr?

I have already outlined many ways in which the
studies of invasions in marine systems can not only
advance our understanding of ecological and evolu-
tionary processes in these habitats, but can also coa-
lesce into a coherent body of information about a

very general process. However, a few important areas
need to be developed irnrnediately if the science of
invasion is to move forward.

First, like inost other areas, baseline data are criti-
cal to any future interpretations of invasioris on any
scale, particularly larger ones. However, this includes
not only nuinerical abundance data for native popu-
lations, but also morphological and genetic data from
these sanie populations. The difficulty of distinguish-
ing cryptogenic natives from true natives and obvi-
ously introduced exotics means that we need to col-
lect at least modest numbers of voucher specimens
from a range of native species, hopef'ully the same
species and populations from which we are gathering
baseline ecological data. Furtherinore, the possibility
of hybridization with an invading species that ma> or
may not leave a morphological signature means that
we need to develop a systematic collection of vout h-
er specimens as soon as possible. 1n any case, the
uncertainty of the identity of any invading species
should dictate that each and every researcher should
collect voucher samples for morphology and genetics
froin all invading populations with which they work,
It would also be desirable if all of'those samples were
carefully georeferenced using the best equipment
available to the investigator  a handheld
Geographical. Positioning Systein at a. minirnurn! to
avoid clumsy site descriptions and approximate loca-
tions,

Demographic data such as size- or age-specific
birth, death, growth, survival, or reproduction are
tragically liinited for invaders and even inost native
species. These data are essential if we are to under-
stand the impacts of'these invaders, or if we are to
successfully design any type of control prograin for
the invading species in the future, For instance, to
design an intelligent control program for an invader,
we need to have enough demographic data to know
which life stages contribute most to the population
growth of the invader  how sensitive lambda is to
changes in growth, survival, and reproduction of dif'-
ferent demographic stages!. With these data, we caii
target specific life stages and iinplement control
ineasures that would result in the greatest reductioii
of population growth of the invader, or provide the
most "bang for the buck." This analogue ot a popu-
lation viability analysis  PVA! could be called a popu-
lation inviability analysis. Without these data, we risk
enormous and costly investments that may result iii
embarrassing and tragic failures.
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Analysis of recruitment patterns for any invasive
species would provide desperately needed inforrna-
tion about potential rates and extent of range expan-
sion. Coupled with genetic analyses, this could
answer questions about the extent to which recruit-
ment is local or regional, As mentioned above, this is
critical to detertnining the extent to which control
measures at one site may be swamped by recruitment
from outside the control area, There is reason to

believe that this is not a hopeless situation, as illus-
trated by the Inany species now established in San
Francisco Bay that have failed to colonize similar
habitats only tens of kilometers away  Grosholz,
unpub. data!.

Finally, given the need for a predictive under-
standing of invasion outcomes, just as in other areas
oI. ecology, there is a great need to merge data collec-
tion with models in order to extrapolate the results of
experiments and satnpling procedures on small spa-
tial and temporal scales to predictions at larger scales,
There are Inany classic examples in the ecological
literature in which Inodels have been successfully
used with data to develop a predictive mechanistic
framework  Roughgarden et al. 1989; Kareiva 1990!.
Hopefully, as invasion biology develops a broader
empirical base, more attefnpts will be made in
which the development of data and theory are joint
endeavors.
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The potential consequences of biological inva-
sions by nonindigenous species  NIS! vary widely,
and a complete list of the effects of invasive aliens
would resemble a list of the roles of any species in an
ecosystem. Nonetheless, it is useful to categorize
known effects of exotics because doing so can offer
insight into the dynamics of biological invasions and
aicl management efforts. A survey of the burgeoning
literature on NIS  e,g,, Vitousek 1990; Williamson
1996; Parker et al. 1999; Ruiz et al. 1999! reveals sever-
al often-considered mechanisms by which exotics can
affr ct native species and the ecosystem  Table 1!.

Exotics may alter the genetic make-up of native
populations through hybridization or affecting gene
flow. They also may transinit or be pathogens or par-
asites. Interspecific interactions between exotics and
natives are typically considered in negative terms,
and may involve predation, herbivory, and competi-
tion. Less frequently considered are positive interac-
tions such as Inutualism or facilitation  or cornrnen-
salisrn!, Introduced species also may benefit resident
species by serving as trophic resources. These inter-
sp< cific effects may translate into alterations of com-
Iniinity Structure, such as 1Ocal increases or decreases
in species diversity. Although exatics may afFect
ecosystems in a variety of manners, effects of exotics
on ecosystem-level properties are typically grouped
into three main classes: alterations of food webs  or
productivity!, nutrient cycl ing, or disturbance
regimes  Vitousek 1990; Cushman 1995; Williamson
1996!. By breaking down biogeographic barriers and
aff cting evolutionary processes within invaded sys-
tens, non-native species also can have efFects at large
spatio-temporal scales.

Table 1. Conimon effects of exotic. species. No e that ecosystem
engineertn8 is recognized as a ma>or class ol ecosystem-level alter-
ation, encotnpassin8 a variety ol known effects.

."r/lsrrcrtlist'a serrhotzria  Benson in Cantor! is an
Asian mussel that has invaded three continents, and
is capable of having a range of effects within invaded
ecosystems  Table 2!. This small mytilid typically
lives in soft sediments, where it uses its byssus to cre-
ate a cocoon on the surface of the sedimeiit  Crooks
l 992!. When the mussel occurs in high densities
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Table 2. Exaniples oF 7Ffir~eetisra renhorrria e9ecrs.

Description ReferenceEffect

Crooks 1992' PS Perkin,

UCSD, pers. cornrn.

Intermediate host to unidentified species of f atworm parasite

 final host is probably a fish or shorebird!
Carrier of parasite

Cloern 1982; Reusch an !
Wi lia ms 1999

Consumes plankton through filtration of water column.Exotics as predators

Consumed by fish  e.g., yellowfin and spotfin croakers, sargo!, snails
 e.g, Pteropurpura fesbva'!, and shoreb rds  e.g, willets, godwits and ducks!.

Crooks 1992, pers. obs.;
Reusch 1998; Carlton et al
199Ei

Exotics as prey

Inhibits suspension-feeding bivalves such as Chione undatelta and C. f4ctifraga, Creese et al. 1997; Crocks
and has negative effects on vegetative spread of eelgrass, 1998bi Reusch anc

Williams 1998

Competition

lVlay inhibit subsurface deposit feeders and some tube. builders Crooks 1998a, b; Crook,

and Kh~m 1999

Amrnen salism

Crooks 1998a; Crooks and

Khim 1999; Reusch and

Williams 1998

Facilitates small infauna within mats  mediated by habitat creation!.

Benefits eeigrass blade growth by biodeposition  mediated by changes in .
nutrient cycling!

Facilitat on

Changes in local species richness, density of individuals, and spatial
heterogeneity on tidal flat.

Creese er af. 1997; Croi.ks

1998a; Crooks and Khini

1999

Community structure

Increased nutrient supply  combustible organic matter and ammonium!

through biodeposition.
Crooks 1998a; Reusch ~nd

Williams 1998
hiutr ent cycling

Crooks 1998a; Crooks and

Khim 1999

Ecosystem engineering Creation of byssal mats on soft sediments, which increases structural
complexity, shear strength, and amounts of fine sediments and organics

�,000-10,000 m-a!, a dense byssal ntat is formed.
Thus, M. Ienhousia fundamentally alters the nature of
the benthic habitat through the construction of these
byssal carpets and by causing changes in sediment
grain size, organic content, and shear strength of sed-
irnents  Crooks 1998a; Crooks and Khim 1999!.
Studies on interrelationships between M senhousia
and resident biota in Mission Bay, San Diego,
California, have revealed that the efFects of the mus-
sel appear scale-dependent. The mats created by
M. senhousia increase the structural complexity of the
benthos, and a suite of small rnacrofauna  eg., the
tanaid Lepoehelia dubia, the gastropod Bar&cia sub-
tenuis, amphipods, and Inidge larvae! able to live
within this biogenic habitat are facilitated  Crooks
1998a!. Most macrofaunal organistns found in higher
abundances within mussel beds respond to the physi-
cal structure of the Inat, although the biological
activities of'the mussel do affect some taxa  Crooks
1998a; Crooks and Khim 1999!.

At somewhat larger scales, however, organisms
not able to live within the mussel mats can be out-

competed, For example, large clams are of'ten report-
ed to bc in lower abundances iIT the presence of
M. senhousia  eg., Sugawara et al. 1961; Uchida 1965;
Creese et al. 1997!, and experimental work in Mission
Bay has demonstrated that two species of cockles
 Chione spp.! can be severely inhibited by the pres-
ence of the mussel and its Inats  Crooks 1998b!.
Decreases in survivorship and growth of these clams
probably occur by competition for both space and
food. Over the last three decades, such interactioits

may have led to observed declines in surface-
dwelling, suspension-feeding clams within a Mission
Bay salt marsh tidal creek. Over the same time
fratne, a deeper-living deposit-feeding clam, Macr~nra
nasuta, showed an increase in abundance in the tidal
creek, and experimental results demonstrate that
M .onhousia does not negatively affect this organism,
Negative efFects of M senhousirr are not limited to
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animals, as the mussel can inhibit the vegetative
propagation of the native eelgrass, Zostera marina
 Reiisch and %'illiams 1998, 1999!. Interestingly,
however, the mussel can also benefit eelgrass by
regeneration of nutrients that stimulate blade elonga-
tion  Reusch and Williams 1998!.

ExoTrc EcoSYSTEM ENCINEERS

Like M. senhousia, a number of other exotic
spec ies are reported to modify the physical nature of
eco.,ysterns, including snails that bulldoze sediments
 Bertness 1984!, aquatic plants that create meadows
 Poscy 1988; Posey etal. 1993!, and goats that over-
graze islands  VanVuren and Coblentz 1988!.
However, the general idea that exotics can fundarnen-
tally aher ecosysterns and affect resident biota by
constructing, desrroying, or otherwise modifying the
physical nature of' habitats, termed ecosystem engi-
neering /ones el «>I, 1994, 1997!, has yet to be incor-
porated into invasion biology. The recognition of
this concept provides a valuable framework with
which to view the effects of exotics. It appears to
encompass alteration of disturbance regimes as well
as other assorted ecosystem-level affects  Table 1!. In
the ase of M. settht>usia and other exotics that create

physical structure, this habitat creation may benefit
some resident biota, which again tends to receive lit-
tle attention in invasion biology.
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Potential Impact of the Introduced Bryozoan, Afembranipora nIembranacea, on
the Subtidal Snail, Lacuna fjincta, in the Gulf of Maine

SVCHANA CHAvANICH I

LAastv G. HARRis

Department of Zoology
Universi ty of Xm Hampshire
Durham, KH 03824 USA

AIIsTAAcT: To examine the potential impact of the introduced bryozoan, ISfembruriiporu membrunuccu, on the
snail, Lacuna viisctu, an experiment to determine the growth rate of L vinctu fed on kelp  Luminariu succburlnu!
with and without hf. vccrIIbruiiuccu was undertaken. 1n addition, field samplings were conducted at a series of
water depths in order to compare density, size, and the number of egg masses of L. vinctu with percent cover of
Af. mrnibrunuccu on kelp blades. The results showed that AI, mcmbrurucceu had a potential negative impact on the
L vinctu population associated with kelps. The growth rates of L. vincta fed on kelp with hL membrunucen were
lower than L vinctu fed on kelp without 3f, rnembrunuccu, The results of the field study showed a positive corre-
lation between the perce~t cover of iaaf. membruisuceu and water depth and positive correlation between thc per-
cent cover of hf. mevcbrunuccu and the density of L vtncta on kelp blades, The results suggest that the overgrowth
of hf. membrunuceu on kelp blades decreases the available grazing spaces for L. vinctu, and affects thc growth rate
of L. vinctu. Competition between M rnerribrunuceu and L. virictu For space on kelp blades may occur.

Key words: ttfcinbranipora membranuccu, Luiunu vinrta, Larnivaria, coinpetition, biyozoan
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Recently, several introduced species have become
established in the subtidal ecosystems in the Gulf of
Maine. The hryozoan Alembranipora membranacea, the
tunicates S gala clava, Diplosoma sp., and Botrylloi des
diegensis, the green alga Codi um fragt1e ssp. tomen-
tosoides, and the red alga Bonnemaisonia hamifera are
all examples of recent introductions  Carlton and
Scanlon 1985; Prince 1988; Berman et al, 1992;
Lambert et al. 1992; Harris and Tyrrell, in review!.
The impact of the introduced bryozoan, cM mem-
branacea, on a native kelp herbivore, Lacuna vincta, is
the focus of this study. lM. rnenrbranacea was first
observed in the Gulf of Maine in 1987  Latnbert
1990; Berman et al. 1992; Lambert et al. 1992!, and
was thought to be introduced from Europe or the
Paciftc coast  Ryland 1970; Yoshioka 1982; Berrnan et
al 1992!. The life stages of this bryozoan include a
planktonic larva and a benthic adult  Ryland 1970;
Yoshioka 1982!. The adult AI. membranacea is f'ound
primarily on laminarian and fucoid algae  Ebling et
ul. 1948; Sloane et al. 1957; Ryland 1970!. In the Gulf
of Maine, cM, membranacea is mostly found on

Laminaricl spp. during the fall and winter  Berinan et
al. 1992!. The overgrowth on kelp blades by the bry-
ozoan is reported to have a negative impact on the
health of kelp because it inhibits photosynthesis
 Lambert et al. 1992!. Overgrown kelps appear to be
susceptible to a decrease in structural integrity of the
blade  Lambert et al, 1992; Harris and Tyrre�, in
review! whiCh may alSO affeCt Other Inarine Organ-
isms such as L. vincta that utilize kelp as a food
source and habitat  Lambert et al. 1992!.

L. vincta, a herbivorous snail, is one of the most
abundant native organisms in the subtidal zone in
the Gulf of Maine. L. vincta normally feeds and lives
on kelp blades  Laminaria spp.!, which are high in
nutrition  Martel and Chai 1991!. L, vincta can also
be found on other algae such as Fucus edentatus,
Chondrus crispus, F. serratus, Gigartina stellata,
Laurencia pinnatifida, Codium fragtle ssp. lomenlosoides
Ulva lacluca, Desmarestia viridis, Chordaria flagelli-

formis, and Anti thamnionella fl&ccosa  Shacklock 1981;
Southgate 1982; Thomas and Page 1983,' pers. obs.!;
however, they are not preferred food and habitat
 Martel and Chai 1991; pers. obs.!.

The purpose of this study was to increase the
understanding of the potential impact of the intrc>-
duced bryozoan, M. membranacea, nn L. vincta popu-
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lations in the Gulf of Maine. Both M. membranacea

and L. vincta use laminarian algae as their habitats
but little is known about the interaction between

these two competitors. The coexistence of both
species on the same resource may have a negative
impact on either or both of these species by creating
intraspecific and interspecific competition for space.
A combination of laboratory feeding experiments
and field sample analyses was conducted to compare
interrelationships between the percent cover of M.
membranacea and density, growth, and reproduction
of L. vincta.

Both field sampling and laboratory experiments
were conducted to determine the potential impact of
M. membranacea on L. vincta populations.

Study Site and Sampling Location
Samples of the snails, L. vincta, were collected

from Cape Neddick, York, Maine �3' 10' N, 70' 36'
W!  Figure 1! using SCUBA techniques, This site is
moderately exposed, particularly to swells and storms
out of the northeast.

Sampling Methods and Schedules

The coHections were made during October and
November 1998, Field samples were collected at 3, 6,
and 9 m �0, 20, and 30 ft! along transects set on
depth contours, Five replicates of'kelp sporophytes
 Laminaria spp.! were collected at each depth. The
replicates were taken 5 m apart. To collect the sam-
ples, plastic bags were used to cover the kelps, and
then the kelps were removed from the substrates
within the plastic bags. All the samples were brought
back to the University of New Hampshire. In the
laboratory, the snails and snails' egg masses were
counted and measured. A grid was used to determine
the percent cover of M. membranacea on each kelp
blade. Both sides were measured and the results of

each side were averaged to arrive at the mean percent
cover per blade. In addition, kelp blades were dried
and weighed. Weight of M. membranacea was deter-
mined and subtracted to give algal biomass. The per-
cent of Laminaria weight covered by M. membranacea
was also subtracted to give area and biomass of
Larninaria available to L. vincta. Then, density,
length, and the number of egg masses of L. vincta

Figure 1. Map of the study location: Cape Neddick,
York, Maine.

were related to the percent of available gm of algal
dry weight.

In addition, monthly field samplings of L. vincta
were conducted to examine the abundance of L.

vincta on seven algal species. In this report, only the
results from April 1998 are discussed. Five replicate
samples of each algal species � Laminaria saccharina,
U, lactuca, Desmarestia aculeata, O. viridis, C flagelli-

formis, C. crispus, and A. floccosa � were collected at
approximately 7.5-m water depth. The snails were
sorted, counted, and measured in the laboratory.
Algal biomass was also measured. Snail population
parameters were then analyzed and compared on a
gram-per-algal-species basis.

Impact of M membranacea Cover on L. vincta Growth

To examine the potential impact of M. mem-
branacea on the growth rate of L. vincta, an experi-
ment was conducted to compare the growth rate of
snails fed on kelp  L. saccharina! with M mem-
branacea and kelp without M membranacea, Al! snails
used in the experiment were 2 mm in length. There
were three treatments with ten replicates each. Each
7-cm-diameter container received either one snail

and one piece of kelp  approximately 3 cm x 3 cm!
with 100o/II cover by M membranacea, one snail and
one piece of kelp  approximately 3 cm x 3 cm! with-
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out M. membranacea, or a control with one snail and

no kelp. Shell length of the snails was measured
every week for six weeks.

The Structural Integrity of Kelp Fronds
The results of the field sampling showed that M

membranacea and L, vincta coexist on kelp blades, An
experiment was conducted to determine whether M.
membranacea or L. vincta had more effect on the

structural integrity of kelp fronds. Thirty kelp sporo-
phytes were collected randomly from Cape Neddick,
Maine using SCUBA techniques, and all samples
were brought back to the laboratory for analysis.
Each sample of wet kelp was hung blade down from
its holdfast, and lead sinkers were attached at the tip
of each blade with a C-clamp. Weights were gradual-
ly added until the blade tore apart or a total of 2,940
g was reached. The location of any break was record-
ed and the presence of L. vincta grazing holes and/or
M. membranacea cover was noted.

Prior to testing, the length and width of each
kelp blade was measured, and the number of holes
and percent cover of M membranacea was recorded.
The maximum weight of lead sinkers used in this
experiment was 2,940 g. If a kelp blade did not
break after the addition of 2,940 g, we recorded that
kelp blade as intact.

The mean plus 1 standard error  SE! was calculat-
ed for percent cover of M. membranacea and the
length, density, and number of egg masses of L. vinc-
ta. Pearson correlation tests were used to examine the

relatonship between water depth, percent cover of
M. membranacea, density, size, and number of egg
masses of L. vincta. In addition, a two-way ANOVA
was used to test differences between times and the

growth rates of L. vincta in difference treatments.
Tests were done using Systat 7.0  Systat 1997!.

L. vincta are associated with a wide diversity of
algal species. Figure 2 shows the density of L. vincta
per gram of algal dry weight on seven algal species
commonly found at Cape Neddick. The density
of L. vincta was highest on U. lactuca and C. flagelli-
formis. L. vincta was found at medium density on L.
saccharina. On the other hand, the largest individuals
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Figure 2. Mean density plus 1 SE of Lctcrtttu vincta per gram of
algal dry weight on seven algal species.

Figure 3. The mean length plus 1 SE of I. vincta on seven algal
species

of L, vincta were found associated with L, saccharina

 Figure 3!.
The patterns of percent cover of M. membranacea

and the density, the size, and the number of egg
masses of L. vincta on Laminaria spp. at different
depths are summarized in Figure 4. There was a sig-
nificant positive correlation between the water depth
and percent cover of M membranacea on kelp blades
 P   0.01!  Table 1! with percent cover increasing
from about 50/o at 3 m to 350/0 at 9 m  Figure 4a!.

There was also a pattern of increasing density of
L. vincta per available gram of kelp with depth
 Figure 4b!, although the correlation of density and
depth was not statistically significant  P=0.07!. The
highest density of L. vincta was found at 9 m  mean
density of 137 per available g of algal dry weight!,
but the variation between blades was too great for
statistical significance  range 17 to 478 per g!.
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Tab 0 1. Results ol Pearson correlation on the relationship
between the depths of water, percent cover by Afembrarripnra
Inert.trrarracea, and density, siZe, and number Of egg maSSeS Of
Lacirna vincta. Values given are P values.

Depth Percent cover Lacuna Lacuna Lacuna
rrrembranipora Density Size Egg Masses

Dearth

Percent cover
M embrani pora 0.006

Lacuna Oensity 0.070 0.004
Lacuna Size 0.1654 0.23 S 0.418

La< uria
Etgg Masses 0.096 0,178 0.394 0.463

Tab e 2. Result~ of two-way ANOVA test for differences between
tim<is and the growth rate of Lacutra vincra in different treat-
ments.

Treatrrients 2 13. 576 0.000828

Tirries 6 10.309 0.00

Treatments x Times 12 2.646 0.003

There was a positive correlation between percent
cover of M, membranacea and L. vincta density on
kelp  P <0.005!  Table 1!. There was no correlation
between water depth and size of L. vincta  PW.1!
 Table 1!. The highest mean size of L, vincta was
found at 6 rn depth �.16 mrn!, and the average size
ofL. vincta decreased at 9 In depth �,06 mrn!  Fig
4c!. Egg masses were found only at 6- and 9-rn
depths, and the number of egg masses per blade was
similar for both depths  Figure 4d!,

Impact of M. membranaeea COVer On L. Vi nCta GrOrerth

There were stgniflcant differences in the growth
rate of L. vincta fed on L. saccharina with and with-

out M membranacea  P �.001!  Table 2!. The growth
rate of L vincta ted on Laminaria without M. rnem-

branacea was higher than L, vincta fed on Laminarra
with M. membranacea in every week  P �.005!
 Table 2; Figure 5!,

Tbc Structural InteIrt ty of Kelp Fronds

There were clear differences in the structural

integrity of kelp blades with and without L. vincta
feeding holes arid M rnembranacea  Figure 6!. None
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of the kelp bl,ides without holes broke during the
tests. In contrast, 82% of kelp blades with only Z.
vincta feeding holes broke and 88% of those blades
with holes and M membranacea cover separated. The
breaks were always in areas containing feeding holes.
In the case of'the blades with both holes and M

membranacea, 62.5% were in areas with only holes
while 25.5% were in areas of holes overgrown by M
mern branacea.

L. vincta is a common herbivorous gastropod in
subtidal habitats in the Gulf of Maine  Ivianey and
Ebersole 1990!. It occurs on a variety of algalspccies
 Figure 2!, iiicluding kelps of the genus Laminaria.
Laminaria, spp. is a pref'erred food of L. z!!ncta, and
the largest iiidividuals tend to be found associated
with this kelp  Figurc 3!, at least in part due to its
high nutritional content  Martel and Chai 1991!.
Grazing by l�vincta has been implicated as having a
negative itnpact on Laminaria. populations  Fralick et
al, 1974!, M, membranacea', which first appeared in
1987, also occupies Zaminaria. blades and has been
described as having a negative impact on kelp popu-
lation  Latnhert et aL 1992!.

In the field study, both the percent cover of M.
membranacea and the density of Z, vincta on kelp
blades increased with increasing water depth. At
greater water depths, there is less wave action and
this may be beneficial for M membranacea and L.
vincta stability on the kelp blades  Ryland 1970!. In
this study, the statistical analysis showed that there
was a positive correlation between the percent cover
of M membranacea and the density of L. za'ncta on
kelp blades I'Table 1!. The results suggest that these
two species coexist on kelp blades  Figure 4!. M.
membranacea uses laminarian algae for its substrate
while L. vinl ta uses kelp for both habitat and a food
source  Ryland 1970; Lambert etaZ 1992; Martel and
Chai 1991; I3errnan et al. 1992!. The coexistence on
the same habitat may have a negative inipact on
organisins either directly or indirectly, and may cre-
ate intraspe< ific and interspecific competition for the
resource  Jensen 1985; Jensen and Kristensen 1990!.
When M mlrmbranacea covers the surface of'a kelp
blade, the space available to Z. vincta for food
decreases, resulting in an increased density of snails
in the open area  Figure 4b!,

The effect of coexistence of M membranacea and

L. z!incta may also have an impact on the size of L.
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pieure !. The gr<ywth rate ol l,u 'unu iy!n !u fe<l on Lu!ninuriu
sr!C<hr!r!!!u svith ail<I WithOut Sre!nt!rd!rip<!rrr n!en!bru!!ur'u.

I'ig<tre I . The reek lts of thc cxpcrirncnt on breakage areas of k  lp
fr<!n <I s.

vincta as shown in Figure 4, The largest L. z!incta were
tound at 6 meter depth, where densities were inter-
niediate  Figurc 4c!. The density and mean size of L,
vincta on Laminaria at 6 m were comparable to the
densities and size values seen on V. /ut:ttzca in

 Figures 2 and 3!. The densities were lower, and
mean size was larger on Zaminaria  figures 2 and 3 h
which suggest that crowding may inhibit larger L.
z!zncta from occupying Lami naria. under crowded
conditions. Mean size of L, vincta declined but den-

sities increased at 9 rn  Figurc 4c!, which would seem
to support this pattern.

Thc laboratory results showed that the growth
rate ot L. vi ncta fed on kelp with M. membranacea v as
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lower than the growth rate of L. vincta fed on kelp
without M membranacea, When M. membranacea

overgrows kelp blades, it reduces the grazing area for
L. rrincta, which cannot penetrate into the surf'ace of
blades covered by encrusting bryozoans like M mem-
branacea, The laboratory studies provide evidence for
rerIuced growth rates due to limited food availability,
which !nay explain the smaller incan size at 9 in
depth. Further studies are needed to deterinine
whether the higher densities result in smaller sized
individuals due to slower growth rates or avoidance
by larger individual L. vincta.

Berman et al. �992! reported that Af. mem-
br!!nacea is a seasonal bryozoan, and is found abun-
dantly on kelp blades during the fall and winter at
C;ipe Neddick, Maine. L. rrinctu can be found year
roand in the Gulf of Maine, and has year-round
reproduction  Maney and Ebersole 1990!. Even
though M membranacea and L. v!ncta coexist on the
saine kelp resource, the overlap in spatial distribu-
ticn is seasonal and the ability of L. vincta to utilize
alternative algae may reduce the actual competition
between the two species.

It is possible that L. vincta may have a negative
impact on M, n!embranacea occupying Laminar!a
bl;ides, The results from the laboratory stress experi-
ment showed that the structural integrity of kelp
fronds was decreased by holes made by L, vincta and
th= overgrowth ot M membranacea. Kelp blades are
more easily broken in areas with holes caused by L,
vi»cta grazing than with M mrmbranacea because the
hcles reduce the cross-sectional area of the kelp
bl;ide,

Fralick et a!. �974! suggested that grazing by L.
vi!icta and tlie resulting holes were an iniportant fac-
tor leading to the severe breakage of kelp f'ronds
observed at Cape Neddick in the fall of 1973.
Lambert et aL �992! reported that the occurrence of
M. membranaceu on kelp fronds played an important
role in the defoliation of kelp blades at Cape
Neddick in the fall of 1991. This study shows that
bc rh L, 7rincta and M membranacea can be the impor-
tant factors leacling to the breakage of kelp  Figure
6!, When both L. vincta and M membranacea occur
ar. Laminaria blades, they may make the blades
more susceptible to breakage by wave action. If M.
mrmbranaceet is .ibsent, L. vincta norinally grazes on
th: tip and the middle areas of kelp blades Johnson
and Mann 1986; pers. obs.!. Siinilar to L. vincta, M
membranacea rec ruits most heavily near the tip of the

kelp blades and grows toward the base of'the kelp
fronds  Ryland 1970!, When M; membranacea settles
and overgrows portions of the kelp blades, it may
inipact the L. vinctc! population by obstructing its
prelerred grazing area.. Therefore, L. vincta inay
migrate toward the base of the kelp fronds and
increase in density on a smaller portion of clear
blade. The heavier grazing in a limited area may
increase the likelihood of water-motion-induced

breakage closer to the base of the blade. The coexis-
tence of'these two species may create more defolia-
tioii of kelp blades, and may change the area ot kelp
bre;i kage.

Membranipora mentbranacea overgrowth may actu-
ally reduce its own survival through the svinter. The
areas that have M membranacea are heavy and less
flexible. In addition, M membranacea overgrowth
concentrates L. vincta grazing in the remaining free
area close to the base of the blade, When the break-

age does happen, the distal part of kelp blade cov-
ererl by M membranacea is inost likely lost  see
Figure 6!. Studies by Harris and Tyrrell  in review!
suggest that M membranacea may be altering its habi-
tat preference to other algal species. An indirect
eff'ect of reducing L, vincta grazing space on
Laminaria blades may be decreased winter survival of
M membranacea colonies through blade loss, which
would f'acilitate the shift to alternative algal sub-
strates.

In surnrnary, M membranacea appears to have a
negative iinpact on the L. vincta populations occupy-
ing Lum!»uric! spp. The overgrowth nf M mem-
branucea on kelps reduces the grazing spaces for L.
vin!'ta and creates intraspecific and interspecific com-
petition for space on kelp blades, The coinpetition
betsveen these two species may also have a negative
impact on M membranacea populations occupying L.
saccharina, which may be facilitating the shift of this
brynzoan to new algal substrates. Further studies of
the interactions between the introduced bryozoan
and this conirnon herbivorous snail should provide
interesting insights into the mechanisms governing
their competition for a coinrnon resource, which is
also an important component of benthic communi-
ties in the Gulf of Maine.
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Ecological Interactions of Invading Ascidians Within Epifaunal Communities
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AesrttAcT: Within the last 25 years, four species of' sessile marine ascidians, BotrylIoides htiegensis, Stela ctava,
Diptosohna macdonaldi, and Aschdietta aspersa, have invaded marine rocky shallow subtidal habitats of IVew
England. Although all four species produce short-lived, poorly dispersing larvae, they have spread over a broad
geographic area from Connecticut to Maine. Within this range their local distributions are fairly patchy, as they
frequently occur in high abundance at some sites while being rare or absent at similar sites nearby. Since 1987
we have conducted experimental field studies in Vineyard Sound and eastern Long Island Sound, examining the
ecological interactions between these ascidians and the native community. Wc have found that �! adult ascidi-
ans transplanted to sites where they are rare or absent survive and grow at rates similar to those found at sites
where they are abundant, �! thc ascidians are not strongly inhibited by any single resident epifaunal species from
recruiting onto occupied substrates but recruitment success does decline as the diversity of resident species
increases, �! at field sites where these ascidians are rare, 1- to 3- day-old recruits are commonly preyed on by at
least three species of very abundant small snails, Anacbis tafresnayi, Ahracbis avara, and /14htretla thhnaha, �! juvenile
solitary ascidians are also preyed on by fish, mostly the cunner Tahaogolabna ahpersrhs, and �! Borryttoides and
possibly Styeta seem to escape predation at an earlier age and smaller size than similar native species. From our
studies we feel that these species are able to invade local communities because �! they have short range larval
dispersal that allows them to build up abundant, self-sustaining local populations, �! they can rapidly invade dis-
turbed areas where the diversity of resident sessile species is low, and �! some are less vulnerable to predation
than similar resident species. However, they do appear to be excluded from some habitats such as more exposed
open coasthncs and even when present they seem to become well integrated into the local communities,

Key words: I3otrstttohde~', Styeta, Ascidhetta, Dhp/osoma, predat>on, asc>dian, sessile community, closed population

INTRODVCTiON
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Four species ot sessile marine ascidians, the colo-
nial species Botrylloides diegensis and Diplosohna hnac-
dona/Ch and the solitary species Styela clara and
rfscidi'e//a aspersa, have recently invaded the marine
rocly subtidal habitats of New England  Carlton
1 989, pers, coinm.!. Botrylloides and Stye/a were first
observed in the early 19708  Carlton 1989; Herman et
«l. 1992!, while we first encountered Ascidh'e/la and
Oi/hlosoma in eastern Long Island Sound in 1989 and
1991, respectively. As with most ascidians, all four
species produce non-feeding, short-lived planktonic

larvae. Other than possible rafting by ad~it colonies
attached to boat bottoms or drift debris such as eel

grass  Worcester 1994!, larvae are the principal dis-
persal stage of these ascidians. previous studies of'
colonial ascidian larvae and settlement patterns  eg.,
Davis and Butler 1989; Stoner 1990; Grosberg 1987!
have indicated that few travel more than 10 in

before settling and most disperse much shorter dis-
tances. Given this limited mobility, we would expect
the speed and range of their geographic spread to be
limited. However, both Stye/a and Botrylloid'es have
spread over a broad geographic area from
Connecticut to Maine in fewer than 10 yr  Berrnan
et a/, 1992!. Contrary to their rapid spread through-
out this range, their local distributions along thc
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New England coastline appear to be f'airly patchy.
Both species often occur in high abundance at soine
sites and are rare or absent at virtually identical sites
nearby  Osrn,in et rd. 1990, 1992; Osman and
Whitlat<h 1995a!. These patterns are intriguing and
present a dual paradox. First, it is unclear how
species with short-lived larvae can so rapidly spread
along the coastline. Secondly, the rapid regional
spread of the species is coupled with persistent
disr.rete local populations which appear to be quite
stable, Our research has been directed at uncovering
the ecological processes that contribute to these pat-
terns as well as understanding the short- and long-
term effects of the invaders on resident epifaunal
communities.

Our research on introduced ascidians is part of a
series of ongoing studies that began in 1987  Osman
rt al. 1989, 1990, 1992; Osrnan and Whitlatch 1995a,
b, c, d, 1996, 1998; Whitlatch et al. 1995; Zajac et dl.
1989; Stach<>wicz et a/. 1999!. We have focused on
the ecological interactions between introduced ascid-
ians and the resident epifaunal community in south-
ern New England. We performed a variety of experi-
mental held studies in Vineyard Sound near Woods
Hole, MA and eastern Long Island Sound near
Groton, CT.  Figure 1!, In addition we have conduct-
ed surveys in a variety of habitats along the New
England co.ist from Connecticut to Maine. Several
general patterns have emerged from these studies:

1. Throughout the region we have found ascidi-
an-dominated epifaunal coinmunities at some sites
and epif'aunal communities dominated by bryozoans
and other sessile invertebrates at similar sites, often

less than 1 km away, In general, the ascidians are
more likely lo dominate subtidal hard substrates in
protected areas such as einbayments and harbors,
whereas bryozoans, sponges, and cnidarians are the
usual dominant subtidal epifauna in more exposed
open-coast.ireas, Both of these patterns seem to
have existed within the New England region prior to
the invasion of Botryl oirks, Diplosomct, Sty<let, or
Asciriiella and have persisted over Inany decades. For
example, Grave �933! reported dominant ascidians
in Eel Pond, Woods Hole, MA prior to any invasion,
ancl after the invasion of Botrylioiclrs and Stye', this
dominance continued to be found at this site by
Grosberg �981! and later by Osman et a/. �990,
1992!. Likewise, we observed the almost complete
dominance by the colonial bryozoans Srhizolrorrlla
errratcr and Bar@ada trarritcr on the pilings of the Marine

!,!

Qroton
p

i::;." ':=c~~ ! C'--
Pre<>ao r5~

I ong Island Sound

P rod atorv

p>pure I:  :<>nceprual model <>I closed population l,irval traris
port ol invading ascidrarr specie~ in the Poquonnock River estu-
ary. Solid arrows indicate l,irval iransport amor>g sires within ihc
emhayn>ent p<>pulation. Dashed arrows ir>dic,ite the occasiorial
rransport or larvae out ol' the embayment on ebb tide. predators
,>I rl>e r»or< expo~ed sires consume rriosi ascidians ihai serrle iii
these locations.

Biological Laboratory  MBL! water intake pier in
1987-1988  Osman rt al. 1990, 1992! that matched
similar patterns observed in the carly 1970s  Osrnan,
pers. obs.!. This site was less than 1 km froin the Eel
Pond site by water    100 m by land!. Also, adult
Botryll<rides and Stye!a transplanted from Eel Pond i.o
the bryozoan-dominated MBL pier suffered little
mortality and showed no significant dif'ference
between treatments open to and caged from large
predators  Osrnan rt al, 1990!, Juvenile Botrylloid'rs
colonies transplanted from Eel Pond to the MBL
pier grew significantly faster than control colonies in
Eel Pond  Osman rt cal. 1992!.

2. Similarl>; since 1989 we have observed com-
plete ascidian dominance on substrates at a protect-
ed site in eastern Long Island Sound  the Avery
Point, CT breakwater! arid bryozoan dominance at a
more exposed site  Pine Island! less than 1 km away
 Osman et al. 1992; Osman and Whitlatch 1995a,
1996, 1998!. Although epifaunal species dominance
dif'fered between sites, larvae of all species were
found to settle at both sites. Surprisingly, Rogers
�998! found consistently greater numbers of solitary
,iscidian larvae in larval traps deployed at the
exposed Pine Island site than at the protected break-
water site.

3. Even though larvae of all species settled at all
sites, ascidian recruitment was alinost completely
eliminated at the bryozoan-dominated sites.
Observations  Osrnan ct rd. 1990! >In<I subsequent
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experiments  Osman et al. 1992; Osman and
Whitlatch 1995a, 1996, 1998! indicated that this
resulted primarily from predation on newly-settled
ascidians by the tiny snails /Witrellalttnata, Anachis
uoaru, and Anuikts laPesnayi, and possibly other
sinall predators. All three species of gastropods were
found at our bryozoan-dominated sites in Woods
hole and Long Island Sound but not at the ascidian-
dorninated sites.

These results and observations suggest that there
are at least four potential contributors to the success,
distribution, and spread of' the invading ascidians,
including �! environmental constraints or limits on
where populations can successfully establish them-
selves, �! life-history constraints that influence larval
transport and distribution, �! how the native sessile
community interacts with the invading ascidians,
and �! whether there arc differences between resi-
d "nt epifauna,ind introduced ascidians in their vul-
nerability to predators that could influence their
e:entual ability to occupy certain sites as well as to
expand within a region. Our goal is to examine the
n>le of each of these on the four introduced ascidi-

ans by summarizing, reviewing, and contrasting the
results of over 10 years of research examining these
species. Much of'our research has concentrated on
tlie latter two processes and only recently have we
begiin to examine the influences of environmental
factors and larval distribution on ascidian popula-
tions. Our conclusions regarding these, therefore, are
m o re specu la ti ve.

In reviewing our results, we first present an
overview of our Inethods, which generally involved
field experiments directed at testing specific
hypotheses. We then summarize our results for each
ot the four invading species in order to elucidate
the similarities and diff'erences among them.
Finally, we will use these results to examine the more
g.neral questions concerning what has made these
sl>ecies successful invaders and their paradoxical
distribution.

METHODS

Our investigations can be categorized into four
general areas �! discerning patterns of distribution
ot the invading ascidians relative to the resident
f;iuna, including teinporal and spatial patterns of
ri cruitrnent, �! experimentally examining the inter-
ai tions between the epifaunal community and the
invaders, �! determining the role of predators in

limiting the recruitment of'the iITvaders, and
�! investigating any environmental constraints on
the recruitment of the ascidians. Below we summa-

rize the inethods used in the studies we have con-

ducted. More detailed descriptions are in the publi-
cations cited.

TE M I'ORAL � Sl'ATIAE PATTERN s

Although we have recently conducted surveys
of the habitat distributions of the four species along
the New England coast between Connecticut and
Maine  Whitlatch and Osman, this voluine!, niost of
our studies have focused on spatial and temporal
patterns of recruitment and cominuiiity develop-
rnent. In these studies 100-cm' substrates were

exposed for periods of 2 d to measure settlement
 Osinan et al, 1992!, 1 wk to measure recruitment
 Whitlatch et al, 1995; Osman and Whitlatch 1998!,
or several months to measure community develop-
rnent  Osman and Whitlatch 1998!. Factors
affecting the distribution of ascidian predators have
also been Ineasured recently  Rogers 1998;
Berger 1998!,

INTERAcTIONs wITH REsiiiE''' Sl'ECIES

The examination of interactions between the

invaders and the attached epifaunal cornrnunity
focused mostly on the eff'ects of attached adults on
recruitment. Substrates with different densities of a

single species were exposed to competent larvae in
the laboratory  Osman et al, 1989! or to naturally
occurring larvae in the field  Osman and Whitlatch
1995b, «; Whitlatch et al, 1995!. Settlenient was
Incasured after 1-2 d  Osman et al, 1989; Osman. and
Whitlatch 1995b!, recruitment after 1-wk  Osman
and Whitlatch 1995c!, and survival and growtli of
recruits after 1 mo  Osinan et ul. 1989!. In addition,
food coinpetition between adult and juvenile oysters
was investigated in the laboratory  t;rassostrea vi rgini-
ca! and Botrylloitles or Styela  Zajac et al, 1989; Osman
et al. 1990!.

Most recently, we have also begun to examine
whether variatiOnS in the reSident COInmunity Can
influence the ability of'invaders to successfully
recruit. ln these studies communities were construct-

ed with 1-4 species of residents. The invader
 Botrylloitles! was allowed to recruit into these com-
munities and the invasion was judged to be success-
ful it the Botry loieles survived to maturity and repro-
duced  Stachowicz et al. 1999!.
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EFFECTS Or PREDATORS ON RECRUITMENT

AND COLONIZATION

Experiments that were conducted in 1989
through 1992  Osman et al, 1990, 1992; Osman and
Whitlatch 1995a! examined the eff'ects of single indi-
viduals of the predators Mitrellu htnatu or Anucht'I
spp. on recruitment of sessile species. These experi-
rnents were conducted at the Avery Point breakwater
using paired surfaces of 18-cmt panels with one sur-
face exposed to a predatory snail. and the other sur-
face acting as a control, Companion experiments
were also conducted in which the recruitment densi-

ties of Styelu clara were manipulated to examine the
effects of prey density on Mitrellu and Anuchts preda-
tion  Osman and Whitlatch 1995a!.

Because these experiments did not test whether
predator control of recruitment operated in the field
under natural densities of predators, we conducted a
series of experiments between 1992 and 1994 at a
field site»ear Pine Island less than 1 km from the

Avery Point breakwater  Osrnan and Whitlatch
1995d, 1996, 1998!. These experiments were con-
ducted using artificial pilings that were 75-cm tall,
28-crn diameter PVC pipe secured upright to weight-
ed fraines to mimic pilings and natural boulders. In
each experiment 100-cmt substrates attached to repli-
cate pilings were used as sampling units. In Inost
experirne»ts, 4 piling treatments were used with 5
pilings>'treatment and 1-4 substrates/piling.
Treatinents were: �! open pilings, exposed to all
predator guilds, �! caged �-cm' Inesh! pilings which
excluded aII but the snails Mitrellu and Anachis and
Other InicrO-predatOrS, �! screened
 I-Inrn-' mesh! pilings which excluded all predator~,
and �! partially screened pilings to control for arti-
factual environmental changes associated with
screening the pilings. Each experiment was conduct-
ed with 1 of 3 life-stages of an epifaunal species:
1- to 3-d-old recruits, 2- to 3-wk-old juveniles, or
adults. In each experiment panels were exposed for
3-6 d and then retrieved and mortality and/or
growth were estimated.

Predator effects on colonization and corninunity
development were examined by transplanting asci-
dian-dotninated communities from the Avery Point
site to the Pine Island site  Osinan and Whitlatch
1998!, Transplanted substrates contained natural
cominunities that were 1-, 2-, 3-, and 4-wk-old.
Substrates were placed on  I! open experiinental

pilings exposed to all predators, �! caged pilings
exposed to only Inicro-predators, or �! suspended in
the water column on racks away from all predators.
Community development was measured weekly
for 3 mo,

EFFECTS OF THF. PHYSICAL ENVIRONMENT

The effects of environinental variables, particular-
ly photoperiod and tidal currents, on recruitment
were rneaSured uSing either an autOinated device
 Whitlatch and Osinan 1998! or a piling array
deployed with gravid adults on a central piling and
pilings 1-3 In distant to measure the local spatial dis-
tribution of recruiting offspring  Osrnan and
Whitlatch 1998!.

RESULTS

The eftects of predators on the tour invading
ascidiaiis, the types of interactions we have f'ound
between the invaders and the resident epif'aunal
community, larval life-history patterns and distribu-
tions of'the invaders, and environmental effects on

their settlentent are compared in Table l. In this
table we have tried to surnrnarize and contrast tlie

outcome and consequences of each of these pro-
cesses. Below we brieHy surnrnarize the results for
each of the four species.

Botrylloi des diegensi I

Of' the four invading species, Botryllotdes has
been in New England epifaunal coIIImunities the
longest, since its release in 1972  Carlton 1989;
Berman et aL 1992!. In southern New England,
Botrylloides appears io be a seme}parous, sub-annual
specie~ with two distinct cohorts per year  Malaiesta
1991!. In this sense its life-history is very similar to
that ofBotrpllttstchlosseri  Grosberg 1988! with which
it of'ten co-occurs. Recruitment in Long Island
Sound revealed significant seasonal and year-to-year
variations  Whitlatch et ul, 1995!. There are typically
tWO reCruitment peakS, a Smaller One in early Suiri-
mer presumably produced by over-wintering
colonies and a larger one in late August and early
September produced by the early surnrner cohoi t.

Botryliotdes colonies can grow rapidly and fill
available substrate space, Few if any species are;ible
to attach and recruit onto the surtace of,tdult
BotrIjl oides colonies and we have observed little over-
growth of Botrylloides by other species. Because i>f'



1 68 os MAN

'rr' -lr3IJ r

I
Ir
 r
 J

4
v.

P II0 v

QJ

QJ
QJ rg
u 3 c

QJ
in  I:

fg v
OC lg r f

0LI L
r f! v C0 fcf

CJ0
� LJVl

 D
u~QPCC LI

rlQP D

0 ~
o E

Cl'fg
cof
0

0
 c

~ G

0 a
E

Q

Iu
vt
CD  D

0 0 o

F

+ Q'

0
< tVl

CLI
0+

Z N
00� 0

0C LP
U
0 +
 Y Z

tl

C.Q
E

Q V Cf

0 ff3
CV
CL

QJ

rg!! CV
C3
LJ

CD'LJ

CC

LJ
o

Cg

G

2
Q aa

Eg

Q m

J

J

0  !
CD

'u!

C
3

X
Cmaa

0CC

Vl
OQ v~I!CD CP.CI

 /

 J
a 

CD

Lr

0 C
Ca

0 Cll
0
E0

u CJ
J 0

0ca 0u

 u

 C
QrcCV tg
!

Jo
Vl
0 ufg tg

0IL J IL
! VI
ra

0
'U

co QJ
QJI IJccu ra

0 cg0o ura
E LLI OI
=00

0CCI
0c '
CC QJ

E.QJ
LJQl ar

0 U
ID OQJ0 CC
V UCC C
Ql C

o<
c0 QlLJ
D Cu
CC w

a.
 ,

Lr'

C:Q
E
Q Q.
v' I

CI.

 IP
V1

LJQJ

V Lf
af v CVCC QJ

ECD

0 O
O 0fg V
Em
LIJ CL

rl
fg

tt

fg
QJ CJ

C3 !
00

0 Ql

QJ
CL

-0 C!.
C
+

0

0 QJ
L J

IJ

Z

0 tg
E
LLJ

QlV
QJ QJ

0
Vl 0

QJV LJ
Cll

QJV
r�0 ~

0 JOV  I'

QlOI C31Crg 0

0
v DCL'

0 UCC
V D CC U
 L 3 C

a w
Z
c Og0 c0LJ u rgLDJ E CD
0 � 0Z Irr ~

tu rg
Ql

E cuCJ 0
0CJ

 g
c  C cucuC
QJ
v,O uar C QJCC'

C0
LJ

Vf DQl0 CC
VCu UCC c
CD c

O <l
c0 ~ lLJCDD cQPCC

ra

ra

Cf

0 0
cu
E

QJ

0 QJ V
LJ QJ C CC
CL !

V
CDcu ?CC 0

I

0

Q I I
rtt
Vl

CJQlCL r�
QJ

LJ
! v1
QlLJ
CIQJ

3a
VI
0
,aL
IG

0 vCJ CI J Ql3
In QJ
CJQl
~ vCJ

Q L ruLJ cu v

CD0 0cuv Qt y
D DCL CL

0

QJ
QJ
QJ

Ql
EQl
QJv' I

C3
cg

LIJ

! 0
rl0

Jl

I
Ig D

Lc cc O
E

VfcCv CC

CL' � CL'Lr Lrra a

QP v CL'LJ rg ucu0 0a u a;CC CC

Cl

CI~ J
al
Ig
C Vt
Jo

CC
OC0 U

~ P
E0 0tn Z

C0
Ll
QJ

LJ
t� C.

v CQJ
C
! E

QJC0 01Cu 0c J
IJJ

0Z Ln

 LILJ
fcfCI

Qr
E

a
V " OQJ CLIc
0 E cu

fgLJQJ

cu cuu u C392CCI Cl gCu J=

IC3
Q

0 0'LJ
OCL'

0 LL

D CD L VIrt Crfcf
CC

v LJ
CC

QJCC0 JC
0 lgQJ

QJ
C:QJ

0 D
!0

Cr CV Qr

C3
u
~ uQJ�- C

o' m
~ 1

Ql
QJ
3 0

0
0 0
O
LJ0
cuCC !

LI'g
Lr1

cu092Lr
QlCC

o 0
rl
CL

Irl

LJ0 0 0 C3
ra

L
.'0 0 0
tgh

CD ir
rf

QJ

O 0
u U IJ  lt
LIJ IJJ

fcf
V CL

QJ
«D
CJ

I:C3 CI
ECL'

Ql
0 al
Qlv I

C 0 L  L tu

QP
0

0 ILLr0 C3Ll0 0 0
Z Z

QlVIillQJLJ0
CL
 g
 g

CLI
ra
Ql
 LI!

o 0
V

v

V'
a v'0 ILra? LnC
C Qo~

CL
CL'LJ

QJ
faV ! D C

c ~o~
v LJ IJ

0  D

E 0

IJJ

C3

CD
o

0

O.
E0

QII
0 0

Ig
0ap

C.
a :I
L I

C3
'LI

C   I:
f I  r

I    r
 r

0 E

I I-

0 CJ
 J
0 cr

I-

G a 

I � r
E

IIJ
U  

V 0 0
E

0 CJ,
0

I-
C
IJ

tu
IJ f   
rd

tl

cn

AIc l3 WH JTLATCH



FC. r I. ! ' I 'r I IN I' F I xcTIONs OF INVADI VC. ASCI Dl KN 5 l 69

this, the space occupied by Botrylloides is unavailable
to other species and Botrylloides' presence either sig-
nificantly clecreases settlement and recruitment by
other species or causes the density oF recruits to
increase in unOCCupiCd Open SpaCeS  Ostttan rt al.
1989; Ostttan and Whitlatch 1995b, c!. However, we
also found that Botryl1ot'des could not recruit onto

many other species and its settlement and recruit-
ment were also reduced in the presence of some
native species. In recent experiments, we have found
that the survival of new Botrylloide  recruits is signifi-
cantly reduced as the diversity of the native cominu-
nity increases  Stachowicz et al. 1999!, This appears
to result froni the reduction in the amount and vari-

ability of open space,ts the nutnber of'species
increases. Finally, a series of' laboratory studies Zajac
et al  l 989! demonstrated that its presence reduced
the growth rate and survival of juvenile oysters, pre-
Sumably aS .I COnsequence Of interSpeCifIC COtnpeti-
tion for liniited food.

Compared to all other ascidians wc have investi-
gated, Botrylloides suffered the least mortality from
predators. lit experiiT ents with individual predators
 Ostnan et «l. 1990, 1992; Osman and Whitlatch
1995a!, thc recruitment of Bo rylloides was, at best,
weakly reduced by Anachrs and almost never by
hfitrellrr predation. Although recruitinent was usually
reduced in the presence of the predators, the diFfer-
ence between control and predator treatments was
seldom significant. This pattern was also scen in the
field. Botg~lloides recruitment was reduced significant-
ly on open pilings exposed to fish and macro-inver-
tebrates, and we concluded that these taxa were the
major source of recruit mortality. These results dif'-
fered sharply from those for the other colonial ascid-
ians investigated, Botrylla  and Dtplosom«, which suf-
fered high rates of recruit mortality in the presence
of micro-predators. In piling experiments with juve-
nile and adult Botr1,'lloides  Osman and Whitlatch
1996!, no differences in inortality were seen among
the treatments. Froin these results it would appear
that Botrtltoides escapes predation by the tiine it is
approximately a week old.

Finally, these patterns were repeated in the 1994
colonization experiments  Osman and Whitlatch
1998!. When 1-wk-old substrates from the ascidian-
doininated breakwater site were transplanted to the
site with abundant predators  Pine Island!, only
those on suspended racks isolated front predators
developed a community dominated by Brrt~llrridrs.

Sub*tratcs on open and caged pilings had no
Botrylloiries or any other ascidian. However, when
substratcs with 2-, 3-, and 4-wk-old communities
were transplanted, Botrtrlloides remained a daininant
species on al] three treatments throughout the exirer-
imeilt.

Botrt'l oides recruitinent is also strongly influetr ccd
by the physical environment. As with inany ascidi-
aits and other epifaunal species, harval rele,ise is stim-
ulated by light, Because larvae probably settle quick-
ly, most settlement occurs between dawn and mi l-
day  Whitlatch,tnd Osman ] 998!. Brrtryllrri des als<
releases its larvae during periods of slack v.ater
 Worcester 1994! and ntost settletnent occurs at tltis
time  Whitlatch and Osinan, unpublished data!. Tliis
apparein ability to settle quickly af'ter release resulted
in very localized recruitment in experiiTIents coit-
ducted at a site with strong tidal currents  Osinan
and Whitlatch 1998!. Most rccruitincnt or.curred in
the immedtate vicinity �-3 m! of'thc experiment;il
adult colonies, suggesting the ability of'this speci s
to inaintain self:sustaining local populations.

Drlrlrrsomrt mrt  donrtldr'

Wc did not encounter Diplosomrr in any of'our
studies until 1989, but by the late suminer of 1990 it
was one of the dominant species r .cruiting in
eastern Long Island Sound  Osman et al, 1992!,
Although Diplosoma recruited throughout much of
thc suminer, recruitment waas generally highest in late
August and September, Unlike the other three
species, Dtplrx orna also exhibited large diff'erences in
abundance and recruitment rate,tt our study sites.
Of'tcn, years when Diplosoma was a dominant species
at the breakwater site  eg., 1993! wcie followed bv
years when it was exceedingly rare at this site  eg.,
1994 and 1995!. However, its absence was not
regional since it remained abundant at neighboriiig
sites in the Mystic River and at Millstone Point
 Whitlatch, pers. obs.! located 5-8 km away.

In most of our studies Diplosoma was very similar
to Brrtrtlloides in its interaction with other co-occ ir-
ring epifauna. However, it was much mor  vulnera-
ble to predators and in this sense was very similar to
the resident colonial ascidian Botrtilltrs schlrrsseri. As
we found in Bolrylloidc's, few species could att,tch to
the tunic of Diplosoma and it had a negative imp,ict
on the settleittent and recruitment of other species
by occupying available space  Osman and Whitlatch
1995b, c!, In addition, wc fbund that it also rapidly
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ov rgrew newly settled individuals of other species,
causing large reductions in recruitment density
 Osrnan and Wliitlatch 1995c!. As with Botrylloiiles,
its settleinent arid recruitment was restricted to sub-

str;ite not occupied by other species.
Both hei trell<t and Anaehis preyed on Diplosoma

recruits, resulting in large reductions in recruitment
in both our experiments with individual predators
 Osrnan et al. 1990, 1992; Osman and Whitlatch

1995a! and the piling experiments  Osrnan and
Wliitlatch 1996!. Similar to Botrylloitles, in the colo-
nization experiments  Osinan and Whitlatch 1998!
1-wk-old Diplosoma survived only on panels on the
suspended racks isolated from predators. Diplosoma
dicl not occur oii any of'the transplant series and the
colonization su< cess of-older colonies could not be

ascertained,

Finally, diurnal variations in Diplosoma recruit-
nient tend to mimic Bolrylloides with highest levels
found between dawn and mid-day  Whitlatch and
Osinan 1998!,

Styela clara

The solitary ascidian, St@cia cluva first appeared in
Long Island Sound in 1973  Carlton 1989!. The 5- to
15-cm long ascidians can occur in densities of 500-
to 1500 individuals m-~  Whitlatch et al. 1995!. They
are inost common in areas generally not exposed to
str<ing wave action or currents  Abbott and Johnson
1972!. At present they are a corninon species on
floating docks, pilings, and piers in inarinas from
Coiniecticut to Maine  Whitlatch and Osman, this
volume!,

In our earliest experiments we found that Stela
can act as a larval predator  Osman et al. 1989!. We
als<> found that its presence can reduce the growth
 Za~ac el al. 1989; Osrnan et al. 1990! and survival
 Za~ac et al. 1989! of co-occurring species, presum-
ably through competition Ior food. Unlike Botryll-
oides and Diplosorna its effect on recruitment by
other co-occurring species was mixed. In general, the
presence of.b'tyela reduced the settleinent of inost
other species  Sedgwick-Springer 1992 Whitlatch et
al. 1995!. However, recruitment, integrated over a
longer time period, was only reduced significantly
for some species  the ascidian Botryllus sehlossert' and
the bryozoan Bulla turrita!, No significant ef'f'ect of
Sty "la was seen on the recruitment of barnacles or

the polychaete Spirorbis  Whitlatch et al, 1995!.
Soinc spccics can also settle oo the tunic of Styela

 !iedgwick-Springer 1992!. Given So<cia's small area
of'attachment to the substrate and the ability of
maiiy species to recruit onto its tunic, its mixed
effect on recruiting competitors is as expected,

ln experiments with individual predators, Styela
recruits suf'f'ered high mortality froni llrlt'trella but
not from Anachis  Osrnan and Whitlatch 1995a!.
This was a pattern seen in the same study with two
other solitary ascidians, A1olgula manhultensis and
Cionaintes inalis. New recruits of all of these species
are much smaller than those of the colonial ascid-

ians. In studies with larger, 4-7-da-old h1olgala,
we tound significant predation by rfnaehis  unpub-
lished data!. Given that we have observed Anuehis
preying on all the solitary ascidians, we suggest that
Styela is initially too sinall to be preyed on by
Anaehis, but not AIitrella. However, within a few
days to a week it will be sufficiently large to be eaten
by r1nackisi

In the piling experiinents, 1- to 5-da-old Styela
recruits suffered 100o/o mortality on open pilings and
fairly high mortalities in all treatments except the
screened pilings  Osman and Whitlatch 1995d, 1996,
1998!, These data suggest that mortality from preda-
tion by sinall micro-predators was very high. In an
experiment conducted with 2- to 4-wk-old juvenile
Sfyela, the juveniles suffered 1000/o inortality when
exposed on open pilings. Survival in all other treat-
ments was much higher, suggesting that fish and pos-
sibly larger benthic predators excluded by any Form
of caging, were a major source of mortality to juve-
nile Styela. In earlier studies done in Woods Hole
 Osman et aL 1990!, adult Stye/a transplanted to a
site with known fish predators suffered no significant
niortality. Finally, in the 1994 < olonization experi-
ment  Osman and Whitlatch 1998!, Styela and all
other solitary ascidians were found only on the sus-
pended rack treatment isolated from predators for
panels transplanted with 1- and 2-wk-old cornmuni-
ties. The solitary ascidians were also found on the
caged piling treatment for those panels transplanted
with 3- and 4-wk-old communities, confirming earli-
er studies showing that even at 4 wk of age Stela
and the other solitary ascidians were still vulnerable
to fish predation, but that after 2 wk they escaped
predation by micro-predators. All these data indicate
that Styela is extremely vulnerable to predation by
micro-predators as a new recruit and to fish preda-
tion as an older juvenile, but that it ultimately
escapes predation as an adult.
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Ascidiella adspersa

Ascidieilu is the most recent invader to the New

England region and we dicl not observe it at any of
our study sites until 1991. Recruits were not seen in
any of our studies until 1993 and our data are limit-
ed, Cosnpetition studies with Ascidiella produced
results similar to those for the other species we have
examined. Ascidiella's primary effect was the reduc-
tion of available substrate on which other species
could recruit successfully. A few species can recruit
on the tunic of Ascr'die!la; however, not with the
same intensity as was found with Styela  Whitlatch
and Berger, unpublished data!.

In a piling experiment conducted with new
recruits of'Ascidrella  Osman and Whitlatch 1996,
1998!, surs.ival was significantly lower on the open
treatment than on the screened treatinent, indicating
clear predation by fish or macro-invertebrates,
Survival was intermediate on the caged and partial-
screen treatinents suggesting that micro-predators
also preyed on newly recruited As<idiella. As already
discussed with Slpela, the results of the colonization
experiment  Osman and Whitlatch 1998! suggest
that AscidteIla is vulnerable as a new recruit and
young juvenile to predation by micro-predators and
to fish predation as an-older juvenile. It possibly
escapes predation as an adult.

Finally, diurnal variations in Ascidiella recruit-
rnent were similar to the other ascidians with highest
levels found between dawn and rnid-day  Whitlatch
and Osinan 1998! .

DisctrssioN

In maiiy ways Botrylloides, Oipplosoma, Styela, and
Ascidiella dif'fer little f'rom other ascidians such as

Botryllus, .M<rlgula, or Ciona, which are common to
the southern New England epifaunal coinmunity.
Although the four invaders can be dominant space
occupiers, we see little evidence of'them cornpeti-
tively excluding resident epifaunal species, Their
influence on the recruitment of other species seems
to be principally the occupancy and resnoval of'
available substrate space and their recruitment is
af'fected iii a similar nTanner by other species. These
ascidians are generally restricted to einbayments and
harbor areas and in these they are often the spatial
dominants. Our research indicates that their restrIc-

tion to these habitats results largely from small
micro-predators, such as the gastropods Mitrella

lunula, Anachis ankara, and A.  afresnayi, which can
clearly eliminate ascidian recruitment in ITIany open
coastal habitats, Furtherinore, if the solitary ascidians
S gelu and As<idiella escape this micro-predation fil-
ter, they also can suff'er severe mortality as juveniles
f'rom larger fish predators such as cunners. Thus, in
 his sense the f'our species of introduced ascidians do
iiot seeni to differ from resident species in that their
local distributions are likely to be controlled by
predatOFS. If the predatOrS are present, reCruitmeiit
can be greatly limited and, for some species, juvenile
mortality can be equally as high.

HOwever, the eXperiinentS also indiCate that rlic
severity of predation on at least B<r rylloides is much
less than that on the resident colonial ascidian
Botryllus. Although we observed occasional moitality
of Botryllvides recruits froin predation by /11itrella and
Anaehis  Osman and Whitlatch 1995a!, in the piling
experiments the mortality of Botrylloides recruits ivas
significantly increased only when exposed to larger
predators  Ossnan and Whitlatch 1996, 1998!. In
addition, Botg>lloides juveniles-older than I wk exhib-
ited little or no predation-related mortality, whidi
contrasted with still high mortalities for Botryllus at
this age  Osman and Whitlatch 1996!. Finally, orriy
when Botryllus colonies reached an age of 3- to 4-wk
did they experience the saine reduction in mortality
as observed f' or Botrylloia'es.

There is some suggestion that Styela and
Ascidiella mortalities at the field site snay be lower
tllall those of the resident ascidians Ciona and
Molgula. Recruits of both introduced species exhibit-
ed higher survival than Cr'ona recruits in all treat-
rnents  Osman and Whitlatch 1995d! and juvenile
Styela suffered lower mortalities in caged and partial-
ly screened treatments than did Molgula. These dif-
ferences could result f'rom reduced morttlity from
inicro-predators but the differences are not as strik-
ing as those between Botrylloides and Botryllus, Also,
newly settled Ciona are often weakly attached to the
substrate, which may contribute to their high losses
in all treatments at the field site, llrlokula also is less
firmly attached than either of the introduced species,
making it easier to be removed by predators or water
current~.

Thus, overall, the local distributions of' the f'<rur
species of'introduced ascidians appear to be con-
trolled by the saine environmental parameteis as res-
ident species, Their abundance is strongly influenced
by the presence of both large and small predators,
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However, they may escape the high mortalities
resulting from predation more quickly than resident
sp»cies. This was indicated by a series of coloniza-
tion experinients conducted in 1994  Osman and
Whirlatch ]998!. In these experii»ents substrates
were exposed at the ascidian-dorninatcd breaksvater
site for 1, 2, 3, and 4 wk and then transplanted to
th» exposed sit». l'or the 1-wk series, mortilities of
all ascidians were extremely high and a native bry-
ozoan community developed, Substrates transplant-
ed after 2 wk at tlie breakwater site  older and larger
individuals! became dominated by bryozoans and
Borrylloides. Borrow i us only bec«r»e abundant on sub-
strites transpl,i»ted after 3 and 4 wk and solitary
as< idiaiis  llfolgrrla, Ciorra, Styeia or Aseidiel z! were
oiily found on caged pilings.

It local distributions of the four introduced

species are controlled by interactions with thc resi-
de.it iauna, thcii what are the features common to

all tour species that have enabled them to both suc-
ceisfully invade .ind rapidly spre;id throughout the
New England coastline? We hypothesize the follow-
irlg 1 easolis:

1. All four species have liniited larval dispersal
caliabilities. Most larvae released from the two colo-
»i«I species likely settle within a short distance of the
pai ent  Grosberg 1987; Davis and Butler 1989;
Stoner 1990!, In fact, we found that even in areas of'
high current flow a sufficient number of Burrylloii/es
larvae settled witliin meters of parental colonies to
allow local populations to self-replicate  Osnian and
Wliitlatch 1998!. Even though the larvae of'the soli-
tary species are longer-lived  usually settling within a
d«1; or two!, the cmbayments and harbors where
these species are commonly abundant often have
longer water residence times. Thus, such areas offer
habitats where local populations of these ascidians
can rapidly increase in size, forming a stable
f'oothold in, in area, Since many of these areas are in
or near harbors and marinas, boats may contribute
to the long-range transport of these species witl! new
loc.ilities quickly colonized by the local recruitmcnt
of offspring of founder individuals.

2. Recruitment of these species is not strongly
inhibited by any particular resident sessile species
 Osm«n er al, 1989; Osrnan and Whitlatch 1995a, b;
Whitlatch el al 1995!, We have found little indica-
tio:i that predation on larvae or competition with
anl single resident specie~ can significantly reduce
thc rccruitmcnt of thcsc .species. Iiowever, at tlie

coriiniunity level, we have also found that as the
loc«1 diversity of'resident species increases, recruits
of «t least one species  Borry loides! suffer increiisiiig
niortality  St«chowicz er rrl. 1999!. This increased
i»ortality seems a consequence of the more consis-
tent occupancy of .~pace by communities with i»ore
specie~, Many of the epifaunal species  p,irticularly
tlie .iscidi.ins! are f'airly short-lived and their inortali-
ty op»ns ncw space in which new species can recruit
and grov, However, in more diverse communities
this new space can be quickly occupied by other
species already present, resulting in l»ss space in.
whicli new species can successfully recruit. Thus, it is
possible that disturbed harbor, niarinas, etc. wiih «
supply of' iicw i»anni«de structures as well «s «ii epi-
i«un«i eoi»munity doniinated by ascidiaiis and other
short-liv»d species may offer a sufficient supply of
open space for the invaders to be successi'u1.

3, All four inv.iders are equally or 1»ss vulnerable
to pred,ition than similar resident sp»eius. Native
predators, both large and small, do not limit the
ittvaders' distributions any more than they limit the
distributions of resident epifauna. In f«ct, given the
reduced ef'feet of'predators on Botrylloides and possi-
bly Slyeio «nd Asei Jiella, it is somewhat surprising
that these species have not invaded habitits not cur-
rently utilized by resident ascidians, Wc feel that
even for Borgl1oiri'es the predation pr»ssur» on
recruits is sufficient to prevent expansion into areas
with predators, especially when coupled with highly
localized larval distributions that would limit tlie

actual numbers of larvae arriving at such locations.
4. Friibayments and harbors provide ideal habi-

tats for maintaining both resident and introduced
ascidian populations which can then be sources of'
recruits f'o r colonizing new areas. The Iong-term and
app«ieiitly continuous presence of ascidian popula-
tions in Eel Pond, MA  Gravc 1933; Grosberg 1981;
Osman etdL 1990, 1992!, for exaniple, is strong evi-
deiice that ascidi«n populations can be maintained
in such areas for long periods. Given the vulnerabili-
ty of these species to predation, they would seetn
restricted to these less-exposed, predator-iree cmites,

Harbors seeni to provide «n ideal habitat because
of'�! the abundance of habitable pilings, docks, and
other structures, �! the potential retention of larvae.
and �! the general absence of predators, particularly
those that prey on ascidian recruits. Although we
have been able to mai ntain lire rella and r'lrraehis in

cages at tli» bicakwat»r site, tli»y are clearly abs»nt
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from the breakwater and docks there. While Rogers
�998! demonstrated that their larv,ie can colonize
this site, Berger �998! suggests that predation by the
green crab, C<zrein  s maenat may severely limit the
ability of these micro-predators to maintain suffi-
cient popul,ition densities to have an et lect on ascid-
ian recruit abundances. Berger �998! and other~
 e.g. Edwards el al. 198Z; Menge 1983! have found
that green crabs, which are generally found in more
protected areas, can be inTportant and voracious
predators oii small gastropods, Others have shown
that /lrl /relict is consumed by other crabs found ita
protected areas, such as thc blue crab, Calli  ecfet
scapi l  s  Martin el al. 1989! or ¹opr nr>J>e /exr rta
 Schneider and Mann 1991!. In addition, floating
docks, which often contain large ascidian popula-
tions, can provide a refuge from predators.

As is illustrated in Figure I, we suggest that lhe
short larval life of the four invading ascidians results
in continued localized recruitment within embay-
tuents and harbors such as at our breakwater site in

the lower Poquonnock River, This results in persist-
ent, self-replicating, local populations. These popula-
tions can export larvae to areas outside, but in many
of these areas predators will eliminate most, if nor
all, recruits. It is also possible that the diversity of
the native epifauna in these areas also lituits the abil-
ity ot the ascidians to invade  Stachowicz ef al, 1999!.
In addition, the short larval lite of the ascidians will
also limit tlieir dispersal distance and thus the num-
ber of larvae reaching new areas.

Given their short-lived nature, the rapid spread
of these species throughout New England most likely
occurred by the rafting of adult colonies on debris,
seagrass blades, and macrophytes or their transport
on fouled ships and other structures. Thus we feel
the success of these species results trom their ability
lo >Ttain self-replicating local populations that can
produce generation after gcncratio» of potential new
invaders and their paradoxical absence from nearby
habitats is .i result of'their interactions at some life-

stage with»ative predators as well as the epifaunal
corn tnuni ty.

We therefore expect the range of these species to
expand geographically but their habitat distribution
should rentain restricted, unless predators are absent
in any new region. However, it should also be noted
that we have not observed any decline in other epi-
faunal species as a consequence of'the invasion of
these p,trticular species. As we argued morc thaii ZO

years ago  Osman and Whitlatch 1978!, bct.ause ol'
their p,itctiy distributions rnarinc benthic comrnuni-
ties ot'ten have a remarkable capacity to absorb new
species. This does not mean that i<Ttroductions or
their potential for causing devastating changes to
ecosystents should be ignored, but rather that we
inust recognize that mat>y invasions, whether anthro-
pOgcrtiC or natural, OCCur with little inTpact on the
native community  Williamson 1996'E Theieforc, it is
vita! to go beyond documenting, introductions an<!
cxami>3C the ittteraetions Ol inviding SpeCieS With
native cammunitieS if we are to underStanCI tlie 1O>>g-
term consequences of these inva~ion~.
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below MLW werc grazed significantly by locally
abundant S, fraiser'icanus. However, in field experi-
ments conducted in the northwest Atlantic, C. fragile
ssp,  vmen vsoi rlesr transplanted into S. droebacbi ensi s
b;irrens and also into cages containing S, droebacbierr-
si. were not gr;ized significantly, Together, these
results suggest rhat grazing pressure from S.fruncis-
Ce<22 ei iS respunsible fOr COnfining C, fragile primarily
to thc low interridal in areas in the eastern Pacific.

In contrast, the absence of grazing pressure from
such a large urchin species in the Atlantic has
allowed C. fragile ssp,  orner  osoides to spread to sub-
tidal areas. Intense subtidal grazing by localherbi-
vores may expl.iin the lower invasion success of'C.
fragile ssp.  <rmerr rrsoi der in New Zealand  Trowbridge
lcr9S! and the restriction of the alga to the intertidal
in England  Chapman 1999!.

I.aboratory, single-diet graziiig experiments on
urchins from the Pacific and Atlantic coinpared the
ar iOuntS Of C, trrstule and Laminuria Spp, COnSumed
b! large and small S. droebeachiensi<  test diameters
approx. 68 and 31 inm, respectively! and large «nd
sn1all S. fnsrrciscrrrrus  test diameters approx, 125 and
5> inrn, respectively!. These experiments indicated
that  I! large S. fra rciscarrus consumed significantly
more C, fragile than Lamin< rsa spp., �! similar-sized
S. jrrp cisce222us anrl S. circrebcscbiensis consumed C. fraz-
il» and Lamrrrr reer spp. at similar rates, and �! there
w;is a size-related shift in the ability ol S. drocbachie�-
sis to consuine C, frezgite ssp.  <rmentosrrieles relative to
Lrrmrnrzria spp., in which small S. drerebcrcIsierrsis con-
suined significaiitly less C. frergile than large S, Jroe-
bcrcbiensis but c<insurned Lami rre<ria spp, at rates simi-
lar to large conspecifics. These grazing experiinents
ar.. summarize<I in Figure 2.

In a separate assay for chemical deterrents to
he rbivory, crude extracts of C. fragile ssp.  ome�-
 o. crides and/or l r mina�'cz sc cchdrine  were imbedded

in carrageenan inolds and exposed to grazing by S.
<ir.rebrzchiensis, Results from this assay showed no evi-
dence of a chemical deterrent in C.frc2grile ssp.  omer2-
 o. octies to herbivory. The absence of a chemical
deterrent to grazing and the app,irent trend f' or larg-
er urchins to consume disproportionately more C.
frcgili' than Leimi naria spp,  Figure 2! suggest a rnor-
phological or behavioral shift in grazing ability rela-
tive to ui'cliln size.

The size-related shift in an urchin's ability to
consume C.fragi e may explain regional differences
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Figurc 2. Sulllrnar< ol single-die< grazing er<perinlents irl whir h
.'srrOngl to err ra rrs /inrrr rscrrrrrrs and S, r rcrbrrrhi rnrrS Of variOuS Sires
were fed either I rrrrlrrrrrrrrs spp. or lhe local C. /irgi e  in New
Fngl,ind rhc invasivc subspecies rorrrerrrosorder!. Amounis con-
hunred are weight loss of algal <.on<rois subiracied from weight
lohh of ~lg~e exposed lo grazing. Regression lines indicate C:.
trrrgrr r  dashed! .in'  ,rrrrrrnrrnrr spp.  solid! consumed.

in grazing pressure on the alga, In areas with large
endemiC urChin grazerS  eg., 5. Jrarrciseas ur in the
Pacific!, the alga is largely confined to thc intertidal.
In contrast, smaller endemic urchin grazers  eg,, S.
eiroebcrchierrsis in the Atlantic and Pacific! may liave
little inipact on tlie distribution of the alga. In the
northwest Atlantic, where smaller urchiiis are the

dominant grazers, the alga is not subjected to heavy
subtidal grazing pressure, and has succcssf'ully invad-
ed this habitat. These results have iniplications for
the future success of the invasive C. fragile ssp.
 omen os<is'dcs in regions with differing endemic
urchin grazers  eg., Atlantic, eastern Pacific, New
Zealand, Australia! and may be influeiiced by gener-
al decreases in urchin sizes in the Atlantic and
Pacific duc to local urchin fisheries,

LiTERATURE CITED

Chapman, A.S. 1999. From introduced species to invader: v h.ll
determines v,lrlation in success of C fr~ye r ssp.  rrrrlerrrrrsorr er
 Chloroph via i in ihc North Atlantil. Ocean.'  tetgotrcrrrtrr
t<  er'reer< rrrcrs 62:277 2 g9.

Trowbridge, C.FS. 1995. Fsi,lbhshmcnt of the greeri alga C.; tirrgi e
shp. rornerrirrsrrir er on New 7caland rocky shorern current dlsiri-
burioli .lnrl lliverlebrale graeers. Frotogv ga:949-965.



FREY SELECTrON BY JUVENILE ENGLISH SOLE 177

Predation on Native and Nonindigenous Amphipod Crustaceans
by a Native Estuarine-Dependent Fish
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ABsTRAcT: The importance of nonindigenous species within guilds supporting native spccics in higher trophic
levels is a critical concern in the biology of invasions. We find that predator-prey co-evolution relations may not
allow predictions about the order of consumption and selection of similar prey types.%e conducted experiments
to test for native and nonindigenous prey selection by juvenile English sole  Ptearronectes vetllns- native to the west
coast of North America!, using native amphipods  Corophilrrr satnronis and C. spinieorne! and northwest Atlantic
amphipods  C. acbersrsicnrn and C. insrdiosrarn!. Single-species prey consumption in sand substratum was greater on
C spinicorne and C, acherttsi atm than on C insidi astern and C. salnronis. Prey selection on both nonindigenous species
was significantly greater than on native species over mud substratum but not over sand substratum. Predation was
greater over sand substratum than over mud substratum. No scx-selective predation occurred on any species in
either substratum type and prey size-selection was only suggested for' C, acherlsictrm in both substrata types.
lnterspecific prey selection may vary with visibility, substratum type and prey behavior. Nonindigenous amphipods
are potentially capable of supporting higher trophic levels of native species.

Key words: prey selection, consumption, experrment, indigenous species, nonindigenous species, arnphipod,
Corophrrrm, juvenile English sole, Plerrronectes vetrrlas

INTRODUCTION
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SCurrent address: Hatfreld Marrne Scrence Center, 2030 South
Marine Science Center Drive, Newport, OR 97365

Estuaries in the northeast Pacific are among the
most invaded aquatic habitats in the world  Carlton
1979; Chapman 1988; Cohen and Carlton 1995! but
almost nothing is known of the ecological effects of
these invasions. Consumption of nonindigenous
prey by native fish in estuaries can be substantial
 Castillo et al. 1996!. This study is the first compari-
son of selection for native and nonindigenous prey
species in estuaries by native fish  i.e., the proportion
of a given prey in the diet relative to its proportion in
the environment!. The study by Meng and Orsi
�991! suggests that the larvae of the introduced
striped bass �frforone saxatilis! select one coevolved
copepod species over two non-coevolved introduced

copepod species, In the Yaquina Bay and Alsea Bay
estuaries in Oregon, predator-prey coevolution rn,ry
not affect the order of'prey selection by two species
of juvemle flatfish  G.C. Castillo, pers. Obic!.

Prey selection by fish may depend on: visibility
and exposure  McCall 1992; Schlacher and
Wooldridge 1996!; activity  Ware 1973; Magnhagen
1986!; evasion  Fulton 1982!; absolute and relative
density of prey  Magnhagen 1985!; size  Ringler
1979!; social facilitation  Brawn 1969; Olla and
Sarnet 1974! and water temperature  Moore and
Moore 1976!. We measured differences in consurnp-
tion and selection of two native and two nonindige-
nous arnphipods  Corophirtnr spp.! by juvenile
English sole  Plettronectes vetulus!. If juvenile P, vettrltts
tends to prey opportunistically at equal prey densi-
ties, we would expect to find higher consumption
and selection toward the most vulnerable prey
species, regardless of a potential coevolved predator-
prey relation. We tested whether the number of prey
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consumed by P, vetulus varies with species, size, or sex
oI arnphipods, and whether prey selection varies in
tl.e presence of alternative prey or substratum type.
We also tested whether the visibility and activity of
prey differ ainong the four amphipod species.

t'uvenile P. oetulus use Northeast Pacific estuaries
as rearing areas where amphipods are an important
part of their diet  Haertel and Osterberg 1967; Toole
1980!. Corophiurn salrnonis and C, spinicorne are both
teinperate species native to the west coast of North
Ainerica. Corophiurninsidhosum and C. acherusicum are
both semitropical species inadvertently introduced
into U.S. west coast estuaries froin the east coast oF

North America  Carlton 1979!. All four species are
abundant in the estuaries of Oregon and the north-
ea stern Pacific,

The increased invasion rate in San Francisco Bay
 Cohen and Carlton 1998! suggests that the abun-
d,inces of introduced species have also increased in
other northeast Pacific estuaries. Whether native

arnphipods are being replaced by nonindigenous
arnphipods in Northeast Pacific estuaries, as reported
for freshwater arnphipods in Ireland  Costello 1993!,
is uncertain but the native ainphipod, Corophiurn
brevis, may be extinct in San Francisco Bay and
populations may have declined in Humboldt Bay,
California, following the introduction of at least
otic ainphipod Q.W. Chapman and TW. Miller,
uiipubl. data!.

METHODS

Juvenile P. Fietulus were collected during summer
1996 from intertidal flats of Yaquina Bay by seining
and were then transported to the Hatfield Marine
S< ience Center  HMSC! on the same day. The fish
were treated with a 1:4,000 formalin solution for 1 h

to kill parasites and reduce fish Inortality  Kamiso
and Olson 1986!. The fish were sorted by size and
maintained in continuous water flow and natural

pliotoperiod. Fish used in experiments ranged from
5,1 crn to 6.6 cm total length  mean = 5.7 cm, sd =
0.35, n = 90!, Juvenile fish were Fed live Tubifex,
deFrosted Artentict salina, and I-rnm food pellets
 Bioproducts!. The varied diet conditioned the fish to
multiple food types.

Native ainphipods were collected from marina
floats and niudflats of Yaquina Bay and used directly
in experiments, Populations of the nonindigenous C,
acherusicunt and C. insidiousunr were collected from
floats and boats in Humboldt Bay and Yaquina Bay

and cultured in the laboratory. Corophiutn acherusicunr
were also provided by!ohn Sewall from U.S. EPA
laboratory cultures  HMSC, Newport, OR!, Cultured
amphipods were held in aerated rectangular 8.7-L
dish pans at 30 ppt and 25'C, Cultured diatoms
 Chaetoceros <alcitrans! were provided twice weekly and
a mixture of powdered dry food  parts per ingredient:
1.3 Neonovurn, 10 alfalfa, 20 Tetrainin, and 10 wheat
grass leaves! was provided every other day. The four
amphipod species were treated with antibiotics  after
Pelletier and Chapman 1996! for 3 d prior to the
experiments to increase survival. Older juveniles and
adults retained on a 351-inrn sieve  Tyler Standard!
were used in the experiments.

All amphipod prey populations were maintained
at ca, 20'C for a rninimuin of 4 d prior to the experi-
ments in the fall of'1996. Twenty-four acclimated
arnphipods were introduced into 5.8L glass aquaria
�3cin L x 15cm W x 17cm D! containing aerated
brackish water �0 ppt salinity, 14'C! and a 0,5-cm
layer of benthic sediment. Amphipods were lef't
undisturbed for 24 h to allow tube building in the
sediment. Then one juvenile P, vetulus was introduced
into each tank. The fish were left undisturbed in the

tanks for 48 h  from 6 p.in. to 6 p.m.! and then
removed. The water and sediment of each tank were

sieved to recover arnphipods, All amphipods remain-
ing on the sieve were then counted, The number of
prey COnSuined was eStirnated frOin the initial r.um-
ber of prey minus the number found on the sieve.

Single fish were placed in tanks containing 24
defrosted Arternia salina during each of the four
species treatments to control for variations among
predators. A given treatment was considered invalid
and repeated when Arternia were not consumed in
the control. Twenty-four arnphipods were added to
each of three tanks and maintained without predators
to control for losses other than to fish predation.
Both controls were used in single- and Inixed-species
experiments. The XI statistic was used to test the sig-
nifIcance of'the difference between treatment and

control means. The Tukey multiple range test  here-
after, HSD, Sokal and Rohlf 1995! was used to test
the significance of pairwise differences between treat-
m en t rnea ns,

SINGLE-SPECIES EXPERIMENTS

Prey Behavror

Prey visibility: Predator-free experiments were
used to test whether amphipod visibility in tanks
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with sandy sediment varies among species at 14'C.
Aiiiphipod visibility was assessed from 2-min obser-
vations for individuals swimming, walking, or partial-
ly visible above the sediment of 10 tanks. Twelve
males and 12 females per species were introduced in
each tank 1 h before the first observation, These

observations were repeated after 1 h, after 3 h, and
then every 3 h up to 24 h.

Prey activity: Intcrspecific differences in amphi-
pod activity was tested in predator-free experiments.
Activity was estimated f'roin the average distance trav-
eled per 5 sec in plastic containers  8 cm L x 8 cm W
x 10 cm D! under the following conditions: no sedi-
ment, water at 14'C and at 24'C and 30 ppt salinity.
One amphipod per species and sex was introduced in
each of 10 replicated containers and left undisturbed
for 24 h before the tests. Amphipod activity was
measured with and without disturbance caused by
suctioning froin a small pipette as a proxy predation
atteinpt  after Meng and Orsi 1991!.

Pry < on.fsrrnls tron

All single-species predation experiments were per-
f'ormed on sandy substrates  98% sand and 2% niud!
since P, Ysetarlrrs occurs predominantly in sandy sub-
strates in Yaquina and Alsea Bay estuaries, Single-
species treatments consisted of 24 amphipods �2
randomly individuals of each sex! in a tank with
sandy substratum, Treatments were replicated 10
times for each arnphipod species. Fish were deprived
of t'ood for 72 h prior to the feeding trials.

The Strauss'�979! index of food selection  L! is
adapted to estimate size-dependent selection by fish:

I'i = ri pi
where L; is the selection for prey of size;; r; and

p, are the proportions of prey of size; consumed and
available prior to the feeding trials, respectively. The
value of'L ranges from -1 to +1, Thus, the prey sizes
selected most often will correspond to the highest Lj
values. Alternatively, size selection was estimated
from the cumulative difference in size distributions

between eaten and uneaten individuals  Kolmogorov-
Srnirnov test, Tate and Clelland 1957!.

Precise determination of prey size and sex were
obtained from the length and Inorphology of the
fourth article of the second antenna. Measurements

were made using a stereoinicroscope equipped with
an ocular micrometer. The size distribution of con-

sumed ainphipods in each tank was estimated from
the size distribution of prey measured before the
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Figure l. Amphfp<sd body length  from lelson lo eye, V! y ith
 ength ol'4th art<tie 2nd antenna  X! hy species and se<L Species
<srigin: <tati Ye  C .<atm<snit and C; stsfrri« <mr!; nnnindigenpus
1 C. <<cher<<sic<<777 and C <sssidi<ssum!. All correbtinns are significant
 P   D.II!!. Initial mean prey size and range I ~- ! used in s<ngl<-
species experiments is shown in each case.

experiments minus the size distributioii after the
experiments.

MIXED-SPECIES EXPERIMENTS

The mixed-species treatinents consisted of 24
ainphipods � feinales and 3 males per species! in
sandy substrate  98% sand and 2% mud! and muddy
substrate �% sand and 98% Inud!. Each treatment
was replicated 25 times in the saine aquaria used in
single-species experiments. Variation in amphipod
visibility with substratum type was assessed for all
species combined in the 25 tanks prior to the feediiig
experiments. Fish were starved for the 48 h preceditig
these experiments. The proportion of the tank
bottoin free of sand upon coinpletion of the experi-
ments was used as a proxy Ineasure of fish distur-
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Tibk 1. Walking  WA!, swimming  SW! and partially visible  PV! Cnrophiu>r> spp. in sand substrate I'rom three observations per time inter-
val in 10 tanks  sd =- + sample siandard deviation!. Itank 1 = Highest visibility.

Individuals  No./tank/2 minute observation!
 a:00-9:00! AMSpecies �2:00-6:00! PM�:00-12:00! PM

WA SW PV Rank WA SW PV Rank WA SW PV Rank

C. Sa/mOri/S

0.17 4 0.37 0 00 0,4C 2

0.15 0.06 0 00 0.1C

0,53 0,03 0,30 4

0 21 0 06 010

0.17 0.00

0.15 0.00

mean

sd  +!

C. S/7/n/Cc>me
mean 2.70 0.37 1.63 2

sd  ~! 2.25 0.21 0.35
0.57 0,07

031 011

0,53 2

042

0,23 0 00

011 000

037 3
0.15

C. athert/sict/m

mean 2 40 040 3 37 1

sd  z! 0,95 0,26 2,06

1,43 0 17 1.17 1

0.40 0.1 2 0.38

1.00 0.03 1.23

035 006 055

C insidiosum

mean 0 57 087 010 3

sd  +! 0.06 0.31 0.10

023 023 000 3 013 003 00C 4

0.15 0.15 0 00 0.15 0,06 0,0C

bance. Fish disturbance in Inud treatments was evalu-
aI'ed from rhe proportion of tanks in which the bot-
tom was visible.

RESULTS

We coinpared prey size relations, Single-SpeCieS
prey behavior  visibility and activity!, single-species
c<ansumption, and mixed species visibility and
selection,

Undisturbed 14'C B Undisturbed 24'C

PREY SIZES 12
~ Males
~ Females

SAL SPI ACH INS SAL SPI ACH iNS

C Disturbed 14'C 0 Disturbed 24 C
PREY BEHAVIOR 12

Species

Figure 2. Mean activity  distance traveled in 5 s! by 10 tn:iles and
10 tcmalcs of each Coroph<um ape<.ies held at 14  : and ai 24 C.
SAL = C. ><rlmoni>s S PI = C, >pi niror>re, ACH = C, rtcher«<sr <rrrr,
I/s!S = C:. nr<rrt'rosu»r. Standard error scale over each bar arid signif-
i<.ant difterences denoted by letters a and b.

The body lengths of the two native species are
greater than those of nonindigenous species  Figure
1! and antenna lengths of males are greater for C.
ai herusirunr than for native species  Figure 1!. Sexual
dimorphism based on antenna length is apparent in
all species except C spinicorne  Figure 1!.

Visibility; Prey exposure was the Inain factor
accounting for differences in consumption among
species. The visibility of all arnphipod species in
tanks with sand  i,e., walking, swimming or partially
buried individuals! differed among species over the
24-h period  P �.05, ANOVA! and over the last 12-
h period  P �.01, ANOVA!, Corophi urn salmonis and
C'. insidiosurn largely settled into the sediment during
the first 6 h of the test  Table 1!. The decreasing order
of prey visibility over the entire daily period was:
C'. ac7>erusicuns; ! C. spinicornc, ! C.insidiosum !

C. salnronis. Most visible individuals were walking
 Table 1!.

Activity: Undisturbed amphipod activity did not
vaiy by sex or species at 14'C or 24'C  P >0.10,
ANOVA; Figures 2a and 2b!. At 14'C, activity fol-
lowing simulated predation attempts did not vary
among females  P 00.30, ANOVA; Figure 2C! and
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Figure 3, Mean number of Corophium consumed by Pleuronecrrs
ziri ulus, in single-species experiments. SAL = C. sutmonis, SPI = <:.
spmrcorue, AC! l =- C. acherusicum, INS = C. iosidiosum. Standard
error scale indicated over each bar and different letters above bars
showing sigttifican  differences among specie~.

varied only marginally among males  P = 0.05,
ANOVA; Figure 2C! with C. salmonis most active and
C. acherusicum least active  94% HSD test!,

At 24'C, disturbance increased only the activity
of female C. spinicorne  P �,01, ANOVA, 95% HSD
test!. Activity of disturbed amphipods for all four
species was greater at 24'C than at 14'C  males:
P �.05, feniales: P = 0.01, ANOVA; Figures 2C
and 2D!,

S INC LE- SPECIES Core!SUMPTIO!s!

Pkurones les vetulus feeding varied among species
 Figure 3A! and between sexes  P �.05, ANOVA;
Figures 3B and 3C!, with predation on C, spinicorne
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Figure 4. Strau»' selectioii index by prey size l4th artie'le 2ncl
.intenna! of Corophium species consumed by Plruronerirs oe ulus.

and C. acherusicum nearly twice as high as on
C. salmonis and C.insidiosunr  95!o HSD test!. Sig-
nificant differences in prey survival between treat-
ments and controls occurred in all species except
C. saimonis  I-tailed X2 test, P �.05!. Size of P. vetu-
lus did not affect prey consumption  r = 0.03, P !
0.05, n = 40!.

Sex-selective predation was not apparent  P !
0.10, 2-tailed X2 test; Figures 3b and 3c!. Although
size-selective predation was not suggested from the
Strauss' index  Figure 4!, size selection based on size
distribution of prey may occur for C. acherusicum
 P   0,01, Kolinogorov-Smirnov test; Figure 5!.

MixEO-SPECIEs EXPERIMENTS

Corophium visibility was greater in sand than in
inud both 1 h and 24 h fbllowing ainphipod intro-
duction  P �.05, ANOVA; Table 2!. Except for
C'. insidiosum, predation was higher in sand than in
mud  P �.001, ANOVA; Figures 6A and 6B!,
Species-selective predation occurred in both substr,ita
 P �.05; ANOVA; Figures 6A and 6B!. In sand, C,
acherusicum was selected more frequently than both
native species  95% HSD test!. In mud, selection was
higher on both nonindigenous species  95% HSD
test; Figure 6B!. Differences in prey survival between
treatments and controls were suggested for all species
except C. salmonis in sand  P �.05, 1-tailed Xz test!
and for no species in mud  P �.05, I-tailed X~ test!.

Sex-dependent predation was not apparent on
either substratum for any spec:ies  P �.05, 2-tailed
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Figure 5. Percent or'eaten and uneaten Corophiurr< by size �th arti-
cle 2nd anteniia! iii 10 tanks with sand substratum. Mean antenna
leiigrh  mm!, standard error and total number of prey shown in
parentheses

X-' test; sand: Figures 6C and 6E; mud: Figures 6D
and 6F!.

Substratum type had no signif'leant influence on
the size distribu ian of uneaten prey  P M.05,
Kolmogorov-Smirnov test; Figure 7!. Except for male
C. isrsidiosum in sand and C. adrerusicum in mud

 P �.05, ANOVA!, size-selective predation was not
suggested  data available upon request!. Fish size
seemed independent of overall prey consumption in
sand  r = 0,10, P W.05, n = 25! and mud  r = -0.20,
P A!.05, n = 25!,

Juvenile P. rserulus preyed on all Corophium species
used in our study. The rank of predation in single-
species experiments was not consistently related to
species origin as seen in mixed-species experiments.

Table 2, Wailrmg  WA!, swimmmg  SV/l and parnally visible  PV!
Cor«phi<rrr< iii sand and inud substrata froin three observations per
rime interval in 25 tanks  sd =+ ~ample standard deviation!.

Individuals  Nostank/2 min observation!
Substrate �:00-12:00! Plvl �:00-9:00! AM! �2:00-6:00! PM

WA SW PV WA SW PV WA SW PV

Sand

mean 1.24 0.57 0.60 0.6' 0.'17 0.24 0.68 0,27 0.33

sd ~! 0.62 0.09 0.18 0.16 0.'17 0.07 0.21 0.12 0.17

Mud

mean 0.55 0.44 0.31 0.49 0.11 0.36 0.44 0.01 0 35

sd +! 0.49 0,11 0,36 0,14 0,'l0 0.08 0,07 0,02 0.06

Figure 6. Mean number of Coroph«rm consumed by P7c«ronr< res
vrr«7<rs in mixed-species experiments. BAL = C. s«lmorr<s, SPI = C;.
spi i<<cur<so, ACH = C. richer«s««sr<, I NB = C, in<i J«ur<rr<. Standard
error scale over the bars and different letters above bars indicating
sigrr<F<carrr differences among spe<aes.

In the latter case, predation was more Lntense on
sand than on mud and the ranking of prey selection
was higher for nonindigenous species in bath substra-
ta. Thus, consumption of each species depends on
the substrata and the species composition of the prey
populations.
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The two most consumed species in single-species
experiments  C. spini come and C. rtcherusicum! were
the most visible over the 24-h observation period.
Therefore, P. vetulus seems to be an opportunistic
predator and predation risk varies with prey behavior
and sediment type, Every other factor  e.g., prey ori-
gin, size, sex, activity, water temperature! seemed less
consequential in determining potential vulnerability
to predators, Our finding of significantly higher
selection tor both nonindigenous species in mud is
tentative due to the reduced predation in this sub-
strate. However, fine-medium sand is the major sedi-
ment type in Yaquina Bay  Kulm and Byme 1967!.
Thus, our selection experiments in sand are more
representative of natural conditions than are the

experiments in mud.
Increase of activity with temperature were evident

for both male and female Corophium and escape
responses may be faster at higher temperatures for C.
spinicornc than for the other species  Figure 2D!. Yet,
growth is reduced at temperatures over 25'C in C.
salmonis and C. spinicorne but enhanced in C. achcru-
sicum and C. insidiosum by even higher teinperatures
 J.W. Chapman, pers. obs. 1997!, For C, spinicornr
reduced growth may thus be a trade-off for decreased
predation at higher temperatures,

Morphological and/or behavioral differences
between male and fernale Corophium did not result in
sex-elective predation by juvenile P. vetulus in our l,ib-
oratory experiments. Moreover, fiield sex selection l'ar
C. srtlmonis by P. vctulus was suggested at only one of
the three intertidal sites examined in Yaquiria Bay
and Alsea Bay  Castillo 1998!. In that study, C. saltno-
nis in benthic core samples from three sites showed
an increase in the average female/male ratio with
water depth from about 1.0 �-40 cm depth! to about
1,4  80 cm depth!. Thus, a spatially heterogeneous
sex ratio of prey in the environsnent may confound
the actual prey availability.

Reirners et al. �978! found that juvenile chinook
salmon  Oncorhynchus tshcr7trytscha! in the Sixes River
estuary, Oregon, consumed more male than female
Corophium, They also reported that male Corophium
occurs more often on the surface of' the substrate

than females, but females outnumber males. Higher
selection of male over female ainphipods
 Gran didicrella lignorunr! was also reported for juve-
niles of another fish  the sparid Lith~rlnathuslithog-
nrtthus!, and selection resulted from increased expo-
sure of males to predators  Schlacher and Wooldridge
1996!. The difference in sex-selective predation
between our experiments and the previous two stud-
ies can be explained in part by differences in fish for-
aging, Unlike 0. tshrsroytschrs and L. lithognathus, a sig-
nificant proportion of the diet of juvenile P. vctulus
comprises infauna  Castillo et aL 1996!. Thus, sex-
related differences in prey accessibility may be mini-
mized by juvenile P. vctulus.

Observation of P, vetulus feeding behavior in the
present study was limited by the reduced fish activity
f'ollowing their introduction into the tanks. Most fish
remained in a fixed area on the bottom or partially
buried in the sediment for several hours.

Preliminary observations in which prey were
,idded f'roin the top of the tank showed eye move-
inents in the settled fish. Once the prey reached the
bottom of the tank, the fish used its dorsal and an.il
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fiiis to support its body and "shuffled" forward
tcward the prey, after which it quickly consunied the
prey, Several fish attacks followed by regurgitation
w re needed to successfully ingest large C. sptttt Oryte
ol either sex. In one case a large C. spttticorne male
oriented its second antennae sideways when con-
fronted by a fish, a defense mechanisin also reported
b>r Reiiners et al, �979!.

Foraging juvenile and adult P. vetttlas use their
pointed snouts as a shovel to extract infauna
 Ambrose 1976; Hulberg and Oliver 1978!. Despite
such behavior, the percent of the tank bottom area
free of sand at the end of the experiment was not cor-
related to total prey consumption  r = 0,17, P ! 0.05,
n = 25! suggesting that overall sediment disturbance
b>r fish does not enhance prey consutnption.

Juvenile P. r>etulus may be visually oriented preda-
tcrs. Stomach fullness of juvenile P. vefttlls increases
throughout daylight hours in nearshare areas  Hogue
and Carey 1982! and estuaries  G,C. Castillo, pers,
obs.!, Fish-induced turbidity in the inud treatment
reduced visibility and could explain the relatively low
predation on C'i>rtspbittm in mud  Figure 6!.

Due to turbidity, the tank bottoms of most mud
replicates were not visible from the water surface at
the end of the experiments. However, predation on
ainphipods was not significantly higher in mud repli-
ca tes where the bottom was visible on completion of
the experiment  mean consuinption = 7.1 prey, n = 7
fish! than in tanks in which the bottom was not visi-
ble  mean consumption = 5.8 prey, n = 18 fish, P !
0.50, ANOVA!. Thus, differences in arnphipod
behavior between sand and mud as well as reduced

prey visibility in mud could account for the greater
consumption by fish in the sand replicates.

Although the Strauss' prey size selection index
w,is not significantly correlated to prey size for any
species, C, acherstsicttm showed the highest correlation
 Figure 4!, Thus, this index is partially consistent with
the significantly greater mean size of consumed prey
for the latter species  Figure 5!,

Our experiments support field observations in the
sense that some nonindigenous invertebrate prey can
be highly selected by juvenile P, velultts  G.C,
Castillo, pers, obs,!. With the exception of C. insidio-
sttttt, field data for Yaquina Bay and Alsea Bay estuar-
ies have shown that P, tsetttlus and starry flounder
 I Icttichfhys.stelktsts! prey on all Corophium species
considered here  Castillo ef al 1996!. The low abun-
d;ince of nonindigenous Corophium in the fish diet in

that study may be due to the high intertidal distribu-
tion of introduced Corophittrrt. Although direct nega-
tive trophic effects of nonindigenous Cortspht'tttrt spp.
on P. uettelus are not implied from our study, we can
not predict the effect of'an increasing number of'
nonindigenous species on the abundance of P.
zretttltts. Yet, additional guilds in the food-base of
native predators could lead to a decline in communi-
ty stability  Castillo el ctl., in press!.
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Ecological Interactions and Impacts of Invasive Euppapbycls striatam
in Kane'ohe Bay, a Tropical Reef
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Aesruacr: The introduction and consequent spread of the red alga, Kappapbyesss striaturn, has recently become a
management concern and has Ied to studies that examine the ecological impacts and interactions of the alga. To
determine if herbivory plays a role in the abundance of K. striaturn, predator exclosures were placed in areas of
high and Iow aIgal abundance to estimate differences in grazing intensity, It was observed that, in areas of high K.
striutam abundance, there was no significant difference in growth between the caged and uncaged treatment, sug-
gesting that grazing intensity is low and unable to affect algal biomass. In an area of Iow rnacroalgaI abundance,
however, differences in growth rates between uncaged and caged treatments were significant, Growth rates were
negative in the uncaged treatments, suggesting that grazing intensity was high. This higher grazing intensity may
be duc to a larger grazing population or to Iack of alternative food sources. Comparison of growth rates in the
caged treatments allowed assessment of growth rate potential among sites. Additional studies to assess the ability
of the aIga to reproduce vegetatively, as well as a qualitative assessment of the possible impact of algal overgrowth
on live coral, will allow estimation of further spread, habitat alteration, and ecologicaI impact.

Keywords: introduction, macroalga, Kappaphyeus, herbivory, fragmeination, habitat alteration, tropical reef

INTRODUCTION

The importance of understanding the mecha-
nisrns and iinpacts of biological invasions remains
cruciaJ in our efforts to preserve biodiversity and to
minimize environrnenta  degradation, The invasion
of marine and estuarine systems by non-native
species has become a widely recognized phenome-
non that continues to take place around the world
 Grosholz and Ruiz 1996!. Studies of biological inva-
sicns have docunIented substantial alteration of pre-
existing communities by displacing native species
through predation, hybridization or competitive
interactions  Lodge 1993; Ricciardi etal. 1995!. In
comparison to the extensive literature that docu-
ments invasions of terrestrial and freshwater habitats,
relatively little is known of the history or impact
of marine invasions  Lodge 1993!, Quantitative stud-
ies and long-terin experiments to distinguish the
effects of an introduction from natural variation in

iCorrcsponding author; telephone; 510-231-5661,
Iax 510-201-9414; < mail: monica oIsfei.org
'C urrcnr address; 1325 South 46th Street, Richmond, C A 94804

the nIarine environment remain rare  Grosholz and
Ruiz 1996!,

Three marine red algal species, Eucheunsa denticula-
tum, Kappaphycus alvarezii, and K striaturn, were intro-
duced to the fringing reef area at the Hawaii Institute
of Marine Biology  HIMB! on Coconut Island in the
early 1970s. The introductions took place as part of
aquaculture studies Inotivated by the increasing corn-
rnercial value of the carrageenan found in the cell
walls of these species. There has been relatively little
documentation of'the locations of the original plant-
ings or the specific species of Kappaphycus and
Eucheuma that were planted. Russell �981! docu-
mented the early history of the Kappahycus and
Eucheurna spp. establishment and dispersal in
Kane'ohe Bay from 1974 to 1976. A more recent
study by Rodgers and Cox �999! docuinented the
current distribution of Kappaphycus spp. in the bay
 Figure 1!.

The apparent overgrowth of'the K. Itriaturnon
live coral, as well as its spread, has become a manage-
rnent concern. Characteristic of weedy species, its
phenotypic plasticity as well as its ability to repro-
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Figure 1. Distribution of Kupprrphyrrrs species within Kane'ohe
Bay as surveyed in 1996. Reproduced with permission from
Rodgers and Cox �999!.

duce vegetatively has most likely contributed to the
spread of'this species throughout Kane'ohe Bay.
Since its introduction nearly 30 years ago, K, striatum
has not spread outside the bay, nor reached the
northernmost regions, However, the alga has a patchy
distribution, with areas of very dense coverage found
in close proximity to areas of low abundance. The
possibility of the continued spread and dominance of
K. striatum led to the following on-going study.

One goal of this study is to determine the factors
that may play a role in determining the distribution
of K striatum. Herbivorous fishes in the families

Acanthuridae  surgeonfishes! and Scaridae  parrot-
fishes! are an important component, both ecological-
ly and evolutionarily, of the herbivore guild on many
tropical reefs  Randall 1965; Wanders 1977; Steneck
1983; Hay 1984; Lewis and Wainwright 1985; Lewis
1986!. Several studies have documented the influence
of herbivory in coral reef community structure
 Stephenson and Searles 1960; Randall 1961;
Wanders 1977; Ogden and Lobel 1978; Sammarco
1982; Lewis and Wainwright 1985; Lewis 1986!.

An investigation conducted by Lewis �985! demon-
strated that when grazing intensity of adult acan-
thurids and scarids was experimentally reduced, rapid
and dramatic shifts in benthic community structure
followed. As portions of coral colonies were over-
grown and subsequently killed by macroalgae, total
macroalgal abundance significantly increased with a
decrease in algal turf, crustose coralline algae, and
coral abundance. The study suggests that grazing by
herbivorous fish helps to maintain a tropical benthic
assemblage dominated by algal turfs and crustose
coralline algae by reducing abundances of macroalgal
species with superior overgrowth abilities.

To determine if'herbivory plays a role in the suc-
cess of K striatum, predator exclosures of paired
caged and uncaged treatments were placed in areas of
high and low algal cover. Differences in grazing pres-
sure were elevated by comparison of the growth rates
in the paired caged and uncaged treatments. We
hypothesized that low grazing intensity may lead to
high K. striatum abundance. In addition, comparison
among sites of growth rates in caged treatments will
allow determination of growth rate potential. The
conditions at the densely covered sites may allow
higher growth rates and may lead to the subsequent
dominance K. striatum.

K. striatum rarely reproduces sexually and its abili-
ty to reproduce vegetatively is an important compo-
nent of its invasive success. Small branch tips may
break off due to physical disturbance and be carried
by currents and waves to new locations where they
may settle and establish, Assessment of the minimum
fragment size capable of maintaining positive growth
becomes an important issue when considering reme-
diation efforts. Attempts at manual eradication could
possibly result in spread rather than removal, In addi-
tion, the ability of fragments to survive in a variety of
environments is an important determination, The
fragments of K striatum may have a relatively high
sinking rate relative to other invasive, weedy species,
but if these fragments are capable of surviving long
periods of reduced light at depth, the probability of
dispersal, settlement, and establishment becomes
much higher.

Apparent overgrowth by algae on live coral is crit-
ical as Kane'ohe Bay historically has had remarkable
disturbances associated with urbanization of the

coastal zone. Quantification of significant alterations
of the habitat would require long-term studies in
order to differentiate changes brought about by the
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Kaneohe Bay
Oahu, Ha wail

Figure 2. Map of Kane'ohe Bay with locations of predator exclo-
sui'e study sites: Site A; High K, irriaruru abundance, back rccf
arra; Site El: High K slriarum abundance, patch reef fI29
Sile C: Low K. srnurum abundance, I'ringing reef of Coconut
Isf,tnd

algae from natural variation. For the purposes of
inanagement decisions, a more rapid qualitative
assessment may be made by monitoring specific areas
oser a one-year period through monthly photographs
taken in areas of possible algal encroachment on live
coral.

MATERIALS AND METHODS

GROWTH POTENTIAL AND HERBIVORY

The growth rates and grazing effects of K. sIrialum
were examined using paired predator exclosures at
three sites  Figure 2!. Site A was located in an exten-
sive barrier reef complex with high K. ariarum abun-
dance and high wave energy. Site B was a patch reef'
with K. s riaram dominating the reef flat and reef
crest, Site C included a section of a fringing reef with
very low rnacroalgal abundance and was located on
the windward side of the Hawaii Institute of Marine

Biology, a mari»e protected area where only limited
collecting is allowed.

Large thalli were collected in the back reef area
and returned to the laboratory in seawater. The thalli

were broken into smaller thalli weighing 20-25 g  wet
weight!, and approximately 6 crn in length. Weighed
thalli were randomly assigned to two levels of'her-
bivory: caged and uncaged. Caged and uncaged thalli
welse attached to vinyl-coated 2.5-cm wire mesh plat-
forms �0 cm x 15 cm!. Rather than clamping or
tying the algae to the platforin, coiled, plastic-coated,
single-strand electrical wire was threaded through the
thalli, The coils were 2 cin in diaineter and coiitained
6-7 rings. Coils were tied to the platform where fish
could grare on algal tips and branches that extended
out of the coil. Cages had walls, roofs, and floors of'
0,5-crn vinyl-coated niesh. All cages were 8 cm L x 8
cm W x 8 cin H. The platforms holding caged and
uncaged thalli were placed on rubble terraces on the
reef crests in areas 8 and C. At site A, platforms were
attached to non-living reef'substrate using two iTietal
stakes. Individual thalli were weighed at the start of
each experiinental period and reweighed after approx-
irnately 5 da in the field. Two separate experiments
were conducted, one each in November and
December 1998,

Growth rates were determined by subtracting ini-
tial weight from final weight and dividing by the
number of days in the field. Growth potential was
determined by examining caged growth rates among
sites, Grazing intensity was calculated as the diR'er-
ence between paired caged and uncaged growth rates.
Very low negative values occasionally resulted due to
breakage duririg handling in the field and were not
included in the analysis. Results were analyzed using
an unbalanced two-way analysis of variance
 ANOVA! and Tukey HAS multiple coniparisons
 Systat 8.0!.

FRAGMENTATION SUCCESS

Thalli were collected from the field and placed in
running seawater tables. St»all fragments were
reinoved from larger thalli, weighed, and placed in
one of four weight categories, ranging f'rom 0.03 to
0.25 g and 0.25 to 1 crn in length, Fragments were
color coded according to size class using fine plastic-
coated wire. The fragments were then placed in two
different environinents. One set of f'ragments was
placed in a pan filled with sand covered with 0.5-crn
plastic-coated Inesh. The other set of fraginents was
placed in cages with walls, floors and roofs of 0.5-crn
plastic-coated Inesh. Both the pan and the cages were
placed on the reef flat on the windward side of
HIMB and left in the field for approximately 6 days.
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RESULTS

GROWTH POTENTIAL

l.igure 3. Average growth rates for caged and uncaged trcattnents
at sites A, B, arid C in November 1998, Error bats indicate +!-
one standard deviation. Sites A and B are areas of high K. stnaium
abundance and site C is an area aflow K. 4 r<«rum abundance.,

Figure 4. Average growth tates for caged and uncaged treatments
ai sites A, B, a<id C in December 1998, Err<it bars indicate +i-
one standard deviation. Sites A and B are areas of hi.gh K. strtaturtt
abundance and site C is an area of low K. Iirr<ttum abundance,

At that time, all fragments were brought back froin
the field and reweighed.

To monitor the efFects of algal encroachment on
live coral, four photostations were constructed in the
back reef area of Kane'ohe Bay  Figure 1, site A!.
Metal stakes used to mark these perinanent sites and
act as a camera mount in order to minimize changes
in the photographic area through tiine. The stakes
were pounded deeply into the sandy substrate. The
camera was Inounted on a platform constructed from
acrylic and PVC piping that slid over the stake.
Nondestructive markers were placed on the coral
head to indicate lines for orientation. Photographs
were taken monthly.

Average growth rates of all caged plants were
COinpared, Grawth rateS Were faund to bC SignifiCant-

Figure 5. Grazing intensity calculated by average differences
between paired caged and uncaged thalli at sites A, B, and C.
Frror bird indicate+<c one standard deviation, Growth rates
measured in November and December 1998. Sites A and B at<
areas <>f high K..<<ri<ttum abundance and site C is an area of lo<v
K. <Iri<tn<m abundance.

Figure I<. Average growth tates of caged and uncaged treaimeni s in
November and Decetnber 1998 at sites A, B, and C.

ly different  P   0.004! ainong sites  Figures 3, 4, and
6!, Site A was significantly different from site B and
site C  P �.05!. There was no significant difference
between sites B and C.

The average growth rates of both the caged and
uncaged treatments at sites A, B, and C in both
November and December are shown in Figures 3,ind
4. The paired design of the experiinent allowed for a
measure of grazing intensity to be calculated by sub-
tracting the uncaged growth rates from the caged
growth rates. Results indicated that there was a signif-
icant difference  P   0.0001! in grazing intensity
among sites  Figure 5!. There was no significant dil'-
ference between grazing intensity and date  P  
0.712!. As shown in Figure 5, site C, the area of low
macroalgal abundance, had a higher grazing intensity
than in sites B and C. The Tukey Inultiple cornpar-
isons test resulted in a significant difFerence between
sites C and A, as well as between sites C and B  P.
0.05!. Thcrc was no significant difference between
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Initial Wt.
Range  g!

Final Wt,
Range  g!

Treatment

Caged .05-.08

,11 �.15

.20 �.25

.30 �.35

11 �,15

18 �,24

40 �. 56

.43-.70

Sand .05-.08

.11-.15

.20 �.25

.30 �.35

.08-.09

.11 �.16

.21 �.26

.27 �.44

FRAGMENT GROWTH

DISCVSSION

Table 1, Table of initial and final weights of fragment size classes
in caged and sand treatments.

sites A and B. Average growth rates of all uncaged
plants can be seen in Figure 6, with negative average
growth rate at site C.

Results of the fragment growth experiments are
shown in Table 1. The fragments placed in cages
exhibited positive growth or maintained initial
weight in all size classes. Fragments placed in the
sand maintained or lost biomass in all size classes,

CORAL AND ALGAE INTERACTION

Photographs taken in July show an increase in the
algal cover of live coral compared to the photographs
taken in January. One of the four photostations is
shown in Figure 7.

Abundance of an alga on tropical reefs is a func-
tion of plant growth ability, nutrient availability, and
grazing pressures. Previous to this study, the ability of
K. striatum to spread and grow in cfifferent areas of
the bay was a point of some confusion  Russell
1981!. The varying environmental conditions across
the bay could possibly limit the distribution of K
striatum and play a role in its patchy distribution.
Results from this study, however, have demonstrated
that K striatum is capable of net growth within cages
at the three sites sampled. Comparison among sites
of the growth rates in cages demonstrated a signifi-
cantly higher growth rate at site A. This high growth
rate may in part explain the success of K. striatum at
site A, but at site B, which also has dense algal cover-
age, a lower growth rate was observed. The lack of sig-
nificant difference between site C, with low coverage,

Figure 7. Photographs taken at photostation in the back reef area
of'Kane'ohe Bay to monitor algal overgrowth.  Aj July 1997,
 B! January 1998.

and site B, with dense coverage, further emphasizes
the role of herbivory. Caged growth rates between
sites were similar, yet at site B, K striatum was abun-
dant and in site C, K striatum was absent. These
results suggest that varying environmental conditions
and nutrient availability underlie the distribution of
K striatum, and other factors such as herbivory and
dispersal may be more important regulators of the
current distribution of K striatum.

The results of this study suggest that grazing
intensity, as measured through average growth rate
differences between paired caged and uncaged thalli,
is low at sites with high K striatum abundance  Figure
5!. Grazing intensity values at high abundance sites A
and B were consistently close to zero for both dates.
An explanation of the low grazing intensity values
could be that, because of the presence of large
amounts of K. striatum in the area, grazers may have
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not encountered the uncaged thalli. In addition, the
presence of alternate food sources at sites A and B
may result in lower grazing intensity, It is apparent,
that K. stria urn is growing faster at these sites than
grazers can consume it. This may arise from several
factors such as low grazer density, lack of sca urchins
in the bay, and low food preference in comparison to
other algae  Stimson, unpublished data!. In spite of
the low grazing intensity results af the predator
exclosures at sites A and B, significant grazing scars
have been observed in the field. A study conducted
by Russell �983! demonstrated that fish selectively
grazed on the branch tips of K striatum. Thus, the
ability of the alga to form dense, smooth Inasses over
the coral can be viewed as a morphological defense
and an additional explanation for the invasive suc-
cess of K srriatum.

Site C, Coconut Island, is a marine protected area
where fishing and collection are regulated. With a
presumed higher abundance and diversity of grazers,
one would expect grazing intensity to be higher as
well. This high grazing intensity may also arise from
the lack of alternate food sources in the area.

Coconut Island was the original site of the K striatum
introduction and once supported a large population
of K srriatum that has drastically declined. This situa-
tion lends support to the hypothesis that grazers can
regulate the abundance of K. Striarum in an area. At
Coconut Island, growth rates outside the cages were
consistently equal to or below zero, suggesting that
the algae could not establish in the presence of the
current herbivore asseinblage.

With few precise data about the original planting
of the alga, it is difficult to assess dispersal capabili-
ties of K. siriarum. Unlike other introduced algae that
spread to the Five main Hawaiian islands within a few
years, K. strratum appears to have spread at a Inuch
slower rate. Although K. slriarum is able to reproduce
vegetatively. fragments Inay sink too quickly before
being transported long distances. With fraginents as
small as 0.05 g capable of doubling their weight in
less than one week, however, this alga could disperse
rnOre widely given SuffiCient tiine. Caged fragrnentS
grew or maintained initial weight, unlike fragments
placed in sand, paralleling the observed success of
the alga on live and dead coral and its absence on
sandy reef flats.

Monitoring the overgrowth of coral by algae
through monthly photographs has allowed several
observations, As hypothesized, K striatum ovcrgrows

live coral. Over the six Inonths that photostations
have been monitored, however, the changes in algal
cover were not readily observed. This slow but per-
sistent growth of K Ttriatum is consistent with its his-
tory, however, as ir has gradually spread throughout
Kane'ohe Bay over the last three decades.

Although K. TtriaIum has not exhibited the swill
dispersal of other invasive species, it has demonstrat-
ed that if given enough time, it can settle and estab-
liSh in Certain areaS, LOw grazing intenSity iiT areaS Ot
high abundance, vegetative reproduction, and pheiio-
typic plasticity are each important cotnponents tlrat
contribute to the abundance of K. stri arum in

Kane'ohe Bay. Additional studies are needed to fur-
ther cxainine the loss of biomass observed in the

uncaged treatments at site C, the protected area.
Predator exclosures will be placed at additional sites
of low K stria um abundance in ntarine unprotected
areas in order to coinpare grazing intensity. In addi-
tion, sites may be included that have high abun-
dances of Inacroalgae other than K. tfriatum,
Palatability testing ainong hcrbivores and identific,r-
tion of'grazers will also be useful in understanding
the current distribution of'K. srriarum in the bay, The
possibility of remediation will require great care and
energy to contain small fraginents. With a slower
growing species such as K .striaium, however, it mav
be possible to apply occasional, and careful, large-
scale harvests to crop the alga back in the habitat.
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Natural History and Biology of the Asian Shore Crab Hemigrapsus sanggieeas
in the Western Atlantic: A Review, with New Information

JOHN J, 1VlCDERMOTTI
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ABsTRACT: In the 1980s, the western Pacific grapsid brachyuran, Hensigrapsns sangnineus  De Haan 1835!, entered
an open niche in the middle to upper rocky intertidal zone along the mid-Atlantic coast of the United States. Several
aspects of its biology and ecology in Atlantic waters are briefly updated here. Recent studies show that the crab's
northern geographical range now extends to the coast of New Hampshire, Additional information on the length
of its reproductive season in New Jersey has verified that reproduction at that latitude ends in September. Molted
exoskeletons of H. sanguinens n = 325! and Gsrcinus nsaenas  n = 270!, its chief potential competitor, were collected
over two months during the fall of 1998, from beach wrack adjacent to the crabs' rocky habitat in New Jersey.
Carapace width  CW! frequency distribution of juvenile and mature Hensigrapssss exoskeletons showed similarities
to the population living among the rocks. Carcinus molts were nearly all juveniles with a mean CW of 21.7 + 75
mm, slightly greater than molts of Hensigrapsns, 16.8 + 6.4 mm. These and other observations indicate that both
species continue their sympatric relationship in New Jersey. Laboratory observations showed that adult H. san-
guinens survive salinity reduction down to 10o/o.

Key words: Carcinus rnaenas, molting, New jersey, reproduction, salinity tolerance

INTRODUCTION AND REVIEW
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Hemigrapsus sanguineus, a native of rocky intertidal
habitats in the western Pacific Ocean  from Sakhalin
Island south to Hong Kong!, was Found for the first
time in the Atlantic Ocean in 1988, along the coast
of New Jersey, where it had established a breeding
population  Williams and McDermott 1990;
McDermott 1991!. One purpose of this review is to
summarize briefly our present knowledge of the biol-
ogy of the Atlantic population, derived primarily
from McDerrnott's �998a, 1998b, 1999! studies in
New Jersey, but with additional information mainly
from Lohrer and Whitlach �997! and Epifanio et al.
�998!. Other contributions to the biology of H, san-
guineus are found in this Proceedings,

The present geographical distribution of H. san-
guineus in the western Atlantic extends from North
Hampton, New Hampshire  McDermott, recent data
discussed later! to Oregon Inlet, North Carolina
 McDermott 1998a!. The largest populations appear
to be located from Long Island Sound southward to
Delaware, In New Jersey the crab is concentrated in
the middle to upper rocky intertidal area, but may be

ECOLOGY AND BIOLOGY OF THE ASIAN SHORE CRAB l.93

located at times throughout the intertidal and into
the subtidal. It is the only species of brachyuran crab
north of Virginia that inhabits the drier upper inter-
tidal, occupying a niche that was unoccupied prior to
its establishment in the mid-Atlantic. In Long Island
Sound, however, Lohrer and Whitlach �997! have
shown conclusively that populations of H, sanguineus
are most prevalent in the lower rather than the upper
intertidal.

The chief brachyurans sympatric with H. san-
gui neus are the green crab, Carcinus maenas
 Portunidae! and the mud crabs, Dyspanopeus ski,
Eurypanopeus depressus, and Panopeus herbstii  Xan-
thidae!. The xanthids occupy only the lower inter-
tidal and subtidal zones, while Carcinus distinctly
overlaps Hemigrapsus' habitat, but does not exist in
the highest intertidal portions of the latter's habitat,
It is generally agreed that in the Asian shore crab's
newly exploited Atlantic habitat, Carcinus may be the
most direct competitor both spatially and trophically
 Lohrer and Whitlach 1997; McDermott 1999!. In
New Jersey, the H. sanguineus populations compete
primarily with juvenile green crabs having average
carapace widths  CW! slightly greater than those of
adult Hemigrapsus, H, sanguineus Inales have wider
carapaces than females and they are also heavier, due
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primarily to their larger chelipeds. The largest male
recorded in the literature was from New Jersey �3.9
mrn CW!.

As H, sanguineus increases in carapace width, the
linear dimensions of the homochelous chelae  length,
height, width! in both sexes increase in distinct pro-
portion to one another  McDermott 1999!. In males,
an upward inflection in each parameter at 1S mm
CW, not present in female chelae, may relate to their
maruration size. The larger chelae of males, plus their
gre;iter mechanical advantage ratio  L,/Lz, Warner
and Jones 1976! and wider gape, make them more
formidable for feeding and defense than those of
fen..ales  McDermott 1999!.

H. sanguineus is an omnivorous and apparently
opportunistic feeder, as shown both by the analysis
of stomach contents and by laboratory observations
 Lohrer and Whitlach 1997; McDerrnott 1998a,
1999!. Various species of micro- and macroalgae,
My!ilus edulis, Semibalanus balanoides, and a variety of
other crustaceans have been identified in stomach

contents, and, in southern New England, Lohrer and
Whitlach �997! noted that the relatively small lit-
torinid gastropods, Littorina obtusata and L. saxatilis
also are important food items. Laboratory experi-
ments have further suggested that the abundant mid-
to upper-intertidal amphipod, Hyale plumulosa, may
be i particularly good food source in rocky areas
 McDermott 1999!.

H. sanguineus reproduces from late April through
September in New Jersey  McDermott 1998b!,
whereas a shorter breeding season, June to Septem-
ber. was recorded for Long Island Sound  Lohrer and
Whitlach 1997!. Crabs may become ovigerous at
12 mrn CW, but based on an abdominal width
 AW!/CW ratio of > 0.60 indicating maturity, female
crabs up to 17 mm CW are often not mature
 McDermott 1998b!. There is a positive correlation
between the numbers of embryos in a brood and the
CW. Large females from New Jersey produced broods
of.> 40,000 embryos as determined by direct counts.

In the laboratory, embryonic development to
hatching of zoeae takes 22.3+1.8 d at 19-20'C
 McDermott 1998b!. Epifanio et al. �998! found that
laboratory development at 25'C required 14 d. These
dat;i agree basically with those of Kurata �968! and
Fukui �988! for H. sanguineus in the Pacific. Data of
Kurata �968! and Hwang et al. �993!, relating water
temperature and larval developmental times, suggest-
ed that at the latitude of New Jersey about 40 d may

be required for metamorphosis from the first zoea to
the first crab stage  McDerrnott 1998b!. Thus, it is
estimated that along the rnid-Atlantic states the cycle
from oviposition to the first crab may be approxi-
mately two months, more than a month of which
represent larval stages that may be dispersed great dis-
tances by tides and currents.

In Korea, Hwang et al. �993! described the five
zoeal stages and megalopa of H. sanguineus  laborato-
ry-reared at 25'C! and distinguished these stages from
those of other members of the genus. They recorded
mean times For development from hatching to the
megalopa and first crab at 18 and 31 d, respectively.
In America, Epifanio et al. �998! also successfully
raised all of the larval stages as well as the first five
crab stages of H, sanguineus in the laboratory as part
of a study directed primarily to temperature-salinity
requirements for development. Approximately 16 d
at 25'C and 15 /oo salinity were required for zoeae to
reach the megalopa, but survival was only 8o/o com-
pared to 60o/o for those reared at 20o/oo. At lower tem-
peratures, salinities ! 20o/oo were required for this
same development. Megalopae, however, developed
only at salinities > 2So/oo. These data suggest that lar-
val sensitivity to low salinities might limit the estab-
lishment of adult populations in the mesohaline por-
tions of estuaries. Epifanio et al. �998! found that it
took 25 d from hatching to the first crab stage at
25'C, a duration in relatively close agreement with
the development time For H. sanguineus recorded by
Hwang et al. �993!. Thirty-five clays were required for
first crabs to reach the fifth juvenile stage  Epifanio et
al, 1998!, Both Saigusa and Kawagoye �997!  with
Pacific crabs! and Epifanio et al. �998! found that the
release of first zoeae occurred throughout spring and
neap tides.

Recruitment to the H. sanguineus population in
New Jersey begins in early June and continues into
the winter. By 1994 this population had become so
large that fishermen obtained crabs from among the
rocks and used them as bait for tautog �autoga onitis!,
Recently  June 1997!, some fishermen were observed
collecting and filling one-gallon containers with
H, sanguineus  McDermott, pers. obs.!. Interestingly,
these fishermen were Japanese, who recognized
this species as an inhabitant of the waters in their
homeland.

New information on the biology of H. sangui neus
is presented and discussed in the remainder of this
paper: thc l.atcst geographic range of the species,
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further delimitation of the reproductive season in
New Jersey, molting in the field, and salinity toler-
ance in mature crabs.

MATERIALS AND METHODS

The north-south geographic range of H, san-
guineus in the Atlantic Ocean was reevaluated in
1998, Trips were made to New England and North
Carolina to check for crabs in locations where they
were not found in 1995 and 1996, respectively.

In order to verify and expand my previous report
 McDermott 1998b! that the reproductive season for
H. sanguineus in New Jersey was from late April
through September, mature females were collected
during April, September, and October 1998 at
Townsends and Hereford Inlets. Gonads of these

females were examined and ovigers  = ovigerous
females  see Ryan 1956! were recorded!,

In the early years of its ocurrence in New Jersey,
molted exoskeletons of H, sanguineus were found
infrequently ainong the rocks at the main sampling
site at Townsends Inlet. By 1996, molts of crabs  cara-
paces or whole molts! were being found in increasing
numbers in the high-water beach wrack near rocky
intertidal locations, suggesting an increase in these
grapsid populations in southern New Jersey, In the
Fall of 1998, an attempt was made to monitor molt-
ing at the Townsends Inlet site. From 22 September
to 24 November, 11 collections of molted exoskele-
tons of H. Sanguineus  n = 325! and green crabs,
Careinus maenas  n = 270!, were made from the high-
water beach wrack along a 100-m transect of a shel-
tered sandy beach adjacent to the crabs' rocky habi-
tat. The first three collections �2 September to 8
October! were approximately one week apart, and the
second three were obtained on consecutive days
�8 to 20 October!. The seventh to eleventh collec-
tions were on 2, 3, 8, 23, and 24 November. Only
molted carapaces and whole molts were collected
and measured  CW!.

In May 1992 an experiment was performed to test
the ability of H. sanguineus to tolerate reduced salini-
ties, The crabs used in this experiment were collected
at Townsends Inlet, and had been individually main-
tained prior to the experiment at a salinity of 32o/oo.

They were kept at = 19'C in a dark incubator
with Ulva as food, Mean carapace width of males was
20.8 + 2.2 mm  range 17,5 to 24.8 mm! and of
females was 20.4 + 3.0 mm  range 15.6 to 27.9 mm!.
Three crabs of each sex were subjected to salinities

of 32, 25, 20, 15, 10, and 5o/oo, They were placed
immediately into the lower salinities. Crabs were
held individually in fingerbowls with 165 ml of the
seawater dilutions at 19'C in a dark incubator. Tinies

of exposure varied, but two of the salinity groups
were exposed for the entire length of the experiment,
i.e,, 199 h. In order to conserve the relatively few
crabs available at the time, the six crabs used at
32o/oo for 48 h were used again at 15o/oo, Water was
changed every 48 h.

RESULTS

GEOGRAPHIC DISTRIBUTION

Hemigrapsus sanguineus was reported previously
to range from Green Harbor, Massachusetts  north
of the Cape Cod Canal and south of'Boston! to
Oregon Inlet, North Carolina  McDermott 1998a!.
No crabs were recovered in 1995 at three locations

north of Green Harbor  Magnolia Bay on Cape Ann,
Massachusetts; Odiorne Point State Park, Rye, New
Hampshire, and York Harbor, Maine!, or in 1996 at
one location south of Oregon Inlet  Beaufort, NC!.
Some of these same sites on either end of the geo-
graphic range were reinvestigated in 1998. In North
Carolina �9-20 March!, H. sanguineus was again not
found either at Beaufort  salinity 28.6o/oo! or at
Harkers Island  salinity 17.7oloo!, both approximately
158 km south of Oregon Inlet and located inside of
Shackelford Banks north of Cape Lookout. In New
England, while again failing to recover this crab at
Magnolia Bay and York Harbor, one immature
female �3.5 mm CW; AW/CW ratio = 0.55! was
found on 31 October ainong beach rocks at North
Hampton, New Hampshire, approximately 10 km
south of Odiorne State Park. Juvenile Careinus rnaI nas
 mean CW 12.6 + 8.0 min, range 4.3 to 36.3 mm,
n = 38! outnumbered H. sanguineus at North
Hampton by at least 50 to 1. W. W. Lull and S.J.
Miller  pers, comm,! have had no reports of
H. sanguineus being recovered in their area. However,
M. C. Tyrrell  pers. comm.!, found an 11,2-mm
male H. sanguineus at Dover Point in Great Bay,
New Hampshire, and noted that colleagues at the
University detected these crabs in October 1999 at
Rye Harbor. Thus, the invader has now reached
New Hampshire approximately 100 km north of
Green Harbor, Massachusetts, but its southern limit
has not been extended,
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DELIMITING THE REPRODUCTIVE SEASON

From 1988 to 1997, only one oviger was present
among 39 mature female H. sanguineus collected in
New Jersey during April. This oviger, found 22 April
1997, had embryos not yet undergoing cleavage, i,e,,
the brood was only recently oviposited. In the month
of October, no ovigers were found among 32 mature
females, but might have been found during this
mc nth if larger numbers of females were examined
 McDermott 1998b!.

In the spring of 1998, Further collections were
made in New Jersey. On 22 April, three of nine
mature females were ovigerous; two had broods in
which cleavage had not taken place and in the other
cleavage had reached the 8-cell stage. The Incan CW
of -.he nine crabs was 23.3 + 2.7 mm  range 19.9 to
29,3 mm!; the mean CW of'the ovigers was 23.4 +
1,6 mm  range 22.2 to 25.2 mm!. All of the ovigers
had greatly depleted, light yellow, stringy gonads
with poorly developed oocytes, whereas the six other
mature crabs had broad, dark brown gonads with
mature oocytes. All except two  nonovigers! had full
rec=ptacles, Three immature crabs �3.9 to 15.1 mm
CW!, collected at the same time, had undeveloped
gonads. One of the ovigers �2.2 mm CW! had an
AW/CW ratio of'0.57, which was an abnormally low
value. Of four mature crabs collected on 22 May
 mean CW 19.7 + 3.1 mm, range 16.6 to 23,7 mm!,
two were ovigerous �6.6 and 18.0 mm!, and of these,
one had broad, dark brown gonads. Two nonovigers
�0.4 and 23.7 mrn! also had similar dark brown
gonads. These observations indicate that some, but
not all ovigers, retain adequate gonads to produce
fur:her broods.

Near the end of the reproductive season of 1998,
twc> collections of mature females were made at the

Hereford Inlet monitoring site �3 September and 3
October! in order to detect ovigers and examine
gonads  Table 1!. Three of the 25 crabs �2 /o! in
September were ovigerous with late-stage eyed
embryos, whereas none was ovigerous in October.
Th<: gonads of the October group were all depleted.
Seven of 27 �5.9 /o! had molted recently and were in
paper-shell stages, and five were ready to molt; in the
September group there were no recent molts and no
signs of imminent molting. The complete gonad
depletion and increase in female molting in October
are indicative of reproductive cessation. Nine of 26
mature crabs examined in October still had egg mem-

Table 1. The number of ovigers, gonad condition and recent
molting of mature fernale Hemi/lapsus sr<ngni >rem< from New Jersey
observed on nvo occasions near the end of the reproductive sea-
son of 199g.

Date Number Carapace Number Condition t>lumber
of crabs width  mm! of ovigers of gonads recently

molted

23 5ep, 25 19 9+ 2.5 3 � 0

3 OCL 27 18.9+ 2.1 0 depleted * 7

* gonads co orless, stringy and without visible oocytes.

branes attached to their pleopods, which indicated
that these late brooders had yet to undergo their
reproductive season-ending molts.

MOLTING QF HEMIGRAPsUs AND CARclNUs

IN THE FIELD

The CW frequency distribution of molts for H.
sanguineus  Figure 1! closely resembles the size fre-
quency among the living crabs in the rocky intertidal
population, except for fewer young of the year
 y.o.y.! molts in the �0 mm CW category
 McDermott 1998a, and unpublished data!. The
mean CW was 16.8 + 6.4 mm, with the majority of
crabs in the 10 to 21 mm range. Of the 325 molts,
197 �0.6o/o! were whole crabs, 112 being males and
85 females. Young of the year molts  n � 49! were
more numerous in the November collections  n =
40!. The CW frequency distribution of male molts
was comparable to that of the 128 unsexed carapace
molts, but the largest female molt was only 24.1 Inm.
perhaps the female population had not reached its
peak in molting so soon after the end of the repro-
ductive season. However, some of the unsexed molts
> 24 mm CW  n = 53! were likely females. For
example, it was calculated that a female molt found
without a carapace, but with an AW of 20.9 mm col-
lected in late November, would have had a CW of
about 30 mm  regression formula, McDermott
1998b!, Only 26.3 /o �0 of 76! of female molts were
from mature crabs.

The majority of Careinus rnaenas molts  Figure 1!
were From immature crabs. The mean CW was 21.7 +

7.5 mm. The largest sexed molt was from a 51.1-mm
male, judged to be probably mature, since females of
C. maenas become ovigerous at approximately this
size in New Jersey  McDermott, unpublished data!.
One hundred ninety-six of the 270 C. maenas molts
�2.6 /o! were sexed  91 males and 105 females!, The



Salinity
yoo

RemarksHours
exposed

Percent
surviving

32

25

20

48

199

199

100

100

100 1 female mo ted

in first 24 h

1 female mo ted

in first 24 h

10015' 151

SALINITY TOLERANCE 10

5

103

24

100

100 1 male weak

Discvssiow

CW frequency distributions of both sexes were simi-
lar to the frequency distribution of the unsexed
exoskeletons.

As water temperatures decreased from 16.5'C in
the middle of October to 10'C near the end of

November 1998, the number of molts deposited in
the beach wrack decreased significantly. Collections
on 19 and 20 October yielded 23 and 30 molts of H,
sanguineus and 14 and 19 Inolts of C. Iaenas, respec-
tively, whereas on 24 November only four molts of
the foriner and one of the latter were collected.

Table 2 reveals no adverse effects on H. sanguineus
at salinities reduced suddenly to as low as 10ri/oo for
over 4 d. At 5n/oo, one of six crabs became sluggish
during the 24-h exposure.

The first North Atlantic specimen of H. san-
guirreus was found in southern New Jersey in 1988
 Williams and McDerrnott 1990!. Through my efforts
and those of numerous correspondents over the past
ten years, we have been able to delimit its present
geographic distribution in the Atlantic From New
Hampshire to North Carolina. At the extremes of
this range the species is not abundant, and it was sug-
gested  McDermott 1998a! that it may have been
introduced in the early 1980's somewhere between
the New York harbor region and the Delaware Bay
estuary, an area where it was most abundant. Based
on its Pacific distribution, H. sanguirteus has the
potential to spread beyond its present Atlantic coast
range, and will likely do so. Its temperature tolerance
is broad and it is omnivorous, but the availability of
suitable, rocky intertidal habitats and the presence of
spatial competitors may be limiting factors in its final
distribution in the North Atlantic, In natural rocky
locations, such as New England, there typically is an
abundance of frequently recruited food sources, eg,,
various algal species, Mytilus edulis, and barnacles.
Hence, in such situations the Food source should not
be a major factor in the competition among sym-
patric brachyurans  McDermott 1999!.

The April-through-September reproductive sea-
son that has been recorded for H. sanguirreus in New
Jersey might be shortened in the colder waters to the
north, and possibly expanded in warmer waters
beyond North Carolina. However, on 6 February
1997, an ovigerous H. sanguineus was found at
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Table 2. Tolerance oF mature Hemigrapsrrs sangrrinerss collected at
Townsends Inlet, New Jersey, and exposed to diluted seawater m
the laboratory. Three males and three Females were tested at each
salinity.

' Same crabs subjected previously to 32%rr for 48 h.

Weekapang Point, Rhode Island by a student of J. T.
Carlton  pers. comm.!, but the specimen, approxi-
mately 20-mm CW, no longer exists. This record of
reproduction in the rniddle of winter, certainly pre-
dates the beginning of the reproductive period  late
April! recorded for the waters of New Jersey
 McDermott 1998b!, Thus, more intense collecting of
mature females during the winter and early spring
may help to clarify this possibly aberrant record,
More than the three broods per season suggested f'o r
New Jersey  McDermott1998b!, may occur in warmer
Atlantic waters as found in the Pacific by Fukui
�988! in Tanabe Bay where the mean annual water
temperature is 14'C  equivalent to coastal Atlantic
temperature at a latitude south of Cape Lookout,
North Carolina!.

In Japan, the majority of reports indicate that H.
yanguineus is most common in rocky locations on
open coasts or the lower reaches of estuaries  Fukui
1988!. Most crab collections over the years have been
around inlets where salinities were usually �0o/oo,
However, at my collection sites in Sandy Hook Bay
in northern New Jersey, salinities ranged from 25 to
26 /oo, and in the Arthur Kill, between New Jersey
and Staten Island, New York, crabs were found where
the salinities ranged from 21 to 25"/no  F. Steimle,
pers. comm.!. At collection sites at Cape Charles,
Virginia  Lower Chesapeake Bay! and Oregon Inlet,
North Carolina, salinities measured near low water
were 19 and 15o/oo, respectively. While the laboratc>ry
salinity experiment reported here showed that adult
crabs were very tolerant to low salinities, the intoler-
ance of rnegalopae to water below 25 /oo  Epifanio et
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crl. 1998! might minimize population sizes in the
mesohaline parts of estuaries.

The CW frequency of molts of H. sanguineus,
recovered over a 64-d period from beach wrack at
Townsends Inlet, New Jersey, gives a fair representa-
tion of the existing population of crabs living among
the nearby rocks. Although a distinct cohort of y,o.y,
crabs having CW �0mm is seen clearly in the molt
population  Figure 1!, the y,o,y, numbers are fewer
than expected at this time of year  McDerrnott
1998a!, Perhaps some of the smaller, thinner
excskeletons of y.o.y. crabs are more easily damaged.
Small size of molts, however, is probably not an
important factor in their detection, because in a large
collection obtained in June 1999, molts as small as
3.2 mm were recovered  McDermott, unpublished
data!.

Molts ol C. rnaenas were about equal in numbers
to those of Hemigrapsus in the beach wrack at
Townsends Inlet, which indicates that in this location
juv:nile green crabs have not been displaced from
their shared habitat by the Asian invader. Personal
correspondence with collectors in southern New
England and the findings of Lohrer and Whitlach
�997!, however, suggest that green crabs in some
locations are being displaced by Hemzgrapsus, M. G.
Tyrrell  pers. comm,! reported that by 1998, H. ran-
gzriizeus had almost completely displaced C, maenas at
Little Harbor, Buzzards Bay, Massachusetts. In New
Hampshire, where the population of H. sanguinezzs is
very meager, the Ccrrcinzes population is still domi-
narit.

The data on Carcinzes also confirm previous infor-
mation from 1990 to 1994, that most of the green
crabs living with Hemigrapsus at Townsends Inlet were
juveniles  McDermott 1998a!, The similar CW distri-
butions would tend to minimize reciprocal predation
as compared to a situation where mature rather than
juvenile green crabs were abundant in the intertidal
with Hemigrapszzs.

As H. sangutneus becomes more abundant along
Atlantic shores, it is likely that their utilization will
go beyond the bait fishery. Their ease of capture,
maintenance, and relatively small size should make
them excellent representative brachyurans for teach-
ing, as test animals for toxicity assays, and for other
research purposes, For example, in Asia these abun-
darit decapods have been employed for many years
for basic research, e,g., as models For studying rhyth-
mic changes in rhabdom structure and function in
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Figure 1. Percent Frequencies oF carapace widths � msn classes! of
molts from Hemigupsus sanguineus and Carcinus maenccs collected
froin beach wrack, 22 September to 24 Novesnber 1998, at
Townsends Inlet, New Jersey.

the compound eye  Arikawa et aL 1987, 1988; Eguchi
et al. 1991; Matsushita and Arikawa 1997!. It remains
to be seen whether H. sangrrinercs will become a seri-
ous predator of native commercial shellfish,
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making it impossible to rule out incidental ingestion
as the source of animal food items in its diet.

Nonindigenous species can cause ecological harm
in introduced environments by preying on or com-
peting with resident species for food and space  Elton
1958; Williamson 1996; Grosholz and Ruiz 1996!, It
is difficult to assess the potential impact of the Asia-
tic shore crab invasion because of the limited inform-

ation available about the ecological requirements of
the invader. However, some general characteristics of
H. srznguineus, such as its broad distribution in the
intertidal ancl its reported omnivorous feeding habits,
suggest that with time it may alter the community
structure of east coast intertidal environments.

To better understand the food preferences of the
Asiatic shore crab in western Long Island Sound, we
conducted a series of food-choice experiments in the
laboratory. The results of'macroalgae choice experi-
ments and experiments designed to investigate possi-
ble predatory habits of the Asiatic shore crab are pre-
sented here. Those findings are compared with gut
content data for three species of wild-caught crabs
 H. sanguineus, Eurypanopeus depressus, and Panopeus
herbstii!.

MATERIALS AND METHODS

STOMACH CONTENT ANAYSIS

Three species of crabs, H. sanguineus, E, depressus,
and P. herbstii, were collected from the intertidal zone
at two sites, Black Rock Harbor, Bridgeport, CT, and
Burying Hill Beach, Westport, CT. Dates of collec-
tion, sample sizes, and carapace widths  CW! of the
crabs are given in Table 1. Both sites consisted of
boulder jetties with adjacent areas of small rocks and
mud. The live crabs were returned to the laboratory
and placed in a cold room until they were dissected
 not longer than 24 hr!. Stomachs were removed and
the contents examined under dissecting and com-
pound microscopes. Methods used for stomach con-
tent analyses are described in Ropes �989!.

MACROALGAL CHOICE EXPERIMENTS

Crabs to be used in the experiments were coll-
ected from Black Rock Harbor, Bridgeport, CT, and
placed in individual 3,8-L aquaria on a running sea-
water table at the National Marine Fisheries Service

Laboratory in Milford, CT, Four of the most com-
mon species of intertidal macroalgae, Enteromorpha
spp,  green filamentous!, Ulva lactuca  green sheet!,
Fucus vesiculosus  brown branched!, and Chondrus

Table 1. Collection dates, sample sizes  Isl!, and carapace widths
 CW! of the three species of crabs, Hernigrapsus sanguineus,
Eurypanopeus u'epressu.s and Punopeus herbsti used in the gut cor: tent
analysis studies.

Crab species Collection date Sample CW  mm!
size  N! Mean Range

H. sangumeus

E. depressus

P. herbstb

crispus  red branched! were also collected from the
same area.

In the laboratory, individually numbered
"macroalgal turf tiles" were prepared by epoxying
macroalgae to 4 cm x 9 cm pieces of plexiglass.
Two turf tiles containing different species of Inacroal-
gae were placed with each crab. The aquaria were
covered with nylon mesh to contain the crabs and
prevent the escape of any pieces of macroalgae that
might become unattached from the turf tile, and
then were submerged in running seawater. A total
of six pairwise choice experiments  Fnteromorpha vs.
Ulva, Enteromorpha vs. Fucus, Enterornorpha vs.
Chondrus, Ulva vs. Fucus, Ulva vs, Cl>ondrus, Fucus vs.
Chondrus! with eight to ten replicates each were run.
All crabs were starved for at least 24 hr before experi-
mentation, Each experiment was terminated either
after all macroalgae had been consumed from one
turf tile, or after the experiment had run for at least
ten days.

To determine the wet weight of macroalgae con-
sumed, the turf tiles were blotted and weighed both
before and after each experiinent. Preweighed sam-
ples of each of the four species of macroalgae were
oven-dried at 50'C and reweighed to determine the
relationship between wet and dry weight. The follow-

April 1998

May 1998
June 1998

September 1998
October 1998

November 1998

December 1998

May 1998
June 1998

July 1998
September 1998
October 1998

November 1998

December 1998

July 1998
September 1998

'l6

11

34

30

17

32

10 5
6 8

13

10

28 7
17

4

1 9.1 1 1.3 � 23.8

20.0 1 0.0 � 2 5.5

2 2.4 1 5.7 � 2 8.7

24.0 16.9 � 31.3

22.8 17,7 � 32.7

20.9 13.9 � 32.5

25.8 21.2 � 31.6

16.2 13.9 � 20.3

19.2 15.6 � 21.7

25 6 18.7 � 29 4

21.0 18.3 � 28.6

22.7 15.9 � 19.2

21.0 18.3 � 2 5,2

20.7 19.3 � 21.8

3 1.2 22.8 � c3.4

25.9 18.4 � 41.2
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Table 2. Stomach ct>ntent analysis results for all wild-caught crabs
coll:cted with food m their stomachs during the study period
 April 1998 through Decetnber 1998!, Percent occurrence refers
to the percent of crab stomachs containing the food itena listed.
NP = tiot present.

Percent Occurrence

H. sanguineus E. depressus P. herbstiiFood Item

* Algae includes all macnoa gal species regard ess of co ot on that us form.
I Otter = detrita, unidentified animal tissue.

ing equations were used to determine the dry weight
amounts of macroalgae consumed:

Chondrus crispus:
Enterornorpha spp.:
Hva 7actuca:

Fui us vesiculosus:

Y = 6.6977e 3 + 0.15567 X  r = 0.965!
Y � 5.2210c + 0.09398 X  ri = 0.957!

Y � 1.3075e + 0 10171 X  r2 = 0.923!
Y = 3.1063e Z + 0 16124 X  ci 0 858!

Samples of fresh macroalgae were cleaned of macro-
scopic epibiota, rinsed in distilled water, oven-dried
at 50'C for 48 hr, powdered, and analyzed in
triplicate. Total carbon  C! and nitrogen N! were
determined using a Perkin-Elmer Series 2400 CHN
analyzer.

PREDATION EXPERIMENTS

Crabs were collected from Black Rock Harbor,
Bri<lgeport, CT, and held in individual 3.8-L aquaria
on a running seawater table until experimentation
began. Hatchery-reared Crassostrea virginica  oyster!
and!Vercenari a mercenaria  hard-shell clam! were
obtained from F.M. Flower 8c Sons, Bayville, NY, and
hatchery-reared Jlfpa arenaria  soft-shell clam! were
supphed by the Beals Island Regional Shellfish
Hatchery, Brewer, ME, and are indicated as hatchery-
reared  H!. Wild C. virgini ca seed were collected at
SoL.thport Beach, Fairfield, CT, and wild Mytilus
eduti's  blue mussel! seed were collected at Pebble
Beach, Rockport, MA, and are indicated as wild-
caueht  W!.

Alcae*

Brown

llreen

Bed

Barnacles

Amphipods
Mussels

Warms

Spetrtina spp.
Otltert

58.0

55.5

11.0

24.3

0.8

3.4

0.8

1 6.8

1 6.0

31,7

16.9

NP

39.1

NP

49

NP

NP

29.9

36.4

9.1

NP

40.9

NP

13.6

NP

9.1

4.5

In the laboratory, five experiments with eight to
ten replicates each were conducted to determine if
the Asiatic shore crab is a bivalve-seed predator,
tM. mercenaria  H!, hfya arenaria  H!, C, virginica  H!,
and Crassostrea virginica  W! seed were placed in grav-
el at the bottom of the test aquaria and AIytilus edufis
 W! seed were epoxied to plexiglass tiles before being
introduced to the crab. No experiment ran for longer
than 6 d but some were terminated sooner if all the

prey had been consunied. At the end of the experi-
ment, the numbers of live prey remaining were
counted and the stomachs were removed from each

crab and analyzed for stomach contents.

RESULTS

STO M AC H CON TENT ANA LYSI S

Gut content analyses revealed that the wild-
caught crabs ate a variety of food items  Table 2!.
Macroalgae were found to be a more common food
item in H. sanguineus than in either of the mud crabs;
the majority of the Asiatic shore crabs examined had
either brown or green macroalgae in their guts. Red
macroalgae was present in only I lolo of the H. san-
guineus stomachs and did not appear to be an impor-
tant food item for either species of mud crab. H. san-
guineus also consume barnacles and mussels, but such
prey appear to be more important in the diet of mud
crabs, especially P. herbstii, in which almost half of the
stomachs of the wild-caught crabs contained barnacle
fragments.

MACROALGAL CHOICE EXPERIMENTS

Results of the macroalgae choice experiments are
shown in Figures I and 2. Preference for a particular
species of macroalgae was based on the amount  wet
or dry weight! of macroalgae consumed by H. san-
guineus in each experiment. Enteromorpha spp. was
preferred in three of the four pairings. It was pre-
ferred over F, vesiculosus by six of the eight crabs test-
ed, and over U, lactuca by nine out of ten crabs,
based on both wet- and dry-weight amounts. When
paired with C. crispus, it was preferred five out of'
eight times based on wet-weight results and four out
of eight times based on dry-weight amounts.
Chona'rus crispus was the clear favorite when paired
with either F. vesiculosus or U. lactuca and U. lactuca

was preferred only when paired with F. vesiculosus.
When the results of all pairings are combined, H,

sanguineus shows a nearly equal preference for
Enteromorpha spp. �6o!o based on wet weight; 73tyo
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Figurc 1, Graphs showing the total wet weight of rnacroalgae consumed in each of the pairwise choice experiments. Points
falling below the line indicate a preference for the species an the x-axis, those falling abave the line indicate a preference
for the species on the y-axis.  n = sample size!,
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Figure 2. Graphs showing the total dry weight of macroalgae consumed in each of the pairwise choice experiments, Points
falling below the line indicate a preference for the species on the x-axis, those falling above the line indicate a preference
for the species an the y-axts.  n = sample size!.
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Species %C
Meanss.E.!

%N C:N
 Meanies.E.!  Mean*S.E.!

Enteromorpha spp
fucus vesiculosus

Chondrus cnspus
Ulva lactuca

23.50+ 0.80

37.57 + 0.30

30.53 + 0.00

33.23 + 0,10

3.96 + 0,40 7.09 + 0.90

4.41 + 1,00 10.93 + 2.30

6,04 + 0.60 5.99 + 0.50

6.09+ 0.70 6.59+ 0.90

Prey species N Prey shell % Predators
length  mm!

Cras:ostrea virginica  H!
Crassostrea virginica  W!

Mercenaria mercenaria  H!

Mya arenaria  H!

Mytiius eduiis  W!

8.0 � 17.0

10.0 - 20.0

3.0 - 5.0

6.0 � 9.0

3.0 - 15.0

9

8 8
10

10

89

0

75

90

100

0.2

E 0!

0!

E sh
0 0.1
0

H = Hatchery seed, W = Wid set.

PREDATION EXPERIMENTS0.0
0 10 ZO 30

Carapace Length  mm!

40

!.02

I

E 0!
0!
E

!.01
0 0

!.00
0 10 20 30 40

Carapace Length  mm!

based on dry weight! and C. crisyus �4% based on
wet weight; 78% based on dry weight!, Of the two
remaining species, U. lactuca was preferred in only
37% of the tests, whereas F, vesiculosus was chosen

pre ferentially only 14% of the time. Based on these
results, the following preference hierarchy was estab-
lished: Enteromorpha spp. = C. crispus ! U, lactuca !
F. vesiculosus.

Crab macroalgal consumption rates do not
appear to be a function of crab size. Comparisons of
the total wet and dry weights of macroalgae con-
surned versus carapace length did not show a signifi-
cant trend  Figure 3: N = 53, r2 = 0.030 wet weight;
r2 == 0.083 dry weight!.

Mean tissue levels of%N were similar in aII four

species of macroalgae, but mean tissue levels of%C
were signiftcantly different in each of the species
 ANOVA; P�.01!. The highest %C occurred in
F, vesiculosus and the lowest in Enteromorpha spp.

Figure 3. Relationship between crab carapace length  CL! and the
total amount of macroalgae consusned per hour in the choice
experiments  CL not converted to CW!,

Table 3. Tissue levels  % dry weight! of carbon  C! and nitrogen
 N! and molar C:N ratios in four species of macroalgae, Cho!retrus
erispus, Enteromorpha spp., Fueus vesieulosus, and Ulruz laetuea, col-
lected from Black Rock Harbor, Bridgeport, CT.

Table 4. Percent of Hemtgrapsus sanguirseus preying on Crussostrea
virginiea, lulereenaria mereenaria, lkfya urenaria, and h7ytilus eetutis for
each of the predation experiments, Numbers of crabs tested  N!
and prey shell length  mm! are given,

The higher C;N ratios in F. vesiculosus are probably
due to the high amounts of tissue C  Table 3!.

In the laboratory, H, sanguineus preyed on all
species of bivalves tested, but predation was limited
to hatchery-reared seed in the case of C. vt'rginica
 Table 4!. In the experimental groups where at least
some predation occurred  C. virginica  H!, ZM. merce-
naria  H!, M. arenaria  H!, and M edulis  W!!, at least
75% of aII crabs tested were found to prey on bivalve
seed, and 100% of the crabs fed ilrI. edulis  W! ate
them.

The number of bivalve seed consumed varied

among crabs  Table 5!. Among the crab predators,
nearly all ate at least 50% of the prey presented, and
in most cases more than 90% of the prey were eaten.
Of four cases where 0 � 4% of the prey were con-
sumed, one crab was a gravid female and two had
molted during the test period.

Stomach analyses of the crabs exhibiting preda-
tion revealed that many crabs contained few or no
shell fragments, despite being fed a diet exclusively
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composed of bivalve seed  Table 6!, In fact, 56%
of the crabs had empty stomachs and fully three-
quarters of the stomachs were either empty or con-
tained fewer than five shell fragments.

DiscvssroN

MACROALGAL FOOD PREFERENCES

Hemigrapsus sangirinetts has been known to include
large amounts of macroalgae in its diet  McDermott
1991; Lohrer and Whitlatch 1997!. According to
Lohrer and Whitlach �997!, this species has even
been considered by some to be a strict herbivore,
feeding exclusively on intertidal macroalgae. In this
study, H. sanguineus overwhelmingly preferred the
green alga, Fnteromorpha spp., and the red alga, C.
crispus, over either the green alga, U. lactucci, or the
brown alga, F. vesiculossrs. These four species of
macroalgae are among the most abundant of the
intertidal algae in western Long Island Sound from
spring to fall  Taylor 1962!, the period when the crabs
are actively feeding,

Many macroalgae on rocky shores have evolved a
variety of physical and chemical defenses against her-
bivores  DufFy and Hay 1990!. Fucoids produce phe-
nolic compounds  Lobban and Harrison 1994!, sub-
stances known to deter invertebrate herbivores

 Geiselman and McConnell 1981!. It is not surprising
then, that H, sang@incus avoided F. vesiculosus, prefer-
ring instead Enteromorpha and Chondrus, species
which lack secondary metabolites and calcification
and have been shown to be highly preferred by other
crustaceans  Shacklock and Croft 1981! and herbivo-
rous fish, Zebrasomaflavescens  Wylie and Paul 1988!.

The nutrient content of algae also varies among
algal species. The Inost nitrogen-poor alga among the
fOur SpeCieS teSted waS F. Vesicrrlosus; C:N ratiOS were
similar in the other three species. This finding is con-
sistent with previous reports that phenol production
and N availability are inversely related in F, vest'culosus
 Ilvessalo and Tuomi 1989!. In general, however,
algae have been shown to be an inadequate source of
N for many herbivorous animals  Mattson 1980;
Wolcott and O' Connor 1992!. Some herbivorous
crabs have been shown to supplement their diets
with animal protein, thereby enhancing growth
 Wolcott and Wolcott 1984; O' Connor 1992!.

The physical ability of'the crab to eat certain
algae appears to be among the most important fac-
tors in determining food choice. Female H. Tanguineus
have narrow, elongate, monornorphic claws, whereas

Table 5. Results of predation experiments shossdng the percent of
Craisorrrea rvi rgt ni ca  Wl, C. vi rgr rii ca  H!, 7Vfercenaria orerccnari I
 H!, hfya arerrari a  H!, and Afj Iilrvi edulis  rf r! consumed by
Hemigrapsus sanguineous in each replicate. iMean crab carapace
width  CV7!, range of carapace widths and number of prey tested
per crab are given.

¹ of CW  mm!
Crabs Mean+S.E.

CW Range ¹ Preyl % Prey
 mm! Crab eaten

 Meanies.E.!

Species

8 25.4+ 0.6 23.5 � 27.8 25 0Crassostrea

vrrgrnica  W!
Crassostrea 9 29.0 + 1.2 23.9 � 34.7 25 87.1 B 11.0

virginrca  H!
Mercenaria

merceriari a  H!

Mya arenaria  I-I! 10t 27.5+. 0.9 23.3 � 32.6 50 87.4 a 9.5

Mytilus eduiis  W! 10t 25.2 ~ 0.8 21,5 � 30.0 100 87,8+ 5.5

I 1 Crab mo ted during expenment.
* 1 Gravid female among sample

Table 6. Results of a stomach content analysis of H. sarrgrrinerrs
used in the bivalve predation experiments. Categories of stomach
content include: �! no shell i'ragrnents, �!   5 shell fragments,
and �! ! 5 shell fragments.

Percent
1 2 3Species

Crassostrea virginica  H!
Mercenaria mercenaria  H!

Mya areriaria  H!

Mytiius edutis  W!

100.0 0,0 0 0

75,0 25.0 Q.i!

40. 0 40.0 20.r!

11.1 22.2 67, 7

55.6 22.2 22.2

the male chelae are generally more robust with
different dentition patterns. Nonetheless, in both
sexes the claws have blunt tips that abut and appear
well adapted for reinoving filaments off hard sub-
strates. H. sranguineus feeds on algae by picking it
from the rock surface  Brousseau, pers. Obs.!. The fila-
mentous Enteromorpha spp. and the highly branched
C. crispus are algal types that can probably be easily
handled by H. Sarrl;srinesrs, Large foliose forms such as
U. lacruca, on the other hand, may be too difficult for
the crab to manipulate.

Despite the fact that H. sanguinesrs exhibited an
overwhelming preference for Enferomorpha spp. and
C. crispus over F. vesiculosus in the lab, brown and
green algae food items were found to be equally
abundant in the stomachs of the wild-caught crabs.
The avoidance of Fsicrrs in the laboratory suggests
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that species of brown macroalgae other than F. vesicu-
losus are being utilized in the field. More work is
needed to determine patterns of brown algae utiliza-
tion by the Asiatic shore crab in order to better assess
th. importance of this group in the overall diet of
this crab.

The degree to which H, sanguineus is competing
with two co-occuring species of mud crabs
 Xanthidae! is difficult to evaluate. Gut content
analyses indicate that all three species appear to be
earing the same food items  Table 2!, but they are eat-
ing them in different proportions. Caution must be
applied when using stomach content analyses to
determine diet, however, since food in an advanced
stage of digestion is often unidentifiable and there is
always the possiblity that soine food items may have
been incidentally ingested, Nevertheless, preliminary
data suggest a greater dietary overlap exists between
H. sanguineus and E. depressus than between H. san-
gu:'.neus and P. berbstii.

BIVALVE SEED PREDATION

Hernigrapsus sanguineus has been known to include
large amounts of macroalgae in its diet  see above
discussion!. Despite the fact that feeding studies have
shown that macroalgae consistently make up the
largest component of the diet of the Asiatic shore
crab, the experiinental results presented here support
previous reports that H. sanguineus is also a predator
on blue mussels  Lohrer and Whitlatch 1997! and
that it will eat the seed  juveniles! of a variety of
bivalves including C. virginica, M, rnercenaria, and M.
an naria.

Although crabs that feed on hard-shelled mol-
luscs usually possess dimorphic claws, with one pow-
erf'ul crusher claw to open the prey and one smaller
cutter claw, sometimes complex shell-opening behav-
ior may compensate for limited crushing ability. Lau
�987! divides decapod predatory tactics into three
categories: �! those for which a claw is not required,
e.g., swallowing the prey whole or chipping or biting
th» edges of the shell using the mandibles, �! those
which involve wedging open the operculum or shell
valves, leaving the shells intact, and �! those which
require a claw for crushing, chipping, or peeling the
edges of the shell.

The Asiatic shore crab, which lacks the character-
istic crusher claw common to specialized mollusci-
vores, likely falls into Lau's category 3, The scarcity
of shell fragments in the stomachs of the predatory

crabs suggests that they do not swallow their prey
whole or use feeding mouthparts to grind open the
shells of their prey. Residues of chipped and broken
shell fragments in the experimental aquaria at the
end of the experiment rule out category 2, and sug-
gest that H. sanguineus manipulates and opens bivalve
food items by crushing the umbo or chipping the
edge by using its non-specialized claws. Because it
lacks a well-developed crusher claw, however, it is
likely that it may be limited to eating relatively small,
thin-shelled prey. Limitations imposed by shell thick-
ness may be one reason why the crabs ate thin-
shelled hatchery-reared oysters, but rejected the wild
oyster seed.

Estimated Ideal Mechanical Advantage  IMA! val-
ues for the claws of this crab  McDermott 1999j fur-
ther support the conclusion that although unspecial-
ized, the chelae of the Asiatic crab can exert suf'fi-
cient force to chip/crush the shells of small bivalves.
These values fall within the range reported for other
molluscivorous crabs  Seed and Hughes 1995! and
are similar to those reported for two congeneric
species, H. nudus and H. Oregonensis  Behrens Yamada
and Boulding 1998!. The greater IMA, heavier teeth,
and more robust claws of male H. sanguineus imply
that they may be better adapted for crushing mollusc
prey than are the females, and could be utilizing prey
of a different size range. We are currently investigat-
ing the degree to which this type of resource parti-
tioning could be occurring within populations of this
crab.

The predatory behavior used by these crabs also
makes the use of gut content analyses for estimating
the importance of shelled food items such as mol-
luscs and crustaceans in the diet unreliable. Shell

fragments are needed for positive prey species identi-
fication, since partially digested animal soft tissue
cannot be identified. Fully 75o/o of the crabs that ate
bivalves in the laboratory had five or fewer shell frag-
ments in their stomachs, and over 50o/o had no shell
fragments at all, despite feeding exclusively on bival-
ves. Caution must therefore be used when interpret-
ing the results of stomach content analyses of H, san-
guineus because the significance of bivalve food items
in the diet of this crab might be underestimated.

The impact of the Asiatic shore crab on resident
intertidal bivalve stocks along the east coast remains
to be determined, Past experience with crab predators
 e.g., green crab predation on soft-shell clams! has
shown that they can have a devastating effect on
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shellfish stocks by depleting the numbers of surface-
dwelling juveniles in the population  Glude 1955;
Griffiths et al. 1992!. Blue mussel populations that
co-occur with H. sangut'nests in rocky intertidal habi-
tats or along boulder jetties are probably most threat-
ened; however, these crabs also frequent sof' t-sedi-
ment environments in Japan  Sakai 1976!. It is very
likely that they may forage for food on tidal flats dur-
ing high tide, thereby placing juvenile soft-shell and
hard-shell clams at risk. In addition to possible
impacts on natural bivalve populations, larval crab
settlement into shellfish growout trays could result in
seed predation problems For the aquaculture industry
as well. More information is needed about foraging
behavior and food selection in the field before an

accurate assessment of the impact of this invader can
be made,
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Potential Impact of the Introduced Asian Shore Crab, Hemigrapsus sanguineus,
in Northern New England: Diet, Feeding Preferences, and Overlap with
the Green Crab, Carcinus maenas

MRcAN C. TvRRRLLI

LARRv G. HARRIs

University of Nm Hampshire
Durham, NH

ABsTRAcT: The Asian shore crab, Hemigrapsussanguineus, is currently established in Massachusetts and four spec-
imens have been found in New Hampshire. To predict the potential impacts of an invasion by H. salus'neus in
northern New England, various aspects of its feeding ecology were examined. Stomach contents of crabs collect-
ed from Massachusetts indicate a primarily herbivorous diet, with some evidence of omnivory, Investigation of the
algal feeding preferences of H. sanguineus elucidated which species are most likely to be negatively impacted due
to herbivory by this crab. H. sanguineus prefers Enteromorpha lntestlnalis in multichoice feeding preference trials,
but will consume all species tested when presented in isolation. Feeding preferences of both H. sanguineus and
Careinus nsaeuas  another introduced crab! on molluscs were assessed to determine potential competitive overlap,
Both crab species preferred hIytilus edulss, Llttorina obtusata and L. saxatilis  in descending order! and avoided
L littorea, The pre-invasion community structure of two sites that are likely to be impacted by populations of H.
sanguineus was also examined. Quantitative sampling documented the abundance of potential prey  algae, mol-
luscs, barnacles! and potential competitors  C. maenas!. Models are presented that illustrate predicted consequences
of this crab's invasion into northern New England.

Keywords: H'emigrapsus sanguineus, Carcinus maenas, feeding preference, stomach content, community structure

INTRODUCTION
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Human impacts on marine ecosystems are
increasing in frequency and severity. Declining habi-
tat quality and associated biodiversity often accompa-
ny human-mediated species introductions, The New
England intertidal zone has been impacted by several
conspicuous species introductions including the
common periwinkle, Littorina littorea, and the green
crab, Careinus maenas. The ecology of the New
England intertidal zone is well known  Menge 1976;
Lubchenco 1978, 1983; Lubchenco and Menge 1978;
Bcrtness 1984; Mathieson et al. 1991!, which makes it
an ideal system in which to examine the impacts of
introduced species, Previous studies have described
the role of introduced species in New England  C,
maenas; Glude 1955; Ropes 1968; Vermeij 1982;
Seeley 1986, L. littorea: Lubchenco 1978; Bertness
1984!, but no studies have documented what the
community was like before an introduction occurred.
Another introduced crab species that is likely to
become established in northern New England within

a short period of time is Hernigrapsus sanguineus.
H. sanguineus, a small intertidal crab native to

Asia, was first docuinented in New Jersey in 1988
 Williams and McDermott 1990!. Within less than 10
years, its range expanded northwards to the north
side of Cape Cod and south to North Carolina
 McDermott 1998a!. This crab tolerates a wide range
of environmental conditions, and it is likely to con-
tinue to expand its range to include New Hampshire
and Maine  McDermott 1998a!, In October 1998, the
first specimen of H, sanguineus in New Hampshire
was found by John McDermott at Hampton Harbor
 J,J. McDerrnott, pers. comm.! and the following year
we found four additional H. sanguineus at Dover
Point  an estuarine site! and Rye Harbor.

The overall objective of this research is to deter-
mine potential impacts of establishment of H. san-
guineus in northern New England, The specific focus
of this project was to assess the feeding ecology of H.
sanguineus in order to predict changes in intertidal
community structure that may result from predation
by this crab. In addition, some aspects of the feeding
ecology of the European green crab, Carcinus maenas,
were alsO examined tO aSSeSS pOtential competitive
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overlap between these two introduced crab species.
In northern New England, C. maenas is the only crab
that is typically found in the rocky intertidal zone;
two native crab species, the rock crab, Cancerirrora-
tus, and the ]onah crab, C. borealis, are primarily
found in the subtidal zone  Gibeault 1995!.

Several different approaches were used to assess
the feeding ecology of'H. sanguineus. The diet of
H. sanguineus from Quissett  Falmouth!, Massachus-
etts �1'32' N, 70'39' W!, a location where it is
already well established, was analyzed to provide
some indication of its potential diet if it becomes
established in northern New England. The general
dietary trends were inferred from the stomach con-
tents of crabs collected during fall and spring. The
stomach contents from the f'all collection were also

compared to the composition of the specific commu-
nity to assess the degree to which H. sanguineus
selects its food based on its availability.

The feeding preferences of H. sanguineus for sev-
eral common algal and mollusc species of northern
New England were assessed to predict which species
are most likely to experience increased predation
pressure if this crab becomes established in this
region. In addition, the mollusc feeding preferences
of' C. maenas were also assessed to determine poten-
tial competirive overlap between these two intro-
duced crab species, The intertidal community struc-
ture of two New Hampshire locations that are likely
to be inhabited by H, sangui neus was also document-
ed. The densities and size distributions of potential
prey and competitors of H. sanguineus were obtained
to provide baseline information on the pre-invasion
 by H. sanguineus! community. Finally, information
from laboratory feeding experiments and field
observations was synthesized into predictions of
the impact of H, sanguineus on rocky intertidal com-
munity structure in northern New England, Two
models are presented which detail some of the poten-
tial impacts of this crab on community structure and
on its main potential competitor, C. maenas.

MATERIALS AND METHODS

STOMACH CONTENTS

Field Coll' tions

H. sanguineus used For stomach content analysis
were collected from throughout the intertidal zone
of a sheltered cobble shore in Quissett, MA. This site
is close to Woods Hole, MA where H. sanguineus has
been established since 1992  McDermott 1998a!.

Because H. sanguineus has been established in this
region f' or several years and is present in high densi-
ties at this site  at least 25 m z; M.C. Tyrrell, pers.
obs.!, it is likely that the impact of this crab has
affected the community.

Two collections of crabs were made From

throughout the intertidal zone, one in October 1996
and one in April 1997. Mature male H. sanguineus
have much larger chelipeds than females, McDerrriott
�998b! documented sex-related differences in co»-
sumption of prey by H. sanguineus; a larger size range
of'mussels was consumed by males. We collected
only adult male H. sanguineus because they have the
greatest potential f' or feeding on the widest range OF
food items. For both collection periods, approximate-
ly 35 large �5-28 mm carapace width  CW!! male H.
sanguineus were fixed in the field. In October, the
carapace of each crab was pierced and the whole i rab
was placed in either a buffered Formalin solution or
alcohol; in April, the crabs were injected with a
syringe containing formalin and the body was placed
in alcohol. There were no observable differences in

the condition of the stomach contents between tlie

alcohol or lormalin preservation methods.
To document general patterns of community

composition, color slides of 32 0.06-mz quadrats were
taken at the collection site 5 da after the October col-

lection. The quadrat was placed at the low-water
mark and photographed in 0.5-m increments up io
thc upper limit of the intertidal zone. Slides were
analyzed by identifying the organism or substrate
under 25 randoinly placed points. Vsing photogr,iph-
ic slides to determine community composition is
useful to describe general patterns of relative abu»-
dance of conspicuous species but is not suitable to
document small species and those that occur in
cryptic habitats  i.e., in crevices or under rocks!.
We felt that the corns»unity sampling was not
detailed enough to justify applying quantitative tech-
niques  i.e., electivity indices! to compare the com-
munity composition and the stomach contents
of H. sanguineus.

Laboratory Analyses

Williams �981! examined the gut contents of
f'our species of portunid crabs and suggested that a
sample size of 30 gastric mills that are 0 /o full is
sufficient to describe the natural diet of crabs. The

cardiac stomach was extracted from H. sanguineui and
only those stomachs that were 00to full were
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in< luded in the analysis. The percent composition
of different foods was determined by spreading the
stomach contents evenly on a 50-point grid and
us;ng a dissecting microscope to identify food items
on eacll. point.

FEEDING PREFERENCES AND RATES

z'11gae

Five algal species, Ascophyllum nodosum, Fucus spi-
ralis, F. ziesiculosus, Enteromorphai ntesti nali s, and
Mastocarpus stellatus, were collected from Newcastle,
Ntw Hampshire for use in algal preference and feed-
ing rate trials. These algal species were chosen for
feeding trials because they are some of the most com-
monly encountered species on sheltered rocky coasts
in northern New England  Menge 1976; Lubchenco
1983; Mathieson et al. 1991; Tyrrell 1999!. Algae were
spun in a salad spinner to remove excess water �0
rotations, approx. 1 rotation per sec! and equal
air<ounts � +/ � 0.1 g damp weight! of all five algal
species were then placed into a small round container
� ' cm diam, 12 cm height! with approximately 1.5 L
of sea water, This experiment was performed in two
separate trials, in January and April 1998. Ten con-
tainers were prepared for the January trials and 16
co.ltainers were used for the April trials.

Only adult male H. sanguineus �0-28 mm CW!
were utilized to minimize differences in preference
due to sex and age of crabs. Experimental animals
were starved for 24 � 48 hr before each feeding trial,
and individual crabs were not used for more than

one algal feeding preference trial. Crabs were ran-
clomly placed into half of the containers. Control
containers had algae but not crabs and served to
account for autogenic changes in weight of algae.
Containers were kept covered and in a dark tempera-
ture control room �5'C! to minimize algal growth
and to encourage the crabs to eat  H. sanguineus for-
age most actively at night, Lohrer and Whitlatch
1997!. After 12 hr, crabs were removed from experi-
mental treatments, and algae in both experimental
and control containers were separated by species,
spun in a salad spinner and weighed.

The change in weight of each algal species was
calculated by subtracting the weight at 12 hr from
initial weight, Changes in weight that occurred in
controls  autogenic! were coinpared to mean changes
in weight in experimental containers  autogenic and
herbivory! to determine the effect of herbivory by
the crabs. Results were analyzed using a split plot

design ANOVA with experiment  January or April! as
a blocking factor in Systat 5.2  SPSS, Inc.!,

To compare differences in feeding rates on vari-
ous species of algae in multichoice trials and in sin-
gle-species trials, f'ceding rates of H. sanguineus were
examined with only one species of algae in the con-
tainer at a time. The same procedure was followed for
feeding rate trials as in the multichoice trials, but this
time there were only 2 +!-0.1 g  damp weight! of
algae in the containers  equivalent to the amount
of each species in the multichoice preference experi-
ments!. For each species of algae, a total of 20 con-
tainers were prepared �0 with crabs and 10 without
crabs!. The change in weight of each algal species
was calculated by subtracting the weight at
12 hr from initial weight. A non-parametric Welch*s
t-test was used to analyze the differences in weight
change between experimental and control containers
after 12 hr.

Molluscs

In order to reduce variability due to ability to
obtain prey, only adult male H. sanguineus were uti-
lized in feeding preference trials because male H. san-
guineus have much larger chelae than do females. The
CW of H. sanguineus used in experimental trials
ranged between 20 and 27 mm. It was difficult to
obtain sufficient numbers of C, maenas for feeding
preference experiments; therefore, a larger size range
of CW �1 � 51 mm!, and both male and female
C. maenas were utilized. All crabs were maintained on

algal diets prior to experimentation and crabs were
starved between trials. Each crab was given all possi-
ble paired combinations of prey species but was not
used for the same combination of prey more than
once. Each crab species was kept in separate aquaria
to eliminate the possibility of convergence of feeding
preferences between crab species due to chemo-
sensory perception.

The gastropods, Littorina littorea, L. obtusata,
and L. saxatilis, and the mussel, Mytilus edulis, were
offered in all possible paired combinations to both
species of crabs. To minimize differences in shell
thickness due to exposure, gastropods were collected
from only one site in Newcastle, NH. M edulis were
collected from a nearby fouling cominunity.

Feeding capabilities. Prior to the experimental tri-
als, individual crabs were given gastropods and mus-
sels of varying sizes to determine their ability to con-
sume different sizes of prey, These animals were not
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used in subsequent mollusc feeding preference trials.
Adults of both crab species demonstrated the ability
to consume snails with a shell length as great as their
CW minus 5 mm. For M. edulis, crabs were capable
of preying on mussels with shell lengths up to 0.6
mm shorter than their CW.

Feeding preferences, Crabs were maintained in
individual containers and pairs of prey were present-
ed randomly. Prey sizes were matched as closely as
possible  within 0.5-mm shell length for gastropods!,
but because both species of crabs have the ability to
consume a large range of sizes of M. edulis, and
because very small mussels were difficult to obtain,
size ranges of mussels offered differed by as Inuch as
5 mm from gastropods. In all cases, prey offered in
feeding preference trials were well within size ranges
available to the crab.

Containers were checked frequently  at least
daily! for signs of predation  removal of the opercu-
lum in snails and/or consumption of all soft tissue!
on either prey species. In almost all of the trials, the
crab consumed the preferred prey within the first 24
hr. In the case of M. edulis, the crabs usually con-
sumed these molluscs within the first hour of the

experiment. When a crab had either wholly or par-
tially consumed one of the prey species and left the
other prey unharined, it was considered to have indi-
cated a preference between the prey species. There
were at least 20  range 20 � 25! successful trials for
each prey species with H. sang@incus and 10  range
10 � 13! with C maenas. Contingency tables and a chi-
square goodness-of-fit test were used to test each crab
species' prelerence between prey, These contingency
tables were then subdivided; high chi-square values
were dropped and the analysis was repeated. To deter-
mine if feeding preferences of both crab species over-
lapped, a chi-square test of independence was utilized
to test whether the distributions of feeding prefer-
ences were the same.

PRE-INVASION COMMUNITY STRUCTURE

Two New Hampshire locations were examined for
this pre-invasion community assessment: Ft. Stark in
Newcastle and Odiorne State Park in Rye. Both sites
are relatively sheltered with a thick fucoid canopy
and C. maenas is abundant at both locations, indicat-

ing that each site has suitable habitat for intertidal
crabs. The mean tidal range at these sites is about 2.6
m, with a spring tidal range of 3 m. Four tidal heights
�,5, 1,0, 1.52 and 2.0 m! above mean lower low water
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Figure 1. Mean percent cover and standard error of the cornniuni-
ty at Quissett, MA, where Hemig~apsus satttcstineits were collect< d
for stomach contents analysis. DriFt grass, Codistm fragik, ssp.
tomentosoirles, and drift algae were in the wrack line and repres nt
an ephemeral, but important, part of the community at this s te.

were determined using tidal data from Harbormaster
 version 3, Zihua Software, Marlborough, Connect-
icut!, At least ten  range 10 � 12! 0.25-m~ quadrats
were placed at random distances along a transect;it
each tidal height. Quadrat sampling took place from
20 August to 7 September 1997 at Fort Stark and
from 14 to 30 September 1997 at Odiorne. There
were no changes in patterns of abundance of any af
the dominant species between August and
September, but because high densities of C. maen«s
recruits were found in recruitment samplers at these
locations at this time  M.C. Tyrrell, unpub. data!,
only C. maenas that were larger than 5-min CW were
included in analyses.

Canopy cover in the quadrat  mostly fucoid
algae! was determined under 25 intersections of
monofilament line. In areas where the algal canopy
was incomplete, the type of substrate  rock bench,
cobble, pebbles, etc.! was recorded, There was a con-
sistently thick algal canopy at Ft. Stark, These algae
were displaced outside the quadrat to obtain sub-
canopy  substrate and understory algae! data. Alg;tl
canopy cover at Odiorne was patchier than at Ft.
Stark, and separate subcanopy data were not neces-
sary to characterize the community. Densities
and size of potential prey species were obtained
 M.C. Tyrrell, unpubl. data!. Because they occur in
high densities, barnacles and mussels were counted
in four 100-cm2 squares, while numbers of gastro-
pods  littorinids, ¹cella lapillus, and the limpet
Notoaemea testudinalis! were obtained from the entire
quadrat. Crabs were also collected from the entire
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e Cd
ts
tnci
c td
tn Algal species

Ascophyllum nodosum

Enteromorpha intestrnalis

Fucus spiralis

Fucus vesicvlosus

P=0.114

P<0.001

Rm0.341

P=O 187

P=O 396

0.01 �.03! � 0.08 �.04! 2.71

0.07 �.04! � 0.49 �.11! 19.42

lO,O8 � 02! 0.04 �.03! 0,95

O.O7 �.02! 0.01 �.03! 1.86

O.O6 �.01! 0.03 �.02! 0.75
CaCOnnantna Senaaelent =eeetde A tmal'tleedttVntdenttfted Anmelcaena Mascocarpus scellacu:

Category

Average Average
wt. change: wt. change:

controls H, sanguineus
Algal species Consumption

0.11 �.01! -0.15 �.08!

0.53 �.08! � 0.21 �,13!

0,20 �.03! 0.04 �.05!

0.14 �.01! � 0.07 �.04!

0.09 �.01! � 0.12 �.03!

Ascophyllum nodosum

Enter omorpha in cescrnahs

t=3.3203, P=0.0089

t=4.9920, P=0.0002

t=2.7212, P=0.0151

t=4.7158, P=0.0006

1=7.3949, P<0.0001

Fvcus sprrahs

Fucus vesiculosus

Ma Cocarpu' slellatus

RESULTS

iSTOMAcH CONTENTs

Figure 2. Mean percent composition and standard error of diff'er-
ent categories of food found in the stomach contents Hemigzapsus
suuguineus collected in October 1996 and April 1997 at Quissctt,
MA.

quadrat by overturning and sifting through all rocks
arid substrate by hand. Each crab was n1easured
  :W! using dial calipers. Results from individual
quadrats were pooled at each tidal height from each
sampling location.

Community Composition

In contrast to the rocky shores of New Hamp-
shire, there was little live algae in the community at
Quissett; drift grass and drift algae composed almost
half of the community at the time of sampling
 Figure 1!. Most of the drift algae was fucoid with
some red filamentous algae and the green alga,
Codium fragile ssp, tomentosoi des. It appears that there
wt.re low densities of juveniles of the common peri-
winkle, L, littorea, the mussels, Geukensia demissa and
2!rf; edulis, and the oyster, Crassostrea virginica  all of
these potential prey visible in the slides were adults!,
but disruptive quantitative sampling would be neces-
sary to verify this observation. The rock barnacle,
Semi balanus balanoides, also potential prey for H. san-
guineus, was found among the cobble substrate, but
in low numbers  Figure 1!.

Stomach Analpsi s

The cardiac stomach was dissected out of 62

crabs, but only 20 from the October collections and
16 from the April collections contained sufficient
amounts of food for analysis, Evidence of a primarily
herbivorous diet was fouricl for crabs collected in

Table 1. Feeding perferences of Hemigrrspsus.serrsguiueus for differ-
ent algaiI species, based on rnultichoice experiments, Average
change in wet weight  and standard error! of five algal species after
12 hours ofherbivory by H. sanguisseus or controls  autogenic
changes in algae!. Value in bold is statistically significant,

Average Average
wt. change: wt. change: s-ratio Consumption

COntrOIS SI. Sanguineus

Table 2, Feeding rates of Herrirgrrspsus.sarrguisrerauon different algal
species, based on single-species experiments. Average change in
wet weight  and standard error! of algae after 12 hours of her-
bivory by H. sanguineus or controls  autogenic changes in algae!.
Values in bold are statistically significant.

both April and October. The diet of H. sanguineus in
October was heavily dominated by Spartina spp. and
algae  Figure 2!. The availability of drift grass is
reflected in the stomach contents of crabs collected

at this time, In April, herbivory was still important:
Sparlina spp. and algae comprised 690/o of the diet,
and animals contributed 230/0 of the diet of these

crabs  Figure 2!. Much of the animal material was
shell fragments and other hard parts representing the
indigestible remains of different animail groups, A
majority of the animal-derived calcium carbonate in
April collections appeared to be fragments of barna-
cle test. Other recognizable animal material included
a fish jawbone, barnacle exoskeletons, a polychaete
cuticle, and bivalve shell fragments. Thick fibrous
material, which may have been hydroid perisarc, con-
stituted a majority of the animal tissue category.

FEEDING PREFERENCES AND RATES

Algae

Results of multichoice algal preference tests indi-
cate that H. srsnguineus strongly prefers some algal
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Molluscs

Table 3A, Chi-square goodness-of-fit for mollusc feeding prefer-
ences of Hemigrapsus sangtsineus. Values in bold indicate statistical-
ly significant preferences among prey species.

Mytilus edulis L. obtusata E littorea L saxatilis Overall

Chi-square va ue 24.30000 1.6333 28.0333 0 8333 54,8000

Degrees of freedcm 3

P value <0,0001

Preference between M edulis, L obtusata, and L saxatilis

Preference between L.obtusata and L. saxablis

Table 3B. Chi-square goodness-of-fit for mollusc feeding prefer-
ences of Crtrcinus maentts. Values in bold indicate statistically sig-
nificant preferences among prey species.

Mytirus edulis L. obtusata L. littorea L saxatilis Overall

Chi-square value 6.2336 0.2008 8.2992 0,0041 14.7377

Degrees of freedom 3

P value 0.0021

Preference between M edulis, L obtusata, and L saxatilis

Preference between L. obtusata and L saxatilis

species over others. Preference for E. intestinalis com-
pared to other algal species was obvious; crabs would
begin eating this species immediately upon being
placed in the container. In addition, blades of F.
vesiculosus also appeared to have been nibbled by
crabs. Weight of algae in control containers increased
for all species over time, perhaps due to absorption
of water, In general, algae in containers with crabs
either lost weight over time or gained less weight
than algae in control containers. Weight loss in
experimental containers over time was statistically
significant for E. intestinalis  Table 1!.

In single-species trials, weight change due to con-
surnption was significantly higher than weight change

lvoTENTIAI. IMPAGT OF HEMIGRAPSUS SANGUINEUS 213

LLvME LSvME LovLS LovLL

Figure 3. Percentage a molluscan prey species was chosen over
another in a feeding preference trial with Hemigrapstts san-
gttinr0s  A! and Cvtrrintts maenvts  B!. Prey species were .47lytittts
tdrtlis, Littorina obtrtsata, L. tittorra, and L. «Lxatilis.

in control containers for all algal species  Table 2!.
This result indicates that each of these species is a
potential, if not preferred, food for H. sanguineus.

Both C. rnaenas and H. sanguineus expressed pref-
erences For some prey species over others, and these
preferences were consistent between different pairings
of prey  Figure 3!. There are strong overlaps in
feeding preferences between the two crabs: M ea'ulis
was strongly preferred by both crab species in all
trials, followed by L. obtusata and L. saxatt'lt's. L. lit-
torea was consistently avoided by H. sanguineus
 Figure 3A!. C. rnaenas occasionally chose L. littore~
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Figure 4. Mean percent cover and standard error of the algal
canopy in 0.25-ma quadrats at Ft. Stark  A! and Odiorne, NH  B!.
Cover types represent major algal canopy species, drift algae is not
identified to spec.ies because of its highly variable composition
ar.d abundance. Tidal height is ineters above mean lower low
w;iter.

over alternate prey, but its overall preference in all
cases was for other prey species  Figure 3B!.

Tables 3A and 3B show results of chi-square tests
of goodness-of-fit for preferences among prey species,
High chi-square values indicate either strong prefer-
ence For or against a type of prey. The overall
chi-square value for H. sanguineus is much higher
than that of' C. maenas, indicating that H. sanguineus
was more consistent in its feeding preferences
 Table 3A, B!, Preferences between all prey species
and between the three most preferred species  M
ea'ulis, L. obtusata, and L. saxatilis! were significant for
both C. maenas and H. sanguineus, which was due to
ai oidance of L. littorea and strong preference for
t! <. edulis  Table 3A, B!. Although both crabs pre-

Tidal Height

Figurc 5. Mean percent cover and standard error ot substrate types
in 0.25-m2 quadrats at Ft. Stark. Tidal height is meters above mean
lower low water

t=t. Stark Odiorne
Tidal Height  m!

Figure 6. Population structure oF Cureinsssmuenus at study sites.

ferred L. obtusata over L. saxatilis, this preference was
not statistically significant for either crab species
 Table 3A, B!. Results of the chi-square test of inde-
pendence indicate that there is no significant difFer-
ence in feeding pref'erences between C. rnaenas and
H. sanguineus  P= 0.135!.

Pre-lnvasi on Community Structure

Figure 4 illustrates the incan percent cover For dif'-
ferent types of algal canopy cover at both sampling
locations at four tidal heights. All algae that compose
the canopy at these sites are potential f'ood for H.
sanguineus. 8, nodosum constitutes the majority of the
canopy cover at most tidal heights at both sampling
locations, and F. spiralis and F. vesiculosus are also rela-



Table 4. Density per ma and standard error of common intertidal animals at each sampling location. Tidal height is meters above mean
lower low water.

Location Tidal Height Litton'na L. obtusata L. saxatilis Nucella Notoacmea Mytilus
 m! littorea lapillus testudinalis edulis

Semibalanus
ha lanoi des

5854.6 + 1135.8

9045.0 + 2119 0

9893.8 + 1837 7

1513.6 + 629.3

28.7+ 4.2 0,0 16.7 + 3.5

32.8+ 11.7 0.4+ 0.4 0.4+ 0.4

16.0+ 2.9 0.3+ 0.3 3.0+ 1.3

10.9+ 3.2 25.3 + 15.2 0.0

3.3 + 1.2

0.0

0.3 + 0.3

0.0

168.7 + 64.7

182.2 + 65.5

37.5 s 16.7

0.0

Ft. Stark 0.5

1

'l.5

2

226.2 +- 74.5

52.4+ 18,0

14.7+ 3.6

188.4+ 72.4

119.6+ 28.8 21.7+3.2 5.6+ 3.7 5.1+ 1.4 0.9+ 0.4 93.8+ 24.7 6596.0+ 895.1mean

Odiorne 146.4 +16.4 22.4 + 9.4 3.6 + 1.4

374.4+ 102.2 32.0 a 8.2 4.8 w 3.6

244.8 a 72.2 52.0+ 11.1 0.4+ 0.4

56.0+ 14.5 43.6+ 7.1 1,2+ 0,9

8.8 ~ 2.3

4.8 + 1.3

3.2 + 2.4

0,4 + 0,4

2.4 + 1.6

2.0 + 1.2

0,0

0.0

0.0 852.5+ 555,6

197.5 + 107,0 1777.5 + 660,0

90.0 ~ 28,4 2897.5 -F 744.9

127.5 + 63.2 3540.0 + 1196.4

0.5

1

1.5

2

2054+359 37 5+47 2 5+ 1.0 43+1,0 1.1+ 0 5 1038+ 327 22669+4299mean

Overall mean 160.4+ 23.2 29,2 + 2,9 4,1 + 2,0 4.7 + 0.9 1.0 + 0.3 98.6 + 20.1 2534.5+ 561.4

lus, and 1IL edulis are generally too large to be suscep-
tible to crab predation.

DrscvssroN

Our results indicate that Hemigrapsus sanguin-
eus has the potential to impact the rocky intertidal of
northern New England as an omnivorous predator
and by causing increased competitive interactions
wtth Carernus maenas,

STOMACH CONTENTS

tively important in the community as evidenced by
their high percent cover in quadrats  Figure 4!.

Figure 5 illustrates the amount of different sub-
strates at Ft. Stark. In general, substrates such as large
rock, cobble, and pebbles provide the best shelter for
crabs and there is a relatively high proportion of all
three of these categories at all tidal heights. The pop-
ulation structure of C. maenas is shown in Figure 6.
Overall, mean crab densities were very similar
between Odiorne and Ft. Stark �5.6 vs. 16 m 2!, but
crabs were smaller at Odiorne than at Ft. Stark  9,2
vs. 13.8 mm CW!. Neither crab density nor size was
consistently affected by tidal height between sam-
pling locations  Figure 6!. Size of C. maenas was more
variable at Ft. Stark than at Odiorne. At Ft. Stark, the
overall trend was of decreasing size with increasing
density ol crabs  Figure 6!. C. maenas that were less
than 5-mm CW were excluded from analysis because
recruitment was taking place at the same time that
quadrat sampling was occurring. A total of 737 C.
rnaenas found in the quadrats were � mm: 156 at Ft.
Stark and 581 at Odiorne.

Table 4 shows densities of common molluscs and

barnacles at each tidal height and sampling location.
In general, only barnacle densities increased with
increasing tidal height. Both L. obtusata and L, lit-
torea were much more abundant at Odiorne than at

Ft. Stark, with unclear relationships between densities
of these two snail species and tidal height. All of
these organisms are potential prey of H. Ianguineus
when they are juveniles, but adult L. littorea, 7V. tapil-
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There are marked differences in percent composi-
tion of Spartina spp. and algae between the fall and
spring collections of crabs  Figure 2!. These results
could be due to a decreased availability of Spartina
spp. in the spring, or to the increased relative avail-
ability of algae  Sphaeelaria and fucoids!.
Unfortunately, there is no quantitative information
on community composition in the spring, but it is
likely that the decreased importance of Spartina spp.
in the diet reflects the increased availability of algae.
The high percentage of Spartina spp. in guts of H.
sanguineus in the fall corresponds with availability of
this food as drift grass at this time  Figure 1!.
Spartina spp. breaks down in the fall  Wijte and
Gallagher 1991! and the dead stalks of this grass
become a signiftcant portion of the drift material
 Bertness and Ellison 1987!. Vascular plants such as
Spartina spp. are likely to have a longer residence
time in the stomach than algae and therefore its
importance in the diet of'H, sanguineus could be over
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represented. However, by only analyzing only guts
that were at least half full  i.e., crabs that had been
feeding recently!, some of this bias could have been
eliminated  Williams 1981!. Based on the observa-
tions in this study, it appears that the diet of H. san-
guinius generally reflects the availability of different
food sources in the environment,

l he diet of H, sanguineus as indicated by this
study and by that ot Lohrer and Whitlatch �997!
demonstrate the broad feeding capabilities of this
intrcduced crab. This generalist diet translates to a
potentially wide niche where the only important lim-
iting factors may be predation and availability of
shelter. Although H. sanguineus has been recorded as
a rocky shore species  Fukui 1988!, its ability to con-
sume Spartina spp. and a wide variety of algae and
animal prey suggest that it will be able to become
established in a variety of habitats  H. sanguineus was
found under rocks in mud fiats at Yarmouth, MA,

M.C. Tyrrell, pers. obs.!.

FEEDING PREFERENCES AND RATES

Algae

Results of the multichoice trials indicate that E,

intestinali s is the most preferred algal species of the
five species offered because it was consumed in the
highest levels  Table 1!. Lubchenco �978! also found
that L. littorea preferred Eintestinalis over other algae
and the fact that both of'these introduced species
share this preference may indicate that they could
compete for food. The result that H. sanguineus will
consume all five species of algae when it is not given
a choice between foods indicates that all five species
tested are potential, if not preferred, food items.

Newly recruited algae are generally more suscepti-
ble to herbivory than mature conspecifics
 Lubchenco, 1983!. Like other herbivores, H. san-
guineus may consume proportionately more
germlings than mature conspecifics, thereby inhibit-
ing replacement of algae that is removed by storms
or physical damage. It is possible that herbivory by
H. sanguineus on f'ucoids and other perennial algae
will be most conspicuous by reduced recruitment of
these species, rather than by drastic reductions in
established cover.

Molluscs

All of the crabs were used in each pairwise prey
preference trials, which allowed us to see if any of the
crab: had specialized on a particular prey species. We

found that the preferences of both crab species were
very consistent both between individuals and
between the two species. The observations that both
introduced crab species preferred M, edulis over other
molluscan prey is consistent with studies of stomach
contents in C. maenas in this region  Ropes 1968;
Elner 1981!. Both authors found that these bivalves
were very important in the diet of'the green crab. The
result from this study that both H. sanguineus and C.
maenas preferred L. obtusata over L. littore« is not sur-
prising, considering that L. obtusata underwent a
rapid morphological transition following the estab-
lishment of C. maenas  Seeley 1986!. The consistent
avoidance of'L. littorea by both crab species may pro-
vide additional explanation for the lack of a morpho-
logical response in this species, Lubchenco �978!
observed that C, rnaenas Inay control recruitment of
L. littorea by consuming very small individuals as
they settle into tide pools, but she also found that
medium and large L. littorea are not consumed by C.
maenas in laboratory experiments. Both L. littorea and
C, rnaenas are introduced to this area from Europe
 Cohen et al, 1995 for C, maenas; and Gosner 1978
for L. littorea!. As they grow, it is possible that L. lit-
torea inay develop behavioral adaptations or acquire
toxic compounds that make them less susceptible  or
palatable! to crab predators.

Feeding preferences of H. sanguineus and C. mae-
nas closely overlapped and statistical significance and
orders of preference were the same between crab
species  Table 3A, B!. The strong overlap in feeding
preferences of these two introduced crabs has several
implications for the effects of their introductions on
community structure. Further range expansion of H.
sanguineus north of Cape Cod may place additional
pressure on the molluscs preferred by both intro-
duced crabs. Declines in preferred prey species, as
well as increased competitive interactions between
these two intertidal crabs, will be likely in areas where
the two species co-occur.

PRE-INVASION COMMUNITY STRUCTURE

The two study locations were selected on the
basis of' their accessibility  for sampling purposes!
and similarity  for replication!. Therefore, one would
not expect large differences in the intertidal commu-
nities between these two sites. However, some

notable differences do exist. The algal canopy is
almost exclusively A. nodosum at Odiorne, while at
Ft. Stark, F. spiralis and Is vesiculosus are also impor-
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Establishment of Hemigrapsus sanguineus

Competition with Carcinus maenas

Shelter and Food

I  more likely!
HS and CM approximately HS outcompetes CM
equal competitors

I
Abundance and recruitment of CM declines~

Slight decline in populations
of CM

 less I

CM outcompetes HS

HS fail to establish significant
populations, only found in areas where
CM cannot tolerate environmental
conditions

High densities of HS in intertida' zone
 especially rnid to high zones!,CM
relatively rare in intertidal zone

Figure 7. Predicted impacts of the establishment of Hersrigrapsus sangui acus in the New Hampshire and Maine rocky intertidal zone, einpha-
sizing effects of potential competition with Carcinzcs maenads CM= Cureinsssmrrenrss, HS Hemigrspssessangw'neses.

tant  Figure 4!. Odiorne has much higher numbers of
L. littorea and L. obtusata than Ft. Stark  Table 4!, In
contrast, barnacles are nearly three times more abun-
dant at Ft. Stark than at Odiorne  Table 4!.

The abundance of C. maenas in relation to tidal

height did not vary consistently between Odiorne
and Ft. Stark. In general, the pattern of decreasing
size of crabs with increasing tidal height at Ft, Stark is
consistent with the findings of other researchers
working in Wales  Edwards 1958!. The trend of gener-
ally higher densities of crabs with increasing tidal
height that was found in this study contradicts the
findings of other researchers  Atkinson and Parsons
1973!. However, Atkinson and Parsons �973! only
worked with C. maenas that were greater than 20 mm
CW, a size much greater than the mean size of crabs
found in this study. From the results of this study
and of the other studies of C. maenas distribution, it

is apparent that small crabs seek refuge in the upper
intertidal zone and occur in higher densities than
adult crabs,

In general, shelter may be more important to
crabs than tidal height; crabs may seek shelter under
any suitable substrate  cobble, pebble, etc.! wherever
it occurs in the intertidal zone. Lohrer and Whitlatch

�997! found that the three species of crabs in their
study  H. sarrgui neus, C. maenas, and Eurypanopeus
depressus! did not partition space according to tidal
height. The suggestion of Lafferty and Kuris �996!
that H. sanguineus may not have a strong affect on
established crabs because of its upper intertidal distri-
bution may be incorrect. Our study illustrates that C.
maenas are found throughout the intertidal zone in
high densities. One of the most important impacts of'
H. sanguineus on C. maenas may be increased compe-
tition f' or shelter at all tidal heights and lite history
stages,

C, maenas usually moves to subtidal zones af'ter it
reaches 30-35 mm CW  a size at which it is much less
susceptible to predation! and migrates to the inter-
tidal zone to feed  Edwards 1958; Warman et aL
1993!. In contrast, H. sanguineus adults  up to 43 mm
CW!, are commonly found throughout the intertidal
zone  McDermott 1998a!. In competition-f' or-shelter
experiments, H, sanguineus is able to exclude C. mae-
nas that are as much as 5 mm CW larger  M.C.
Tyrrell and B. Hull, unpubl, data!. Based on these
laboratory observations, one would expect that H.
sanguineus would tend to displace C, maenas f'roni
shelters in areas where they co-occur  Figure 7!,
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Establisftrnent of Hemigrapsus sanguineus

Primarily herbivorous Primarily omnivorous

 less likely!  most likely!

Abundance and recruitment of preferred and
ephemeral algae reduced  El, etc.!

Mild defoliation of intertidal  esp.
mid to high! zone, reduced food for
other heibivores and increased
desiccation stress

Competition with
Decline in abundance of other herbivores

Primarily carnivorous

I  less likely!
Abundance and recruitment of
preferred prey declines  ME, LO, LS,
SB, NT! -Juvenile filter

Competition with CM for
food  see Fig. 7!

Competition with CM, NL and

i
other predators

Abundance of all prey  even
less preferred! declines

Algal recruitment and cover increases
in mid to high intertidal zone

I
other herbivores

Opportunistic algae
seasonally more abundant
vs, perennials

Altered distribution patterns
and reduced
understory perennials, less
shelter for molluscs, crabs

Figun' 8: Predicted impacts of the establishment of Hemigrupsus suttguinerts in the New Hampshire and Maine rocky intertidal zone empha-
sizing effects of H. surtguineus as a predator. Note the pre-invasion community is characterized by an algal-donunated shore with a high
propcrtion of perennial algae versus ephemeral algae. CM= Cureinrts rrtuenus, iME= Aytilus «dulis, LO= Ltttorinu obtttsutu, Lg= L. saxutilis,
NT iVotou«meu testudinulis, SB= Serrtibututttts bulutroides, NL= ¹cellu lupilius, EI= Enteromorphuirttestirtuit's.

GKNKRAL CONCLUSIONS AND PRKDICTIONS

The range extension of 0 sanguineus along the
Atlantic coast has taken place very rapidly: from
1988 to 1995, it spread approximately 800 km
 McDermott 1998a!. The recent discoveries of this
species in both coastal  Hampton and Rye Harbors!
and estuarine  Dover Point! locations indicate that it
may continue to establish populations in a variety of

Littorinids, other molluscs, and barnacles are dis-
tributed throughout the intertidal zone at both sam-
pling locations  Table 4!. All of the species listed in
Table 4 are potential prey of H. sanguineus  ¹ testudi-
nalis and ¹ Lapillus, M.C. Tyrrell, unpublished data;
barnacles, Lohrer and Whitlatch �997!; M.C. Tyrrell,
unpubl. data!. Again, the effects of predation by H.
sanguineus on all of these potential prey is expected to
be nrore severe on the juveniles of these species.
Most of the species listed in Table 4 are herbivores
 littorinids and ¹ testudinalis!. If H. sanguineus con-
sumes primarily molluscs, it may reduce the preda-
tion pressure on intertidal algae  Figure 8!, but
because it is more herbivorous than C, rnaenas, we
expect a mix of herbivory and herbivore removal.

In conclusion, it appears that none of the tidal
heights utilized in this study were strongly or consis-
tently preferred by L. littorea, L. obtusata, L.
saxati'lis, and the potential competitor, C. maenas. In
contrast, the distributions of other potential prey
species  ¹ lajtillus, N, testudt'nalis, I edulis, and S, bal-

anoides! were more consistently affected by tidal
height, with varying preferences among these species,
It is likely that H. sanguineus will be distributed
throughout the intertidal zone and its presence will
modify the entire community to some extent. Some
of the most obvious effects of H. sangui neus may be a
decline in preferred prey species and a decline in
numbers of C. maenas because of increased competi-
tion for food and shelter. These sites will continue to

be monitored in the same way for several years to
determine if the predicted changes in community
structure occur if H sanguineus becomes established.
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habitats. This invasive species has a remarkable abili-
ty to become established in a variety of habitats:
rocky and muddy shores, sheltered and exposed loca-
tions, and estuaries  McDermott 1998a; M.C. Tyrrell,
pers, obs.!. Its wide physiological tolerance is corn-
bined with an ability to utilize a wide variety of food
types  as indicated by its omnivorous diet!. Many of
the factors that make H. sanguineus a successful
invader contribute to its disruptive potential for the
communities it invades. Some projected conse-
quences of'the establishment of H. sanguineus on
New Hampshire and Maine rocky shores are summa-
rized in Figures 7 and 8.

H. sanguineus has the potential to cause changes
in the resident intertidal community by both direct
 predation, competition, etc.! and indirect  exploita-
tion, competition etc., see Menge 1995 for further
examples! effects, Even adults of this crab are found
throughout the intertidal zone and, therefore, the
refuge value of the upper intertidal zone for small
molluscs and young C. maenas may be diminished by
H. sanguineus. H. sanguineus may act as a juvenile fil-
ter for all species  both algal and animal! that inhabit
the intertidal zone during their life cycle  Figure 8!.

Feeding preference trials conducted under labora-
tory conditions indicate which species are most likely
to be affected by predation by H. sanguineus.
However, the accessibility of preferred prey will differ
among prey species and time of year. juvenile M
edulis are often nestled in byssal threads between
adult conspecifics and may be difficult for crabs to
extract. In addition, small I.. obtusata that take refuge
in the hollow vesicles of A, nodosum may be floating
out of reach of crabs during high tide  when crabs are
most likely to be foraging!. Despite the many issues
surrounding accessibility of food items, it is expected
that the negative impacts of H. sanguineus will be dis-
proportionately concentrated on preferred food items
 both algal and animal!, leading to a decline in their
density and relative abundance as compared with less
preferred food items  Figure 8!,

Several authors have recognized competition with
C. maenas as a major impact of the establishment of
H. sanguineus  McDermott 1991, 1998a; Lohrer and
Whitlatch 1997!. H. sanguineus is more aggressive
than similar-sized C. maenas and can consume C.

maenas when starved  M.C. Tyrrell and B. Hull
unpub. data!. Competition between the two intro-
duced crab species can occur for both f'ood and shel-
ter, with varying consequences in each situation

 food competition, see Figure 8; shelter competition,
see Figure 7!. In areas where H. sanguineus is already
established, it is the numerically dominant crab
 Lohrer and Whitlatch 1997! and it has been suggest-
ed that it may inhibit recruitinent nf C maenas  A.
M. Lohrer, pers, comm.!. If this occurs in northern
New England, populations of C, maenas could b«
severely reduced  Figure 7!.

It is exceedingly difficult to predict the exact eco-
logical consequences of an invasion of a generalized
predator such as H sanguineus. However, the effects
of H. sanguineus along the east coast of the United
States may be comparable to those predicted f' or C.
maenas on the west coast. In a review of the possible
impacts of'the introduction of C. maenas in San
Francisco Bay, Cohen et al. �995! stated 104 fanIilies
and 158 genera are potential prey items for this gen-
eralized predator, In addition, they listed displace-
ment of competitors, increased availability of fo<Id
for crab predators, and economic losses due to preda-
tion on shellfish as other potential impacts of C. mae-
nas  Cohen et al. 1995!.

It is likely that northern New Englancl will soon
experience a second invasion by an intertidal crab,
H sanguineus, and this potential invasion provides an
excellent opportunity to examine the ecological
impacts of both introduced crab species. Further
research into the effects of H. sanguineus on the
northern New England rocky intertidal community
is currently being conducted using microcosms. The
results of'these experiments will be compared with
the potential impacts of' H. sanguineus that are listed
in Figures 7 and 8 and will contribute to our untler-
standing of the effects of introduced species.
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Reestablishment of a Native Oyster, Ostrea concbaphila, Following a Natural
Local Extinction
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ArisTRAGT: Populations of the oyster, Ostrea conchaphila, occur only in isolated estuaries with stable euryhaline
zones �2-28 ppt! between Washington and central California, These estuaries have formed since the Pleistocene,
and in some, subsequent natural sedimentation eliminated both the polyhaline zone and O. conchapbila popula-
tions. In Coos Bay, Oregon, 0, conchaphila thrived in the late Holocene, but went locally extinct prior to European
settlement. In 1988, following years of accidental inoculations via shellfish culture activities, O. conchaphi la reestab-
lished in Coos Bay, and has maintained a large population since then. The distribution of 0. concbapbila in Coos
Bay is clearly correlated with salinity patterns typical of a stratified estuary, Navigational dredging has more than
doubled the main channel depth, permitting high salinity to intrude, and again producing a stable euryhaline habi-
tat suitable to O. concbaphila. The depth increase has also increased proportional water retention during tidal fluc-
tuation, which could reduce flushing pressure on estuarine larvae of O. concbaphila. Natural events created, and
then apparently destroyed, a habitat for a native species. Human activities of a destructive nature  dredging! have
apparently restored this habitat for O. conchapbita.
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The Olympia oyster, Ostrea conchaphila Carpenter,
1859  = lurida!, is the only oyster native to the east-
ern Pacific, north of Mexico. The biology, ecology,
and distribution of 0. conchaphila was reviewed by
Couch and Hassler �989! and Baker �995!. The pri-
mary habitat is estuaries with stable polyhaline
regions �0-28 ppt!. Individual 0, conchaphila are sel-
dom, if ever, found along the open coast between
estuaries north of Point Conception, California.
Estuaries that support O. conchaphila populations are
usually isolated from each other along the outer
coasts of Washington, Oregon, and California. In

the absence of molecular genetic data, the term
population is here used to mean all individuals living
in an isolated estuary.

Since the arrival of Europeans in the region,
some 0. conchaphila populations have dec]ined or
gone extinct  Baker 1995!. There is evidence, hovsev-
er, that at least some populations were declining prior
to the arrival of Europeans. The best documented
occurrence of this phenomenon is in Coos Bay,
Oregon, where large deposits of recent fossil
O. conchaphila occur in both dredge spoils and in
American Indian shell middens  Dull, 1897; Baker et
al., unpubl. data!. By the time European settlers
arrived, however, O. conchaphila had gone extinct In
Coos Bay  Dali 1897!, for reasons unknown.

Another pre-European extinction of 0. conchaph-
ila appears to have occurred in Big Lagoon, Califor-
nia � evidence that local extinction is not unique
to Coos Bay. There is no extant population of
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0. conchaphila in Big Lagoon, but this species is abun-
dant in nearby Indian shell middens  Elsasser and
Heizer 1966!, Big Lagoon is currently blocked from a
regular marine connection by migrating coastal sand
dunes � a fate which has befallen many small estuaries
in this region within the past few thousand years
 Johnson et al. 1985!.

Dali �897! was the first to report both the abun-
dance of recent 0. conchaphila shells in Coos Bay, and
the current local absence of this species. Based on the
distr:.bution of fossil shells, 0, conchaphila was restrict-
ed almost exclusively to the East Arm of Coos Bay
 Figure 1!. The subsequent history of 0, conchaphila
in Coos Bay until 1986 is known from various federal
and state government reports. In 1917, local residents
attempted to reestablish 0. conchaphila in Coos Bay,
importing large numbers of adults from Willapa Bay,
Washington. These specimens were spread across
aboLit 5.7 ha of intertidal ground in Coos Bay, and
strong recruitment was reported for two years
 Edmondson 1923!. By 1927, however, all traces of
this .inoculation appeared to have vanished, and local
shellfish harvesters seemed unaware that 0. conchaphi-
la ever had been present, indicating that the popula-
tion had been deceased for several years  Galtsoff
1929!. Subsequent benthic surveys using a variety of
sampling methods reported many bivalve species in
Coos Bay, but no living 0. conchaphila  Day 1971;
Gaui ner et al, 1973; Jefferts 1977; Hancock et al. 1979;
Roye 1979!. Thus, a major inoculation of Coos Bay
in 1917, by clearly viable 0. conchaphila, failed to
establish more than an ephemeral population.

There is a significant oyster culture industry in
Coos Bay, based on the nonindigenous Pacific oyster,
Crassostreagigas. This industry has been locally con-
tinuous since about 1934, and until the last several
years, has been supported alinost entirely by the
importation of juvenile C, gigas attached to adult
shells, which were reared in either Willapa Bay or
Puget Sound, in Washington State  Qualman 1983!.
To the south of Coos Bay is Humbolt Bay, which,
like Puget Sound and Willapa Bay, supports C. gigas
culture and a large population of 0, conchaphi7a
 Baker 1995!, In 1987, Coos Bay oyster culturists
observed that living oysters they believed to be 0.
conchaphila were occasionally imported as fouling
organisms with C. gigas shells and juveniles  M.
Clausen and L. Qualman, pers. comm,!, Nonetheless,
as of 1986, there was no historic record of an estab-
lished population of 0, conlhaphila in Coos Bay.
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Figure 1. Coos Bay, Oregon, showing Oarea conrhrfphryr distrihu-
tion to 1988, and quantitative survey sites.

In 1988, however, several living juvenile 0. con-
chaphila were collected during a benthic survey of'
Isthmus Slough, a subestuary of Coos Bay  Baker et
al., unpubl. data!. In subsequent years, this species
became abundant in Isthmus Slough and adjoining
portions of Coos Bay  Oregon Department of Fish
and Wildlife, unpubl. data!. Additional 0. conchaphila
juveniles, from a population in Yaquina Bay, Oregon,
were released into Coos Bay by researchers in 1994
 Robinson and Johnson 1997!, but the population
detected in 1988 had already become large  Hewitt
1993!. Hewitt �993! reported that 0. conchaphila was
introduced to Coos Bay in 1992, but this contradicts
unpublished data by fishery officials  Oregon
Department of Fish and Wildlife!, and data presented
in this study, supporting an earlier date.

Other historical populations of 0. conchaphila in
Oregon are extinct or declining  Baker 1995!. The
reappearance of this species in Coos Bay is thus of
interest: why is 0. conchaphila currently thriving in
Coos Bay, when it was could not previously be estab-
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lished in 1917? Alternately, is this species thriving in
Coos Bay, or are recent reports of the reestablish-
ment of this relatively long-lived species  Baker 1995!
based on a single cohort that has not subsequently
reproduced?

Qualitative and quantitative surveys were used to
address the second question posed above. The initial
question � why is 0, conchaphila established now,
when a deliberate attempt in 1917 failed � cannot be
tested experimentally, because both extinction and
reestablishment were historic and unique events.
Comparisons of the Coos Bay physical environtnent
between 1917 and 1988 can be made, however, and
correlated with current distribution patterns of 0.
conchaphila in Coos Bay to generate a hypothesis
regarding this species' local population history,

MATERIALS AND METHoDs

STUDY SITE

The research area was Coos Bay, Oregon, 43'25'
N, 124 12' W. Coos Bay is a geologically recent estu-
ary, with the dendritic shape of drowned river valleys
 Roye 1979!, At mean high water, the surface area of
all tidal portions is about 4500 ha  estimated from
U,S. Geological Survey data!. Mean tidal flux is
about 2 m at the mouth of Coos Bay  National
Oceanic and Atmospheric Administration, co-
ops.nos.noaa.gov!, and at mean low low water, sur-
face area is only about 2200 ha.

For purposes of this manuscript, Coos Bay is
divided into a West Arm and an East Arm  Figure 1!.
Major subsidiary estuaries include South Slough,
Haynes Inlet, and Isthmus Slough. The only major
freshwater input, Coos River, flows into the south
end of the East Arm. Marshfield Channel, the deep-
est undredged channel within the main portion of
Coos Bay, is 2-4 m at low water, with occasional
soundings to 6 m. A shipping channel maintained at
36 ft �1 m! at low water runs the length of both the
West Arm and the East Arm, and about 2.5 km into
Isthmus Slough  Figure 2!. Isthmus Slough is 6-9 m
in depth for an additional 8 km upstream of the cur-
rently maintained channel, but this is an artifact of
historic channel Inaintenance.

I986-88 QUALITATIVE SURVEYS

Qualitative surveys have the advantage, over
quantitative surveys, of sampling a large area in a rel-
atively short time, They are particularly useful for
presence or absence of relatively large organisms

 such as oysters!. Furthermore, such surveys become
quantitative if none of the study species are present:
zero is a precise quantity.

From November 1986 to June 1987, we surveyed
most of the shoreline of Coos Bay and subsidiary
estuaries for the presence of 0. conchaphila. Surveys
were conducted on foot at low tide � m or lower!.
All oysters were counted and recorded as either
adults +20 mm in shell height, for 0. conchaphila'I or
juveniles. This size division for O. conchaphila is based
on the sizes of apparent cohorts, reported in this
manuscript, Because of the abundance of recent fos-
sil material, dead O. conchaphila specimens were not
recorded unless both shells were still attached by the
ligament, indicating a relatively recent demise.

A Wildco biological dredge �0-cm mouth, 2-cm
mesh! was used to take qualitative benthic samples at
representative locations in the main channel, from
the mouth of Coos Bay into Isthmus Slough,
Dredges were 5 min long each, towed at minimal
speed, and were towed from the edge of the main
channel into shallower water, The tow distance was
50-80 m, for a total area of 25-40 m2.

In April to August 1988, some shoreline and ben-
thic sites were re-surveyed speciflcally for the pres-
ence or absence of O. conchaphila, using the same
methods and criteria as above.

I996-98 QUALITATIVE SURVEYS

The approximate distribution of the current O.
conchaphila population in Coos Bay was estimated by
qualitative shoreline and benthic surveys in 1996,
1997, and 1998. Surveys for the presence or absenr e
and relative abundance of 0. conchaphila were made
throughout known or suspected habitat, as well as in
regions both seaward and landward  with respect to
the salinity gradient! of the suspected distribution of
this species. Shoreline qualitative surveys were con-
ducted as for the 1986-88 surveys  above!.

Benthic dredge surveys were conducted, using the
same equipment and technique as in 1986-88. 1996-
98 dredge sample sites are shown in Figure I. In no
instance did the dredge collection bag becotne entire-
ly fillecl with material unable to pass through the rod
end of the collection bag. AII hard substrate collected
in each dredge sample, and the proportions of'each
type of substrate, by mass, were recorded.

All oysters were counted, identified, and meas-
ured  shell height!. The presence or absence of some
suspected O. conchaphila predators, including crabs
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 Cancer spp.!, predatory snails  ¹cella spp.!, and sea
stars  Pisaster spp,!  Baker 1995!, was noted at all
shoreline and dredge survey sites.

QUANTITATIVE SURVEYs

Based upon relative 0, conchaphila abundance
estimates from 1996 and 1997 qualitative surveys
 above!, five sites were selected for quantitative sur-
veys in 1997. There was an apparent region of O. con-
chaphila maximum density in Isthmus Slough and the
southwest portion of the East Arm of Coos Bay
 Figure 2!. The Downtown site �0,7 km from the
mouth of Coos Bay! and Millington site �5.5 km!
were selected because they bracketed this zone sea-
ward and landward, respectively. The Eastside site
�3.6 km! was between the prior two. Two additional
sites, Pony Point �3.4 km! and Haynes Inlet �5.5
km, but not along the main channel axis!, were
selected to examine an apparently more modest den-
sity of O. conchaphila in the north part of Coos Bay
 Figure 1!.

Three strata were sampled: shallow  mean low
low water, or approximately 0 m!, mid-depth �-5 m!
and deep  9-10 m!, All three depths were surveyed at
Eastside and Millington sites. At the Downtown site,
only low tide and mid-depth strata were surveyed,
because navigational dredging immediately prior to
sampling had removed all substrate and fauna below
6 m. At the Haynes Inlet site, the channel was only 5
m deep at low tide. At the Pony Point site, qualitative
dredge sampling indicated no 0. conchaphila at either
mid-depth or deep strata, and only the shallow � m!
stratum was sampled.

At each site and stratum, a metered line was teth-
ered up-current, and allowed to trail along the stra-
tum. Six 0.25-mz quadrats  Miller et al. 1993! were
placed at random intervals �-10 m! along the survey
line. Scuba divers collected all oysters within each
quadrat. Except in quadrats where substrate was
homogeneous  e,g., 100% cover by sandstone cobble
and boulder!, or where the substrate was too large to
collect  large boulder or log!, all hard substrate over 1
cm in diameter was also collected. In cases where

substrate was not collected, all oysters were collected
from the substrate. All living oysters were identified,
and the shell height  hinge to opposite margin! of
each specimen was recorded. Each site was also exam-
ined qualitatively by divers for the presence of indi-
viduals of Cancer, ¹cella, and PLraster species, as for
the qualitative surveys  above!.

F>gore 2. Generalized 1997 distribution of Ostrrci <onchaphtttt in
Coos Bay.

Specimens were divided into 0-year-class individ-
uals  juveniles! and adults  ! 20 mm shell height!.
One-factor analysis of variance  Zar 1996! was used
to test the null hypothesis that adult density did not
vary between depth strata, within sites, for those sites
where adults occurred at more than one depth,
Regression analysis  Zar 1996! was used to test the
null hypothesis of no dependence of the depth at
which maximum 0. conchaphila adult density
occurred, on sample site distance from the mouth of
Coos Bay.

Salinity data were obtained from two sources
which matched seasons and sites. Baptista �989!
reprinted various historical salinity survey data,
including data for spring  May! and late summer/
early autumn  September!, in bottom waters of
northern Isthmus Slough, for 1930 and 1931, Data
were also provicted by an on-going study by the
Oregon Department of'Fish and Wildlife  unpubl,
data! for bottom salinity at approximately the same
site, also in May, and in August. May is normally a
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Table I, Mean densities  number per m2! of large P 20 mm shell
height! and all Ostrea rorrrhaphila at each of three sample depths
 low tide level, mid-depth or Srn, and deep or IOm!, at each site.
Standard deviations  as+/ � ! are shown in parentheses. Within
sites, treatments that do not differ significantly are indicated by
superscripts. See text for explanations for no deep samples at
Downtown or Haynes Inlet sites.

Millington Eastside Downtown Haynes Pony Point
Coos Bay Inlet

Depth

ow tide: large 0 0.7 �.6! 6.7 �.9! 0.7 �.6! 5.3 �.0!
ow tide: a I 0 23 �0! 201 �09! 77 �5! 21 �8!

% large NA 052 200 086 229

0 0*

9 0*

NA NA

mid-depth: large 0 0.7 �.6! 10 �6!
rnid-depth: al ! 2 �0! 5.3  9.6! 81 �64!

% large 0 111 124

max depth
5m

max depth
5m

NA

deep: large

deep: all

10 �0! 57 �8! 0*

48 �1! 394 �78! 0*

20.8 14.4 NA NA% arge

distance from 26.5 km 23.6 km 20.5 km 15.5 km 13.4 km
mouth of
Coos Bay

'from qoa itatixe dredge samples

RESULTS

Adult O. conchaphila occurred in shoreline surveys
from the west end of the North Bend Municipal
Airport �0.5 km from the mouth of Coos Bay! to
Eastside, in Isthmus Slough �3.3 km!, Adult O. con-

period of relatively high freshwater input, and
August/September is usually at the end of the driest
part of the year, so these should represent contrasting
freshwater input regimes for Isthmus Slough.
Baptista �989! noted that the 1930 and 1931 were
drought years, with much lower than normal freshwa-
ter input to Coos Bay  about 114 cm and 153 cm,
respectively!. Rainfall in 1996 and 1997 was 219 and
137 cm, respectively, with peak rainfall in winter
months  Oregon Climate Service climate data,
www. o cs. orst. edu!.

Historic Coos Bay shipping channel depth
records were provided by the Oregon International
Port of Coos Bay, Estimates of pre-dredging depths
were made from historic charts  National Oceanic
and Atmospheric Administration,
chartinaker.ncd.noaa/ocs!. The null hypothesis of no
effect of channel depth on salinity data in Isthmus
Slough was analyzed with regression analysis  Zar
1996!, for May and August/September, separately.

chaphila from benthic dredge samples occurred from
the U.S. Hwy 101 Bridge �5.6 km! in North Bend to
Millington, in Isthmus Slough �5.0 km!. [uvenile 0.
conchaphila were found further upstream in both the
inain axis  Isthmus Slough!, as well as in side cha»-
nels  North Slough, Haynes Inlet, and Marshfield
Channel!. Results of shoreline and dredge qualitative
samples are sutnmarized in Figure 2. No 0. conchrtphi-
la were found in the remainder of Coos Bay or South
Slough, with the exception of three adults attached to
Hoating piers in the Charleston small boat harboi;
near the Oregon Institute of Marine Biology.

Several sites merit additional comments. The

mouth of Coalbank Slough, a qualitative dredge site
 Figure 1!, was highly depositional, yet supported
high densities of O. conchaphila. The Coalbank sam-
ple consisted of living or recently dead  valves still
connected by a ligament! O. conchaphila, attached in
clusters. At most Isthmus Slough sites, a dominant
substrate was a soft sandstone, easily broken or
abraded by hand, but O. conchaphila were found
attached directly to this material. At the middle stra-
tum of the Downtown Coos Bay site, many O. con-
chaphila were found living on broken lead-acid bat-
tery cases.

Results of quantitative benthic surveys are sum-
marized in Table 1. At all quantitative sites, the
majority of living 0, conchaphila were under 20 mm
in shell height, often with an obvious and large distri-
bution peak between 2 and 10 mm  Figures 3, 4!, The
majority of the remaining specimens were 22-44 Inm
in shell height, with no significant peak based on
Kolmogorov-Smimov goodness-of-fit analysis  Zar
1996! of adults �2-44 rntn! pooled from a.ll sites
 din» = 4,67!. Maxitnum shell height was 58 mm,
from the deep stratum at Eastside. Size distribution
pooled for all sites is shown in Figure 4.

At only two sites, Eastside and Downtown Coos
Bay, did adult 0. conchaphila occur at more than one
depth. At Eastside, the number of adults at mid-
depths � m! did not differ froin the expected ratio
found in deep water �0 m!  X~ � 0.0!, but the num-
ber of adults in shallow water � m! was distinctly
lower than expected, even based on the number of
juveniles  y~ = 21.04!. The same was true of shallow
water at the Downtown Coos Bay site, compared to
the ratio of adults at 5 m  Xa = 17.36!.

The depth of maximum density of adult  
0
rnm shell height! O. conchaphila varied, depending on
site  Table 1!. At the Eastside site, adult density was
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Figure 4. Size distribution of Ostrea conchaphila from all quantita-
tive 513rvey sites in Coos Bay, pooled.

significantly greater in deep water �0 m! than at
other depths  p = 0.0398!. At the Downtown Coos
Bay site, there was no significant difference in adult
density between the shallow and mid-depth sampling
levels  p = 0.434!, so the depth of maximum adult
density was taken as the mean of those two depths
�.5 m!. At other sites, adults were found at one

depth only. The dependence of'the depth of maxi-
mum density on distance from the entrance of Coos
Bay was strong  r2 = 0.82, p = 0.0001!, with greater
depths of maximum density occurring further from
the ocean.

Bottom salinity in northern Isthmus Slough
appeared to be much higher in 1996-97 than in 1930-
31. In both May  rz=0.76, p   0.00005!, and in
August/September  rz=0.70, p = 0.0002!, the higher
salinities were significantly related to channel depth
 Figure 5A and B!.

Native crabs, Cancer magi tier, and nonindigenous
green crabs, Carcinur maenas, occurred at sites
throughout Coos Bay. C. maenas, a recent invader, is
predicted to be a significant bivalve predator in
Pacific coast estuaries  Cohen et aL 1995; Grozholz
and Ruiz 1995!. Other known predators, including
sea stars  Pisarler hrevispinur and P. Ochraceous!, and
gastropods  primarily Xucella lamellostz! occurred
mainly in the western arm of Coos Bay, largely out-
side of the main region of 0. conchapht7a distribution.

IS OSTREA CONCHAEHILA REESTABLISHED

IN COOS BAY?

Ostrea conchaphila has been present continuously
for more than ten years in Coos Bay. By itself, this
does not clearly demonstrate establishment of the
species, because oysters are long-lived, and a single
cohort could probably persist for that long  Baker
1995!. Examination of the size/age distribution in
Coos Bay, however, suggests that this species is repro-
ducing regularly.

The 0. conchaphila population in Coos Bay was
clearly represented by more than one cohort, includ-
ing a strong zero year-class cohort  Figure 4!.
Assuming size is related to age, this distribution is
thought to be typical of a population with a Type III
survival curve, in which most of the large number of
larvae and early juveniles die, but older individuals
have a good chance of living several years  Deevey
1947!, This type of a life cycle is typical of marine
bivalves, including 0. conchaphila  Baker 1995!,
No distinct older size class could be detected, and
apart from a fairly distinct break in size class abun-
dance at 20 mm, sizes up to 46 mm were nearly
equally represented. Nearly the full normal size range
For this species was represented in Coos Bay, and
most of the adults were comparable to Puget Sound
specimens of 2-5 yr of age  Baker 1995!. The data
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Figure SA and B. Bottom salinity  A! For rivo sites at two times of
the year, and shipping channel depth  B! in Coos Bay, plotted
against time.

were consistent with the hypothesis that this species
had reproduced in large numbers, and on a regular
basis, in Coos Bay.

DISTRIBUTION PATTERNS OF OSTREA CONCHAPHILA

Salinity is a key environmental correlate with 0.
conchaphila distribution, where it has been studied
previously, with main populations restricted to a
modally intermediate salinity range, The three-
dimensional distribution of 0, conchaphila in Coos
Bay could be matched to the generalized salinity pat-
terns of a mixed estuary. Most of Coos Bay is marine
in summer months, but in winter and spring, salinity
becomes progressively lower inland  Roye 1979,
Baptista 1989!. Coos Bay also becomes stratified in
winter and spring, however, so that high salinity
extends further inland in deep water than in surface
water  Baptista 1989!. This is a characteristic of most
stratified estuaries  Dyer 1997!, For part of the year,
therefore, optimal salinity for 0. conchaphila occurs in
shallow water towards the entrance to Coos Bay, and
in deep water inland. The distribution patterns of

adult 0. conchaphila in Coos Bay matched this, with
adults in deep water occurring further inland than
adults in shallow water  Table 1!.

The low-salinity boundary is probably set by the
osmotic tolerance of 0. conchaphila, although this
seems unlikely for high salinity  Baker 1995!. Young-
of-'the-year juveniles, produced in summer, have yet
to experience winter and spring salinity declines, 2nd
may thus occur inland of the adult distribution, The
fact that they did suggests that adult distribution is
set in part by differential mortality during high fresh-
water input periods.

The high-salinity population limit for I7, con-
chaphila may also be set by salinity, indirectly
through its effects on predators, Although crabs  C
magister and C. maena's! occurred in all areas 0. con-
chaphila did, some other suspected predators did not.
The gastropods  X. lamellosa! and sea stars  Pisaste/
spp,! in Coos Bay were largely restricted to seaward
of 0, conchaphila, and were hence less affected by low
salinity in winter and spring. Unfortunately, most
work on 0, conchaphila predation has focused on
nonindigenous predators such as the prosobranch
gastropod Oci nebri nellus i nornatus  =Ceratostoma i nnr-
natum!  Chew 1960! and the polyclad flatworm
Pseua'ostylochus ostreophagus  Woelke 1956!; no quanti-
tative research has been conducted on native preda-
tors, Some parasites of 0. conchaphila have been
reported  Mix and Sprague 1970; Bradley and Seibert
1978!, but none appear to be important at a popula-
tion level. Thus, much remains to be done on the
biotic hypothesis for high-salinity limitations on 0,
conchaphila populations.

There was little evidence to suggest that other fac-
tors strongly affected 0. conchaphila population distri-
butions, Two of the sites  Eastside and Downtown
Coos Bay! were in the heart of the industrial and
shipping zone, and at the Downtown Coos Bay site,
many of the 0. conchaphila in the middle stratum
were attached to broken lead-acid battery casings.
Current levels of pollution, therefore, did not seem
to be affecting population distribution. Most hard
substrata in Coos Bay appeared suitable for O. con-
chaphila, based on presence of attached individuals.
Even in some highly depositional sites  Coalbank
Slough, Figure 2!, this species could beconie abun-
dant simply by growing on shells of conspecifics. In
Puget Sound, large populations of 0. conchaphila
occur in soft mud areas by growing on each other
 Baker 1995!. Thus, although the above factors may
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still affect population density, they did not appear to
aff ct 0. conchaphila distribution, except on a very
small scale.

HOW DID OSTREA CONCHAPHILA RE-INVADE

Coos BAY~

As mentioned previously, one possible vector for
the reinvasion of Coos Bay by 0. conchaphila was the
transfer of cultured Pacific oysters, C. @gas. Based on
peisonal communications with Coos Bay oyster cul-
turists in 1987, it is virtually certain that adult 0. con-
chaphila occurred as fouling organisms on C. gigas
traiisferred from other estuaries  especially Willapa
Bav, Washington! to Coos Bay. It is not known how
often this occurred, and because similar-sized speci-
mens of the two species are similar in appearance,
many inoculation of Coos Bay with O. conchaphila
could have gone unreported. The introduction of a
single adult female could, in theory, establish a new
population, because larvae are brooded ovovivipa-
rously  Baker 1995!. This could produce scattered
individuals on other substrates, such as those found
in this study in 1987 in Haynes Inlet  Figure 1!, but
subsequent establishment of the species would
require that these Fl individuals were in high enough
density to overcome sperm dilution problems
 Levitan and Petersen 1995!.

We favor oyster culture as a reestablishment vec-
tor, not only because of recent evidence  the "smok-
ing gun" of 0. conchaphila occurring on C. gigas from
other estuaries!, but also because of recorded histori-
cal patterns of species introductions, Oyster shells
present nearly ideal substrate for many settling inver-
tebrates, including other oysters, and oyster transfers
have been implicated in numerous biological inva-
sions  Carlton 1979!, Two alternate hypotheses for
reestablishment will also be considered briefly, how-
ever: larval transport and rafting of adults.

A planktonic larval stage is the normal dispersal
mechanism for marine benthic organisms, and O.
conchaphila has planktonic larvae for up to two weeks
 Baker 1995!. A population of 0. conchaphila has
existed continuously, however, about 100 km north
of Coos Bay, in Yaquina Bay, and failed to establish
in Coos Bay prior to 1987. Other populations exist
further away, both to the north and south  Baker
1995!. This suggests both that planktonic larval trans-
port is, at best, an unlikely mechanism for reestab-
lishment, and that many estuaries with this species
represent isolate J populations. There is evidence

from studies of the American oyster, Crossoserea vir-
ginica, that larvae can be retained in estuaries, possi-
bly by vertical migration at different tidal phases
 Mann 1988!. 0. conchaphila larvae may undergo a
similar process in Coos Bay.

Adult rafting, on logs or on intracoastal shipping,
is another possible invasion vector. Evidence from
this study suggests that 0. conchaphila attach readily
to wood and hark, and a single floating log, in theo-
ry, could harbor tens of thousands of adults. In the
past, drifting logs may well have been a natural vec-
tor for intracoastal invasion, but the current price of
timber, plus the hazard that logs present to shipping,
ensure that most stray logs are quickly harvested
before they reach the ocean or linger in the water
long enough for oysters to grow to maturity.
Intracoastal shipping is poorly documented, even by
port authorities, but Carlton and Hodder �995!
showed that fouling organisms on some vessel hulls
 e,g,, barges! could present an intracoastal invasion
vector. At present, this invasion by intracoastal ship-
ping remains largely unstudied,

HUMAN ALTERATIONS To COOS BAY

Throughout this century, the relatively small
Coos Bay estuary has been heavily modified by
humans, Some effect of two factors � dredging and
filling � will be discussed here, along with their impli-
cations for 0. conchaphila reestablishment and sur-
vival.

Dredging alters bathymetry, and bathymetry
affects salinity in estuaries, In deep estuaries, low-
salinity water flows seaward over a layer ot deeper,
relatively marine water, The thickness of the layer of
reduced-salinity water remains constant, even as it
entrains some of the deeper high-salinity water along
the boundary of the two zones. This characteristic of
estuarine mixing ensures a net landward flow of high-
salinity water in deep zones � a phenomenon known
as the salt wedge. Only a large increase in fresh water
can entirely flush out the salt wedge, and then only if
the estuary is shallow enough  Dyer 1997!.

Coos Bay is geologically recent, and has been fill-
ing with both river and marine sediments since its
formation following Holocene sea level rise  Rove
1979!. Reducing the depth of the estuary would have
reduced or eliminated the zone in which the salt

wedge occurred. Navigational dredging projects since
1910  Figure 5! reversed that trend, by increasing the
depth of the main channel to 10.7 m at mean low
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low tidal level  MLLW! by 1978, and to 11.3 m by
1997, for the entire length of the main portion of
Coos Bay. This channel occupies a significant por-
tion of Coos Bay, and permits deep, high-salinity
water to penetrate far into the estuary.

The limited historic salinity data for northern
Isthmus Slough, at the center of current 0. conchaphr'-
la distribution, are consistent with the hypothesis
that bottom salinity has increased as the main chan-
nel of Coos Bay has become deeper  Figure 5A and
B!. Baptista �989! criticized the 1930-1931 data
because they came from a drought period. If'any-
thing, however, this would increase salinity above
normal historic levels, and strengthen our current
argument. Rainfall in 1996 was above average, and
about normal in 1997, so patterns of freshwater input
cannot account for reduced salinities in 1996-97.

Despite this, salinity was significantly higher in both
spring and later summer, in Isthmus Slough, in 1996-
97, compared to 1930-31  Figure 5A and B!, These
observations, although consistent with predictions
from channel deepening, are sparse, and further
study is warranted,

The above trends suggest that human alterations
have set back the geological clock for Coos Bay, and
restored habitat for 0. conchaphila. Dredging is nor-
mally considered an extreme form of disturbance. It
appears likely, however, that dredging is also respon-
sible for habitat "restoration," however accidentally,
for a desirable native species.

Dredging also alters the tidal Hushing regime of
Coos Bay, as does filling and draining of intertidal
areas. Proportional tidal flushing is the percent of
estuarine v ater which drains to the open ocean with
each tidal exchange. An unknown quantity of this
water returns on the next incoming tide, but long-
shore currents ensure that a large part does not. All
water over intertidal areas is, by definition, flushed at
low tide, but in deep areas, a volume equal only to
the tidal range is flushed. Filling intertidal areas,
therefore, decreases the proportion of the water that
will be removed at low tide, and deepening the chan-
nels increases the proportion of water that will be
retained at low tide.

Tidal Hushing is important to estuarine inverte-
brates with planktonic larvae, because larvae may also
be Hushed out of the estuary. Even if larvae have a
Inechanisrn for estuarine retentiOn, aS reviewed by
Mann �988!, this mechanism is unlikely to be
absolutely reliable. Flushing, therefore, represents a

pressure on the population, and more flushing results
in more larval loss.

The surface area of Coos Bay in 1890 was approx-
imately 7706 ha at high tide and 2362 ha at low tide,
with high tide and low tide volumes of approximate-
ly 181x10' m' and 91x10 m, respectively  calculated
from NOAA Image Archives of Historic Map and
Chart Collection, chartmaker.ncd.noaa/ocs!. Mean
tidal range at the mouth is about 2 m, resulting in a
nearly twice-a-day flushing of 50.5o/o in 1890. In 1997,
in contrast, high tide surface area had been reduced
 by filling! to 4990 ha, but high tide volume had
remained about the same �81x10' m'!, because the
main channel was dredged deeper. Low tide surfar e
area had remained the same, but low tide volume
had increased to 111xlOE m'  calculated from NOAA
and U.S. Geological Survey charts!, f' or a current
mean tidal exchange of 60.7o/o.

A 10o/o difference in tidal flushing may not seem
significant, but in a typical planktonic larval period
of 0. conchaphila, there will be about 40 such semi-
diurnal tidal exchanges  Baker, 1995!, and the effects
are multiplicative. In crude terms, this means that
while only 2.12x10-7 ii/o of the original water remains
after 40 tidal cycles at present  discounting the
unknown proportion of estuarine water which returns
on each incoming tide!, even less �.35x10-io olo!
remained in 1890,

Both of the above Hushing rates appear effective-
ly 100 /o over the larval cycle of 0. conchaphila, unless
there is, in fact, a mechanism whereby larvae are
retained in estuaries. In this case, the difference
between flushing rates, which could also be thought
of as larval loss pressure, is over three orders of mag-
nitude lower currently than in 1890. In light of this,
it would be valuable to research whether O. conchaphi-
la larvae resist estuarine fiushing, and the mechanism
involved.

ALTERNATE HYPOTHES Es

We would be remiss if we did not at least men-

tion alternative hypotheses for the question: why did
0. conchaphila invade when it did and not decades
earlier? Pollution control efforts have been ongoing
and progressive for several decades, and it would be
gratifying if we could know that such efforts resulted
in habitat restoration for a desired species. Unfortun-
ately, there have been few toxicological studies on 0.
conchaphr'la, and some of those that exist have been
tainted by conflict-of'-interest  Baker, 1995!, In anv



230 BAKER ET AL.

case, based upon the distribution of metal-containing
debris, 0. conchaphila thrives in the midst of what is
now the most polluted part of Coos Bay, On the
otkter hand, decreasing pollution may act in concert
with increasing salinity to improve habitat to the crit-
ical point where reestablishment can occur.

The greatest, and least testable, confounding fac-
tor in any biological invasion is the role of chance
events. There must be inoculation, the inoculation
must be of a sufficient number and condition of

propagules, and environmental conditions in the
host ecosystem must remain favorable. Each of this
series of events has its own, separate probability, and
cari be difficult to estimate. Thus, while we believe
we have presented a strong circumstantial case for
dredging as the underlying cause for the return of 0.
conchaphila to Coos Bay, the fact that the species
reestablished in about 1988, rather than in 1979
 irrtmediate]y following the prior channel deepening!,
strongly suggests that a high level of stochasticity was
also involved.

CONCLUSIONS

The reestablishment of the Olympia oyster, 0.
conchaphila, in Coos Bay, is a unique and historical
event, not amenable  scientifically or legally! to
experimentation, We believe, however, that we have
assembled a reasonable case that 0. conchaphila, a
native species which had gone locally extinct through
natural mechanisms, was reestablished by human vec-
tors. Furthermore, the massive human alterations to

Coos Bay have, if anything, actually improved habi-
tat for this species. The changes caused by dredging
and filling are consistent with the hypothesis that
natural sedimentation of Coos Bay led to 0. con-
chapbila extinction, while human alterations have par-
tially restored 0. conchaphi la habitat lost by natural
processes. This may also account for the failure of a
concerted attempt to reestablish 0. conchaphila in
Coos Bay in 1917. In 1917, the channel had been
only slightly deepened from natural conditions
 Figure 5A and B!, which would barely modify the
salinity regime, and hence osmotic pressure on O.
conchaphila.

It is not our intent to advocate either species
introduction or large-scale human modifications of
existing ecosystems. The example of O. conchaphila in
Coos Bay, however, illustrates that simple rules about
biclogical invasions and human disturbance will fall
wide of the mark on many occasions. Every biologi-

cal invasion and every human disturbance wiH result
in some change to an ecosystem, but it is not always
possible to measure these changes in terms of net
harm.
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ABsTRAcT: One of the major management concerns regarding salt marshes on the east coast is the replacement
of existing salt and brackish vegetation by common reed  Phragmites australis!. This invasive grass thrives in areas
where tidal flushing has been reduced by dikes, embankments, and undersized culverts. P. australis habitats are
thought to be of substantially less wildlife value than the marsh vegetation they replace. There is, however, little
documentation of this assertion. We carried out three seasons of quantitative bird censuses in P, australis, Spartina
spp�and Typha angustifolia marshes in northern Massachusetts. Census methodologies included visual observa-
tion, passive listening, and playback techniques in 50-m-radius point count circles. Circles were selected that con-
tained various amounts of forest, P. australis, Spartina spp., or T. angustifolia, The significance of correlations between
the abundance of bird species detected anywhere within the circle and the plant communities present there were
tested using Spearman's rank correlation coeffiicients. The significance of habitat preferences was also tested by
comparing the availability of plant communities present in counting circles and the bird abundances detected in
those plant communities. Ivlev deviations were used to test the significance of these preferences, Based on data
from 1997, the number of bird species commonly encountered in each habitat differed, with Spartina spp. and P,
australis marshes having the most and coastal T. angustifolia marshes the least number of species. The amount of
P. australis present within each point-count circle had a positive effect on Redwing Blackbirds and had little impact
on the numbers of Marsh Wrens observed in a circle. Marsh Wrens were negatively impacted by increases in the
amount of either salt marsh or forest present. Saltmarsh Sharp-tailed Sparrows occurred more frequently in Spartina
spp. marshes, and Phragmites had a non-significant negative effect on Virginia Rails, while cattails had a highly sig-
nificant positive effect on them. Our study suggests that the most common birds in these northern Massachusetts
marshes are unaffected by the presence of P. australis; however, future research that targets other seasons and a
landscape analysis is needed,

Key words: Phragmi ter australis, common reed, Spartina, Typha angustifolia, salt marsh, invasive plant, habitat value, bird
survey, marsh bird, Ivlev deviation

INTRODUCTION
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One of the major problems facing salt marshes
on the east coast of the United States is the replace-
ment of'existing salt and bxackish marsh vegetation
by the common reed  Phragtnites australis Cav.!. This
invasive grass thrives in areas where tidal flushing has
been reduced by dikes, embankments, and under-
sized culverts. Researchers and resource managers
often claim that P. australis habitats are of substantial-

ly less wildlife value than the marsh vegetation they
repla.ce  Roman et al. 1984; Jones and Lehman 1987;
Hauler et al. 1991; Marks et al. 1994; Tiner 1995!,
however, data in support of this claim are limited.
Apait from a recently published study of

Connecticut salt marshes by Benoit and Askins
�999!, we are aware of no quantitative work on the
impact of P. australis invasions on marsh birds. In this
paper, we report preliminary results of a study on
how the presence of P. australis impacts the avian
ecology of salt marshes in northeastern
Massachusetts.

We have two goals: �! to determine how P, aus-
tralis-dominated habitats differ from other major veg-
etated coastal marsh habitats in terms of bird species
composition and abundance, and �! to predict what
the effects on birds will be if this plant continues to
spread. Our approach has been to compare bird
abundances in coastal marsh study plots differing in
their percent cover of'P. australis and other major
vegetation types, Our primary aim has been to docu-
inent differences in bird abundances in four of the
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major habitats of the coastal zone; salt marsh,
P. australis marshes, Typha angustifolia marshes, and
adjoining woods. We have used three research strate-
gies: �! correlation of individual bird species' abun-
dances with the percent cover of each of the four veg-
etation communities potentially found at each site,
�! use of an electivity index based on the relation-
ship between the relative abundance of birds  by
species! found within a specific plant community at
each site and the availability of that plant community
at that site, and �! a comparison of the frequencies
with which various stereotypical behaviors are record-
ed in the different plant communities.

Our study area encompassed coastal marshes on
the east coast of the United States from southern

New Hampshire �2 N, 71' W!, through Boston
Harbor �3' N, 71' W!. Some of the marshes, such as
Neponset Marsh near Boston, are in urban areas,
often with relatively large areas of P, australis. Others,
particularly the Parker River and Essex Bay salt
marshes, the largest contiguous acreage of salt marsh
north of Long Island, are still relatively undisturbed
by human activity, P. australis occurs to some extent
in all marsh systems investigated. Since P. australis
typically invades and spreads from the oligohaline
transition zone between salt marshes and upland,
many of our observations were within vegetation
communities at or adjacent to this transition zone.

Since increased abundance does not necessarily
indicate that the habitat is of higher quality  van
Horne 1983, Vickery et al. 1992a, b!, we also carried
out a preliminary assessment of those stereotypical
behaviors that might indicate breeding in Red-winged
Blackbirds, the only bird in our study area occurring
in sufficient numbers to allow quantification of
behaviors. We assume that abundance indicates the

degree to which a habitat is important to the bird,
but not whether that area is a source, a sink, or a
"reservoir" of potential replacement breeders.

METHODS

SELECTION OF VEGETATION COMMUNITIES

The vegetation communities of New England salt
marshes are relatively simple and easy to characterize.
They are dominated by a few abundant species  pri-
marily graminoids! that grow in dense patches
 Niering and Warren 1980!. The location of these
communities is determined by marsh elevation in
relation to tidal inundation. The four vegetation
communities we compared for their avian species

were P, australis marsh, salt marsh, cattail. marsh, and
adjacent forests, The first three were chosen because
they are the dominant communities in terms of cover
in coastal marshes in the region. The latter was cho-
sen because many marsh birds make use of adjacent
woodlands for part of their life cycle. The four com-
munities are defined as follows:

Phragmites australis marsh contains close to 100 lo
cover of P. australis. Canopy height in our study sites
ranged from 1 to 2.5 m. In most cases P. australis
grows as a monoculture with no understory; in oth-
ers, some salt marsh or upland vegetation co-occurs,

Salt marsh is dominated by three salt marsh grass-
es, S~artina patens  salt marsh hay! and Dtstichlis spica-
ta  spike grass! in high marsh  higher elevations!, and
Spartina alterniflora  salt marsh cordgrass! in low
marsh. High marsh occurs immediately seaward of P.
australis and cattail marshes and is flooded several

days each month during spring tides. Juncus gerardi
 black grass, actually a rush! grows where elevations
are slightly higher. Slight depressions in the high
marsh surface that are poorly drained contain a short
growth form of S. alterniflora. Tall form S. alternif ora
grows in areas regularly flooded during high tide,
such as the banks of salt marsh creeks.

Cattail marsh in the coastal zone is almost a

monoculture of Tgpha angustifolia. Since this species
is restricted to lower salinities than plant species
growing in the salt marsh, it occurs in higher eleva-
tions and where there are large f'reshwater inputs.
Since the salinity range of cattails is similar to that of
P. australis, it may be the habitat most vulnerable to
P. australis invasion.

Forest consists of a variety of trees and shrubs
growing immediately adjacent to the marsh. Major
species include oaks, especially Quercus ruber  red
oak!, hickories  e.g., Carya glabra!, and Amelanchii r
spp.  shadbush!. This plant community was included
because a number of the bird species in this study
move readily between the marsh and bordering
upland.

COUNTING CIRCLES

The use of counting circles is a standard way to
census birds in grassland habitats  larvinen 1978;
Edwards etal. 1981; Hutto et al. 1986; Bibby eta .
1992; Sliwa and Sherry 1992; Ralph et al. 1995;
Dettmers et al. 1999!. It allows the observer to use
both visual and auditory cues to determine the num-
ber of birds of each species present while also allow-
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ing quantitative analysis of the habitat enclosed by
cadi circle. The assutnption is that, over a short
obs<.rvation period �0-30 min!, a census of a circle
represents the nutnber of birds present at one point
in time � hence the reference to a point count.
Replication comes from periodic visits at predeter-
mined intervals to the counting circle and by having
replicate circles.

Birds were censused in 68-point count circles of
50-rrt radius each, with varying amounts of P.
aust,"elis, cattails, salt marsh, and forest vegetation in
cadi circle. Circles were selected to reflect a variety of
conditions with respect to vegetation, marsh size, and
soil moisture. Sites were selected without knowledge
of the bird cominunities present, but were not select-
ed randomly. Most salt marsh sites selected were rela-
tively close to habitat edges, the zone of maximum
potential P. australis invasion. No circles containing
100u/o forest were selected.

BIRD CENSUSES

Each counting circle was censused every 2-3 wk
�-7 times/yr! from April to September in 1997 and
1998. Sites were surveyed from 0.5 hour before sun-
rise to 12 noon, and at all tides. Tides and times of

day were distributed evenly among sites. Censuses of
birds were carried out by a single observer from the
middle of each counting circle. During each census,
the observer recorded all birds seen or heard and the

plant community in which they were first seen. We
also recorded behaviors observed  e,g�carrying nest-
ing material or carrying food to young!, distance
from the observer, and the time of observation.

Because some birds are quite cryptic and the veg-
etation dense, playing tapes ofbird songs and listen-
ing ]or auditory responses was included in each cen-
sus. Bird songs of'eight species were broadcast for a
totai. of 16 min using a Johnny Stewart Bird and
Animal Caller with booster, An initial 3 min without
song broadcasts was f'ollowed by 30 sec of bird song
and 30 sec of silence. This sequence was repeated
twice for each species. Songs were broadcast in the
following sequence: Song Sparrow  scientific names
appear in Table 1!, Clapper Rail, Swamp Sparrow,
Sora, American Bittern, Virginia Rail, Least Bittern,
and Marsh Wren. Song tapes were obtained from the
Cornell Library of Natural Sounds, A Field Guide to
Bird Songs  Peterson 1990!, and Birding by Ear
 Wa]ton and Lawson 1989!. Birds were counted as the
observer approached the center of the circle, for the 3

Table 1. Common and scientific names for birds observed or
mentioned in the text. 1997

Common Name Scientific Name Tota I/Yr.

Sturnvs vvlgaris
Tachyoneta bicolor
Agelaius phoeniceus
Qvisca/vs quiscula
Calidris minutil/a
Melospiza melody
Tinga sp.
Ammodramus caudacutvs

1090
1024
909
163
155
129
121
105

* Spp song broadcast during p ayback. No individua s observed.

European Starling
Tree Swallow
Red-winged Blackbird
Common Grackle
Least Sandpiper
Song Sparrow
Yellow legs sp.
Saltmarsh
Sharp-tailed Sparrow

Marsh Wren
Common Yel owthroat
Virginia Rail
American Goldfinch
Eastern Kingbird
Barn Swallow
Glossy Ibis
American Robin
Cedar Waxwing
Black-capped Chickadee
Eastern Towhee
American Black Duck
Baltimore Oriole
Gray Catbird
Northern Mockingbird
Sernipalmated Sandpiper
Chipping Sparrow
Killdeer
Northern Flicker
American Crow
IVlallard
Mourning Dove
Snowy Egret
Tufted Titmouse
Blue lay
Canada Goose
House Sparrow
Purple Finch
Yel ow Warbler
Northern Cardina
Willet
Brown Thrasher
Great Egret
Green I-leron
Semipalmated Plover
Eastern Bluebird
Seaside Sparrow
Spotted Sandpiper
Belted Kingfisher
Black-crowned Night-Heron
Bobolink
Connecticut Warb er
Red-breasted Nuthatch
Ring-necked Pheasant
Scar et Tanager
Swamp Sparrow
American Bittern
Clapper Rail
Least Bittern
Sara

Cistothorvs palustris
Geothlypis trichas
Ra//vs hmicola
Cardvelis tn'stis
Tryannus tyrannvs
Hirundo ru;zica
P!egadis fa/cine//vs
Turdus migra tori vs
Bombycilla cedrorum
Parus a tri ca pi//vs
Pipilo erythrophthalmus
Anas rubripes
Icterus galbula
Dumetella carolinesis
Mimvs polyglottos
Calidris pusilla
5 pizella passerina
Charadnus voci ferus
Colaptes avratus
Corvus brachyrhynchos
A nas platyrhynchos
2enaida macroura
Egretta thula
Parvs bicolor
Cyanootta cristata
Branta canaderisis
Passer domesticus
Carpodacus purpureu
Dendroica petechia
Cardinalis cardinalis
Catoptrophorus semipalmatus
Toxostoma rufum
Ardea a/bus
Butori des vire'cens
Charadrius semi pa/mates
Sialia sia!is
Ammodramus maritimus
Acti tis macularia
Ceryle a/cyon
/V yeti corax nycticorax
Dolichonyx oryzivorus
Oporornis agilis
Sitta canadensis
Phasianus co!chicus
Piranga oli vacea
Melospiza georgiana
Botavrvs lentiginosu"
Ra//us longirostris
lxobrychus exilis
Porzaria carolina

104
68
44
13
40
79
.78
75
73
70
19
18
16
15
13
12
IO

IO 8 7 7 7
7 6 5 5 5 5 5
4 4 3

3 3 3 2 2 2 1 1 1 1 I 1 I I
0*
0*
0%
Ok
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Table 2, Spearman Rank Correlation of bird abundance and plant communities � selected bird species. N=nurnber/visit, over all sample
points; rs Spearman's r; rs and p are corrected for ties.

Phragmites
N rs p fs

Cattails Salt Marsh Forest
p rs p rs PSpecies

0.122 ns � 0.35 0.010 ** � 0.12

0 837 ns -0 07 0 601 ns 0 22

0.724 ns 0.16 0,237 rs -0.18

132 0,47 0,001 * "* 0.21

20 0.02 0.862 ns 0.03

14 � 0.01 0.920 ns � 0.05

Red-w ng Blackbird

Song Sparrow
Saltmarsh

Sharp-tai ed Sparrow
Marsh Wren

Common Yellowthroat

Virginia Rai

0 368 ns

0 1 18 ns

0.201 ns

-0.46 0.001 *** -0.32

� 0.40 0.004 *** 0.75

-0.23 0.092 ns � 0.19

0.019

0.000 ***

0.161 ns

0.001 ***

0.413 ns
0.001 **'

14 0.14 0.325 ns 0.45

11 017 0223 ns 011

7 � 0,04 0.801 ns 0.48

each site. Means tended to be low, especially when
several of the visits detected few to no birds of a

given species. An alternative is to use the maximum
number detected over all visits to a given site during
each year  Benoit and Askins 1999; Greg Shriver,
pers, comm.! � this leads to substantially higher N's.
Both methods were used.

min of silence, and for the 16 min of playbacks.
Where vegetation was tall, surveys were carried out
from 6 to 10-ft stepladders,

VEGETATION ANALYSIS

STATISTICAL PROCEDURES

Bird Abundartces

Vegetation analysis was carried out from mid-
September to mid-Noveinber, using two separate
techniques. The major plant communities  P.
austrcrlis, salt marsh, cattail, forest! were directly
mapped using a compass and a Bushnell Yardage Pro
to measure distances  accuracy = + 1 m!. Distances
and bearings were measured to the central stake and
the resulting coordinate system was used to draw the
resulting polygons in their respective places within
the study plot. Polygon areas, and thus the percent of
each site covered by each plant community, were cal-
culated from these drawings. In addition to the maps,
ten 0.25-m~ quadrat frames were located randomly
within each plant community using the same coordi-
nate system as for the maps, Percent cover of all
plants v,ithin the frame, stem densities, plant heights,
and percent reproductives of P, australis and Tjpha,
when present, were measured. Only the results of the
mapping studies are used here.

The ef'feet of differences in the percent cover of
each of the four plant communities within a count-
ing circle on the abundance of birds detected in that
counting circle was evaluated by the magnitude and
sign of the Spearman's rank correlation coefficient
 rs!, and its significance tested with the associated
p-value  both corrected for ties!  Sokal and Rohlf
1981!. Bivariate plots were used to assess the adequa-
cy of a linear correlation. Both means and maxima
were used to characterize species abundances  N! at

Bird Species Richness

W'e related bird species richness  i.e., the number
of species recorded! within individual counting cir-
cles to the presence of the four different vegetation
communities in two ways: �! by comparing the
number of bird species present within each counting
circle to the percent cover values of each vegetation
community within that circle, and �! by characteriz-
ing each counting circle as belonging to a single "site
plant community" based on the extent of dominance
of that community. Two definitions of dominance
were tested. Sites were considered as belonging to a
particular plant community if either 0o/o or �5o/o
of the site was covered by that plant community. The
effect on species richness was analyzed separately for
each definition.

Electi vi ty

In addition to correlating the abundance of birds
detected anywhere in the circle to plant communities
found there, we quantified "preference" and "avoid-
ance" by comparing the percent of each bird species
detected within each plant community to the percent
of the study circle occupied by that plant communi-
ty. The expectation under the null hypothesis is that
the proportion of a given bird species detected in a
given plant community will not differ significantly
from the proportions of that plant community avail-
able in the study circle. The significance of deviations
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Table,!. Spearman Rank Correlation of bird species richness and plant commumtles. rs Spearinan's r; rs and p are corrected for ties

Phragmites
I' s P

Cattails
P

Salt Marsh
P

Forest
PI' s rs rs

0.21 0.126 ns -0.30 0.028 * 0.56 >0.000 *"006 0639 ns

14.0

12.0stto
strs 100

60

E 6.0
e 40
u ts

2.0

CORRELATION STUDIES � BIRD ABUNDANCE

00
Phragmitea Salt Marsh ForestCattails

Figure 1A. Species Richness-mean number of species per sample
point. Dominance defined as 00/0  see Methods!. Error bars � +2
SE

9.0

ra 8.4Io
Uto
g- 7.8
0
to 7.2Cl
E
c 66
rota 6.0

5.4 Cattails Phragraites Salt Marsh
Figure IB. Dominance defined as �50/0  see Methods!. In no cir-
cles dill "Forest" cover �50/0. Error bars � +2 SE

CORRELATION STUDIES BIRD SPECIES RICHNESS

RESULTS

ELF CTIVITY INDICESAvian community structure was highly doininat-
ed by Red-winged Blackbirds in all plant communi-
ties. Marsh Wrens occurred roughly equally in P. uus-
trrrlis and cattails but were absent or nearly absent in

Preference for, or avoidance of, a plant commun-
ity by Marsh Wrens as measured by the weighted
Ivlev deviation, is illustrated using 1997 data

from expectation can be tested. The electivity index
used is a modification  J. Ebersole, pers, comm,! of
the Ivlev deviation  Ivlev 1961!, which we have called
a "weighted Ivlev deviation." The standard formula
for the Ivlev Deviation  Ivlev 1961! is:
�-El/�+E!, where 0=Observed, and E=Expected.

This formula has been weighted by multiplying it
by E/Em», where Emax=maximum E/site  see also
Jacobs 1974; Strauss 1979; Johnson 1980!. Significant
positive deviations are evidence of active selection
or preference, significant negative deviations, of
avoidance. Results for Marsh Wrens for 1997 are
presented here.

salt marsh and woods. Saltmarsh Sharp-tailed
Sparrows were far more abundant in salt marsh, while
Virginia Rails were most abundant in cattails, and less
so in P. australis or salt marsh.

The Spearman rank correlation coefficients indi-
cate a strong and positive association between P. aus-
tralis and Red-winged Blackbirds and no association
with the abundances of Song Sparrows, Saltmarsh
Sharp-tailed Sparrows, Marsh Wrens, Common
Yellowthroats, or Virginia Rails  Table 2!. Using maxi-
ma rather than means produced the same results.
Shorebird species, while among the most abundant
species encountered  Table 1!, were dependent on the
presence of salt marsh pannes, and not on the per-
cent cover of any plant community within the circle.
As the amount of P, australis present was uniformly
low for all locations where shorebirds were encoun-

tered, the percent of variation in shorebird abun-
dance explained by the percent cover of P, australis
was also low. The correlation of shorebirds with per-
cent P. australis was therefore poor. This conclusion is
an artifact of using univariate correlations.
 Multivariate analyses are in preparation.!

Species richness of birds was not significantly
affected by the amount of P. australis or cattails with-
in counting circles  Table 3!. Bird species richness
was slightly reduced as the percent of salt marsh
increased. In contrast, species richness was dramati-
cally increased as the percent of forest within a
counting circle increased. When each counting circle
was assigned to a single "site plant community",
forests remained the only plant community that had
a significant effect on species richness  Figure 1!.
This remained true whether ! 50'/o, or �5tt/o was
used to determine dominance.
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SPreference'

0.60

0.40

0.20
0 ru

0.00

fu
-0.20

<o

.cn -0.40

Q -0.60
-0.60

-1 00
'Avoidance'

Figure 2. Marsh Wren preferences as detected by weighted lvlev
deviations  error bars=+2 SE!.

 Figure 2!. All error bars enclose "0", indicating that
no significant plant commumty preferences were
detected for this species,

BEHAvioRAL OBSERVATIONS

Behavioral observations on Red-winged
Blackbirds revealed a preference for P. austrrdis, In
most classes of behavior except foraging, frequencies
of occurrence were far greater in P. australis than in
most other plant communities  Table 4!.

DISCLISSION

The goal of this paper is to quantify the effect of
P. australis on the avian ecology of the coastal zone in
northern Massachusetts. Using playback techniques
in point count circles and bivariate correlations, we
conclude that changes in percent cover of P, austrah's
has a positive effect on the abundance of Redwinged
Blackbirds and no effect on Song Sparrows,
Saltmarsh Sharp-tailed Sparrows, Marsh Wrens,
Common Yellowthroats or Virginia Rails. No signifi-
cant negative effects on abundance were detected.
Only the percent cover of forests in the counting cir-
cle had a significant effect on species richness. Benoit
and Askins �999!, on the other hand, report that in
coastal Connecticut the bird communities encoun-

tered in P. australis marshes were distinctly different
from those Found in short-grass salt marsh meadows
 r.e,, salt marsh exclusive of talI-form S, alternifloru!.

Table 4. Relationship of Red-Winged Blackbird behaviors to plant
species dominant in counting circles.

A. evidence of pairing  N=34!
plant community observed in frequency

Cattail

Phragmi tes
Sa t Marsh

Forest

4

18

7

5

B. food or nesting material in bill  N=25!
plant community observed in frequency

Cattai

Phragmi tes
Salt Marsh

Forest

3

11

10

1

C. aggressive behaviors*  N=68!
plant community observed in frequency

Catta I

Phragmr tes
Salt Marsh

Forest

9

36

13

10

* displace, chase, sexua chase, song spread  Orians and Christman 1966!, a'tacks on
observer

P. australis marshes had significantly fewer Virginia
Rails than were encountered in cattail or brackish

marshes, and significantly fewer Saltmarsh Sharp-
tailed Sparrows than were encountered in short-grass
salt Inarsh. All Wif lets were found in salt marsh. In

Connecticut, Seaside Sparrows, Snowy Egrets, Green
Herons, Least and Semipalmated Sandpipers,
Mallards, and American Black Ducks were entirely
absent from P, australis marshes. Species found in P.
australis marshes were more often habitat gener;ilists,
while species absent From P. australis marshes were
dependent on salt marsh. Species richness, especially
of those species listed by the state of Connecticut as
being of management concern, was also significantly
lower in P. australis marshes.

In north coastal Massachusetts, Saltmarsh Sharp-
tailed Sparrow abundance does not appear to be sig-
nificantly affected by percent cover of P. australis, but
the number of individuals encountered was low.

Only four Willets were encountered in our study
area. Breeding populations of Seaside Sparrows are
rare in north coastal Massachusetts  Marshall ancf
Reinert 1990!: only two individuals were encoun-
tered. Egrets and Herons may be underrepresented in
both studies as the methodology used in both studies
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may have seriously biased estimates of Heron and
Egret abundance  Benoit and Askins 1999, and
below!. Even when our circles contained shallow
pannes, the preferred feeding area for these birds
 Brush et al. 1986!, nearly all Herons and Egrets were
observed considerably outside of our study circles.
These birds appear more sensitive than passerines to
disturbance by the observer, Censusing in full view,
within 50-m circles, while broadcasting bird song
appears to seriously underestimate the abundance of
these birds. Least and Semipalmated Sandpipers,
Mallards, and American Black Ducks depend on the
prese:nce of shallow pannes or deep pools. Benoit
and Askins �999! report significantly higher species
richriess of state-listed species at sites in Connecticut
that have pools. We did not encounter pannes or
pools in P. australis marshes with sufficient frequency
to test their effect. The effect of P. australis on the

abundance of pannes and pools, and on their useful-
ness to panne- and pool-dependent species, remains
to b» studied.

I-'ribil �998! argues that the correlation of abun-
dance data with environmental features such as per-
cent cover, without regard to the availability of that
feature in the habitat, can lead to false conclusions of
"no effect" when these features are not limiting. We
have used a weighted Ivlev deviation to test the effect
of resource availability on habitat selection. For
Marsh Wrens, the only species tested to date, our
conclusions of "no effect" of P, australis on abun-

dance remains unchanged.
Van Horne �983! argues that abundance alone is

a poor indicator ol habitat quality. Vickery et ul.
�992b! suggest the use of stereotypical behaviors
associated with breeding, when direct measures of
breeding success are not available. We attempted to
do this, but were successful only in collecting suffi-
cieni data for Red-winged Blackbirds. Among the
plant communities surveyed, the behavior data indi-
cated a preference of Red-winged Blackbirds for P.
australis habitats for breeding. This is in agreement
with the abundance data,

Our point count circles were not selected ran-
domly; however, given the diversity of treatments
and analytic techniques described, we are confident
of the robustness of our results. The 68 sites surveyed
contained a wide range of percent cover of each of
the plant communities studied, and were situated in a
variety of matrices. P. australis sites were located in P.
australis stands of various sizes and at various dis-

tances from the habitat edge, Most sites of all plant
types were in moderate-density suburban communi-
ties, but several were within high-density urban areas,
Agreement between different methods of calculating
correlations between species abundance and the per-
cent of a plant community present also demonstrate
the robustness of these conclusions. Whether birds

were counted anywhere in the circle, as in the corre-
lation studies, or, as with the electivity index, associ-
ated only with the plant community in which they
were observed produced the same results. Likewise,
our results were unaffected by whether species rich-
ness was calculated as a continuous or a categorical
variable, or whether 0 /o or �5 /0 cover was used
to characterize study circles.

Conclusions of "no effect" are always hard to
demonstrate. When the number  N! is low, "no
effect" can easily be due to the low power of the test.
Using maxima rather than means dramatically
increases N, appearing to increase the power of the
test, However, given the long period of bird observa-
tions in our study, from April to September, we did
not think that the use of maxima was appropriate
Low N may explain why two marsh species,
Saltmarsh Sharp-tailed Sparrow and Virginia Rail,
demonstrated no significant negative relationship to
the amount of forest present. Failure of bird abun-
dances to respond to changes in the percent cover of
a plant community can also be due to the scale ot
measurement, Fifty-meter study circles enclose only
about two acres, The robustness of our conclusions is

supported, however, by the number of strong pat-
terns detected. Despite low sample sizes, Virginia
Rails had a strong, positive, and highly significant
correlation with cattails. Common Yellowthroats,

also detected in low numbers, had a highly signifi-
cant Spearman rank correlation coefficient with per-
cent forest. It would be inconsistent to accept find-
ings where there was strong association and reject
those findings where there was none.

MANAGEMENT

The impact of P. australis on birds has manage-
ment implications. Ongoing salt marsh restoration
projects in New England will likely result in the loss
of significant areas of P. australis marshes. Benoit and
Askins �999! found no bird species of management
concern significantly associated with P. australis habi-
tats and therefore found no impediments to its
removal. They did indicate that its removal would
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benefit several species of management concern in
Connecticut. While we found no reason for its
removal, we found no critical use by species of man-
agement concern that would present iinpediments lo
its removal in north coastal Massachusetts. Both our

study and the study of Benoit and Askins, however,
only censused within the breeding season or immedi-
ately before or after it. Unpublished data indicate
that American Bitterns are making regular use of
P. australis stands in both Massachusetts and New

Hampshire during November and December, some-
times in urban environments  R, Donovan,
R, Kleiman, and T. Diers, pers, comm.!. The
American Bittern is a state-listed bird in Massachus-

etts. We need to know if Ainerican Bittern popula-
tion size is limited by non-breeding habitat loss, and
what alternatives exist in the region. Salt marsh
restoration is going on in a changed, and often
urbanized, context. Before we remove degraded salt
marsh habitats, we need to know that alternatives to
the habitats we remove still exist in the landscape.
We have no quantitative information on this at
this tinne.

FUTLIRE WORK

Several topics for future work remain. First, P,
australis invasions may lead to increased elevation
and drying of the marsh surface through peat and
sediment accumulation, and possibly lead to the fill-
ing-in of pannes or ponds. Such Inarshes are likely
less suitable habitat for waders, shorebirds, and water-
fowl. Second, dense, tall P. australis stands may also
make ponds and pannes less accessible to those
species that depend on them. Quantitative work on
these issues is needed. Third, while we sited study cir-
cles in a variety of matrices, an explicitly landscape-
level study is still needed. The effect of differences in
size, shape, and isolation of P, australis stands is
unknown. Likewise, the effect of the landscape con-
text is also unknown, Buchsbaum �994!, for exam-
ple, suggested that P. australis marshes surrounded by
urban development may function differently from
those in other contexts, providing local refugia, or
acting as buffers from human disturbance. Fourth,
long-range research is needed on how P. australis inva-
sions affect marsh processes and bird populations
over longer time scales than the two years of the pres-
ent study. Fifth, P. atestralis in the Massachusetts
coastal zone may be playing an iinportant stabilizing
role in Red-winged Blackbird populations during the

breeding season. We observed flocks of several thou-
sand non-breeding Red-winged Blackbird males in P.
australis during September 1997 and April 1998.
When lost to predation, Red-winged Blackbird terri-
tory-holding males are quickly replaced from such
flocks  Yasukawa 1981; Yasukawa el al, 1982; Beletsky
and Orians 1993!. The role of P, australis in stabiliz-
ing these populations needs further investigation.
Finally, and most critically however, work is needed
on the role of P, australis in non-breeding avian ecol-
ogy. Large numbers of Tree Swallows use P. austrctlis
for pre-migration roosts, and American Bitterns may
have come to depend on it cluring tall migration. The
effect of changes in the availability and location of P.
ctustrctlis stands on the conservation of American

Bitterns is especially important,
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INTRODUCTION

ReSULTS AND DISCUSSiON

The analysis of molecular genetic variation can
potentially provide important insights into the inva-
sion process, including identification of source popu-
lations, estimation of the number of founding indi-
viduals contributing to an invasion, and assessment
of population dynamics following the initial intro-
duction. To date, this potential has not been ade-
quately explored as the majority of genetic studies
have utilized molecular marker systems with relative-
ly low levels of polymorphism  e.g,, allozymes! or sin-
gle locus systems with large associated sampling error
 eg,, mitochondrial DNA!, More recently developed
molecular markers such as microsatellite DNA appear
to be better suited for analysis of invading popula-
tions. Microsatellite DNA tends to be hypervariable,
thus even introduced populations that undergo
severe bottlenecks are expected to be polymorphic,
In addition, microsatellite DNA is ubiquitous in
eukaryotic genomes, so many independent markers
can be assessed,

The worldwide invasions of green crabs in the
genus Carcinns provide an excellent model system to
evaluate the utility of a molecular genetic approach
for the study of marine invasions. Green crabs native
to Europe have invaded six regions in the last two
centuries: Australia, Tasmania, eastern North
America, western North America, South Africa, and
Japan, Recent assessments of mitochondrial DNA
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Research Branch, National Exposure Research Laboratory, United
States Environmental Protection Agency, 26 W. Martin Luther
King Dr. Cincinnati OH 45268; telephone: 513-569-7455;
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variation for green crabs  Geller et al. 1997;
McElligott and Geller, this volume! indicated the
presence of two sibling species in Europe, Carcinus
maenas on the Atlantic coast and C. aestuarii in the

Mediterranean Sea. Interestingly, introduced popula-
tions in Japan and South Africa possessed mitochon-
drial haplotypes characteristic of both C. maenas and
C. aestjtarii, suggesting that these sites had been mul-
tiply invaded,

%'e developed five microsatellite DNA markers
for green crabs to complement and extend the mito-
chondrial DNA analyses. Our objectives for the
microsatellite analysis were several fold; �! to evalu-
ate the hypothesis of cryptic Carcinus invasions posed
by Geller et al. �997! using an independent set of
molecular markers; �! to determine whether success-
ful invasions were accompanied by a significant loss
of genetic variability, and �! to refine estimates of
the geographic sources of each invasion.

Despite large genetic variability in native crabs
 Figure 1!, we were unable to detect significant genet-
ic differentiation between sites on the Atlantic coast

of Europe  western Spain and Netherlands! nor
between sites in the Mediterranean Sea  southern
France and Italy!. Large allelic frequency differences
were observed between native populations in the
Atlantic Ocean and the Mediterranean Sea for inost

loci, and nearly fixed differences in the sizes of
microsatellite alleles were observed at locus CM9

 Table 1!, These microsatellite results supported earli-
er conclusions based on mitochondrial DNA analysis
that Mediterranean and Atlantic populations repre-
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Figu e I, Measures oi'genetic diversity in native  Netherlands,
Spain, Italy, France! and introduced green crab  Curcintss muenus
and C. ueststrart't! populations based on analysis of five microsatel-
lite I!NA loci. Top: Average expected heterozygosity per locus
 H!; bottoin: average number of alleles per locus  N,! for each
population sample.

sent sibling species, but did not provide further
resclution of the native source regions for invading
populations.

Invasions were accompanied by large reductions
in average heterozygosity and the average number of
segregating alleles per locus  Figure 1!. Average het-
erozygosity for introduced populations was 7 to 310/0
less than for native populations, indicating that most
introduced populations underwent relatively severe
genetic bottlenecks. The population in South Africa
was exceptional in that it retained much more diversi-
ty than other introduced populations  Figure 1!. The
number of segregating alleles in introduced popula-
tions was drastically reduced, and similarities in the
distributions of remaining alleles indicated that west-
ern North America and Tasmania, the two regions
that were most recently invaded, had been invaded
by green crabs originating from introduced popula-
tions in eastern North America and Australia, respec-
tive ly.

Introduced populations in Australia, Tasmania,
eastern North America, and western North America
possessed allelic distributions that were characteristic
of  ;. maenas, the Atlantic form of green crab. Allelic
distributions for the highly diagnostic locus CM9
revealed no evidence of C. maenas influence in the

Japanese samples; however, 140/0 of the alleles were of
a unique size class not observed previously in either
form of native crab. Since Japanese crabs also
demonstrated very little genetic variability relative to
native populations  Figure 1!, it appears unlikely that

Table l. Frequencies of microsatellite alleles at locus CM9 for
green crabs  Curci yttts tttuenus and C aeststurit! in Atlantic Europe
 Netherlands, Spain!, Mediterranean Europe  France, Italy! and
six invaded regions. Green crabs from Atlantic Europe and niost
invaded regions possess alleles that are predominantly 272 base
pairs or smaller. Green crabs in Mediterranean Europe and Japan
possess alleles that are predominantly 300 base pairs in size or
larger. Two alleles identified in Japan were intersnediate in size to
alleles observed in native crabs.

Allele Size Range  base pairs!
198-272 276-280 300-360l.ocale

Netherlands

Western Spain
Southern France

Italy
Australia

Tasmania

Eastern North America

Western North America

!apan
South Africa

0.99

1.00

0.06

0.07

1.00

1.00

1.00

1,00

0.01

0.94

0.93

0.14 0.86

0.070.93

Japan was multiply invaded by both C. maenas and C,
aestuarii, as suggested by Geller et al, �997!. The pres-
ence of mitochondrial haplotypes characteristic of
both C, maenas and C, aestuarii in the Japanese popu-
lation was likely a consequence of invasion from a
single source population possessing both mitochon-
drial haplotypes. The South African populations
which was also found to possess mitochondrial hap-
lotypes of both Carcinus species  Geller et al, 1997!,
possessed microsatellite alleles that were characteristic
of both sibling species  Table 1!, In addition, the
South African population was much more genetically
diverse than other introduced populations  Figure 1!,
which is consistent with an hypothesis of multiple
invasions from distinct sources. Thus, the
microsatellite data appear to support previous rnito-
chondrial data in suggesting that South Africa has
been invaded by green crabs more than once. There
was no evidence For cosegregation of microsatellite
alleles and mitochondrial haplotypes in South Africa,
suggesting that the two forms have interbred.

These results demonstrate the power of
microsatellite DNA analysis for studying marine
bioinvasions. Our data indicate that green crabs were
able to successfully invade several regions despite los-
ing large amounts of genetic variation and suggest
that a new trend is emerging in which prior introduc-
tions have become stepping stones for new invasions.
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Genetic characterization of native and introduced

populations of additional marine bioinvading species
is likely to be a fruitful research approach and will
allow assessment of the generality of our results.
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ABsTRAcT: In 1996, a large red alga, Grateloitpia dorypbora, was recorded for the first time in Narragansett Bay,
Rhode Island. Since its arrival, it has continued to spread and will likely have an effect on native biota. In an effort
to identify the geographic origin and vector of the Rhode Island G, doryphora population, RAPD  randomly ampli-
fied polymorphic DNA! analyses and sequences of the nuclear ribosomal DNA internal transcribed spacer  ITS!
region were used to compare G. doryphora individuals from Rhode Island with specimens from locations around
the world, The RAPD and ITS data sets were highly congruent, These genetic markers revealed low levels of genet-
ic variation within the Rhode Island G. doryphora population as well as within the populations located in Brittany,
France, and Galicia, Spain. However, there was considerable genetic variation partitioned among populations, G,
dorypbora individuals in the Rhode Island population were genetically similar to specimens from Brittany, France;
Portsmouth, England; and to some specimens from the Mediterranean, suggesting that one of these locations
could be the origin of the Rhode Island population, Individuals in the Rhode Island population were genetically
distinct fiom the Galicia, Spain; Oregon, USA; and other of the Mediterranean specimens. Additional specimens
from other geographic locations are currently being screened.

Keywords: Grutelvtepia dogy hvra, red alga, origin of invasive species, ITS sequences, RAPDs

INTRODUCTION

Until recently, marine biological invasions by
algal species have received little attention  e.g., Walker
and Kendrick 1998; Baskin 1996; Ribera and
Boudouresque 1995; Farnham 1980!. Algal invasions
are of great concern because introduced species can
have serious ecological consequences by reducing or
replacing native macroalgae, thus leading to changes
in community structure and food webs  Walker and
Kendrick 1998!. Efforts to stop or reduce Inarine
bioinvasions are facilitated by a knowledge of the ori-
gin and vectors responsible for the introduction.
Although these have often been difficult to identify
by traditional methods  Farnham 1980!, molecular
techniques that use DNA characters as genetic mark-
ers may make it easier to identify and trace the origin
of invasive species,

In 1996, Gratelottpia dor1phora, a large red alga
 Figure 1!, was found attached to rocks, pebbles, and
shells in the southern portion of Narragansett Bay,
Rhode Island  Viilalard-Bohnsack and Harlin 1997!.

scm

Figure 1. Gratetvtepiadvryphvra herbarium specimens.  A! Thalli
showing foliose, undivided habit.  B! Single specimen showing
basal division aud marginal proliferatious.

This was the first time this species had been recorded
on the northeast coast of North America. Since 1996,
the population has spread to new locations within
Narragansett Bay and to several sites along the open
ocean  Villalard-Bohnsack and Harlin submitted!.
The present distribution of G. doryphora includes the
Pacific Ocean, Mediterranean Sea, and Atlantic

'Corresponding author; telephone: 401-254-3311;
fax: 401-254-3310; e-maih mfm@alpha.rwu.edu

The Use of Molecular Genetics to Investigate the Geographic Origin and Vector
of an Invasive Red Alga



MOLECULAR GENETIC STUDY ORIGIN OE INVASIVE ALGA 245

Table 1. Sources of Graretoapia dorirphora specimens used in the
present study.

4' individuals Screened
Code Collector  Date! RAPDs ITSCollection site

M. Villalard-Bohnsack, 10
M. Marston �996-99!

J. Cabioch �997-98! 5 3

W. Famham �998!

J. Perez Cirera

Lopez-Nino �997!

G. Hansen �998! 1 1

Narragansett Bay, R
Rhode Island, USA

Brittany, France F

Portsmouth, Eng and E

Galicia, Spain S

2 2

3 2

Seal Rock, 0

Oregon, USA

Basin of Thau,
 Mediterranean! France

M M. Verlaque �998! 4 3

Ocean from the English Channel to Angola and
from Florida to Uruguay  Farnham and Irvine 1973;
Dawson et al. 1964; Ardre and Gayral 1961!. This
species has repeatedly been reported to be invasive.
In 1969, specimens were observed in Portsmouth,
England  Farnham and Irvine 1973!; in 1982 it was
recorded in the Mediterranean Sea  Ribera and
Boudouresque 1995; Maiz et al. 1986!; and, more
recently, the species has been reported on the coast
of Brittany  Cabioch et al. 1997! and in the Nether-
lands  Stegenga and Otten 1997!. It is unclear how
long G. doryphora Inay have been present in the other
locations along the coasts of Europe and Africa.

Considerable Inorphological variation in blade
shape and size exists within and among populations
of G. dorJIphora. Blades, growing singly or in clumps,
can range from 2 to 40 cm across and up to 2 m in
length. Few morphological or anatomical diagnostic
characteristics are available to distinguish specimens
from different geographical locations. The origin of
the Rhode Island population, therefore, would be
almost impossible to determine based solely on mor-
phology and anatoiny. Nevertheless, morphologically
indistinguishable populations may be genetically very
divergent  van Oppen et al. 1996a; van Oppen et al.
1995a!. Molecular genetic techniques such as
microsatellites, randomly amplified polyinorphic
DNA  RAPDs!, and DNA sequence analysis are mak-
ing it easier to identify biogeographic populations
and to track introduced populations. These genetic
tools have been widely applied in the study of algal
phylogeography  e.g., Pillmann et al. 1997; Vis and
Sheath 1997; Lindstrom et al. 1996; Bakker et al,

1995!, migrations  e.g., van Oppen et al. 1995b!, and
recently to the study of the origin of introduced
species  e.g., Jousson et al. 1998; Olsen et al. 1998!. In
this study, we examine whether molecular genetic
techniques could be used to identify the geographic
origin of the recently established G, elorJ/phora popu-
lation in Rhode Island. A knowledge of the geo-
graphic origin may allow us to identify the vector
responsible for the introduction and aid efforts to
prevent future introductions.

MATERIAL AND METHODS

SPECIMENS AND DNA ISOLATION

Sources of material used in our analyses are sum-
marized in Table 1. DNA was extracted from 3-cmz

sections of thalli. Tissue was carefully examined for
the presence of epiphytes prior to use, DNA was
extracted from fresh tissue, herbarium specimens, or
silica-gel dried material using the CTAB method
 Doyle and Doyle 1987!. Tissue was ground to a pow-
der in liquid nitrogen using a mortar and pestle and
then mixed with 6 mls of hot �5'C! CTAB isolation
buffer 150 mM Tris-HCL  pH 8.0!, 700 mM NaCI,
10 mM EDTA, 3o/Ii  w/v! CTAB  SIGMA! j, After an
hour incubation at 65'C, samples were cooled at
room temperature for 10 min and then extracted
with 5 rnl of chloroform-isoamyl alcohol �4:1; v:v!
for 10 min and centrifuged in a table-top clinical cen-
trifuge to separate phases. After centrifugation, the
aqueous phase was removed with a wide-bore pipet
and DNA was precipitated by adding 2/3 volume of
cold isopropanol. To assist in precipitation, samples
were sometimes placed in a -20'C freezer for up to 2
hr. DNA was collected via centrifugation. The DNA
pellet was washed twice with 76 /o ethanol containing
10 mM ammonium acetate to remove the CTAB.

After air drying, the pellets were resuspended in
either ddH20 or 10mM Tris-HCL  pH 8.0!, 1 mM
EDTA. DNA was analyzed on a 1o/o agarose gel,

RAPDs

Oligonucleotide primers of 10 bases were used
to prime PCR reactions, Amplifications were per-
formed in 50-pl volumes containing Taq reaction
buffer  BRL!, 1.9 mM MgCI, 100 !IM dNTPs  BRL!,
0.2 pM primer, 1.25 units Taq DNA polymerase
 BRL!, and 100-200 ng of template DNA. Mineral oil
was added to each reaction tube prior to amplifica-
tion. Reactions were carried out in a Therinolyne
Temp Tronic thermocycler with an initial denature
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Table 2. Average within- and between-population RAPD genetic
similarities based on Nei tsc Li's similarity coefficient. Bold numer-
als nipresent orithin-in population averages. A dash represents that
only a single individual was examined.

Population Rhode France England Mediterranean' Spain
Island  M4!  Mi,MLM3l

Rhode Island

France

England
Mediterraneana

 lU!4!

 M1, M2, M3!
Spain

0.98

0.89 1.00

0.67 0.74 0,7S

0.78 0.93 0.67

0.23 0.26 0.23 0.27 1.00

0.24 0.27 0.16 0.29 0.28 0.98

a rwc distinct banding patterns were observed in the Mediterranean population.
Speo men Ma was genetically very distinct from specimens M 'I, M2, and M3.

ITS sequences

The primer pair TW81  >'GGGATCCTTTCCG-
TAGGTGAACCTGC ! and AB28   'GGGATC-
CATATGCTTAAGTTCAGCGGGT~'! was used to
amplify the ITS1, 5,8S ribosomal DNA  rDNA!, and
ITS2 region  Goff er al, 1994!. TW81 anneals to the 3'
encl of the 18S rDNA, while AB28 anneals to the 5'
encl of the 25S rDNA, Arnplifications were carried
out in 50-pl volumes as described in Goff and Moon

step of 10 min at 94'C, followed by 40 cycles of 1
miri at 94'C, 1 min at 35 C, 3 min at 72'C and a
final extension for 7 min at 72 C, All RAPD reac-

tions were repeated at least once for each template/
primer combination. Reaction mixes without DNA
terrtplate were run as negative controls to check for
contamination. After amplification, reaction prod-
ucts were separated by electrophoresis through a 1.0
or 1.2o/o TBE agarose gel stained with ethidium bro-
micle and visualized and photographed under UV
light. Presence or absence of bands was scored for all
major bands. Minor or weak bands can be variable in
expression, perhaps because they are products of
nonspecific binding  Patwary er rrl. 1993!; thus, they
were excluded from the analyses. A data matrix con-
tair.ing the presence or absence of bands was generat-
ed and used to calculate pairwise RAPD similarities
between each of the specimens using the Nei and Li's
similarity coefficient: S = 2Nab/ N, + Nb! where Na
is the number of amplified bands from specimen a,
Nb is the number of amplified bands from specimen
b, and N,b is the number of matched bands between
the two specimens.

�993!, The reaction mix contained Taq reaction
buffer  BRL!, 1,5 mM MgCl, 100 Ir M dNTPs  BRL!,
0.2 pM of the TW81 primer, 0.2 IrM of the AB28
primer, 1.25 units Taq DNA polymerase  BRL!, and
50 - 250 ng of template DNA. Each reaction con-
tained DNA from one individual. For each set of

reactions, a control sample containing all reagents
but lacking template DNA was included. The follow-
ing cycling parameters were used: denaturation for 10
minutes at 97' C, 37 cycles of 95'C for 1.25 min,
68 C for 2 min, 72'C for 4 min, and a final 10-min
extension at 72'C.

Products of all PCR reactions were visualized on

a 1o/o agarose gel and the products from three differ-
ent PCR reactions all containing the same primer/
template combination were pooled prior to cloning.
Products were cloned using a TOPO TA cloning kit
 Invitrogen! following the vendor's instructions,
Plasmid DNA was isolated using Qiagen-tip 20 or
GFX Micro Plasmid Prep  Pharmacia Biotech!. For
each individual, two to three clones were sequenced
using a ABI Prism 377 automated sequencer.
Sequences were aligned using ClustalW version 1.7
 Thompson et al. 1994!. Using the aligned sequences,
nucleotide distances were calculated following the
Kimura two-parameter model  Kimura 1980! and par-
simony analysis was performed using the PAUP soft-
ware package  Version 4,0b4a; Swofford 1991!.

RmsvLTs

RAPDs

Thus far, four arbitrary primers have been used to
compare banding patterns among G. doryphora indi-
viduals from Rhode Island, Spain, France, England,
and the Mediterranean. The major banding pattern
for a particular combination of primer and template
DNA was reproducible in repeated arnplifications.
The four primers amplified a total of 38 loci, 36 of
which were polymorphic. Bands ranged in size from
500 to 2000 bp.

The RAPD banding patterns of individuals from
the same population were very similar to one anoth-
er, with similarity coefficients ranging from 0,75 to
1.00, where 1.00 indicates that the patterns are identi-
cal and 0 indicates that there are no bands in com-

mon  Figure 2, Table 2!. The one exception was the
Mediterranean population where two distinct band-
ing patterns with a similarity coefficient of 0.27 were
observed  Figure 2!.

Even though there was little genetic variability
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ranges from 0.16 to 0.29  'I'able 2!. %'e .Irc continuing
to test diff'erent primers as well as more individuals
froin eilch of these populations and ildditioTTal geo-
graphic locatiotas.

ITS sFoca~cEs

svithin most of the populations, RAPD markers did
reveal th,lt there is substantial genetic diversity parti-
tioned uaiong the populations, Tvith tile specimens
falling into three distinct groupings   fable 2!. The
first group in«ludcs iTTdividuals in the Rhode Island,
USA: BrittaTTy, FraTTce;;TTTd Portsmouth, Engl.>nd,
populations and one of the specimens f'rom thc
Mediterranean populiltion  >VIA!. These individuals
are genetically similar to one another, with pairsvise
similarity coefficients ranging from 0.67 to 0.93
 Table 2!. This first group is genetically distinct tronl
the second group, Tvhich consists of'individuals col-
lected in Spain, and from the third group, which
includes Mediterr,Incan specimens MI, M2 and M3,
Tile average similarity coefficients between groups

s OT ii C I 1 .5 >< C k x I I IC S'I L L>s o }<Io lie or I x vas lvs AL ; a 24 /

The ITS2 region from selected individuals in each
populatioil svas sequenced  M.Trston and Villalard-
Bohnsacl<., ilT prep.!. This reg>ion ranges froln 338 to
373 nucleotides for these C~. <l'r>r!'pbor<T individuals.
Ail of the seqtiences Tvere easily aligned. ParsiTTTons
analysis produced a single most parsimonious tree of
140 steps with a consistency i Tdex  CI! of 0.97 and a
retentio T index  RI! of'0.97. Individuals from the
Rhode Island. I-'rench, .md English populatioils, as
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Table 3. Pairwise distance comparison of sequence variation in Grateloupirr doryphora individuals from aligned ITS2 sequences.

S2Specimen Mt M3 E2 F3 F2 R6 Ei F1 M4 01 53

0.000

0.216 0.216

0.216 0.216 0.000

0.216 0.216 0.000

0.216 0.216 0.000

0.216 0.216 0.000

0.216 0.216 0.000

0.216 0.216 0.000

0.244 0.244 0.082

0.316 0.316 0.184

0.316 0.316 0.184

M3

62

F3

F2

R6

E1

F1

M4

01

53

52

0.000

0.000 0.000

0.000 0.000

0,000 0.000

0.000 0,000

0.082 0.082

0.184 0.184

0.184 0.184

0.000

0.000 0.000

0.000 0.000

0.082 0,082

0.184 0,184

0.184 0.184

0.000

0. 082 0. 082

0.184 0.184

0,184 0,184

0.215

0.215 0.000

M3

DISCVSSFON
Ml

El

E2

Fl

F2

F3

M4

R6

Ol

S2

S3

well as one individual from the Mediterranean  M4!,
have exactly the same ITS2 sequence and thus form a
distinct clade on the tree  Figure 3!. The specimen
from Oregon is closely related to this group  Table 3;
Figure 3!. However, the two individuals from Spain
form another distant clade, as do two of the individu-
als from the Mediterranean  Ml and M3!  Figure 3!,
Currently, we are analyzing sequences obtained
from G. rlorypboru individuals collected in additional
loc actions,

In this study, we are using RAPD analyses and
ITS sequences both to examine the genetic variation
within Grateloupia populations and to help identify
the geographic origin of the newly established
G. doryphora population in Rhode Island. To this
end, we have thus far examined specimens from
Rhode Island, USA; Portsmouth, England; Brittany,
France; Galicia, Spain; and the Mediterranean.
Although herbarium specimens from these locations
are morphologically indistinguishable, substantial
genetic variation is revealed by RAPD and ITS
sequence analyses, and these two data sets are highly
congruent.

RAPD analysis is based on the polyermase chain
rea:tion  PCR!. It uses short, single oligonucleotide
primers of arbitrary sequence to amplif'y regions of
gerromic DNA, although the identity of the amplifi-
cation products usually is not known  Williams et ul.
1990!. These products are separated by gel electro-
phoresis and then scored based on the presence or
absence of bands. The analysis of RAPD data is
noi. always straightforward, due to either technical

limitations  e,g,, reproducibility of banding patterns!
or assumptions made during the analysis  e.g., bands
at the same position on the gel are homologous!  see
van Oppen et al. 1996b; Weising et al, 1995!,
Nevertheless, while results based on RAPDs should
be interpreted with caution, they can provide a useful
estimate of genetic variation among closely related
taxa.

Figure 3. The single most parsimonious tree of ITS2 sequences
constructed using the heuristic search option in PAUP with 100
replications of random addition sequences. Numbers above the
branches are bootstrap values �00 reps!. M, specimens from the
Mediterranean; F, Brittany, France; E, Portstnouth, England; R,
Rhode Island, USA; 0, Oregon, USA.
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Our RAPD analyses indicate that there is very lit-
tle genetic diversity present within the Rhode Island
G. doryphora population. Although we are limited by
the smaH number of individuals available to us from

the other populations, low levels of variation were
also observed within the French, English, and
Spanish populations. Our preliminary data suggest
that there is more genetic variation partitioned
among populations than within a population or geo-
graphic area. The one exception is the Mediterranean
population where two genetically distinct groups
were detected.

Both ITS and RAPD data sets reveal the same

relationships among the populations we have sam-
pled. Individuals in the Rhode Island population are
genetically similar to specimens coHected in Brittany,
France; Portsinouth, England; and to some speci-
mens from the Mediterranean, suggesting that one of
these locations could be the origin of the Rhode
Island population. The Rhode Island population is
genetically distinct from other Mediterranean sam-
ples and from specimens collected in Galicia, Spain,
and Oregon, USA. These data have allowed us to
eliminate possible geographic origins  t.e., Spain,
Oregon!, but cannot be used to positively identify
the origin. Apparently, there has been too little time
since the separation of some of these populations for
variation to arise in the ITS region. It is possible that
by using more RAPD primers and a larger sample
size or another genetic marker  e.g., microsatellites!,
we may be able to distinguish these genetically simi-
lar populations. This research is ongoing and we are
beginning to screen G. doryphora individuals from
other geographic locations  e.g., California, Alaska,
and Japan!.

At this point, the vector responsible for the intro-
duction is not known. However, based on the pattern
of ship traffic in Narragansett Bay, the direction of
water movement in the Bay, and the locations of the
first G, tJoryphora populations, it seems likely that
either hulls of ships or ballast water dumping was
responsible for the introduction. Using RAPD mark-
ers and ITS sequences, we are establishing a genetic
baseline of the distribution and level of genetic varia-
tion present in different geographic populations. This
information can be used to monitor not only the
Rhode Island G. doryphora population but any future
introductions of this species.
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ABSTRACT: Advances in genetic technology have enabled biologists to reconstruct the history of populations, their
evolutionary relationships, and geographical origins. Such information is essential in understanding the biology
of invasions and in designing successful management responses. Unfortunately, the wholesale transfer of "tradi-
tional" population genetic methodology to identify the origins of marine bioinvasions is inappropriate. By defi-
nition, invading populations are characterized by rapid and recent range expansion. This has two important genet-
ic consequences: �! genetic diversity is often very low due to the bottlenecks in population size associated with
the founding of new populations, and �! evolutionary relationships among genes may bear no relation to the his-
tory of populations, These characteristics of invading populations limit our ability to reconstruct their geograph-
ic history. The situation is further complicated by the fact that many bioinvasions occur as a dynamic series of
sequential or overlapping invasion events, the totality of which can be termed a metainvasion. Here, we evaluate
the genetic markers and statistical methods currently being used to determine invasion pathways. Analyses of
molecular genetic data fall into two categories: those based on phylogenies, and those based on frequency differ-
ences of genetic markers. We describe these two approaches and outline the conditions under which they are appro-
priate and useful in marine bioinvasions. We also outline recent technical and analytical developments that may
assist in the study of marine bioinvasions.

Key words: multilocus, genetic, DNA, population, origin of invasive species

INTRODUCTION

MAPPING A METAINVASION
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Following the discovery of an alien species, nearly
all attempts at eradication or control  including ster-
ile male release, biological control, and the use of
transgenic plants! have a higher probability of success
when source regions and the demographic parame-
ters of invading and source populations are known.
For example, very different management measures
are required when invasions involve a species with
panmictic population structure, compared to those
that involve a species with sharply defined and genet-
ically isolated populations  Carey 1991!. Here we
review genetic methods of determining the source of
a bioinvasion. We begin with a brief description of
the problem and evaluate the various genetic tools
that are available for reconstructing invasion path-
ways. Next, we review the statistical developments

that are needed to make sense of the new genetic
data. Finally, we propose some future developments
that might help to elucidate the invasion process,

When an invading species is recognized in a par-
ticular location, assigning the invading individuals to
a source population is an important task  Davies et al.
1999a; Roderick et al. 1998!. Unfortunately, many
bioinvasions are hierarchical, consisting of several
sequential or overlapping invasion events, which
together constitute a "metainvasion"  Davies et al.
1999b!. In many cases metainvasions are global in
nature and any single invasion will often have multi-
ple, genetically similar potential sources, many of
which are likely to have been recently established
themselves. Species that spread in association with
human activity, especially invasive species, are likely
to be characterized by newly established populations
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and these represent a severe obstacle For genetic
anaIysis. First, new populations are often genetically
impoverished due to the population bottleneck
asscciated with colonization  Nei et al. 1975!, making
it hard to find sufficiently variable Inarkers. Second,
what little variation is present tends to be ancestral,
rendering phylogenetic methods less appropriate
or meaningless. These are the principal challenges
faced by those seeking to identify the source of
marine bioinvasions and to reconstruct their invasion

pathways.
Allozyme electrophoresis is a useful technique for

rapidly assessing the similarity of various popula-
tions; however, only a small amount of the underly-
ing genetic variation at any given locus can be dis-
cemed using protein electrophoresis. Consequently,
allozymes have provided only very limited resolution
in invading populations of species such as the med-
fly, Cerati tis capi tata  Hue tte1 et al, 1980; Rode rick
1996a!. A number of workers have identified herita-
ble markers that reveal genetic variation at the DNA
sequence level for reviews see  Geller 1996; Palumbi
and Baker 1996; Roderick 1996b!, with mitochondri-
al DNA being the most coinmonly used genetic
mariner in population studies  Avise 1994!.
Unfortunately, the reduction in diversity associated
with colonization bottlenecks is exacerbated for mito-
chondrial genes because they have only a quarter of
the effective population size  Ne! of nuclear genes
 Moore 1995!, In the medfly, C. capitata, for example,
most New World populations are less than 100 years
old and have a single high frequency and a single low
frequency haplotype. By contrast, ancestral C. capita-
ta populations in Africa display up to six haplotypes
 Gasparich et al. 1997!, Fortunately, new markers,
such as microsatellites  Queller et al. 1993; Weber and
May 1989!, introns  Palumbi and Baker 1994!, ran-
domly amphfied polymorphic DNA  RAPDs!  Welsh
and McClelland 1990; Williams et al, 1990!, and
restriction length polymorphisrns  RFLPS!  Aquadro
et al. 1992! assay nuclear DNA variation. These mark-
ers have revealed high levels of diversity in ancestral
and invading populations, even when mtDNA and
allozymes are relatively impoverished  Baruffi et al,
1995; Villablanca et al. 1998!. The greater variability
of these markers can reveal population structure over
a much finer scale. For example, genetic analysis of
DNA sequence variation at four intron loci revealed
significant population structure among previously
indistinguishable  Gasparich et al. 1997! C. capitata

populations in California, Central America and east-
ern South America  Davies et al. 1999b!,

STATISTICAL DEVELOPMENTS IN THE

ANALYSIS OF B IOINVAS IONS

As the practical difficulties of finding suitable
genetic markers have been overcome, severe theoreti-
cal problems became apparent. First, new popula-
tions violate the assumptions of equilibrium integral
to Inost population genetic theory  eg., methods of
estimating gene flow  Slatkin and Barton 1989!.
Second, phylogenetic methods that reconstruct the
historical biogeography of relatively well established
populations  Avise 1994; Roderick 1996b! seem inap-
propriate in the latter phases of a metainvasion where
events are all very recent. For example, in the case of
a secondary invasion event  a new invasion originat-
ing from another invading population!, the likely
sources are populations that were themselves only
recently established as part of the primary invasion,
Phylogeographic structure  Avise 1989; Avise 1994;
Roderick and Gillespie 1998; Roderick and
Villablanca 1996! is not expected in such recently
Founded populations because there has been little
time for mutations to occur, and the relationships
among alleles mostly reflect evolutionary events in
the ancestral range of the species rather than their
history in newly occupied areas  Davies et al. 1999a;
Villablanca et al. 1998!. For example, McGuigan et al.
�998! reported significant diff'erences in haplotype
frequencies over a fine geographic scale among
Australian frog, Litoriapearsoniana, populations; how-
ever, a smaller and insignificant F-statistic was
obtained when the genetic distance among alleles
was considered.

With the traditional approaches being of only
limited use for invasion biologists, it is Fortunate that
a new generation of statistical analyses have been
developed based on multilocus genotype data, One
of the first applications was in fisheries management,
where mixed stock analysis  MSA! was developed to
determine fish catch composition, mainly using
allozyine data. In MSA, maximum likelihood is used
to estimate the combination of potential source pop-
ulations that best explain the observed allele frequen-
cies in a catch  see Utter and Ryman 1993!. Methods,
such as MSA, that focus on populations are limited
by the need to define those populations a priori and
in doing so they risk missing individuals that have an
unusual origin. An alternative approach focuses on
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the most likely origin of an individual, or rather its
multilocus genotype, and is known as an assignment
test  Paetkau et al. 1995!.

Assignment tests use rnaximurn likelihood to
assign individual genotypes to potential sources
based on the allele frequencies of the source popula-
tions. These tests are particularly useful for determin-
ing the origin of an individual when there are multi-
ple, genetically similar candidate sources. For exam-
ple, chinook salmon, Oncorhynchits tshawptscha, occur
as difFerent temporal populations  runs! that spawn
in the same river but at different times of the year.
Runs are genetically very similar but have such dis-
tinct life histories that some are considered separate
 and endangered! species. MicrosateHites have been
used to assign chinook salmon, O. tsamytscha, to par-
ticular runs  Banks et tel. 1996!.

There are two major sources of error associated
with the population level data used in an assignment
test, First, observed allele frequencies are estimates,
so sampling error must be considered. Second, differ-
ences in genetic diversity among potential source
populations can cause a bias because the likelihood
of drawing any genotype is inversely proportional to
the diversity of the population from which it is
drawn, Rannala and Mountain's �997! assignment
test takes into account the sampling error associated
with estimating allele frequencies and the differences
in diversity among two potential sources  Davies et al.
1999a!. Although Rannala and Mountain's �997!
test applied much needed statistical rigor to source
estimation, further modifications of the test are still

needed. First, laboratory scoring mistakes must be
taken into account. For example, scoring errors occur
in aHozyme studies with a frequency of about 1 /0
 Lathrop et ul. 1983!. One can attempt to correct for
scoring mistakes prior to analysis, as we did for the
errors associated with sequencing cloned polymerase
chain reaction  PCR! products. Alternatively, an error
rate factor may be incorporated into the analysis;
such an approach was used by Marshall et al, �998!
in their multilocus paternity test, A second source of
error that should be considered is the implications of
not sampling aH the potential sources. Again with a
focus on paternity testing, Marshall et aL �998! pre-
sented a simulation method to assess the likelihood

that a more probable source remains unsampled.
Finally, assignment tests focus on the origin of single
multilocus genotypes, although bioinvasions usually
consist of multiple invading individuals, each of

which will have their own associated likelihood of

being from one source or another, With such multi-
ple assignments, one will be able to plot a distribu-
tion of likelihood statistics for the invading popula-
tion as a whole, adding a new level of complexity to
source estimation. For example, one interpretation of
a bimodal distribution is that the invading popula-
tion had two sources, but how can one assess the sig-
nificance of such a conclusion, and how should one
correct for multiple comparisons? Such issues are cur-
rently being examined in our laboratory using com-
puter simulation  Bohonak et al., in prep.!.

Multilocus genotyping is a powerful technique
and many different markers, including aflozymes,
mtDNA, and microsateflites can be analyzed simulta-
neously. In most cases additional markers will
increase the power of these tests; however, some
markers may be incompatible with this approach.
RAPDs, for example, arevery useful in providing high
levels of genetic variation and their main advantage
over introns and microsateflites is that they can be
applied with very little prior genetic knowledge of a
species pViHiams Et al. 1990!. Unfortunately, it is not
clear how RAPD data can be incorporated into the
same statistical framework as introns and other mark-

ers, where genotypes can be identified at each locus.
Although we have stated that phylogenetic

approaches are less likely to be useful in many bioin-
vasions  Davies et ul. 1999a; Roderick et al. 1998;
Viflablanca et dl. 1998!, recent data have suggested
that phylogenetic data can still be used to help deter-
mine sources  Davies et al, 1999b!, Somewhat to our
surprise, we found that including an estimate of the
genetic distance ainong aHeles revealed a higher level
of population structure among American C. capitata
than estimates based solely on allele frequencies
 Davies et al. 1999b!. This was surprising because C.
capitata only colonized the Americas this century,
providing little time for the evolutionary divergence
of aHeles among American populations, It is possible
that phylogeographic structure might reflect multiple
colonizations � one of several possibilities we are
exploring using computer simulations  Bohonak et
al., in prep.!

It is possible, therefore, that phylogenetic infor-
mation might turn out to be useful even in the later
stages of a metainvasion. This is especially likely if
genetic markers are found with very high evolution-
ary rates, We have proposed  Davies et al. 1999a! that
extragenomic markers  EGMs!, such as viruses, be
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used to reconstruct invasion pathways. The RNA
genomes of many viruses evolve extremely quickly
 Holland et al. 1982! and can be used to reconstruct
the geographic history of their hosts  Ho et al. 1993!
 Yanagihara 1994!, Another possible set of markers
that provide phylogenetic inforination and evolve
rapidly are transposable element polymorphisms
 TEPs!. We are currently working with groups in
Greece and Italy to explore the utility of TEPs for
the C. capitata metainvasion. Transposable elements
occur widely in nature  Li 1997! and could be applied
to marine invasive species should they prove success-
ful in model terrestrial systems such as the medfly.

If EGMs or TEPs do become widely used,
approaches that utilize phylogenetic data to detect
gene flow  Slatkin 1994! might be applicable,
Assignment tests might be modified to consider the
relationships among alleles in addition to their fre-
quencies. Currently, assignment tests do not consider
the relatedness of alleles because most multilocus

markers such as microsatellites  Glenn 1998! do not
easily permit the phylogenetic analysis of al!eles.
However, sequence data is much more phylogeneti-
cally informative, and with introns, EGMs, and TEPs
becoming more widely used, restricting analysis to
mere allele frequencies may waste useful information.
A new test should assess the multilocus likelihood of

sampling a given set of alleles from a potential source
population based on the distance between alleles as
well as their frequencies,

To conclude, the new genetic markers and statisti-
cal methods briefly described here will reveal much
about the spread of invasive species. Bioinvasion
genetics will not provide all the answers, but com-
bined with ecological data, we might eventually be
abl to deterinine the common characteristics of

invasive species and to identify the pathways that
aHow them to spread around the globe. Ultimately,
invasion biology needs to become a predictive sci-
ence, identifying species that are likely to invade, and
those that will become established should they reach
a new area. Such information would finally enable
managers to adopt truly proactive policies.
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ABsTRAGT: Farmed salmon is British Columbia's largest agri-food export product, Approximately 800/o of pro-
duction is Atlantic salmon  Sabno salar!, an exotic species on the Pacific coast. Large scale escapes and small scale
"leakage" of adults from marine net pens are not uncommon and lead to over 2600 marine and 150 freshwater
reports of Atlantic salmon in B.C. waters in 1997 alone. The continuous addition of free ranging adult Atlantic
salmon into the coastal environment combined with the weak state of many native Pacific salmon  Oncorbyncbus
spp.! stocks has been suggested to enhance the likelihood of colonization. We present preliminary results of our
work conducted to delineate what, if any, ecological or genetic impacts are associated with aquaculture escapee
Atlantic salmon on native Pacific salmon species. We also present evidence that suggests colonization may be occur-
ring on a Vancouver Island river, an event which would mark the first anadromous expansion of the species beyond
its native range.

Keywords: Atlantic salmon, aquaculture, Pacific Northwest, niche competition, steelhead

INTRODUCTION
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Atlantic salmon  Salrno salar! account for approxi-
mately 80o/o of finfish aquaculture production in
British Columbia  B.C.! and is the largest agri-food
export of the province. The increasing frequency of
S, salar observed in coastal marine waters and rivers

has generated a lively debate regarding the eventual
fat< of this species along the Pacific coast of North
America. At present, empirical data regarding poten-
tial genetic and ecological impacts of escaped
Atlantic salmon in this region are nonexistent. Thus,
any current predictions regarding the persistence of
free-ranging S. salar and what effects may result are
not robust.

S. salar is endeinic to most countries with

drainage into the North Atlantic Ocean and Baltic
Sea  Mills 1989!. This encompasses an area roughly
from Portugal to the Arctic Circle and from Iceland
to southern Greenland to Labrador south to the

Connecticut River. Introductions of S. salar have

been documented in every continent save Antarctica;
the vast majority of these introductions have ended
in failure  MacCrimmon and Gots 1979; Alverson

and Ruggerone 1997; McKinnel et al. 1997!. Indeed, a
self-supporting anadromous population of S. salar
has never been established outside the species'
native range.

Only two notable successful introductions out-
side the native range have been recorded � one in
Argentine Patagonia, the other in New Zealand � both
are nonanadromous  MacCrimmon and Gots 1979!.
In North America, success of S, salar introductions
has followed a similar pattern and has been
limited to a number of small oligotrophic lakes in
eastern Canada and northeastern United States

 MacCrimmon and Gots 1979!.
The first transfer of S. salar to western Canada

occurred in 1905 when 90,000 Atlantic salmon eggs
From New Brunswick were transferred to the Fraser

River Hatchery and the Cowichan Hatchery on
Vancouver Island  Prince 1905 reviewed by Mac-
Crirnmon and Gots 1979; Carl and Guiguet 1958!.
The fry were released into three lower mainland rivers
and six Vancouver Island systems  Carl and Guiguet
1958!. Importation of eggs from New Brunswick and
later Scotland continued until 1933. Estimates of

total number stocked  mostly eyed eggs and alevins!
are not consistent, having been reported as 5.5 rnil-
lion  Castledine 1991!, 6 million  Needham 1995!,
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�.5 million  Burt et al, 1992 in Alverson and
Ruggerone 1997!, and 13.2 million  McKinnell et al.
1997!, Although some returning adults were recov-
ered in the Cowichan River system  MacCrimmon
and Gots 1979!, these introductions failed to estab-
lish a permanent population,

The seeming inability of Atlantic salmon to
establish viable populations when deliberately plant-
ed suggests that the potential to do so via farm
escapees is remote, However, failure of these early
attempts is likely attributable to causes that would
have undermined the potential success of any
species' introduction. Historical introductions of S.
salar were made into mature, stable environments
that were saturated with predators and niche-equiva-
lent competitors  i.e., Pacific salmonids! and as a
result tended to be more resistant to a biotic invasion

 reviewed in Pimm 1991!. Predation and interspecific
resource competition would have been much more
severe than is likely today, when, because of severely
depressed native stocks, progeny of present-day S.
salar grow in underutilized habitat, which is more
accessible to colonization. Historically, Atlantic
salmon were released at early life history stages  egg
and fry! that experience naturally high Inortality.
Large, healthy, immunized adults are the norm
today. The two scenarios, historical and present-day,
are clearly different, and using the outcome of one to
predict the fate of the other is not valid.

AQUA CU LTU RE ES CAPES

Escapes of S, salar from marine net-pens in the
eastern Pacific often occur as large-scale escapes, typi-
cally due to weather events, human error, and preda-
tors  Alverson and Ruggerone 1997!, Unaccounted-
for losses  leakage, predation, unrecovered mortali-
ties, etc.! have been estimated to be between 10 and
30B/o of the cage population  Moring 1989!, From
1991 to 1997, 28 escape events involving 162,453
salmon were reported at B.C. marine net-pens
 Thomson and Candy 1998!. Reporting of escape
events is a mandatory condition of a farm license;
however, there are no mechanisms to evaluate com-
pliance and therefore reported escape numbers
should be considered as minimum values,

In British Columbia, the first free-ranging S, salar
was caught in 1987  one year before the first reported
escape!  McKinnell et al. 1997!. Reported marine cap-
tures in B.C. waters peaked in 1993 at 4,543 fish
 Thomson and McKinnel 1994!. Capture data are

compiled opportunistically from various manage-
ment databases and voluntary reports by commercial
and sports fishers. As such, these data, like escape
data, are considered to be minimum values only and
likely do not reflect the actual number of captures. 5'.
salar often go unreported; commercial crews and to a
lesser extent sport fishers no longer consider the cap-
ture of a S. salar noteworthy and often do not go
through the trouble of reporting it to authorities
 Volpe, pers, obs.!. S. salar landed commercially may
be disposed of through unofficial channels or are
frozen and used for halibut bait  Volpe, unpublished
data!.

EviDENGE or NATURAL REPRoDUcTIoN

op EscApEEs

In 1997, Atlantic salmon were reported in 40
freshwater systems in British Columbia �4 on
Vancouver Island!, Again, because most of these data
are collected opportunistically, this figure should be
considered as a minimum only, To date, three river
systems, all on the northeast coast of Vancouver
Island, have been identified as supporting juvenile
Atlantic salmon: the Tsitika River  Volpe et al., 2000!,
Amor de Cosmos Creek  Volpe, pers. obs.!, and the
Adam River  Volpe, pers. obs.!. At least two age-class-
es are present in both the Tsitika River and Amor de
Cosmos Creek. Parr estimated to be one-year old
have been observed in the Adam River. To date,
scales and otoliths from only the Tsitika River fish
have been examined and were consistent with these

fish being wild reared  Volpe et al., 2000!. Further,
there are no commercial aquaculture activities of any
kind on or around any of these systems, therefore,
the only logical explanation for the presence of these
fish is as products of natural spawning events of
aquaculture escapees. The presence of multiple age-
and size-classes raises the possibility of previous year-
classes having successfully reared and smolted unde-
tected, At present, there is no way to discriminate
between wild-reared adult S. salar and escaped adult
S. salar in the field, Therefore, there is no way to easi-
ly discern if'feral progeny are successfully completing
their life cycle.

ECOLOGICAL CONCERNS

Domesticated S. salar may not be behaviorally
adapted for interspecific competition and other chal-
lenges of a natural environment  Olla et al. 1994!.
Dickson and MacCrimmon �982! noted differences
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in behavioral patterns between hatchery and wild-
reared salmon, which they suggested may account for
poor survival ot planted S. salar, Many studies have
reoorted similar results  reviewed by Hindar 1994!.
Due to intense artificial selection to repress wild traits
 in contrast to supplemental hatchery programs!, it is
possible that behavioral deficiencies may be even
more pronounced in aquaculture escapee salmon
 Gausen and Moen 1991; Olla et al. 1994!. However,
each farm generation undergoes selection for traits
appropriate to the B.C. coastal environment. As long
as S. salar are reared in open net-pens, selection for a
"Pacific strain" of Atlantic salmon will continue.

Further, typical aquaculture production fish are
already proven capable of spawning in a controlled
w< st coast stream channel  Volpe; unpublished data!
and in the wild  Volpe et al. 2000, Volpe, per. obs.!. If
spawning events continue to occur, adaptation will
be hastened by natural selection altering the behav-
ioral or phenotypic profile of the feral population.
Released from old constraints and under a radically
ditferent selection regime, adaptive changes can
occur rapidly in invading populations  Carrol and
Dingle 1996!. For instance, American shad  Alosa
sapidissima!, when introduced from the Atlantic to
th. Pacific, evolved novel, locally adapted life histo-
ries in less than a century  Shoubridge 1977, reviewed
by Dingle 1980!.

Steelhead  Oncorhynchus mykiss! and Atlantic
salmon share similar environmental requirements,
habitat preferences, growth rates, and life histories
 Bley and Moring 1988!. Therefore, we predict that
any negative effects resulting from the presence of S.
satar in B,C, wi]l manifest first among sympatric O.
mykiss, We are aware of only three studies that direct-
ly compare competitive ability of juvenile S. salar and
0, mykiss  Gibson 1981; Hearn and Kynard 1986;
Jones and Stanfield 1993!. All three concluded that
0. mykiss were more aggressive than Atlantic salmon.
However, these results are confounded by their exper-
imental design. All three investigations did not quan-
tify intra- versus interspecific competition, therefore,
defining unambiguous interaction terms is not possi-
bl»  Underwood 1986; Fausch 1998!. Our data, gen-
erated in the laboratory and the field, suggest that 0.
mykiss individuals are indeed more aggressive than S.
salar individuals. However, O. mykiss individuals are
much more likely to attack a conspecific than an
Atlantic salmon  Volpe, unpublished data!. Thus,
wl.ile O. mykissindividuals are aggressive, agonism is

unlikely to result in S. salar being competitively
excluded.

GENETIC CONCERNS

Potential genetic concerns of S. salar on the west
coast center on the possibility of S. salar x
Oncorhynchus spp. hybridization events. Laboratory
trials of all possible crosses involving S. salar and
Oncorhynchus spp, in coastal British Columbia
demonstrated that the most successful combinations

in terms of the survival of FI to hatching would
involve steelhead females �.070/o! and pink salmon
�. gorbuscha! inales �.360/0!  reviewed in Alverson
and Ruggerone 1997!. Therefore, although hybrid
progeny can be produced in a laboratory environ-
ment, survivorship is poor in all cases and reproduc-
tive viability of the few F1s produced reinains
unknown. It should be noted, however, that these
data were extracted from a small, unpublished pilot
study and this issue awaits rigorous examination.

CONCLUSIONS

Current methodologies used to estimate S. salar
abundance in the wild provide minimum values
only. The actual numbers of individuals remain
undefined. Invasion potential of escaped S. salar can-
not be assessed until reliable estimates of escapes and
captures are generated or until colonization occurs, at
which point the issue is moot.

Historical anecdotes cannot be used in a predic-
tive context. The failure of sporadic attempts to
introduce fry and eggs over half a century ago bears
no relationship to the present continuous introduc-
tion of robust adults.

When a species colonizes novel territory, adaptive
modification of the pheno~e to a more appropriate
state is possible. Selection pressure and thus rate of
change is likely to be greatest during the initial gener-
ations of the colonization, Predicting the fate of S.
salar in the Pacific based on static models  derived
from analyses of domestic fish only! is likely to be
decreasingly valid as colonization continues
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Biomonitoring of an Aquacultured Introduced Seaweed, Porpbyrapezoensis
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ABsTRAGT: The intentional introduction of organisms for the purpose of mariculture requires a balance between
minimizing ecological impact and maximizing economic gain. Phycogen Inc.  formerly Coastal Plantations
International! has commercially farmed an introduced species of nori, Porpbyrayezoensis, in Cobscook Bay, Maine,
for the past eight years. Permits were granted based on the presumed inability of this seaweed to sexually repro-
duce under Gulf of Maine temperature regimes. P.yezoensis, a cultivar from Japan, has been grown by Phycogen at
both a nursery and a grow-out farm site since 1991. A monitoring program was begun in 1996 to examine the poten-
tial dispersal and establishment of P, yezoensis around the sites. This report describes our monitoring program's
results for the nursery farm site at Huckins Ledge from 1997 and 1999. Porphyra samples were collected from 10-
m intertidal transects and artificial substrates constructed of Japanese netting. Porpbyra species were identified using
morphological characteristics and isoenzyme electrophoretic markers. Collections from transects and artificial sub-
strates at this site suggested that P, yezoensis only recruited epheinerally during Phycogen's summer/autumn grow-
ing season and did not overwinter. The ove~ntering potential of P. yezoensis was further examined by deploying
established blades attached to Japanese netting in the field from December until March. P, yezoensis was not observed
on th«netting the following spring. Based upon the results at Huckins Ledge, P yezoensis does not appear able to
establish a permanent population, However, data from Phycogen's grow-out site at Mathews Island is still being
examined and will be reported in a future publication,

Key words: Porphyra, monitoring, Maine, aquaculture

INTRO DU CTI 0 N

Porphyra is the second most widely cultivated sea-
we:d in the world. Currently, over 900,000 mt worth
over $1.5 billion dollars are cultivated in Japan,
China and Korea annually  Hanisak 1998!, Porphyra
is grown for the production of "nori, which is eaten
as dried sheets in soups and sushi. The first attempt
to farm a nonindigenous Porphyra species in North
America occurred in Washington state in the 1980s.
Although cultivation attempts were successful, this
early effort ultimately failed due to permitting diffi-
culties  Mumford 1990!, In 1990, Phycogen Inc., of

ICcrrespouding author; telephone: �81! 581-7370; fax: 781-581-
6076; e-mail; kwatsonelynx.neu.edu

Portland, Maine  formerly Coastal Plantations
International!, received state, federal, and interna-
tional  International Council for the Exploration of
the Sea! permits to introduce and farm P yezoensis, a
species native to Japan, in the Cobscook Bay region
of Maine  Levine 1998!,

Permits were granted for the aquaculture of P.
yezoensis in the Gulf of Maine based on temperature
restrictions in its reproductive cycle. P. yezoensis
demonstrates a heteromorphic alternation of genera-
tions typical of the genus, with a haploid foliose
blade phase alternating with a diploid filamentous
conchocelis phase, The diploid conchocelis phase
requires temperatures exceeding 28'C to mature sexu-
ally and release conchospores, which give rise to thc
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Figure L Phycogen farm sites in Cohscook Bay neat Eastpott, Maine, USA. Inset shows Huckins Ledge sampling locations.

haploid blade phase  Melvin et al, 1986!. P.yezoensis
was thought to be incapable of sexual reproduction
in the Gulf of Maine due to this temperature require-
ment, Haploid blades, however, can also reproduce
asexually by releasing monospores during the Gulf of
Maine's summer temperatures �2-16 C!, which coin-
cide with Phycogen's summer/fall growing season.
This raised concerns regarding the potential establish-
ment of this seaweed in the local intertidal via asexu-

al reproduction, especially in the vicinity of
Phycogen's nursery farm site where juvenile blades
would be producing the greatest numbers of mono-
spores, The present study was undertaken to monitor
the establishment of P. yezoensis near Phycogen's
farming sites and is one of the few studies to examine
an aquacultured introduced seaweed.

Phycogen initially utilized two sites for its nori
farming operation: a grow-out site at Mathews Island,
northwest of Eastport, Maine, and a nursery site at
Huckins Ledge, southwest of Eastport  Figure 1!.
Farming was conducted at Mathews Island from 1991
to 1997, until the grow-out nets were moved and

combined with nursery nets at the Huckins Ledge site
in August 1997, Farming at Huckins Ledge was con-
tinuous until May 1998. P, yezoensis was aquacultured
seasonally during favorable conditions, usually in the
late spring/early summer and in the autumn/early
winter, A monitoring study was initiated at
Phycogen's sites in August 1996. The ability of P.
yezoensis to recruit at the nursery farm site was evalu-
ated by sampling Porphyrd blades from intertidal tran-
sects and artificial substrata we constructed of

Japanese netting strung between poles. Porphyra
blades have simple morphologies and species can be
difficult to discern. In order to identify and distin-
guish P.yezoensis from the six species described for
the North Atlantic we used both morphological traits
 Bird and McLachlan 1992! and isoenzyme elec-
trophoretic markers. Isozyme Inarkers have proven
useful for distinguishing Porphyra species in previous
studies  Lindstrom and Cole 1990, 1992a,b!. Data
from our monitoring program at the Huckins Ledge
nursery farm site from August 1997 until July 1999
will be addressed in this paper.
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Figure 2. Artificial substrata  Iapanese netting between poles! used
to collect Porphyra spores at Huckins Ledge, shown in the high
intertidal zone.

MATERIALS AND METHODS
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Figure 3, Sample polyacrylamide-starch gel stained for
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Monitoring of P. yezoensis at the Huckins Ledge
nursery site was conducted using two methods: sam-
pling of intertidal transects and artificial substrata.
Randomly placed 10-m transect lines were run paral-
lel to the shoreline in the vicinity of the artificial sub-
strata at high- and low-tide marks. Eight transects
were run during each sampling event. All Porpbyra
plants encountered along the 10-m transect line were
collected and analyzed.

The artificial substrata were constructed of spe-
cialized netting from Japan suspended between two
poles. Similar artificial substrata have been reported
in the past for growing seaweeds  Sylvester and
Waaland 1983!. The netting was considered an ideal
substrate for collecting P.yezoensis spores and was
developed by the Japanese to improve monospore

settlement during nori farming. The netting is con-
structed of synthetic fibers to which Porphyra spores
readily attach  Mumford and Miura 1988!, Netting
pieces � m x 1 m! were suspended vertically between
3-m metal posts, approximately 0,5 m off the ground
 Figure 2!. Eight artificial substrata were placed at
low- and high-tide marks at four locations  A, B, C,
and D! in the vicinity of the farm site  Figure 1!.
Artificial substrata and transect samples were collect-
ed seasonally from August, 1997 to July 1999.

Porpbyra species identification was first attempted
using classical features  thallus shape, size, cell
height, number of cell layers and patterns of repro-
ductive cells when available! described in the key of
Bird and McLachlan �992!. After initial examina-
tion, isozyme electrophoresis was used to identify a
set of random samples and any questionable samples
to support visual identification. A modified starch-
polyacrylamide isoenzyme electrophoresis gel system
was used with a Tris-citrate buffer  Cheney and
Babbel 1978; Cheney 1985!. Although several
enzymes were intitially tested, including malate dehy-
drogenase  MDH! ancl phosphoglucose mutase
 PGM!, we found that phosphoglucose isomerase
 PGI! gave reproducible banding patterns that could
distinguish P. yezoensis from the local Porphyra species
in question. PGI has been used to distinguish Pacific
coast Porphyra species  Lindstrom and Cole 1990,
1992a, b; Brostoff and Gordon 1997! and is currently
being used in phylogenetic studies of Atlantic coast
species  C. Neefus, pers. comm.!. P. yezoensis Farmed
by Phycogen is from a single conchocelis stock cul-
ture and as expected showed the same allele for the
PGI locus throughout this study. P.yezoensis PGI
migrates more slowly  i.e., has lower bands! than that
of the local species  Figure 3! and electrophoresed in
a consistent pattern. Samples from our monitoring
study were always run against stock laboratory cul-
tures of P. yezoensis and the two most frequently
encountered local species, P. umbilicalis and P, pur-
purea, as controls on each gel  Figure 3!, P. umbilicalis
and P. purpurea samples occasionally showed poly-
morphism at the PGI locus, but samples always cor-
responded to at least one of the control bands when
screened.

The ability of P yezoensis blades to overwinter in
the field was tested by subjecting blades to winter
conditions in situ. Individual strands of netting seed-
ed with established P.yezoensis blades were affixed by
cable ties to the middle of new artificial substrata at
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high- and low-intertidal locations at the Huckins
Ledge site at the end of Phycogen's growing season,
in the autumns of 1997 and 1998. These strands were

grown and supplied by Phycogen, and had blades
ranging from 1 mm to 10 cm long, in densities 	00
blades/strand. Both seeded strands and nets were ana-

lyzed in the spring ot 1998 and 1999 for survival of
the original blades and for potential recruitment and
establishment on the surrounding netting. Strands
recollected in the spring were cultured under labora-
tory conditions  aerated, sterile, enriched seawater
media, 15'C, 12:12 light-dark cycle! to permit regen-
eration of any P yezoefois blades from spores that
might be present but not visible. Similarly seeded
strands were deployed in May 1999 and collected in
July 1999 to test the ability of P yezoeniis to persist in
the intertidal under favorable conditions. Recollected

strands were cultured as above and Porpbyra recruits
on the surrounding artificial substrata were screened
electrophoretically.

RESUI TS

MONITORING STUDY

The abundance of Porphyra species from transects
at Huckins Ledge varied with location and season.
Greater numbers of individual blades were found

epilithically on small cobble in muddy substrata near
sampling location A and sparser populations were
found on sandy cobble substratum near sampling
locations B, C, and D along the rocky shoreline
 Figure 1!. The performance of the artificial substrata
exceeded expectations and recruited Porphyra plants
in large numbers. A total of 653 individual Porphyra
blades were collected from artificial substrata at

Huckins Ledge during the course of this study and
334 individual blades were collected during transect
sampling. Approximately 26o/o of the Porphyra collect-
ed on artificial substrata and 48o/o collected in tran-

sects were analyzed electrophoretically. The most
common Porphyra species identified from both
artificial substrate and transect collections taken

throughout the year was P, purpurea, The second
most coinrnonly encountered species was P, umbili-
crdis. The seasonal and spatial distribution of
these species between the two years sampled was
consistent.

None of'the Porphyrd blades collected in transect
surveys between August 1997 and July 1999 were
identified as P, yezoensis, of a total of 163 individuals
tested. However, five blades from the artificial
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Figure 4. Electrophoretic screening results for transect and artifi-
cial substrata Porphyra samples collected at Huckins Ledge from
1997 to 1999.

substrata collected in November 1997 were identified

as P yezoensr'I, P yezoensis was not identified in subse-
quent sampling from March 1998 to July 1999 in
either transect or artificial substrate surveys
 Figure 4!.

OVERWINTERING STUDY

Six P.yezoensis-seeded strands of netting used in
the overwintering study at Huckins Ledge in Decem-
ber 1997, were collected and analyzed in March 1998.
P. yezoefrsis was not found on the original pieces or on
the surrounding netting. The netting pieces were
overgrown with Enteromorpha spp. and P, yezoensis
blades did not regenerate after a month in laboratory
culture. This study was repeated in December 1998,
with 11 seeded strands. Of the 11, 9 strands were

recovered in May 1999. One strand had two Porphyra
blades that were identified Inorphologically and elec-
trophoretically as P. umbilicalis. All recovered strands
were cultured in the lab for in excess of 1 mo to

allow for any spores that might be present to grow
into blades; however, no blades were observed.
Strands deployed in May 1999 and recovered in
July 1999 were also bare of P yezoefois blades and did
not regenerate after lab culture, However, the netting
surrounding the strands was well recruited with
P. purpurerr blades.

DISCUSSION

Monitoring of the nursery farm site at Huckins
Ledge was initiated in 1997 because this is where we
believed monospores would have been released in
the greatest numbers and was theref'ore the most like-
ly area for P yezoensis to recruit and establish a popu-
lation. During the two years of this study, only limit-
ed and ephemeral recruitment of P. yrzoensir was
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observed at Huckins Ledge. This recruitment was
observed only on artificial substrata, immediately fol-
lowing a farming season and in small numbers com-
pared to the presence of local Porphyra species. The
P. yezoensis blades collected from artificial substrata in

November 1997 represented only 80/o of the total
Porphyra blades collected during that sampling event
and Ppezoensis was not found in either transect or
artificial substrate collections taken the following
spring. Thus, it appears that P.yezoensis was able to
release asexual monospores during Phycogen's farm-
ing season, but new blades survived only ephemerally
in the intertidal surrounding the farm site. Over-
wiritering experiments conducted in 1998 and 1999
at Huckins Ledge also suggest that P.yezoertsis is not
capable of overwintering in the field. The local
species of Porphyra produce blades in the spring/
summer, generally die off over the winter, and then
return again in the spring when conchospores are
released by subtidal conchocelis populations,
However, P. yezoensis was not identified in any spring
transect or artificial substrate sampling when the
local species blades had reappeared, most likely due
to the temperature restriction in its life cycle upon
which permitting was granted. The inability of P.
yezoertsis to overwinter is further supported by the
fact that an intertidal population of P.yezoensis was
never discovered during our transect satnpling or that
of another researcher  A. Mathieson, pers. comm.!,
at '.he Huckins Ledge site.

It must be acknowledged that this paper reports
only results for the Huckins Ledge nursery farm site
and that differences in site locations may play a vital
role in the ability of P.yezoensis to recruit and survive
in Cobscook Bay. Data from Phycogen's former
grow-out site  Mathews Island!, currently under
investigation, will be described in a forthcoming pub-
lication. Together, our monitoring studies at Huckins
Ledge and Mathews Island should be able to assess
whether P.yezoensis can become established in
Cobscook Bay and demonstrates the usefulness of
monitoring species introduced for aquaculture,
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Biological invasions threaten natural ecosystems
with impacts at genetic, population, and ecosystem
levels  Ruiz et al. 1997!, The Mediterranean, with its
particular geological history and nearly landlocked
geography, has been exceptionally susceptible to bio-
logical invasions. Ecologically, environmentally, and
economically, the invasions into the Mediterranean
Sea have had serious consequences  Boudouresque
1994!. The major pathway of anthropogenic intro-
duction into the Mediterranean Sea is the Suez Canal

 Zibrowius 1994!. Despite physical and hydrological
impediments, hundreds of Red Sea species traversed
the Suez Canal and settled in the Mediterranean,

forming thriving populations along the Levant
coasts, some invaders spreading as far west as Malta,
Sicily, and Tunis  Galil 1994!. Some abundant
invaders constitute a nuisance or an economic bur-

den, others outcompete local species, and yet others
are exploited commercially.

Each summer since the mid-1980s huge swarms
of the invading jellyfish, Rhopikma nomadica appear
along the southern Levantine coast. In 1995 the jelly-
fish was recorded off the southeastern coast of Turkey
 Kideys and Gucu 1995!, and in 1998 a specimen was
collected near Izmir  A. Karatas, pers, comm.!. These
massive swarms of voracious planktotrophs must
play havoc with the meagre resources of this olig-
otrophic sea, and when the shoals draw nearer shore,
they iinpact fisheries, coastal installations and
tourism. Local municipalities report a decrease in

holiday makers frequenting the beaches because ot
the public's concern over the painful stings inflicted
by the jellyfish. Coastal trawling and purse-seine fish-
ing is disrupted for the duration of the swarming due
to net clogging and inabihty to sort yield, Jellyfish-
blocked water intake pipes pose a threat to cooling
systems of port-bound vessels and coastal power
plants: in the summer of 1996 Israel Electric removed
25 tons of jellyfish daily froin its seawater intake
pipes at the Hadera power plant and has since
installed a "jellyfish barrier" at the entrance to the
cooling pond. Yet, that same jellyfish, R, nomadica,
known to shelter among its tentacles the juveniles of
a Red Sea carangid fish, Alepes jd edaba,  Galil et al,
1990!, may have precipitated the sudden population
increase of this commercially valuable fish  Groftt
1987!.

A native penaeid prawn, h1elicertus kerathurus, was
"very commonly caught by trawlers on Israel coastal
shelf especially on sandy or sandy mud bottoms"
 Holthuis and Gottlieb 1958! and supported a com-
mercial fishery throughout the 1950s. It has since
nearly disappeared and its habitat overrun by the Red
Sea penaeid prawns, Geldiay and Kocatas �972!
reported that A1arsupenaeusj aponicus has also replaced
M kerathurus off the southern coast of Turkey and
the rapid advent of another Red Sea prawn,
Metapenaeus monoceros, into the Gulf of Gabes,
Tunisia, has raised concerns over the fate of M
kerathurus fisheries there  Chaouachi et al. 1998!.

Red Sea fish constitute nearly half of the trawl
catches along the Israeli coast  Golani and Ben Tuvia
1995!, In the late 1940s the invading goldband goat-
fish, Upeneus moluccensis, made up 10-150/0 of the total
mullid catches off the Israeli coast. Following the
exceptionally warm winter of 1954-55, its percentages
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increased to 830/0 of the catch, then dropped to 30 /o
of the catch  Ben Tuvia 1973!. In the 1990s, both
im ading mullids, U. molucccnsis and U. pori, formed
87"/o of the muHid catch off the coast of Israel at

depths of 20 m, and 500/o at 55 m, whereas the native
mullids are more abundant at greater depths  Golani
and Ben Tuvia 1995!. Following the winter of 1954-
55, the brushtooth lizardfish, Scturt'da untlosquamis,
ha; become a coxnmercially important fish and its
sh;ire in trawl fisheries catches rose to 25ct/o in 1979

 Gxofit 1987!. The population then diminished and
catches have stabilized at about 50/o of the total trawl

catch  Ben Yami and Glaser 1974; Snovsky and
Shapiro 1999!. The Red Sea obtuse barracuda,
Spt'yraettct chrysotaenia, has outnumbered the native
sphyraenids in inshore trawl and purse-seine catches
along the Israeli coast  Grofit 1987!. In addition, two
of the four species of Red Sea clupeids that estab-
lished populations in the Levant � Dussumierict tzcuta
and Herklotsichthys punctdtus � axe of importance in the
inshore-pelagic fishery,

Red Sea species make up most of the commercial-
ly valuable crustacean catch along both Egyptian and
Israeli coasts  Galil 1986!. An early invader, the swim-
mi ng crab, Portunus pelagicus, was recorded from Poxt
Said in 1898  Caiman 1927!, where it soon became
abundant, and by the beginning of the century was
off red in the markets of Poxt Said, Alexandria, and
Haifa  Fox 1924!. Red Sea penaeid prawns are highly
prized and a small fleet of Israeli coastal "mini"
trawlers has specialized, since the mid 1980s, in
shximping, bringing in a quarter of the total trawl
cat:h volume and a third of the trawl gross income
 Snovsky and Shapiro 1999!. 7Vfarsupenaeusj aponicus,
JVletapenaeus monoceros, and M stebbittgi compose
mcst of the prawn catch off the Mediterranean coast
of:Egypt and in the Nile delta lagoons  Dowidar and
Ramadan 1976; Bishara 1976!.

The sizable assemblage of Red Sea species that
has taken up residence along the Levantine infralit-
toral, modifying the composition and structure of the
biota, and enhancing its tropical affinities, has dis-
rupted the biogeographic unity of the Mediterranean,
and tumed the Levant into a "quasi-tropical"
prcvince. The unique history of the easternmost
Mediterranean that left it warm, salty, and impover-
ished is at the base of a singular synergy between
anthropogenic and environmental factors, Though
the expected outcome of invasion is reduction in
diversity, we witiiess an invasion that increases faunal

diversity, and augments the local fisheries � every
cloucl has a silver lining.
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INTRODUCTION

RESULTS AND DISCUSSION

The exotic mudsnail, Batillaria attrarnentaria, was
introduced to the west coast of North America in the

early part of this century with aquaculture imports of
the Pacific oyster, Crassostrea gigas, and has been dis-
placing the native mudsnail, Cerithidea californica
 Byers 1999!. Both species produce demersal egg sacs
wirh directly developing larvae and exhibit limited
movement as adults, and thus comprise essentially
closed populations within bays. Both snails also are
susceptible to infection by trophically transmitted
trematode parasites that typically infect C. californica
at I higher rate than B. attrarnentaria  Sousa 1983;
Lafferty 1993; McDermott 1996; Byers 2000!. The
trematode species substantially affect these snail
species by castrating infected individuals, eliminating
future reproduction. Byers �000! demonstrated that
these snail species compete for shared, limited
diatom food resources and that the introduced snail,
B, attrarnentaria, is superior in exploitative competi-
tion due to its higher resource conversion efFiciency.
Predictions of individual-level interspecific effects of
each species upon the other based on consumer-
resource data were highly accurate at an individual
level  Byers 2000!,

Here we use an individual-based model to expand
these predictions and project the population-level
impact on the native snail, C. californica, caused by

'This extended abstract describes a manuscript currently in press
for publication in Ecology.
iCc rresponding author; telephone: 360-378-2165;
fax: 206-543-1273; e-maih jbyers@u.washington.edu
sCcrrenr address: Friday Harbor Laboratory, University of
Wru hington, 620 University Road, Friday Harbor, WA 98250.

the nonindigenous species. By using empirical data
to parameterize the model, we can project times of
local extinction for the native snail, and also focus on
two areas of priinary importance to invasion biology
not directly amenable to field manipulations: �! the
relative importance of mechanisms responsible For
the exclusion of Cerithidea by Batillaria, and �! iden-
tification of the metrics and biological measurements
within a system that provide useful information
about the likely course of the invasion in a given
location. Identification of the metrics most sensitive

to invasion impact would greatly aid resource man-
agers in making decisions about which characteristics
of a native species or system to monitor to provide
earliest detection of problematic exotic species.

Our model tracked the species, sex, age, size, and
infection status of each snail species through tiine,
We set most demographic rates and interaction coef-
ficients with empirical data derived from populations
of the snails in Bolinas Lagoon, California  Byers
2000; Byers unpublished data!, In summary, the
model parameters and operations allow the number,
sizes, and species of snails to determine the amount
of resource available. Snail growth rates vary with
resource level. Both species exhibit similar per capita
rates of resource consumption; however, Batillaria is
superior to Cerithidea in terms of how it responds to
resource level  resource conversion efficiency!. Egg
production also is dependent on resource level, since
no reproduction occurs if the level falls below 0.5-
mmt diatom surface area/mm2 sediment surface area.

Egg mortality is constant and equal between the
species. Infected and immature snails  �4 mm! can-
not reproduce; otherwise, reproductive output
increases with snail size. Monthly mortality is density
independent and Cerithidea dies at a higher rate than
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Table 1. Stare variables and parameters and their associated mathematical relationships used within the model. For the first three state vari-
ables, empirical relationships were determined experimentally froin plots with snails of single species  Cerithidea or Battttaria! and sizes �0
rnm or 20 min!; hence, corresponding values are denoted by the first initial of each species with size class in mrn as a subscript, For the
first three state variables, snails of intermediate sizes were calculated by linear interpolation from the 10- and 20-mm snails. Snails beloiv
this range were treated as 10 mm and snails above this range were treated as 20 mm, Parameter values appear at bottom of table. Parasitic
infection rates were derived from field data; egg survival and shell erosion are informed estimates.

Relationship/Values CommentsModel component

A. State Variables

Diatom eve

 pmz diatom surface area/
pmz sediment surface area!

When snails of mixed species and sizes were present, the
coefficients  a and b! were the means of their separate va ues.

Clo

Czo
810
Szo

Growth was constrained to be positive; a small decrease due to
erosion or basic metabolism was applied separately,  ln the fieId,
large Cerithidea at low resource levels exhibit negative tissue
growth!.

Resource-dependent
individual growthf
 mm! C10

Czo
81o
8zo

For infected snails, the ca culated value was ncreased 10'lo,

The maximum age for all snails � 20 years.
Density-independent

mortality*
 probability of death/month!

� m * length + b

0,24 � 2.07

0.0093 0.23

None if snail infected, if <14 mm, or if diatom level <0.5= 0,079 *  snail length!»Reproduction
 eggs/year!

B. Parameters

Egg survival
 probab'lity of surviving/egg/year!

1/300

p Bar/i/aria!=0.3*p Cerithidea! Probability was applied once during spring and once during
summer; Snails <14mrn not susceptible to infection

Parasitic infection rate"

 probability per season!

Shell erosion � 0.1rnrn/y r

For one or more of the state variables and parameters that differed between the species, some runs ser the value for Batt//aria equal to the
value for Cerithidea, to determine which differences may be most imponant in promoting the displacement of the latter by the former.
t Both a species' ekect on the diaroin resource and its growth response ro diatom levels combined represent its exploitative competinve
abilities. In simulations that removed Batillaria's competitive advantage, both state variables were equalized io Cerithidea's values. Since
the species impact the diatom level similarly, the majority of the effect of equalizing compention derives from changes in the efficiency of
Bati//aria's conversion of resources ro growth.

= a * exp  b * snail density!

4.3 � 0.0044

4.02 � 0.0067

4.46 � 0.0024

4.22 -0.0061

= rn* diatom level+ b

0.36 1.73

0.40 � 0.26

0.03 2.85

0.26 1.48

Batillaria. Maximum longevity for both species is
capped at 20 years. Finally, parasitic infection rates,
which are naturally lower in Batillaria, reflect the
probability of uninfected individuals becoming
infected at a given time step within the model, with
infection increasing the typical monthly mortality
rate for an infected snail by 100/0  Table l!. The basic
flow of the model is depicted in Figure l,

We first tested the relative importance of
Batillaria's demonstrated advantages in parasite resist-

ance  top-down effect!, exploitative competition  bot-
tom-up effect!, and mortality rate  demographic
advantage! in driving its successful invasion and dis-
placernent of cerithidea. Such an analysis pinpoints
the key pathway through which the exotic species
derives the majority of its success, and also suggests
pathways of intervention that may more successfully
control or delay the impact of the exotic species.
Model results indicate that displacement and ulti-
mate local exclusion of Cerithidea by Batillaria takes
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L i 0 years90 yearsMetrics tracked '
~ density
~ size dislnbution
egg oil'Iput

~ population biomass
~ proportion parasitized
+ mean growth rate
~ diatom abundance

�00 replicates!

Figure 1. Flow chart of model.

between 55 and 70 years. Furthermore, exploitative
competition and susceptibility to parasitic infection
ar» relatively weak mechanisms in driving the overall
success of Batillaria. Although these interactions pro-
vide the mechanism for Balillaria to exert an influ-
ence on Cerithidea, Batillaria's lower density-inde-
pendent mortality rate plays the key role governing
Batillaria's displacement of Cerithidea. Management
techniques can therefore focus particular attention on
all:viating species-specific differences of this mecha-
nism, for example, through physical removal of
Batillaria, to most effectively neutralize the invasion.

To determine the earliest point that a monitoring
program could detect the impact of the invader in
the native system, we tested the sensitivity of many
response variables of Cerithidea at the population and
individual level, including density, population bio-
mass, egg production, mean size, proportion of
infected individuals, and individual growth rate. We
also tracked the overall level of diatom resource in

th» marsh. For these model simulations, we chose an

initial number of Batillaria invaders to inoculate into

Cerithidea populations that previous results showed
would guarantee extinction of the native snail in
100% of the runs within 90 years. In this manner, we
could identify which biological responses of the
native snail gave the earliest signal that a detrimental
invader had entered the system. Despite almost
immediate detection of increasing invader popula-
tions, all metrics for Cert'thidea were slow to exhibit
evidence that this observed increase in invader densi-

ty impacted the native species. Most metrics took at
least 25 years from the beginning of the invasion to
show significant declines, By this point, the presence
of the exotic species and its effect on the native
species was essentially irreversible. Native snail egg
production and marsh-wide diatom abundance
reflected impact from the invader the quickest of all
metrics � within 15-20 years, Difficulty in finding reli-
able, early-warning metrics has crucial implications
For how we should view and conduct monitoring
programs and risk assessment analyses.
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United States policy to prevent ballast water
transfers of harmful aquatic organisms and pathogens
has evolved rapidly throughout the 1990s, This paper
briefly outlines some of the major policy and tech-
nology developments in the United States to date,
and discusses pressing policy and technology needs
of the future.

The Great Lakes region, ground-zero for some of'
the worst infestations of harmful aquatic organisms
including the zebra mussel, was the first to become
politically active over the detrimental effects of non-
indigenous species. Interest in the impacts of exotic
aquatic organisms on the Great Lakes ecosystem
increased throughout the 1980s and in 1989, with the
explosion of the zebra mussel population in the
lakes, the region sought Congressional action.
Congress responded with the Nonindigenous
Aquatic Nuisance Prevention and Control Act of
1990  P.L. 101-646 � NANPCA!. This legislation, as
introduced, would have created a national regulatory
ballast management program, along with a national
program for managing impacts of aquatic nuisance
species  S. 2244!. But the demand for ballast manage-
ment from other coastal regions was not yet adequate
to overcome industry opposition and the legislation
as enacted created a ballast program targeted at the
Great Lakes only. In 1993, the program became the
first mandatory prevention program globally, requir-
ing ballast management on all ships entering the
Great Lakes after operating outside the Exclusive
Economic Zone.

While the ballast program was limited to the
Great Lakes, NANPCA did set up a national aquatic
nuisance species task force and program, and planted
strategic information requirements to cultivate inter-
est in a national ballast management program. In par-
ticular, the legislation called for a study of the risk
posed by invasive aquatic organisms in U.S. waters
other than the Great Lakes. The resulting "Shipping
Study", completed in 1993 by Carlton et al. and pub-
lished in 1995 by the U. S. Coast Guard  USCG!,
showed very clearly that foreign ballast water was dis-
charged in commercial harbors and coastal areas
around the country. The report indicated that these
coastal areas were already sustaining impacts of bal-
last-mediated transfers of exotic organisms.

Events also highlighted the interests of other
regions. In 1992, the Food and Drug Administration
and the Centers for Disease Control, responding to
detection of Vibrio cholerae in shellfish beds of Mobile

Bay, analyzed the ballast tanks of ships entering
Mobile Bay from South America. The agencies found
a strain of cholera consistent with that in the shellfish

beds and in harbors in South America in several ves-

sels  McCarthy and Kharnbaty 1994!.
Work began in 1995 on the reauthorization of

NANPCA, particularly to make it national in scope.
The Northeast Midwest Institute held a National

Forum on Nonindigenous Species Invasions of
Marine and Fresh Waters in early 1996 to raise the
awareness of Congressional offices regarding the
national scope of the problem  NE-MWI 1996!.
Scientists from around the country came together
For the first time to present their respective finding~
regarding impacts of invasive aquatic organisms on
their regions. The Pacific Northwest, California,
Hawaii, the Gulf of Mexico, the Mississippi, the
Great Lakes, New England, the Mid-Atlantic, and
the Soutlieast were represented. The Forum was
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effective at communicating a national need, and the
National Invasive Species Act of 1996 became law
 P.L. 106-232!.

With the enactment of the National Invasive

Species Act  NISA! in the United States, negotiations
to create an international ballast-management regula-
tion at the International Maritime Organization
 IMO! took on new urgency. Flag countries began to
tal.e the process more seriously as it became clear
th;it unilateral mandatory action beyond that in the
U.S. Great Lakes would take place even in the
abience of a timely international framework, This
outcome is still likely, Even though the Coast Guard
published its final rule establishing the national bal-
last management program 18 months late  in mid-
1998!, the program must become regulatory by 2001
if compliance or reporting on a voluntary basis is not
ad quate. This time frame will precede any final
IMO action, currently scheduled for the 2002-2003
biennium, Meanwhile, environmental groups peti-
tioned the U.S. Environmental Protection Agency,
 USEPA! to regulate ballast water under the Clean
Water Act. The time frame for initiating regulation
under the Clean Water Act may not be faster than
th;it outlined in NISA  even given the Coast Guard
delay!, but the interest in it underscores the reality
that ballast management requirements are coming in
the United States; there are more questions about
wl..o will regulate than whether regulation will occur.

Pressure has built for technology research and
development in direct response to ballast policy
innovations. In 1990, while Congress considered
NANPCA, concern over the limitations of the ballast

ex< hange option for treatment led to a National
Research Council  NRC! study of ballast water treat-
ment alternatives, The NRC report, Stemming the Tide,
completed in 1996, recommended research and
development work on a number of potential treat-
ment technologies  NRC 1996 !. As a result of the
report, the Northeast-Midwest Institute and the Lake
Carriers' Association launched the Great Lakes

Ballast Technology Demonstration Project  GLBTDP!
in collaboration with several federal, state and indus-
try interests, primarily with state-level funds from the
Great Lakes Protection Fund, The GLBTDP has

researched the merits of filtration and will review

various forms of secondary treatment during 2000.
More funds for research and development of treat-
ment technologies became available pursuant to
NISA. The Fish and Wildlife Service and the

National Oceanic and Atmospheric Administration
 NOAA!'s National Sea Grant College Program
began to solicit proposals for ballast treatment
research pursuant to this program in 1998. Table 1
provides a summary of policy and technology devel-
opments in ballast management.

FUTU RE DI RECTIONS

Developments in the state-of-the-art of ballast
treatment have tended to follow from policy
advancements. The reason for this effect is that as

demand for action increased, focus on the insuffi-

ciencies of the suite of currently available ballast
treatments also increased. The current set of options
and some of their limitations are summarized below:

1. High-Seas Ballast Water Exchange

This technique is fairly effective but has several
limitations associated with it. Probably the greatest
limitation of the technique is that it is effective only
on high-seas voyages. The technique involves replace-
ment of near-coastal ballast water and organisms with
open-ocean ballast water and organisms. The method
owes its efficacy to the fact that open-ocean organ-
isms are not likely to survive in near-coastal ports of
call. Thus, in instances of coastal voyages, the effica-
cy of ballast exchange is greatly compromised if not
eliminated because the ship would be replacing near-
coastal ballast water with similar water, with organ-
isms adapted to near-coastal areas. A second limita-
tion is that ships may be fully loaded in their
transoceanic voyage. In this case, a ballast exchange
would overload the vessel, Yet unpumpable sludge in
the bottom of the tank can later be resuspended in
subsequent ballast operations and discharged into
harbors. In addition, there are sea conditions that are

considered unsafe for ballast exchange operations.
Finally, ballast exchange is difficult to verify, which
complicates accurate compliance monitoring.

2. Ballast Water Exchange in Alternate Exchange Zones

The effectiveness of ballast water exchange as a
treatment option in coastal voyages and in stormy
conditions coulcl be enhanced by the designation
and use of alternative exchange zones in near-coastal
areas. To be effective, such zones must be located
where prevailing currents are seaward. The Ballast
Exchange Study, required by NANPCA 1990 and
released in draft by Becton et al. in 1998, surveyed
U.S. coastal waters for possible alternate exchange
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1980s Attention to U.S. exotic species problems grows primarily n the Great Lakes region due to species impacts; spurs demand for
ballast management requirements.

1989 Zebra mussel infestation creates political will in Great Lakes region to accept ba last management restrictions,
Primarily at urging of Australia, International Maritime Organization  IMO! Marine Environment Protection Committee convenes
a Ballast Working Group.

1990 Congress enacts the Nonindigenous Aquatic Nuisance Prevention and Control Act  NANPCA! creating a regional ballast man-
agement program for the Great Lakes and initiating studies to document need for national program.

1992 Great Lakes ballast management program becomes mandatory pursuant to NANPCA.
Shellfish beds 'n Mobile Bay close temporarily due to contamination by Vibrio choierae possibly transported in ships' bal ast
tanks, Ballast management recognized as public health issue.
U.S, nitiates Nat onal Research Council Study to explore ballast management alternatives.

1995 LI.S. Coast Guard  USCG! Shipping Study carried out pursuant to NANPCA is released detailing national need for ba last man
agement.

1996 Nationa Forum on Nonindigenous Species Invasions n US Fresh and Marine Waters presents evidence of national scope of the
prob em to Congressional offices.
Congress enacts the National Invasive Species Act creating a national ballast management program.
The National Research Council completes its review of possible ba last technologies,
The Great Lakes Protection Fund awards grant to initiate the Great Lakes Ballast Technology Demonstration Project.

1997 The IMO's Marine Environment Protection Committee names ballast management a top pr ority and approves Assembly
Resolution 868 request ng all member nations to implement ballast management guidelines.
Hundreds of scientists sign a letter to Vice President Al Gore requesting a national program to address exotic species of all kinds.

1998 USCG publishes draft national ballast management program pursuant to NISA.
IMO begins crafting treaty language for an international regulation
Fish and Wildlife Service and the Nationa Ocean c and Atmospheric Administration award first ballast techno ogy development
grants.

1999 Environmental groups petition U.S. Environmental Protection Agency  USEPA! to regulate ballast discharges under the Clean
Water Act.
Clinton Administration issues an Executive Order calling for a more coordinated federal response to the exotic species problem.
USCG issues final rule for U.S. nationa ballast management program,
Great Lakes Ballast Technology Demonstration Project filtration experiment completed.
Fish and Wildlife Service and the National Oceanic and Atmospheric Administration award second round of ballast technology
development grants.

2000 Great Lakes Ballast Technology Demonstration Project secondary treatment trials to be completed.

2001 Ear iest date the U.S, national ballast management program could become mandatory,

may make retention on board increasingly possible.
Despite its limited applicability, this method should
be listed as an option because, when it is applied, no
other treatment is needed.

Table l. Time litae For ballast management policy in the United States

sites, The study concluded that Few, if any, near-
coastal areas meet statutory requirements for
alternate exchange zones, The only such zone that
has been designated is located in the Gulf of St.
Lawrence in Canadian waters. Canadian scientists are

currently investigating possible detrimental effects of
ballast exchange at this site on the Gulf ecosystem,

3. Retention of'Ballast Water on Board

Ships can retain ballast water on board and not
threaten the environment. However, only rarely is
this option consistent with cargo loading and unload-
ing operations, although new container ship design

4. Best JN'anagernent Practices

Ships can undertake a variety of best manage-
rnent practices, termed precautionary practices in the
IMO guidelines, which can provide marginal protec-
tion against species transfers, even on coastal voy-
ages. These practices are not considered substitutes
For ballast water exchange, and cannot on their
own adequately reduce the risk of ballast-mediated



276 CANGELO»i

transfers of organisms. However, they are important
to an overall prevention strategy. They include such
methods as timely cleaning of ballast tanks, avoid-
ani e of'ballast uptake in known areas of harmful
species outbreaks  such as red tide zones!, and dis-
ch:irge of only the minimum amount of ballast water
needed to carry out cargo operations.

While better than nothing, the current set of'
options presents serious gaps in resource protection
 especially related to coastal voyages and treatment of
ballast residuals!, and problems for ship operators
 re..ating to safety, monitoring difficulty, and crew
time!. On-board and shore-side treatment are the best
pre>spects for improving the practicability and effec-
tiveness of ballast water treatment. These approaches
could be used alone or together to achieve adequate
treatment, The technologies of greatest interest are
he;it, ultraviolet radiation, filtration, cyclonic separa-
tion, ozonation, and biocides.

The next generation of ballast management in the
Ui> ited States will likely incorporate some or all of'
these options. Which technologies gain prominence
is of less importance than the integrity of the overall
system of'coastal protection from ballast-mediated
invasions, That integrity will depend upon whether
the ballast management system is:

Gomprehensive � Future ballast management
should address coastal as well as transoceanic

x oyages, and loaded as well as unloaded vessels.
This requirement almost mandates that treatment
technology replace to a large extent ballast exch-
ange as the primary approach to ballast manage-
rnent,

:Flexible � The system should be spatially flexible,
i.e., able to accommodate fluctuations and changes
in both the nature and patterns of shipping and
the nature and patterns of invasions. The system
also should include a diverse enough set of'treat-
rnent alternatives that operators can maximize
efficiencies given the particulars of their ships and
voyage patterns, Some treatments, such as forms of
heat treatment, may be effective only on ships
engaged in lengthy and tropical voyage patterns;
f'o r these ship» the method may prove the least
costly, yet the same method would be insufficient
for ships on other types of'voyages.

~ Safe and Practicable � The system should include
methods that protect the safety of crew and ship,
present minimum maintenance and operational
clifficulties, and do not create undue delay for

ships. These characteristics will prevent the system
from f'ailing due to non-use,
Effective The system should include methods that
are better and more consistent than ballast

exchange at removing or killing organisms. It
should also incorporate a level of redundancy, pro-
viding backup for instances in which the primary
system of'treatment fails or becomes unavailable
 for example, shore-side treatment for sliips should
be available for those ships for which on-board
treatment malfunctions or ballast exchange is
unsafe!.

~ Environmentally Sound � Given today's level of'
sophistication in pollution prevention technology,
the system should be expected to actually solve
environmental problems rather than just replace
one with another.

' Efficient � The system shou! d provide this
protection for coastal resources at a minimal cost
to society.

Accountable � The system will need to be one in
which effective participation can be monitored
actively and accurately.

' Globally Applicable � The U. S. system should be
supportive of a credible globa] system of ballast
management. A U.S.-only system will never be
enough to protect U.S. waters because a prolif'era-
tion of'source areas abroad would raise the odds

that transf'ers to U,S, waters will take place passive-
ly or through the cracks in our own prevention sys-
tem. The next system must be compatible with the
needs and realities of developing countries as well
as with those of relatively wealthy nations.

Shore-side treatment, ship-board treatment, and
ballast water exchange are all likely elements of the
next generation of ballast management. One scenario
that meets the above criteria and that we are on the

way to achieving includes  I! continuing to allow
high-seas ballast exchange for transoceanic voyages,
but over time combining it with an obligatory back-
up system of alternate exchange zones or shore-side
treatment to address instances in which ballast

exchange is not an option  e.g., coastal voyages and
stormy conditions!; and �! continuing to provide
ships with the option of installing and using ship-
board treatment to relieve themselves of the obliga-
tion to conduct ballast exchange/back-up treatment.
Retaining the treatment obligation on board the ves-
sel as much as possible will help make this system
flexible and globally applicable, However, adding the
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backup requirements will help improve the compre-
hensiveness and effectiveness of the system and cre-
ate incentive to industry to move from ballast
exchange to more reliable technological alternatives.

A great deal of thought and experimentation
should precede any conclusions about which particu-
lar technologies and treatment alternatives should or
should not be part of the next generation of ballast
management. Hopefully, more rather than fewer such
options will prove consistent with a long-term and
effective ballast management system. If the next gen-
eration of ballast management is to become a reality
in the foreseeable future, government, industry, and
resource protection interests should actively under-
take new research that reflects a partnership between
resource management and industry interests, is scien-
tifically rigorous, and meets environmental and safe-
ty requirements.
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MATERIALS AND METHODSINTRODUCTION

To understand patterns of survival in ballast water
assemblages, we sampled plankton at the start and
finish of voyages that differed in length and point of
origin  Figure 1!. We report findings from two of
these routes. Between 1994 and 1997, we sampled
plankton from the cargo hold of a coal carrier trans-
porting ballast water from Israel to Chesapeake Bay,
USA  n = 13 voyages!  Smith et al. unpublished
data!, Between 1996 and 1997, we sampled plankton
from the topside deck tanks of a domestic coal
carrier transporting ballast water from Somerset,

To develop predictive models of marine inva-
sicns, information is needed concerning which inoc-
ulants fail, as well as which succeed and why  Carlton
1996!. The movement of ballast water by commer-
cial ships is recognized as a primary mechanism for
the global transfer of marine organisins  Carlton
1985; Carlton and Geller 1993; Smith et al, 1999!, yet
surprisingly little is known about patterns of survivor-
sh.ip during transit. To date, most ballast water studies
have provided a checklist of taxa present in ballast
water at the end of voyages  e.g., Williams et al. 1988;
Carlton and Geller 1993!. Quantitative counts of
organisins are needed at the start and finish of voy-
ag.s to determine which taxa comprise an inoculant
pool and which are more likely to survive the pas-
sage.

In separate long-term studies, we examined the
intracoastal and transoceanic transport of organisms
in the ballast water of coal ships. Our objectives were
to:

~ characterize the initial planktonic assemblages in
the ballast water,

~ assess the type and number ofballasted organisms
! emaining over voyages of both short and long
duration, and
Test for inter-voyage differences or taxonomic bias-
es in survivorship.

Figure 1. Routes of intracoastal and transoceanic voyages sampled
between 1994 and 1997. Intracoastal voyages transported ballast
water from Somerset, Massachusetts �1' 42'N, 71' I I'W! to
Norfolk, Virginia �6' 51'N, 76' 19'W! in Chesapeake Bay.
Transoceanic voyages transferred ballast water from Israel, Italy,
and the Netherlands to Chesapeake Bay. Of the transoceanic voy-
ages, only the Israe'li component is reported here.

'Corresponding author; telephone: 781-581-7370, fax; 781-581-
60 t6, e-mail: Idsmith@iynx.neu.edu

Changes In Ballast Water Biota During Intracoastal and Transoceanic Voyages
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Massachusetts to Chesapeake Bay  n = 7 voyages!
 Lavoie et a/. 1999!. Initial plankton samples were
taken immediately after ballasting and final samples
just prior to deballasting in the respective ports. In all
instances, we sampled plankton in the ballast water
to a depth of 2 m using replicate tows of a plankton
net �.15-m diam. opening, 80-Iim mesh!. Temper-
ature and salinity of the ballast water were also taken
at the start and finish using a salinity-conductivity-
temperature meter.

Plankton samples were processed at the
Smithsonian Environmental Research Center in

Edgewater, Maryland  transoceanic voyages! and at
the Northeastern University Marine Science Center
in Nahant, Massachusetts  intracoastal voyages!.
After initial observations for living organisms, all
samples were preserved in 10% formalin. Organisms
were later identified to the lowest taxonomic group
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Figure 2. Relative numetical abundance  % of total organisms! of
major groups at the start and finish of  A! intracoastal and  B!
transoceanic voyages. Error bars are + 1 S.E.M,
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possible and enumerated using a dissecting micro-
scope  see Lavoie et al. 1999 for details!. We countt d
preserved organisms only if they showed evidence of'
internal tissue  or pigment! and no gross signs of'
deterioration  eg., disarticulation of copepod
exoskeletons!. We feel our data provide a good
approximation of'survivorship. Any bias in our calcu-
lations would likely lead to overestimation of transit
success, but unless such biases were large, they would
not significantly affect interpretation of our results.

Replicate tows were averaged to obtain mean ini-
tial and final abundances for each taxon per voyage.
These valves were then used in repeated measures
multivariate analysis of'variance  MANOVA! models
to test if there was an overall effect ol time on abun-

dance.

A diverse assemblage of organisms was transport-
ed in the ballast water during both intracoastal and
transoceanic voyages. At least 40 distinct taxa of net
phytoplankton and zooplankton were identified from

0
Intracoastal Transoceanic

Figure 3.  A! Comparison of the total number of organisms in-' at
the start and finish of intracoastal and transoceanic voyages on a
logio scale.  B! Coinparison of the percent of all organisms
remaining at the end of intracoastal and transoceanic voyages.
Error bars, + 1 S.E.M. Kruskai-Wallis tests, " p �,05. "" p  
0.01," "p   0.001.
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co.mbined intracoastal voyages  Lavoie et rd. 1999!.
Over 70 taxa were collected from transoceanic voy-
ag< s  Smith et'/. unpublished data!. InitiaHy, intra-
coastal samples were dominated by copepods,
dinoflageHates, and diatoms  Figure 2A!. Copepods
also dominated initial transoceanic samples @800/0 of
total organisms!, with dinoflageHates and meroplank-
ton  e.g., larvae of benthic polychaetes, crustaceans!
m;<king up most of the remainder  Figure 2B!. The
relative abundance of the major groups changed over
th<.' course of both intracoastal and transoceanic voy-
ages. For example, the relative abundance of cope-
pods increased during the course of intracoastal voy-
ages, while that of dinoflageflates decreased  Figure
2A!. In contrast, the relative abundance of copepods
de:reased during transoceanic voyages, while that of
dinoflageflates and diatoins increased  Figure 2B!.

Overall, the total number of organisms declined
significantly for both intracoastal and transoceanic
voyages  Figure 3A!. The decline in numbers, howev-
er, was greater for transoceanic voyages  870/0! than
for intracoastal �90/0! voyages  Figure 3B! and may
reflect the substantial difference in average transit
time �9 d vs. 1.5 d respectively!.

Despite a general pattern of declining abundance,
survivorship varied greatly among taxonomic groups
for both intracoastal and transoceanic voyages
 Figure 4A, B!. DinoflageHates and diatoms suffered
particularly sharp declines during intracoastal voy-
ag:s, while copepod abundances showed smaller loss-
es  Figure 4A!. In contrast, dinoflageflates and
diatoms fared relatively better than copepods during
transoceanic voyages  Figure 4B!. Survivorship of
combined taxa varied significantly among voyages for
inl:racoastal  repeated measures MANOVA, p =
0.036! and transoceanic  p = 0.032! routes  data not
shown!. There were, however, no seasonal differences
in survivorship during transoceanic voyages  repeated
measures MANOVA, p = 0.62!. Too few intracoastal
voyages were surveyed to test for seasonal differences.

DiscussioN

We attribute the decreases in net plankton abun-
dance during both intracoastal and transoceanic
voyages to mortality. While the possibility exists that
some species of'dinoflageflates and diatoms may
have encysted and settled out of the water column,
analysis ofbaHast water sediments showed few
organisms in the bottoms of ballast tanks  Lavoie et
al. 1999!, The potential causes of mortality are
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Figure 4. Ivlean abundance  no. organisms m 1! of major taxo-
nomic groups in the ballast water at the start  mitial! and fmish
 final! for combined  A! intracoastal  n = 7! and  B'! transoceanic
 n = 13! voyages. Meroplankton consisted of planktonic larval
forms of benthic invertebrates. Holoplankton included rnulti-
celled organisms that spend their entire life cycle in the plankton
 other than copepods!. Protists included all single-celled plankton-
ic organisms other than dinoflageliates and diatorns, Taxon
responses were not uniform over time for either intracoastal
 repeated measures MANOVA, F � 6,06, df � 4, 30, P = 0.0011!
or transoceanic  F = 5.17, df � 5, 72, P �.001! voyages. Mean
abundances were back-transformed and presented on a log<0 scale.

numerous and include physiological stress due to
changing temperature or salinity, starvation, preda-
tion, or toxic substances in the tanks  Lavoie et al.
1999!. We discount the first option, because our data
showed little change in either temperature or salinity
of the ballast water during most voyages  Lavoie et al.
1999; Smith et rd. unpublished data!. Oxygen concen-
tration and pH of the ballast water also remained
constant during one transoceanic voyage  Smith et al.
unpublished data!.

A successful ballast-mediated invasion is a mu! ti-

step process in which organisms must survive uptake,
transit, and release before establishing  Carlton 1985;
Lavoie et rd. 1999; Smith et al. 1999!. Our data suggest
that the transit stage is a significant selective event,
both numerically and taxonomically, for baHasted
organisms. Thus, the ballast water biota at the end
of a voyage represents only a subset of the original
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inoculant pool, even for voyages of short duration.
Mortality, however, was significantly greater for the
longer route in our studies. Our data indicate that
certain taxonomic groups  e.g., copepods! dominated
the ballast water assemblage at both the beginning
and end of voyages. Regional surveys designed to
assess numbers and types of invasive species would
do well to devote special attention to these more
abundant taxonomic groups.

Our studies need to be repeated For different
routes and for voyages of varying duration to sepa-
rate out potential regional differences in survivorship
from true temporal effects associated with the
voyage. Such information will be vital in assessing
the risk of ballast-mediated invasions for different

vessel routes,

LITERATURE CITED

Carlton, J.T. 1985. Transoceanic and interoceanic dispersal of
coastal marine organisms: the biology of ballast water.
Oceanography andltlarine Biology Ann>ra/Reviert> 23:313-371.

Carbon, J.T. 1996. Pattern, process, and prediction in marine
invasion ecology, Biological Cons~atii>n 78: 97-106.

Carlton, J.T. and J.B Geller. 1993. Ecological roulette: biological
invasions and the global transport of nonindigenous marine
organisms. Science 261:78-82.

Lavoie, D.M., L.D, Smith, and G.M. Ruiz. 1999, The potenti;il
for intracoastal transfer of non-indigenous species >n the ballast
water of ships. Lstnarsne, Coscrtaland Shelf Science 48:551-564.

Smith L.D., M.J, Wonham, L.D. McCann, G.M, Ruiz, A.H.
Hines, and J.T, Carlton. 1999. Invasion pressure ti> a baiias>-
flooded estuary and an assessment oi'inoculant survival.
Biological invasions 1:67-87.

%'iiiiams RJ,, EB. Griffiths, EJ. van der Wai, and J. Kelly. 1988.
Cargo vessel ballast water as a vector tor the transport of n<>n-
indigenous marine species. Bstssarine, Coastal and Shelf Scien>e
26:409-420.



282 MCCOLLIN ET AL.

Transport of Phytoplankton Via Ship's Ballast into Ports Around England
and Wales
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ABsTRAcT: Ballast water was sampled from vessels arriving at 21 English and Welsh ports. The majority of the
ballast water originated from Northern Europe. All but one of the water samples contained phytoplankton with
some evidence of a seasonal pattern of temperate spring and autumn blooms. A number of toxic and/or nuisance
species were found, e g�Psegdonitzscbia spp�Dinophysis spp., Ceratigm spp,, Diettocha spp., and Phaeogsts's spp.
Dinoflagellate cysts were recorded in 84a/a of sediment samples and included Scrippsiella hangoes',
Pentapbarsodinium tyrrhenicgm and Gymnodinissm catenrrtssm, species not previously recorded in British waters, In
addition, some potentially toxic species, of which Atexanrtrssm tamssrenselcatarsel1a was the most common, were
also found. This project confirms previous studies in that viable organisms are being transported into English
and Welsh ports and may subsequently become established within British waters, Thirty of the fifty non-native
species in British waters are thought to have been introduced via shipping, either in ballast water or hull fouling.
The International Maritime Organization regulations may reduce the transfer of non-native species between con-
tinents. However, much of the shipping that discharges ballast in British waters wiili not be subject to these reg-
ulations and there is therefore still a risk of secondary introduction of species from established populations at
other European ports.

Key words: ballast water, nonindigenous species, introduced species, dinoflagellate, toxic alga, phytoplankton

INTRODUCTION

Vessels have carried marine organisms to areas
beyond their ability to reach by natural range expan-
sion  Carlton 1985!. Organisms can travel attached
to the hull or be carried aboard with the ballast

water and associated sediments. There has been a

steady increase in numbers of introductions of
marine species worldwide and a small number of
the: e species have caused major ecological, econ-
omic and public health problems  Carlton 1985!.
International attention has focused on ballast water

as a primary means of introduction on a regional,
national, and international level. Species that have
commanded particular attention include the zebra
mussel, Dreissena polymorpha, introduced to Lakes
St. Clair and Erie in the late 1980s  Herbert et al.
1989!, the ctenophore, JMnemiopsis leirlyt', introduced
from America into the Black Sea in the 1980s

 Shushkina and Musayev 1990! and the potentially
toxic dinoflagellate, Gymnodinium catenatttm, intro-

i Co> responding author.
2 Present addre>s: FRS Marine Laboratory, PO Box 101, Victoria
Roaci, Aberdeen, AB I 1 9DB; telephone/fax: +44 1224 295573;
e-mail: mccollintc@m arlab.ac. uk

duced From Japan to Australian waters  Hallegraeff
et al, 1988!.

Ballast water introductions are an international

problem and this has been recognized by the
International Maritime Organization's  IMO!
Marine Environment Protection Committee, which
is in the process of'introducing legislation to control
the introductions of marine organisms and
pathogens via ship's ballast. Presently, their guide-
lines recommend to member states measures that
include:

~ avoidance of ballasting in known bloom areas or
areas with a heavy sediment load

~ retaining ballast water where possible and not dis-
chargmg it in port
exchanging ballast water in mid-ocean.

Fifty-one non-native marine species are known to
be established in Britain, half of which are thought
to have been introduced by shipping either via hull
fouling or in ballast water  Eno et al. 1997!. The
earliest of these records was the Southeast Asian

diatom, Odontella sinensis, which appeared in 1906
 Ostenfeld, 1908! and more recently the American
crab, Rithropanopeusharrisii, found in 1996  Eno et al.
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1997!. Non-native species in Britain have generally
originated from similar latitudes, in particular from
the east coast of the United States and the western
Pacific, although secondary introduction from main-
land Europe is also a common route of entry  Eno et
al. 1997!, To date, the introductions into British
waters have not caused major probleins � the main
effect has been the displacement of native species
 Eno et al. 1997!. There have also been some local-
ized effects such as fouling by Undaria pinnattfida
 Fletcher and Manfredi 1995! and damage to fishing
nets caused by the scum formed as blooms of
Coscinodiscus wailesii break down  Boalch and
Harbour, 1977!, However, with continued ballast
water transport this may not necessarily be the case
in the future.

Macdonald and Davidson �997! studied organ-
isms in ballast water aboard vessels arriving at
Scottish ports. Potentially toxic dinoflagellate cysts
were recorded, including two species  Alexandrium
minuturn and Gymnodinium catenaturn! not currently
described from UK waters. Potentially toxic diatoms
and dinoflagellates were also found, i,e�Pseudo-
nitzschia spp., Dinophysis spp., and Alexandrium spp.
The zooplankton examined contained a great diversi-
ty of taxa including two non-indigenous species of
calanoid copepods and five other species  four cope-
pods and one polychaete! only rarely seen in
Scottish waters,

In England and Wales, the Ministry of Agricul-
ture, Fisheries and Food  MAFF! is responsible for
the marine environment and has funded a three-year
research project designed to investigate the transport
of marine organisms in ships' ballast water, The
results wiII enable the development of government
policy on the discharge of ballast water and sedi-
ments. The project is being carried out at the School
of Ocean Sciences at the University of Wales,
Bangor. It is closely associated with the project car-
ried out in Scotland  Macdonald and Davidson
1997! and will share a common database of results.
The project has also been associated with a European
Union Concerted Action on Testing Monitoring
Systems for Risk Assessment of Harmful Intro-
ductions by Ships to European Waters and has been
involved in developing ballast water sainpling
systems.

The main objectives of this project are to estab-
lish a sampling strategy for collection of ballast water
and associated sediment From ships docking at ports

around England and Wales and to investigate the
range and numbers of organisms present in the bal-
last tanks. The project aims to examine as wide a
range of ports and vessels as possible.

This paper describes the collection of both phy-
toplankton and zooplankton from ships' ballast but
provides preliminary results for phytoplankon work
only as the zooplankton analysis is still underway.

MATERIALS AND METHODS

A questionnaire survey carried out by Laing
�995! identified ports most likely to have received
foreign ballast, and these ports were selected for s.im-
pling. The sampling methods were based on those
developed at the Marine Laboratory in Aberdeen
 Macdonald and Davidson 1997!. Safety restrictions
prevented use of electrical and battery-operated
equipment on certain classes of vessel such as those
carrying inflammable or explosive products.
Consequently, all sampling methods avoided pow-
ered sampling apparatus.

Sampling was via a deck hatch. However, vessel
design varied and it was not always possible to use
the same method, and so several inethods f' or sam-
pling were employed,

WATER SAMPLES

A vertically integrated sainple was taken by low-
ering a weighted, reinforced hose �5-mm internal
diam.! through the hatch opening to the bottoin to
the tank. A valve at the top of the hose was closed
off and the hose was quickly pulled up. The contents
of the hose were emptied into a bucket in order to
collect sub-samples. Samples were collected for
phytoplankton analysis and preservecl immediately
with Lugol's iodine. A clear glass bottle �00-ml! was
filled for future salinity analysis; this sainple required
no preservation. The temperature was measured
and a pH reading was taken as soon as possible after
sampling.

Sediment Samples

The weighted hose was lowered to the bottom of
the tank, connected to a hand driven Mono pump
�VIodel GH25! and a sediment slurry pumped up
and collected in two 10-1 carboys. The carboys con-
taining the sediment slurry were placed in a dark
cold room � C! on arrival back at the laboratory
and left for a week to allow the sediment to settle.
The water overlying the sediment was then removed
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by siphoning. The sediment was then transf'erred to a
smaller container for centrifuging at 3000 rpm for 10
min. The supernatant was poured off and the
remaining sediment stored at 4'C until dinoflagel-
late-cyst analysis.

Some samples were only possible using a sound-
ing pipe, A narrow reinforced hose �3-mm internal
diam,! was pushed down the sounding pipe, con-
nected to the hand pump, and any sediment slurry
was pumped up and collected in carboys. This sam-
ple was collected first, as the hose cannot be moved
to try to obtain sediment from other areas of the
tan.k. The hose was then puHed up slightly and water
was pumped into a bucket in order to collect sub-
samples as described above, Integrated samples
could not be taken from sounding pipes, as it was
not possible to pull the hose up before it emptied.

On some occasions it was not possible to sample
using either of the above methods. In this case a
variety of methods was used to collect samples.
Samples were collected from an air pipe on deck if
the ballast water was "pressed up" until it overflowed
from the air intake pipe. All samples were collected
by placing the buCkets, carboys, and net under the
flow of water. If the vessel was deballasting, samples
wer= collected by holding a bucket under the out-

flow. Samples were also collected with a bucket if the
level in the ballast tank was too low for the pump to
work efficiently but there was room to lower a buck-
et. Some sainples were taken from the ballast pump
system: the pumps were turned on and samples
taken via a bleed valve.

SAMPLE EXAMINATION AND MICROSCOPY

Phptoplankton

Phytoplankton were settled by measuring 1, 5,
10, or 50 ml into settling chambers and leaving for
24 hr. The settled sample was then examined using a
Nikon Diaphot inverted microscope using bright-
field and phase-contrast illumination, The whole
bottom plate was scanned at a low magnification
�50x! in order to record large diatoms and dinofla-
gellates. Two transects were scanned at a higher mag-
nification �00x! to count and identify smaller organ-
isms, including small flagellates. Sometimes fine sed-
iment made examination of the sample very diffi-
cult: these samples were sieved using 10-pm mesh
before settling,

Di noflagellate cysts

Sub-samples of sediment  or the whole sainple if
there was very little sediment! were placed in an
ultrasonic bath for 2 min to remove detritus from
cyst walls and to break down any aggregations. The
sonicated sediment was then washed with 0.2-pm fil-
tered sea water and fractionated through 106-pm and
20-lim sieves. The material retained on the 20-Iim
mesh was washed thoroughly with filtered sea water
into a beaker and diluted to a known volume; densi-
ty gradient centrifugation was then used to concen-
trate the cysts  Bolch 1997!. A subsample of this sus-
pension was then examined at 300x magnification
under a Nikon Diaphot inverted microscope using
brightfield and phase contrast illumination. Any full
cysts found were counted and identified as far as
possible,

To date, 112 vessels have been sampled at 21
ports, Figure 1 shows the locations of the ports and
how many times each were visited. Eight types of
vessel were sampled, the majority being container
vessels and bulk carriers  Table 1!. The range of bal-
last water origins are shown in Figure 2, with north-
ern Europe and near continent being the most com-
mon last port of call. In some cases it could not be
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Figure 2. All recorded origins of the ballast water and how many
times a vessel wax sampled carrying ballast from each origin

ascertained exactly where the ballast water had been
taken on board- some were of unknown origin and
some were a mix from two or more sources. A total

of 106 water samples, 88 net samples, and 102 sedi-
ment samples were collected. Of these, 44 were sam-
pled via a deck hatch, 41 through sounding pipes, 6
from the ballast pump system, 5 using a bucket and
16 by some other means as described in the inethods
 e.g., air pipe overflow, bleed valve!.

Of the 100 ballast water samples analysed to
date, only one did not contain any phytoplankton.
The samples contained marine and freshwater organ-
isrns, in numbers ranging from 1,000 cells l ' to 49 x
10s cells l I and their abundance reflected a seasonal

pattern of temperate spring and autumn blooms
 Figure 3!, Table 2 shows the taxonomic diversity of
the phytoplankton found in the water samples. The
most common group was diatoms, represented by 42
genera, compared to 19 genera for dinoflagellates.
Although it was possible to identify some diatoms to
species level using the light microscope, it would
only be possible to identify others to species using
the scanning electron microscope. Of the nine
diatom genera occurring �0% of the samples, all
were cosmopolitan species and comprised both
planktonic and benthic species. The most common
diatoms were small centrics �0-20-atm diam,!, tenta-
tively identified as Thalassiosira spp. Other diatoms,
Xitzschi a spp., Chaetoceros spp., ¹~icula spp., Paralia
sulcata, G~rosrgma/Pleurosrgma spp., Skeietonema costa-
tum, lVitzschi a longissima, and Tbalassionema
nitzschoides, were present in �0% of the samples.
Representatives of the genus Pseudonitzschia were
recorded in 26% of the samples.

The most common dinoflagellates from water
samples were Gymnodr'nium spp. and unidentified
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Table 1. The different types of' vessels sampled and the numbl r
oi'occasioiis each type was sanipled during the course of the
project.

Type of vessel Number of samples

Table 2. Taxonomic diversity of phytoplankton samples.

Environment Group Water Samples Sediment Samples
Species Genera Species Genera

thecate and naked dinoflagellates, which were pres-
ent in 
0% of the samples. Prorocentrum spp. and
Prorocentrum micans were present in 17% and 16% of
the samples, respectively. Other dinoflagellates
included eight species of Protoperidini um and seven
species of Ceratium. Dinophysi» spp. was recorded iii
4% of samples. Some of the water samples also con-
tained dinoflagellate cysts, including Protoperidinium
spp. �3 samples! and an Aiexandriumtamarense-type
cyst � samples!.

The flagellates were difficult to identify as they
are easily damaged during sampling and preservation
methods distort their shape. Potentially toxic or nui-
sance species included Dictpocha speculum and
Phaeocystis spp. Among the common freshwater gen-
era was the diatom genus Pragilaria spp. �1% of the
samples!, chlorophytes such as Pediastrum boryanum,
Scenedesmus quadricauda, and Anlristrodesmus spp., and
a cyanobacterium, Jdl'icrocystis spp., some strains of
which can be toxic.

Of the 60 sediment samples analyzed 84% con-
tained dinoflagellate cysts. A total of 33 species rep-
resenting 15 genera were identiflicd; thc most corn
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Figure 3. Monthly mean phytoplankton cell counts using ballast
water samples originating from European ports. Number of
samples analysed for each month indicated by number above
error bar.

mon cysts were Protoperidinium spp, and Scrippsiella
spp. The concentration of cysts varied from I to
8125 cysts ml-i of wet sediment, with the majority of
the samples containing a total of �00 cysts ml-i of
wet sediment. Four samples contained 	000 cysts
ml-' of wet sediment. Three species, Scrippsiella hang-
oei, Pentapharsodinium tyrrhenicum, and Gymnodini um
catenatum, not previously recorded in British waters
were identified. Scrippsiella hangoei was present in two
samples with a maximum density of 8125 cysts ml-i.
Cysts of potentially toxic species were coinmon and
included Alexandrium tamarense/catenella  the inos t
common!, A. mi nutum and a Gymnodinium caten-
atum-type cyst  present in 13%, 6%, and 0.6% of
sam ples, respectively!.

DiscvssioN

The water samples examined contained a wide
range of organisms from both marine and freshwater
environments, reflecting the variety of ballast water
origins, As reported in previous studies, diatoms
were the most numerous phytoplankters found in
water samples  Carlton and Geller 1993; Subba Rao
et al. 1994; Gollasch 1995; Macdonald and Davidson
1997!. This is not unexpected as the flora of coastal
regions is dominated by diatoms For most of the year
and vessels would generally load ballast in coastal
ports, In inany cases organisms such as dinoflagel-
lates and diatoms were found to be viable. This is

consistent with Macdonald and Davidson �997!,
who found 51% of cysts that were incubated from
sediment samples hatched into motile dinoflagellates
and with Hallegraeff and Bolch �992!, who success-
fully germinated 20 out of 53 cyst species from bal-
last tank sediments. All of these studies indicate that

a wide range of organisms survives the journeys in
ballast tanks and that there is a risk of introducing
unwanted species into English and Welsh ports.

Diatoms from the potentially toxic genus
Pseudonitzchia were common; these may be P, cf. deli-
catissima and P. cf. seriata and require SEM work to
provide a definite identification. Diatoms from this
genus were also found in 38% of the ballast water
samples analysed by Macdonald and Davidson
�997!. Pseudo-nitzschia multiseries has been linked to
an outbreak of Amnesic Shellfish Poisoning  ASP! in
Canada  Bates et al. 1989! and several other species
within this genus are known to be toxic. There is a
wide distribution of P. pseudodelicatissima, P, delicatissi-
ma and P. seriata in North Atlantic waters but P. mul-

tiseries is not common in European coastal waters
 Hasle et al, 1996!, Pseua'o-nitzschia spp, were included
in the Scottish toxic algal inonitoring programme in
1996 and the first recorded occurrence of ASP in

mussels was reported in the same year  Kelly and
Macdonald 1997!. The presence of ASP in Scottish
waters has led to closures of fisheries in 1998 and

1999  M. Kelly, pers. coinm.!.
Potentially toxic or nuisance flagellates were also

present. Nuisance species may cause blooms that dis-
color the water, deoxygenate the water column, or
clog fishing nets with the scum forined when the
bloom breaks down. Two species found in this study,
Phaeocystis spp. and Ceratium spp., fall into this cate-
gory. Potentially toxic species included Dinophysrs
spp., known to cause Diarrhetic Shellfish Poisomng
 DSP!,which can affect humans and other mammals
 Larsen and Moestrup 1989!. The silicoflagellate
Dictyocha speculum was also present in some water
samples; this species has been implicated in Fish kills
in southwestern Denmark in 1983  Larsen and
Moestrup 1989!. Although these species are native,
ballast water transport is one way in which nuisance
or toxic species could be transported to areas where
they may not have previously caused a problem.

Dinoflagellate cysts have been recorded in 84%
of the sediment samples, a greater frequency than
has been recorded in previous studies by Hallegraeff
and Bolch �992!, who found cysts in 50% of sedi-
ment samples and Macdonald and Davidson �997!,
who found cysts in 64% of sediment samples. One
of the cysts found in this study closely resembled
Gymnoa'inium catenatum, a toxic species that has not
been previously recorded in British waters but was
also Found in the study carried out by Macdonald
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and Davidson �997!, The potential introduction of
this species is of concern as it is a known Paralytic
Shellfish Poison  PSP! producer. However, the taxo-
nomic position of this species is unclear and there
are indications that there is a non-toxic European
species, The cysts found may therefore be those of
the European species, G, nolleri, rather than the non-
native G. catenatum  Ellegaard 1998!,

Cysts of the toxic dinoflagellates A, catenellal'
tamarense and A. minutum were found in 13o/o and

6o/o of the samples, respectively. Cyst densities
ranged from 21-1400 cysts ml-I of wet sediment for
A. catenellaltamarense and from 1-900 cysts ml-' of
wet sediment for A. minutum. These are densities

greater than those found by Macdonald and
Davidson �997!, who recorded Alexandrium-type
cysts in 17 /o of sediment samples with maximum
abundances of 94 cysts ml-' for A, catenellaitamarense
and 125 cysts Inl-' for A, minutum. Both this study
and the Scottish study  Macdonald and Davidson
1997! had cyst densities much lower than the 22,500
A. tamarense cysts cm-' reported by Hallegraeff and
Bolch �992! from a sample taken from a ballast tank
containing water loaded during a bloom. Several
Akxanclrium species are known to cause PSP but
Alexandrium type cysts are difficult to identify with-
out germination studies. A, tamarense is present in
U.K. waters and has been implicated in PSP events
 Macdonald and Davidson 1997!. Dense blooms of
A. minutum along the Brittany coast have caused
shellfish contamination by PSP  Erard-Le Denn et al,
1993!, but this species is not common in British wat-
ers and has not been known to cause any probleins.

The vessels were sampled from a range of special-
ized ports dealing with containers, oil and gas, grain,
general cargo and cars, The majority of studies in the
past have focused on one type of vessel such as
cargo vessels  Hallegraeff and Bolch 1991; Carlton
and Geller 1993! or sampled a relatively small num-
ber of ports  Gollasch et al. 1995! as these were con-
sidered to represent the greatest risk in terms of bal-
last water introductions. The majority of the ballast
water �0o/o! sampled in this study originated from
within Europe and the vessels carrying the ballast
generally had short journeys of up to a few days
between ports. Laing �995! reported that of the esti-
mated 16.8 million mt of ballast water discharged
into English and Welsh ports only 1 lo/o was estimat-
ed to have originated from outside Europe; this per-
centage is reflected in our sampling data,

All vessels may pose a potential risk of introduc-
ing non-native species. However, our results indicate
that, owing to the large the number of factors
involved, generalizations regarding the number of
species present within the tanks are difficult. The
variety and density of the organisms present in the
ballast tanks will be influenced not only by the port
of origin and the season but also by factors such as
sampling methods used, ballast management, and
ship type. The large number of vessels visiting from
ports in Europe with correspondingly short journey
times to ports in England and Wales suggests that
there would be a greater risk of secondary introduc-
tion of non-native species from established popula-
tions at other European ports than from primary
introductions from areas outside Europe, There is
also a risk of translocating toxic or nuisance native
marine organisms to areas where environmental con-
ditions may Incan bloom or toxin formation may be
more likely.

It is apparent that the proposed IMO regulations
will have limited effect with respect to preventing
the introduction of non-native species into UK
waters. The regulations generally deal with ballast
carried on a deep-sea voyage, i,e., in waters 500 m
deep and 200 mi offshore for more than 48 hr, A
vessel on such a voyage would then be required to
carryout some form of ballast management such as
mid-ocean exchange. As the majority of the ballast
arriving in UK waters originates in Europe, ballast
exchange would not be required. There will therefore
be a risk of continued introductions of non-native

species from ports within Europe.
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At least since the arrival in New Zealand of

Captain Cook's sailing ship the Endeavour, New
Zealand's harbor and coastal ecosystems have been
modified by numerous fouling organisms and other
marine flora and Fauna introduced from foreign
shores. Although New Zealanders are very familiar
with the considerable damage inflicted on their ter-
restrial native flora and fauna by small mammals
deliberately or accidentally introduced From Australia
 opossums! and Europe  rabbits, goats, pigs and
deer!, marine exotic species are also a problem
despite the lack of public awareness, As a conse-
quence, New Zealand's marine biosecurity is low
compared to the terrestrial scene.

Several of New Zealand's prominent marine
bioinvaders are controversial. For exainple, the
Pacific oyster, Crassostrea gigas, was introduced in the
1970s and now supports a marine farming industry

PATTERNS OF MARINE BIOINVASION IN NEW EEALAND 289

worth several millions of dollars to New Zealand

each year. But, in some areas such as city beaches,
C. gigas is a pest owing to this species' reef-building,
habit, which results in a displacement of sand and
fouling of inshore structures and facilities such as
boat ramps, Similarly, the Japanese kelp, Undariapin-
natifida, arrived in the 1980s and has export potential
as a farmed sea vegetable  wakame! but there also are
concerns that U. pinnatifida is seriously affecting New
Zealand's coastal ecosystems  Battershill et al. 1998;
Hay 1998!.

Global trends in marine bioinvasion, patterns of
overseas trade, and shipping statistics indicate that
other potentially more harmful marine species sucli
as the northern Pacific seastar, Asterias arnurensis, now

established in Tasmania and Port Phillip Bay  Furlani
1996!, and the European shore crab, Carcinus maenas,
will invade New Zealand, primarily as a result of bal-
last water discharges. Ballast water is undoubtedly a
key player in the trans-location of marine species
around the globe, and at the close of the twentieth
century, important transport routes exist for the
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Figure 1. History of New Zealand's overseas trading patterns showing the major diversification in trade during the 1960s  data from
Statistics New Zealand 1998!.

dispersal of nonindigenous marine species into and
within the Pacific Ocean  Carlton 1985; Carlton
1987; Cohen et al. 1995!.

PATTERNS OF OVERSEAS TRADE
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Figure 2. Native ranges of New Zealand's nonindigenous marine
species  data from Cranfield er al, 1998!.

The New Zealand economy is particularly reliant
on exports of agricultural products  dairy, wool, and
other edible products of animal origin!, forestry
products, and raw materials  aluminium and mineral
fuels!. More than 99 percent of these exports,
totalling about 20.5 million mt, are loaded at New
Zealand's international sea ports  Statistics New
Zealand 1998!.

Although New Zealand's trade with Australia was
significant during the late 1800s, up until the 1960s
New Zealand's most important trading partner was
the United Kingdom  Figure 1!. Since the early 1960s
there has been considerable diversification in New
Zealand's trade with other European countries
 EEC!,Japan, and other parts of Asia and various
countries belonging to the Asian Pacific Economic
Co-operation  APEC! group including the USA,
Canada, and Chile. Today, more than half of New
Zealand's overseas trade is with Australia and Asia

 Statistics New Zealand 1998!,

Associated with changes in New Zealand's trading
patterns since the 1960s has been a notable increase
in the proportion of foreign marine species estab-
lished in New Zealand waters that are native to Japan
and other parts of the northern Pacific and Asia.
Prior to 1960, less than 2 percent of New Zealand's
foreign marine species were thought to have arrived

from Japan and other northern Pacific countries,
whereas after 1960, about 38 percent of new intro-
ductions originate from this region  Figure 2!. The
majority of species introduced from European coun-
tries and the Atlantic Coast of the USA are fouling
organisms such as bryozoans and ascidians, many of
which are thought to have been transported around
the world on the outside of ships' hulls during the
early part of this century,

About 130 species recorded as established in
New Zealand waters are thought to be introduced
 Cranfield et al, 1998!. Sixty-nine percent arrived as
fouling organisms on the outsides of vessels' hulls
and floating structures, while only about 3 percent
most likely arrived in ballast water  Figure 3!. It is
unknown, however, whether 21 percent were intro-
duced as a result of transport on the outsides
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Figure 3. Pathways of introduction of New Zealand's nomndige-
nous marine species  data from Cranfield et el.1998!.

of ships' hulls or on floating structures, or whether
they were discharged in ships' ballast. Some non-
indigenous species probably remained unidentified
for several decades  Forrest et al, 1997!, A high level
of taxonomic skill is required to differentiate between
native and nonindigenous marine flora and fauna
and new exotic species usually go undetected until
they are well established  MacKenzie 1996!.

Although many of New Zealand's conspicuous
fouling organisms were introduced by shipping in the
early part of this century, today most modern ships
visiting New Zealand � including container vessels,
bulk carriers, and gas and oil tankers � have clean
hulls with very little external fouling. All modern
ships carry seawater or freshwater ballast, however,
genera.lly in segregated tanks, Significantly, the last
few decades have also seen the evolution of the rela-

tively fast modern bulk carrier and today ships
enroute to New Zealand from temperate northern
hemisphere countries spend only a few days in the
tropics, compared to several weeks during the early
days of shipping.

The importance of'trends in New Zealand's trad-
ing patterns and ballast water in the trans-location of
new marine species to New Zealand is substantiated
by the recent arrival of several molluscs that are
native to northern parts of Asia such as the bivalve,
Theora lubrica, the Asian clam, Musculista senhoust'a,

and algal species including U. pinnatifida. The early
life-history stages of these species appear especially
suited to uptake, survivorship, and discharge in ship' s

ballast water  Cranfield et ul. 1998; Willan 1987; Hay
and Luckens 1987!.

The likelihood of delivering an inoculum of an
unwanted marine species via ballast water is related
to the number of ship visits as well as to the total vol-
ume of ballast water discharged. New Zealand cur-
rently receives 2,500 to 3,000 Foreign ship visits per
year and this results in an annual total discharge of
four to six inillion mt of ballast water  Hayden 1995;
Hay et ul. 1997!.

The risks to New Zealand's marine biosecurity
From hull Fouling as well as fouling of'floating struc-
tures such as barges and oil and gas drilling platforms
cannot be ignored  Nelson 1993!. Oil rig platforms
and clip-on side structures floated in From Asia dur-
ing the 1970s for Auckland's Harbour Bridge, are
responsible for introducing some of New Zealand's
conspicuous fouling organisms  Foster and Willan
1979; Nelson 1993!. Since the 1970s a significant pro-
portion of New Zealand-owned and -operated fishing
companies have chartered foreign fishing vessels.
These vessels are often tied up for long periods in for-
eign ports before being commissioned by these com-
panies to fish intensively for deep-sea fish stocks
 squid, southern blue whiting, and hoki!. Fishing is
usually seasonal and maintenance and cleaning oper-
ations are often carried out in New Zealand harbors.

An event that happened to result in a positive
outcome in terms of improving New Zealand's level
of marine biosecurity was the arrival in 1994 of a
heavily fouled Russian super trawler. Prior to comiiig
to New Zealand to fish for hoki on the west coast of

the South Island, the trawler had been laid up for 18
months at Port Novorossiysk in the Black Sea, a port
known to have relatively high numbers of laid-up
fishing vessels. Unfortunately, at no time prior to it
having its hull cleaned while in dry dock in New
Zealand was the vessel observed by a marine biolo-
gist; however, after hearing about the state of the ves-
sel's hull a serious concern was raised by Cawthron
Institute staff  Hay and Dodgshun 1997!.

As a consequence, the New Zealand Fishing
Industry Association recognized that some overseas
fishing vessels operating in New Zealand waters are a
significant biosecurity hazard and adopted an indus-
try-wide Code of Practice, This Code of Practice
stresses that the charter company obtain a guarantee
from the vessel's owner that the hull of the vessel

is Free From plant and animal growth and provides
the company with rights for having the vessel
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inspected at the owner's cost and, if necessary,
cleaned on arrival in New Zealand and the fouling
mat.rial disposed at a designated land-based refuse
site  Pfahlert 1997!.

New Zealand's marine biosecurity remains at risk
from these chartered foreign vessels, however, and in
recent years New Zealand's rapidly expanding domes-
tic foreign fishing fleet poses additional risks when
these vessels return to fish in New Zealand waters

aftei' fishing in the territorial seas of other countries
suc}.. as the west coast of South America  Potter
1998!.

PATTERNS OF THE FUTURE

As overseas trade and shipping traffic increases,
we can be almost certain that the new miHenniuin

will see more nonindigenous marine species reaching
Ne~ Zealand shores, especially via baHast water from
countries in relatively close proximity such as
Australia and Asia as well as from other parts of the
Paciflc. Because of the global spread in the past few
decades of the European shore crab, C. ntaenas
 Cohen et a/. 1995! and the relatively recent arrival of
the northern Pacific seastar, A. amurensis, in Tasmania
and Port Phillip Bay as mentioned above, it seeins
only a matter of time until these potentially harmful
mar ne species are introduced into New Zealand
waters � if they are not already established.

Major considerations for New Zealand's marine
biosecurity in the new millennium are the geography
of international trade routes and the level of interna-

tional as well as domestic shipping activity, Future
overseas trading patterns, therefore, will be important
in determining which exotic species wiH invade New
Zealand waters and when these invasions might
occur.

ln addition to the major increase in trade
between New Zealand and Australia and Asian coun-

tries over the last three to four decades, there has
been a steady increase in trade with several new trad-
ing partners, especially South American countries
such as Chile, It can be expected, therefore, that in
the next few years far greater quantities of ballast
water wil! be discharged in New Zealand ports and
harbors by the increased number of ships plying
transport routes originating froin South American
ports. New Zealand spans the same southern latitudi-
nal i'ange as the southern coast of Chile, and the cli-
mate and marine flora and fauna and ecosystem
structure in parts of this region show some striking

similarities to New Zealand's marine ecosystems. For
example, the circum-subantarctic open-coast bull
kelp, Durvillea antarctica, is native to New Zealand as
well as to Chile.

New Zealand's coastal marine ecosystems are like-
ly to be suitable environments for the establishment
of numerous South American marine species, some
of which may be indigenous to that region and cur-
rently have very little or no invasion history. As
demonstrated in the last few decades by Japan, coun-
tries with growing economies are the important
donor regions of exotic species in the future
 Ricciardi et al. 1998! and South America is the most
rapidly growing region in the world  Statistics New
Zealand 1998!.

Moreover, isolated oceanic islands such as New

Zealand are predisposed to human-related bioinva-
sions. This is largely because of their long isolation
from inany of the selective forces that have played a
role in determining the species composition of conti-
nental biological communities  Loope and Mueller-
Dombois 1989!. New Zealand's terrestrial ecosystems
are characterized by a long list of invasive species
which were not considered a pest in their native
region, but became one when introduced into a new
environment  e.g., feral European mammals, opos-
sums, and brown trout!, a pattern which is at least
partly attributable to New Zealand's extreme geo-
graphic isolation  Townsend 1996!.

This pattern of ecosystem vulnerability apparent
in New Zealand's terrestrial ecosystems may also
apply to marine ecosystems. For example,  J. pinrtati-
fida is a highly opportunistic annual; an invasive life-
history characteristic attributable to this species' rap-
idly growing, reproductively active sporophyte stage.
Prior to U. pinnatrfida becoming established, however,
aH large New Zealand kelps and large fucalean sea-
weeds were perennials that are far less successful at
pre-empting available space. Although searches for
invasion patterns based on the biogeography of the
Pacific Ocean are limited by our knowledge of sys-
tematics and species distributions  Carlton 1987!, the
application of principles and predictions from island
biogeography may prove very useful in future risk
assessments aimed at improving New Zealand's level
of marine biosecurity.

MECHANISMS FOR INTERNAL QUARANTINE

If it is inevitable that new foreign marine species
will invade New Zealand waters, there currently are
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no marine biosecurity management strategies in place
to limit the spread of'unwanted species such as the
European shore crab, C, nraenas, or the northern
Pacific seastar, A. amurensis. The newly formed
Ministry of Fisheries is currently in the process of
improving surveillance procedures for newly intro-
duced marine organisms  Cox 1998!. However, there
are no current standards for regulating hull Fouling or
for the discharge of ballast that was loaded in one
New Zealand port into the waters of another port,

New Zealand has 16 domestic shipping ports
which are distributed throughout its North and
South Islands. On arrival in these ports, international
as weII as domestic ships  mainly container vessels!
and fishing vessels frequently discharge ballast water
that was uplifted from their previous New Zealand
port of call. In the case of new introductions in
source ports, the only reliable management strategy
may be quarantine of the infected area by preventing
or strictly limiting all local shipping activity.
However, strict quarantine of the major ports is clear-
ly not a viable option.

Limiting shipping traffic is also unlikely to be a
viable management option, however, owing to the
national and regional demand for domestic transport
to and from New Zealand's main centers. Even if

quarantine were an option, it would be impossible to
prevent the spread of high-risk species suited to trav-
elling large distances �00s-1000s km! in coastal cur-
rents to suitable habitats outside the region of initial
infestation. For example, the northern Pacific seastar,
A. atnurensis, has a planktonic larval life of 50 � 120
days  cited in Bruce et al. 1995! and would be capable
of natural dispersal over these scales.

In coastal waters, the only management strategy
currently applied to limit the regional spread of
marine species in ships' ballast is mid-ocean ballast
exchange, either by complete reballasting, or by flow-
through dilution. These measures are recommended
by the International Maritime Organisation  I MO!
to minimize the global spread of nonindigenous
marine species. Unfortunately, however, these meth-
ods are no panacea for the ballast water problem,
domestically or internationally  see below!.

Although some studies have demonstrated that
the chances of trans-locating marine organisms from
source to recipient ports are considerably reduced
after carrying out a mid-ocean exchange  Williams et
al, 1988!, other studies have demonstrated that mid-
ocean exchange is only partially effective in removing

species that have settled in the bottom sediments ot
ballast tanks, such as dinoflagellate cysts  Hallegraeff
and Bolch 1991; 1992!. During 1990, Locke et al.
�991! sampled the ballast water of 59 foreign ships
bound for the Great Lakes, USA and calculated th<
effectiveness of mid-ocean exchange at eliininating
live freshwater zooplankton to be 67 percent.

During 1995-97, the Cawthron Institute sampled
the ballast water from 161 ballast tanks of'50 foreign
ships and Found that about 80 percent of the tanks
contained live phytoplankton and zooplankton, The
proportion of tanks containing marine organisms
belonging to each of the major taxonomic groups
encountered in the samples was similar for tanks that
were exchanged  either by complete reballasting or
flow-through dilution! and tanks that were not
exchanged  see Hay et al. this volume!. Many of these
taxonomic groups were characterized by coastal
species  cysts, molluscs, and annelids! and most of
the exchanged tanks contained a mixture of coastal
species mixed with oceanic species. Thus mid-ocea»
exchanges were only partially effective at removing
coastal phytoplankton and zooplankton from ballast
tanks  Hay et al. 1997!.

Although flow-through dilution may have the
advantage over reballasting as a method of carrying,
out a ballast exchange when maintenance of ship sta-
bility and limits on longitudinal stresses and structur-
al loads are at risk  because of marginal weather con-
ditions!, flow-through dilution has a number of sig-
nificant disadvantages:
�! Air ventilators, manholes, or tank lids have to be

used f' or the overflow and these are not designed
to vent water.

�! If air ventilators are too narrow  they should bc
designed to cope with 125 percent of tank capaci-
ty!, or are occluded or blocked, the tanks may be
pressed up too far  over pressurized! during
exchanges.

�! Removing manholes or deck plates may compro-
inise the strength of the deck, especially in heavy
seas.

�! Many vessels are not designed for flooding vast
amounts of water on deck, This may impose seri-
ous safety risks on crew members,

�! In icy conditions, overflow may cause accretion
of'ice.

�! Not generally suited for double-bottom tanks
because the high head of water may cause excess
internal pressure.
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Figur 4, Abundance of invertebrate taxa at two strata in the
forep ak tank of a doinestic comainer ship prior to  Port of
One>unga! and after  Port of Nelson! an open ocean ballast
exchange by flow-through dilution  "refers to invertebrate taxa
that were present in the water uplifted in the donor port, but
werc aot present in open ocean samples collected during the
exchange!.

�! The length of time required to make the
exchange  three times the tank volume! may be
longer than the voyage, especially on domestic
routes.

 8! 13ailast pumps may be required for other func-
tions,

 9! fhere are also a number of scientific concerns
with the flow-through dilution method.
Its effectiveness at ridding ballast tanks of

unwanted marine organisms may be highly variable,
and therefore unreliable, as a marine biosecurity
management tool for use by internal quarantine
agencies. For example, a recent shipboard trial con-
ducted by Cawthron on the forepeak tank of a
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domestic container vessel produced what at first
appeared to be a counter-intuitive result. Certain har-
bor and estuarine zooplankton species being used by
Cawthron as indicator species to measure the effec-
tiveness of mid-ocean exchanges were common at
the source port but were not present in plankton
samples collected froin the open ocean  outside the
12 mi limit! during the time the ballast exchange was
carried out. However, soine of these indicator species
 the calanoid copepod Paracalanus sp. and nauplii lar-
vae of the barnacle Elminirrs modestsrs2! occurred in
higher numbers in samples taken from the water col-
umn of the tank immediately after carrying out an
exchange using the flow-through dilution method
 three times the original volume of water in the tank
was pumped through the top of the tank via vents
located on the foredeck!, compared to samples taken
from the tank immediately prior to departure from
the source port, several hours after the tank had been
filled  Figure 4!. This result indicates that sampling
prior to departure or during mid-ocean exchange was
not sufficiently representative, or that some of the
zooplankton uplifted at the source port are resus-
pended from the bottom of the tank during the
exchange and retained in the tank throughout the
exchange  authors' data!.

Even if mid-ocean exchange is effective, hull foul-
ing may be important with respect to regional and
local dispersal. Fishing vessels as well as small pleas-
ure craft commonly sail between coastal destinations
around the coast. These vessels are very effective at
distributing reproductively viable life-history stages
of fouling species such as gametophytes and sporo-
phytes of the kelp U. pinnatifid'a, Secondary dispersal
by coastal shipping and small boats is responsible For
the regional spread of U, pirrnatifida along the east
coast of New Zealand's South Island  Hay 1990!.

CONCLUSION

It seems inevitable that in time certain high-risk
invaders will reach New Zealand shores, but invasion
rates can be minimized by recourse to decision-
making tools such as risk assessinents for ballast water
discharges in relation to current and future overseas

2 Elminirrs nroclrsrrrs is the most numerous barnacle species in New
Zealand's sheltered waters and harbors where it attaches itself to
practically any hard substrate. Elrninirrs was translocated to Britain
during World War ll on vessels sailing from Australia and New
Zealand and has subsequently spread to other parts oi- Europe
 c.unsnn i 993!.
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trade patterns. Clearly, more knowledge is required
about those marine species particularly suited to
trans-location by shipping and which have invaded
countries that will be New Zealand's important trad-
ing partners in the future.

At present, New Zealand requires an effective
marine biosecurity surveillance program aimed at
detecting new introductions. The benthos, plankton,
and artificial structures, and the outsides of vessels'
hulls in ports and harbors should be regularly moni-
tored, especially in international ports, Regular sur-
veillance will be crucial to the success of response
measures such as attempts at eradicating unwanted
species from highly valued coastal areas.
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AssTRACT: International shippmg has been recognized as a major vector for the introduction of nonindigenous
and harmful organisms through the transport of species in ballast water as well as fouling on hulls, In recent decades,
ballast water discharges have increased throughout the world in and near most major ports, causing an increased
probability of successful transfer and establishment of self-sustaining populations of exotic species. Although many
data reviews and sampling programs have been carried out, little information exists on the survival rates of species
or individuals during ship journeys. Detailed information on the survival rate of species would assist in evaluat-
ing the risk of unintentional introductions. During a previous study, the surrival of planktonic organisms in bal-
last water tanks was studied by accompanying a container vessel on its 23-da voyage from Singapore to Germany.
Results of that study are compared with results obtained during workshops of the recently initiated European Union
Concerted Action in an attempt to intercalibrate methods of sampling ballast tanks. During both inter-oceanic and
shorter voyages, most species and individual organisms decreased in number, although a species of harpacticoid
copepod increased dramatically in one tank. The results of the first workshop on intercalibration of ballast water
sampling techniques and the initial results of two ocean-going workshops are presented and discussed in this paper.
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on the construction of the ballast tanks and the

pipework, several metric tons of residual water can
remain in maximally emptied ballast tanks.

Nonindigenous species have been transmitted
with ballast water, associated sediments, and as foul-
ing organisms attached to the hulls of ships. It has
been estimated that the 70,000 major cargo vessels of
the world  Stewart 1991! annuany transfer about 10
billion mt of ballast water world-wide, leading to a
global concern for possible effects on biodiversity.
Ballast water containing high densities of many

INTRODUCTION

Since the late 1870s, ballast water has been used
to submerge the propeller and rudder in the water
and to control the trim while increasing the stability
of ships that are not fully loaded, Ballast water is usu-
ally carried in segregated ballast water tanks or in
emptied cargo holds, Fully loaded ships carry ballast
water as well  Carlton 1985, 1987, 1994!. Depending
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species maybe taken in from eutrophic coastal areas.
Some of these species may survive voyages of several
months, presenting a true risk of introducing viable
populations into non-native environments, On aver-
age, 3,000 to 4,000 species  Carlton and Geller 1993;
Gollasch 1996! are transported between continents
daily by ships, Species discharged with ballast water
into ports-of-call may threaten native populations,
fishing industries, and public health.

THE EUROPEAN UNION

CONCERTED ACTION STUDY

In cooperation with five European countries
 Finland, Ireland, Sweden, the United Kingdom
 England and Scotland!, and Lithuania! and the
International Maritime Organization  London!,
Germany coordinated a 2-yr �998-1999! European
Union Concerted Action  EUCA! effort called
"Testing Monitoring Systems For Risk Assessment of
Harmful Introductions by Ships to European
Waters." Several experts from around the world  eg.,
North America, South America, Mediterranean coun-
tries, and Australia! also participated. Various moni-
toring methods were studied in order to evaluate,
qualitatively and quantitatively, the fate of exotic
species in ballast water and to compare the efficiency
of various sampling methods. The main objectives of
the EUCA included �! summarizing the state-of-the-
art of ballast water studies, �! collecting case histo-
ries of introduced species in European waters, �!
assessing potential treatment measures to reduce the
risks arising from ballast water releases, �! developing
material to raise public awareness, and �! intercali-
brating techniques of ship-board sampling.

This investigation of ballast water carried by
ocean-going vessels represents a new contribution to
our understanding of the survival potential of trans-
ported species while documenting the variety of
organisms unintentionally transported. Such studies
support the assessment of the ecological and eco-
nomic risks involved in discharges of untreated bal-
last water.

METHODS AND MATERIALS

During the EUCA study, the standardization of
ship-board sampling techniques was undertaken dur-
ing one intercalibration workshop. The recommend-
ed suite of sampling methods was tested onboard
ships during their voyages in order to test the practi-
cability of these methods.

STANDARDIZATION OF SAMPLING METHODS

Standardization of techniques for sampling bal-
last water is essential not only to enable a reasonable
comparison of data from scientific studies, but also
to establish comparable standards for risk assessment.
Some standardization experiments were carried out
during a 2-da workshop attended by scientists previ-
ously involved in European ship sampling studies.
The experiments were carried out by sampling a land-
based plankton tank capable of holding 5.3 m3 of
water. The test tank was spiked with a known density
of phyto- and zooplankton organisms. For proper
mixing, aeration using coinpressed air supplied at the
bottom of the test tank was applied for 15 min prior
to employing each sampling technique. Before sam-
pling the plankton tank, nine pre-samples were taken
to document the number of species and specimens in
the water body of the plankton tower, A total of 48
samples was taken from the test tank and analyzed in
this experiment, prior to testing the various sampling
methods onboard ships during ocean-going work-
shops  see below!. The efficiency of each method was
analyzed by comparing the number of specimens
recovered to the initial number added to the tank.

The methods tested were developed during
onboard studies in Gerinany, Norway, Scotland, and
Wales. The equipment used included pumps  for
sampling ballast tanks onboard ships through sound-
ing pipes! nets, buckets, and the Ruttner sampler  ;I
bottle-like device with a capacity of 1.5 L that can be
closed at certain depths by lowering a weight! for
sampling through open manholes. All methods were
employed through the hatch-like opening of the test
tank.

SAMPLING THROUGH SOUNDING PIPES

 PUMP SAMPLES!

A small hand pump and a 30-kg "Monopump"
were tested for sampling through sounding pipes
onboard ships. To sample the test tank, both pumps
were deployed through the hatch at the top of the
tank. A hose connected to the pump was lowered
down the test tank to 3 m depth. The comparatively
little and lightweight hand pump allowed sampling
by one person. Practical experience in employing this
method onboard vessels in the Kiel Canal has shown

that the hand pump is the easiest to handle and most
flexible method when sampling via the sounding
pipes.
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SAMVLING THROUGH OVEN MANHOLES  NETS>
BUCKETS! AND PUMP SAMVLEs!

The mesh sizes of the four plankton nets used
were 10 Iim, 20-30 Iim, 53 Iim, and 68 Iim. A plank-
ton net with a cone-shaped opening and a Inesh size
of 55 Iim was also used, All nets were lowered to the
bottom of the tank and kept in this position for 1
min, The net was then lifted by hand at a speed of
approxiinately 0.5 m sec-'. Pump samples, bucket
samples, and samples taken with the Ruttner sampler
wer» analyzed.

OCEAN-GOING SAMVLING

Although many desk studies and onboard-ship
sampling programs have been carried out in the past,
ther is a lack of data on survival rates of phyto- and
zooplankton species during ship journeys, A total of
five ocean-going workshops will be undertaken on
ships in short-term and intercontinental service. This
paper summarizes the results of short-term voyages
from St. Petersburg, Russia, to Lisbon, Portugal, on a
research vessel and from Cork, Ireland, to Sture,
Norway, on an oil carrier. The results of an earlier
study  carried out in 1995! in which the ballast water
of a container ship was sampled daily on a trip from
Singapore to Bremerhaven, Germany were used for
comparison. The duration of the voyages ranged
from 3 to 23 days  Table 1!. Three long-term ocean-
going voyages were undertaken in 1999, starting
along the coasts of New Zealand, Taiwan, and the
Black Sea.

St. I'-'etersburg, Russia to Lisbon, Portugal

The first EUCA ocean-going workshop was con-
ducted aboard a Russian research vessel, the
Sibiryakov. The ballast water study was carried out
duririg a cruise organized by the Russian State
Hydrometeorological University  RSHMU!, within
the framework of the Baltic Floating University
 BFU! program. The vessel left St. Petersburg for
Lisbon on 22 July 1998 and returned to St,
Petersburg on 28 August 1998, The ballast water was
exchanged three times en-route and sampling was
therefore divided into four periods: �! ballast water
taken onboard in the Gulf of Finland shortly after
leaving the port of St. Petersburg �2-25 July!, �! bal-
last water of northern Baltic Sea origin �5 July to 4
August!, �! water pumped onboard during the pas-
sage through the Strait of Dover � -18 August!, and

Table l. Details of the ships and ballast tanks of the vessels in this
study.  DWT is dead weight metric tons.!

Cork - Store Singapore
-Bremerhaven

St. Petersburg
- Lisbon

IV orCkc Torinita

Oi tanker

Name of Ship

Type of Ship

Sibiryakov
Research
vessel

13

OSR America

Container
vessel

23

2

41

45,000

14,860

2,7

3

61

108,682

43,818

Duration  days!
Tanks investigated

Number of Samples
Ship size  dwt!
Maximum volume
 ma! of ballast

1

95

3,442

268

Cork, Ireland, to Sture, Islorrehap

During this ocean-going workshop, several sam-
pling methods were used in order to support the
standardization of European techniques to sample
ballast water. The usual route of this oil tanker is

between the ports of northwestern Europe, predomi-
nantly those in the North Sea. The ship transports
crude oil from Norway to ports in Western Europe
and on its return trips to Norway it is in ballast, i.e,,
no cargo is transported. In 1996 the vessel was
docked for routine inspection in Japan. The sediment
was removed from the ballast tanks and the antifoul-

ing paint renewed, After the departure from
Whitegate Terminal in Cork, Ireland, on 8 October
1998 �130!, the vessel went northward passed the
Scottish Hebrides, sailed around Scotland, and
crossed the North Sea. It arrived at Sture Oil
Terminal, Norway, on 11 October at 2100. Average

�! ballast water pumped onboard in the Zund,
Deninark region �9-22 August!.

Because it is a research vessel, the Sibiryakov is
not equipped with ballast water tanks. A small �1
int! tank that usually carries freshwater is located
under the ship's inain propeller shaft. This tank was
filled with seawater, which was sampled as ballast
water. Access to the tank was possible either through
a manhole or a sounding pipe.

Two sainpling methods were used to compare
species recovery: �! bucket �0 L!, �a! hand pump
via an opened manhole, and �b! hand pump
through the sounding pipe, After sampling, the bal-
last water was filtered through a plankton net  mesh
size 55 Irm!, A total of 52 zooplankton and 43 phyto-
plankton samples was taken.
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cruising speed was 14.6 kn and the duration of the
voyage was 64 hr and 30 min �.7 da!.

This vessel is equipped with 12 ballast tanks  aft
peak tank, fore peak tank, and 10 wing tanks!, which
reach a maximum depth of 18 m, The total ballast
tank capacity is 43,818 m~.

When manholes were opened, species attracted
by light were collected by hand using sampling jars,
In addition, hand pump and net samples were taken
from both wing tanks investigated. The forepeak tank
was treated differently. To sample the forepeak tank,
three hoses were positioned at depths of 5 m, 10 m,
and 15 m before ballast water was taken onboard,

Because of safety reasons, it was not possible to
install a hose deeper than 15 m. After the tank was
filled, ballast water was sampled using the hand
pump at the surface and at the three depths of previ-
ously installed hoses. In addition, bucket samples
were taken at the surface only.

To compare efficiency of different sampling
strategies, bucket, net, and hand puxnp samples were
taken from both wing tanks. Bucket samples were
taken at the surface, Hand pump and net samples
were taken at a depth of 2 m  starboard wing tank! or
2.5 m  portside wing tank! by lowering either the
hose or net depending on the tank installation and
water level. 'I'he mesh size of the plankton nets used
were 10 pm, 20-30 pm, 53 pm, and 68 pm.
Additionally, a plankton net with a cone-shaped
opening and a mesh size of'55 pm was used. A
Ruttner sampler was employed for phytoplankton
sampling.

Singapore to Bremerhaven, Germany  Long-term Voyage!

In 1995, ballast water was sampled for phyto-
plankton, zooplankton, and environmental condi-
tions  tempexature, salinity and oxygen! during a 23-
da journey. The vessel left Singapore for the port of
Colombo, Sri Lanka, passed the Suez Canal, called at
Rotterdam in the Netherlands, and terminated its
journey in the German port of Bremerhaven.

Four tanks were sampled, including the aft peak
tank, fore peak tank, and two of the eight side tanks
 side tank number three both portside and starboard!.
The aft peak ballast tank was filled with water while
the ship was entering the Strait of Malakka close to
Singapore. The fore peak tank and both side tanks
were filled with ballast water while leaving the port of
Colombo, Sri Lanka. Immediately after filling the
tanks, the ballast water sampling program was started.
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Figure 1. Number of phytoplankton cells and species in ballast
water originating in the Gulf of Finland during a voyage from Sr.
Petersburg ro Lisbon. Samples were taken via an opened manhole
over a period rrom July 22-25, 1998.
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Figure 2. Number of phytoplankton cells and species in ballasr
water originating in the northern Baltic Sea during a voyage from
Sr. Petersburg ro Lisbon. Samples from July 27-30, 1998 were
taken via an opened manhole; all other samples were taken
through a sounding pipe,

All ballast tanks, accessible thxough open mar/-
holes, were sampled daily, between 1000 and 1100.
The ballast water of the aft peak tank was sampled for
phytoplankton and zooplankton using vertical hauls
of a plankton net with a conical top  mesh size 10
pm for phytoplankton samples and 55 pm f' or zoo-
plankton samples!, The net was drawn from approxi-
mately 6 m above the bottom to the surface. The
construction of the side tanks included several parti-
tion floors and support frames, preventing use of this
sampling method. Therefore, the ballast water of
these tanks was sampled by filling a 10 L bucket 10
times with surface water and pouring this water
through the 10-pm mesh and 55-pm mesh plankton
nets outside the ballast tank. Samples were preserved
in 4 /0 buffered formalin  phytoplankton! arrd 700'0
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Figur' 3. Number of' phytoplankton cells and species in ballast
water origmating in the Strait of Dover during a voyage from St.
Petenburg to Lisbon. Samples from August 4, 5, 7, 8, 14, and 18,
1998 were taken via an opened manhole «11 other samples via a
sountling pipe.

ethanol  zooplankton!. Specimens were identified
and counted onboard using a microscope for phyto-
plankton and a dissecting microscope for zooplank-
ton 1'Gollasch et a/'., in press!,

Survival rates of the zooplankton and phyto-
plankton during the first EUCA ocean-going sam-
pling studies are presented according to the route of
the vessel. For comparison, results of the earlier voy-
age from Singapore to Bremerhaven, Germany, have
been included.

ST. PETERSBURG, RUSS1A, To LtSBON, PORTUGAL

During the voyage from St. Petersburg to Lisbon
and back, ballast water was exchanged completely
three times. The number of phytoplankton species in
all four ballast water sampling trials decreased during
each of the four sampling periods  Figures 1-4!.
The same pattern was observed for phytoplankton
density, with a few exceptions on day 2  Figure 1! and
days 3-4  Figures 2 and 3!, when increases were
observed, Living phytoplankton cells were at very
low densities at the end of 13 da during the fourth
sampling period  Figure 4!.

Zooplankton analyses of the ballast water
pumped onboard in the northern Baltic Sea showed
a similar decrease of both species and individuals
 Figures 5 and 6!. The higher density of copepods on
the second day of the investigation period and of
total species on the second and eighth days  Figure 5!
is noteworthy. Furthermore, it is noted that the num-
ber of individuals caught with the plankton net
through an open manhole is about three times higher
than the number sampled by pumps via sounding
pipes, The density of living zooplankton specimens

0 0
8/19/98 8/20/98 8/21/98 8/22/98

Figure 4. Number of phytoplankton cells and species in ballast
water originating in Zund during a voyage from St. Petersburg to
Lisbon. Samples from August 19, 21, and 22, 1998 were taken via
an opened manhole aB other samples via a sounding pipe.

0
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Figure S. Origin of the ballast water investigated; Northern Baltic
Sea. Number of zooplankton species and individuals m ballast
water originating in the northern Baltic Sea during a voyage from
St. Petersburg to Lisbon. All samples were taken using a hand
pump via a sounding pipe.
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Figure fI, Number of zooplankton species and individuals in bal-
last water originating in the northern Baltic Sea during a voyage
frotn St. Petersburg to Lisbon. Ail samples were taken using a
plankton net via an opened manhole.

captured by either method at the end ot 10 da wal
extremely low  Figures 5 and 6!.

CORKI IRELAND To STURE I NORwAv

The number of phytoplankton cells per liter in
samples taken from both side tanks on the second
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Figure 7. Nuinber of phytoplankton ceHs in ballast water sampled
in water originating in Cork during a voyage from Cork, Ireland,
to Sture, Norway. AH santples were taken from side tanks via an
opened manhole.

Figure g. Number of zooplankton individuals in ballast water
sampled in water oripnating from Cork during a voyage from
Cork, Ireland, to Sture, Norway, AH samples were taken from side
tanks via an opened inanhole.

day was higher than the number recorded on the first
day  Figure 7!. The increase of cells in the starboard
side tank at the end of the voyage may have been
caused by an upcoming gale with wind forces of 8
Beaufort  Figure 7!.

The number of zooplankton individuals
decreased more rapidly at the beginning of the voy-
age than towards the end  Figure 8!. At the beginning
of the voyage, the density of zooplankton in the fore
peak tank was greater at the surface and 5-m depth
than at the 10-m and 15-m depths  Figure 9!. By the
end of'the voyage, zooplankton density at the surface
was greatly reduced and was uniform throughout the
water column, probably due to increasing water cur-
rents in the ballast tank caused by the wind-induced
movements of the vessel  Figure 9!.

SINGAPORE To BRE ME RHAVEN1 GERMANY

Results ot this study have been published else-
where  Gollasch et al., in press! and are summarized
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Figure 9. Nuinber of zooplankton individuals in baHast water
originating in Cork during a voyage from Cork, Ireland to Stu re,
Norway, AH samples were taken from the fore peak tank using a
pump connected to hoses with certain lengths via an opened
manhole and taken at depths of 0, 5, 10, and IS m.

here. The ballast water loaded shortly after leaving
the port of Colombo contained enormous numbers
of copepods. It is supposed that the copepods
reduced the phytoplankton through predation. The
ballast water taken onboard near Singapore showed
phytoplankton species survival of 10% after the 23-da
voyage, whereas the survival rate of individual cells
was 0.2 %.

The survival rates of zooplankton species in the
Coloinbo �3%! and Singapore �7%! ballast waters
were comparatively high. The survival rate �%! of
zooplankton individuals in the Singapore ballast
water was 10 times higher than that of phytoplank-
ton. In the samples of the Colombo ballast water,
15% of the zooplankton speciinens survived. In gen-
eral, the number of zooplankton species and individ-
uals decreased over time in the ballast tank; the
increased density of'the harpacticoid copepod Tisl e
graciloides was an exception. Eleven individuals of T.
graciloi des were found per 100 L at the beginning of
the experiment; at the end of the 23-da voyage, 1040
specimens/100 L were found  Gollasch et al,, in
press!.

INTERCALIBRATION OF SAMPLING TECHNIQUES

Sounai 'ng pipe sampling

For sampling phytoplankton, the hand pump
seems to be more efficient  maximum 89%! in
species recovery than the Monopump �6%!, Only
the Ruttner sampler was inore efficient  96%! in
retaining phytoplankton specimens, but this device
cannot be used for sampling through sounding pipes.
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Zooplankton catches were higher using the Mono-
purnp  maximum 960/o! compared to the hand pump
 maximum 620/0!.

/l/lanhole sampli ng

The Ruttner water sampler produced the best
phyioplankton samples  96O/o!. The 10-Irm-mesh
plankton net was 750/o efficient, comparable to sam-
ples obtained by the Monopump operated via sound-
ing pipes. Bucket sampling of the surface water  with
an efficiency of 59O/0! seems to be an inappropriate
method.

Three of the four plankton nets used For sampling
zooplankton had comparable levels of efficiency:
690/r  cone net, mesh size 55 Irm!, 720/o  mesh size 68
pm!, and 740/o  mesh size 20-30 Irm!. The plankton
net ~vith a mesh size of 53 Irm was less than 4 /o effi-
cient and is inappropriate for sampling zooplankton.

DiscussioN

The likelihood that an introduced species will
succeed in new regions and establish a self-sustaining
population depends on a number of factors, related
primarily to the biological characteristics of the
species and the environmental conditions in the
rece:ving area at the time of introduction.
Additional important factors are the number of
introduced specimens  size of Founder population!,
number of repeated transfers, the ecological capacity
of native competitors to keep numbers of the
invaders down, and the availability of adequate food.
Species are more likely to become established in
environments that are similar to those of their native

range. Therefore, environmentally similar conditions
in both the last port of call and the port of discharge
may lead to a high degree of successful species
transfer.

EFFICIENCY OF THE SAMPLING

TECHNIQUES TESTED

Studies on the efficiency of sampling techniques
currently used to sample ballast water allowed com-
pari. on of the results of onboard sampling studies. It
was shown that all methods had different results.

Depending on the accessibility of the ballast water,
different methods have to be used. Net samples
showed greater efficiency compared to pumps, but
can ~e used only through manholes. Pumps, howev-
er, may be operated via sounding pipes.

Sounding pipe sampling
Recommendations tor which pump to use in dif-

ferent circumstances are given. The large Monopump
was more efficient than the small hand pump
method, but was cumbersome to use. Additional
manpower is needed to transport and operate the
approximately 30-kg pump and equipment onboard.
The advantage of the small, lightweight hand pump
is its convenient size, enabling sampling and trans-
port by a single person. Two disadvantages of this
pump are the limited pumping height of approx. 8 m
and the lower efficiency compared to the
Monopump. Using the Monopump, water could be
pumped From a depth of at least 20 m if the ballast
tank is filled completely, If the tank is not filled to
the top, but the distance down to the water surface is
higher than 8 m, the pump can still bring water to
the operational deck. The water flow is approximately
three times higher compared to the small hand
pump. Using the heavy Monopump seems to be the
most suitable method for sampling zooplankton in
ballast water via sounding pipes, In contrast, the
hand pump was more efficient for sampling phyto-
plankton.

manhole sampling

The net hauls using the cone-shaped net  mesh
size 55 Irm!, the plankton net with a mesh size of 68
Irm, and the net with 20-30 Irm mesh size seem to be
comparable in their efficiency as demonstrated dur-
ing the experimental sampling of the plankton tank.
The short cone-shaped net and the net with 20-30
pm mesh are the preferred methods to sample the
zooplankton in ballast water via rnanholes because of
their short length  it is unlikely to become stuck in
the tank frames or other installations!, comparably
small diameter, and efficient capture results.
Additionally, the net opening of short nets can be
lowered closer to the bottom compared to long nets.
Previous onboard studies have shown that on many
occasions the depth of the water column sampled
was limited to less than 4 m. In these cases, shorter
nets were preferred. Because the Ruttner sampler was
the most efficient phytoplankton sampler, it is rec-
ommended for use wherever possible.

Comparison of net versus pump

In general, the pumps collected about a third of
the specimens collected by plankton nets. Fast-swim-
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ming zooplankton, such as fish larvae, amphipods, or
isopods, may not be caught by the pumps due to the
limited pump suction. The net method is therefore
preferred over the pump method; however, nets can
be used only when manholes are open. Previous
onboard studies have shown that manholes could

not be opened on many occasions due to overlaying
cargo and lack of time or manpower  Gollasch 1996;
McCollin et al. 1999!. In such cases, sampling the bal-
last water by operating pumps through sounding
pipes is preferable to leaving the ship without any
sampling.

SPEciES FOUND IN BALLAST WATER

Previous sampling studies during ship voyages
were carried out on a limited scale by e.g. Carlton
 unpublished data!, Rigby and Hallegraeff �993,
1994!, and Fukuyo et al. �995!. All investigations
showed a rapid decline of plankton concentration
during the first days after filling the tanks. As report-
ed by Carlton �985! and Williams et al. �988!, the
current results show that the diversity and number of
specimens decreased with increasing duration in the
ballast tank. Williams et al, �988! documented the
greatest decrease of diversity in ballast water during
the first 3 wk of a voyage. On the other hand, during
the German study, living amphipods, Coropbium
acherusicum, were observed even after 116 da in a bal-
last tank  Gollasch 1996!. Macrofaunal species were
found to survive for longer time periods compared to
viable phytoplankton species  excluding cysts!, It is
suggested that some of the macrofaunal species
matured in the ballast tanks. For others, especially
phytoplankton and their predators, the low numbers
of surviving species and individuals may be due to
the absence of light in the ballast tank. In addition,
some delicate species may be adversely affected by
harsh environmental conditions, such as rolling of
the water in ballast tanks  Gollasch et al., in press!.

Never before docuinented is the surprising obser-
vation made during the voyage From Singapore to
Germany that a zooplankton species increased con-
siderably in density af'ter 10 da in the ballast tank. At
the start of the voyage, 11 specimens of TI'sbe
graciloides were collected in 100 L of ballast water.
After 15 da, the density of this species had increased
by 9,450o/o to 1,040 specimens, demonstrating that
conditions in ballast tanks can indeed sustain certain

species. It is believed that the reproduction rate did
not increase, but rather the survival rate of the

subadult stages was higher due to the absence of nat-
ural predators  eg., fishes! in the ballast water, low
competition through decreasing diversity, and unlim-
ited food supply, Dying zooplankton and phyto-
plankton cells  the last living cells were recorded on
day 13 of the voyage! were an excellent food supply
For harpacticoid copepods. Previous studies showed
Tisbe sp. to be a common species in ballast water
 Carlton 1985; Locke et al. 1993; Gollasch et al. 1998!.
The present study showed that Tisbegraciloides is able
to survive, reproduce, and develop enormous densi-
ties inside ballast tanks. This result suggests that bal-
last water might be the main vector of distribution
for T. graciloides, or even the genus Tisbe, and perhaps
explains the zoogeography of the genus. This new
dimension of species transport in ships' ballast tanks
shows that ballast tanks can be incubators under spe-
cial conditions and emphasizes the risk of species
transport with this vector.

Vessels in these studies transported ballast water
and organisms from the western Indo-Pacific and
Indian Ocean, the Bay of Biscay, and the Irish Sea to
the North Sea and Baltic Sea regions of Europe.
Some taxa, such as the larvae of molluscs and echino-
derms, were indeterminable; therefore, we do not
know if these species are native to European water»
or not. However, it is assumed that these vessels pose
a risk of species transportation either due to priinary
or secondary introductions of new species with its
ballast water.

E UCA Recont mendati ons

Researchers conducting onboard studies should
consider the recommended methods standardized

by the EUCA partners. Wherever possible, these
methods should be compared with their own m< th-
ods in order to develop correction factors to allow
comparison of sampling results,

~ Wherever possible, the standardized sampling tech-
niques should be used in any future ballast watei
study.

~ From the intercalibration exercises undertaken so

Far, it is clear that existing risk assessment methods
 a! need to be modified to include a larger range of
scenarios and  b! require further studies with inter-
comparison according to, e.g., ship design cate-
gories.

~ The EUCA welcomes any advice or comments that
would support the standardization of ship sam-
pling methods.
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The presence of human disease agents  e,g,, chol-
era bacteria! in ballast water emphasizes the need for
ballast water treatment  McCarthy 8c Khambathy
1994!. Ignoring the probletns related to species intro-
ductions could be analogous to an ecological roulette
 Carlton and Geller 1993; Hedgpeth 1993!, Because
of the great number of parameters involved, we can-
not estimate the probability of future species intro-
ductions and whether these might cause severe harm
to the environment or the economy. Major problems
ma> occur, impacting local aquaculture businesses or
other economically important activities. In 1988, the
total world aquaculture production was estimated to
be at 14 million mt  FAO 1990!, while in 1998 pro-
duction reached 25 million mt. A large proportion of
this increase took place in coastal habitats, often near
shipping routes  H. Rosenthal, pers. obs.!. Therefore,
operational and procedural practices with ballast
water are necessary to reduce the risk of unwanted
impacts on the aquaculture industry  Subba Rao et
al.1994!. The treatment of ballast water is necessary
in light of increasing risks involved with ballast water
releases. Furthermore, it has to be taken into account
that each single vessel in interregional service has the
cap;tcity to introduce an unwanted non-native species
to a new habitat. Efforts to prevent or minimize
introductions should be given high priority.
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INTRODUCTION

Environmental damages caused by transfer of
unwanted organisms in ballast water are well under-
stocd relative to how to prevent and manage unwant-
ed itivasions. More focused research efforts are need-

ed for treatment and control. The Environmental

Technology Institute  ETI!, Singapore, in collabora-
tion with the Maritime and Port Authority of
Singapore  MPA! and the National University of
Singapore  NUS!, has completed the first phase of a
multifaceted research and development project on
ballast water treatment, including a pilot-scale
evaluation of possible shipboard treatment systems
to remove unwanted organisms. This paper presents
the salient Features of this project and preliminary
find ings.

RESULTS AND DISCUSSION

The first phase of this project consists of con-
struction of a dockside pilot treatment Facility, locat-
ed at Sernbawang, Singapore  Straits of Johor!, that
filters 50 mt/hr of ballast water. This flow rate was

sele =ted because it would allow a number of system
modifications and optimization experiments in a rel-
ativ:ly short time. The seawater turbidity at Semba-
wang varies between 4 and 15 NTU  Nephelometric
Turbidity Unit!. The mean particle size in Semba-
wang seawater  analyzed by Malvern laser particle
size analyzer! also varies considerably � from 5 to
100 Iis � with tidal levels. Hence, the test facility pro-
vides an ideal platform to study the filtration tech-
nologies under different solids-loading levels. The
solids-loading levels are determined by measuring the

suspended solids levels and particle oversize, at any
point of time. The treatment facility includes two
continuous, self-cleaning screen filters and a multi-
media preSSure filter with an autainatiC air-augment-
ed backwash system. The facility includes automatic
controls and data-logging capability to monitor the
treatment system performance on a continuous basis.
The studies included

�! evaluation of treatment efficiency  filtration effi-
ciency and biological effectiveness! at various
screen mesh sizes and inedia types and sizes;

�! study of flow characteristics and fouling rates at
dif'ferent suspended-solids-loading levels and size
distributions;

�! modification of screens and filtration systems to
optimize flow and minimize fouling; and

�! modification of the system design to suit normal
ballasting operations onboard ships.
The project also evaluates the effectiveness of

various biocides for inactivating unwanted organisms
in ballast water. The most compelling reason to con-
sider the biocides treatment for ballast water is the

ease of application. The studies include biocide
chemistry in seawater and development of concentra-
tion-time  CT! relationships to identify the optimum
dose for disinfection. This relationship was devel-
oped by assuming that the product of disinfectant
concentration  C! and time  T! yields a constant. The
CT concept is widely used in the treatment of drink-
ing water as a criterion for cyst and virus disinfection.
The biocides that are being evaluated include chlo-
rine, aldehydes, isothiazolones, and quarternary
arnine compounds.

Currently, there are no internationally accepted
standards to evaluate the ballast water treatment tech-

nologies. Nor arc thcrc accepted monitoring tools
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for obtaining comparable data. The ballast water
treatment studies are, therefore, complemented with
the development of a dinoflagellate-cyst-based bio-
monitoring tool to determine the effectiveness of
treatment options, Dinoflagellates represent poten-
tially noxious algal species common to tropical
region. They have been identified as a severe threat
to marine ecosystems. They can survive transport
over long distances in ballast water tanks as most of
them are cyst-forming types. Australian Quarantine
and Inspection Service  AQIS! regulations currently
require that dinoflagellates be used as test organisms
for ballast water treatinent technologies proposed for
approval.

In collaboration with NUS, our group has been
developing a subcomponent of the program-specifi-
cally, the production of viable dinoflagellate cysts on
a large scale. The major challenge in establishing such
a procedure is the difficulty of producing large num-
bers of cysts  hypnozygotes! in a relatively short time
and then excysting them back to motile cells after the
ballast water treatment in order to evaluate the treat-
ment effectiveness. We have developed a protocol to
induce the formation of large numbers of dinoflagel-
late cysts  - 4 x 10< cysts/I.! in a short time, under
laboratory conditions. The protocol also allows us to
excyst the hypnozygotes that remain after biocide
treatment and/or filtration. Filtration studies have

been carried out using screens of various mesh sizes
and under different loading conditions, in order to
study the effectiveness of filters for removing dinofla-
gellate cysts, A laboratory-scale filtration rig, auto-
mated with monitoring and control instruments, is
used for this purpose. The effect of attachment of
dinoflagellate cysts onto sediments is also being stud-
ied, as this will have a considerable effect on the effi-
ciency of filters in retaining cysts.

The studies show that screen filtration is an

effective technology for shipboard application.
However, off-'the-shelf technologies that are currently
available in the market are not designed to meet the
requirements of a normal ballasting operation. The
results also show that seawater turbidity and particle-
size distribution have profound effects on screen
performance, Systems designed for freshwater
operations, where turbidity levels are much lower
than in normal seaport water, will not perform effec-
tively in highly turbid ports, The next phase of our
study will be to develop a modified screen filtratio»
system and evaluate it onboard ship For modifica-
tions.

The biocide studies are in progress in our lab-
oratories. We have so far identified two proprietary
biocides that degrade quickly in seawater, Their
effectiveness against dinoflagellate cysts is being
evaluated.
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Key words: National Ballast Survey, ballast water, exchange, management

INTRODUCTION

'Corresponding author; telephone: 410-7984424;
fax: 301-261-7954; e-maih rniger@serc.shedu

The National Invasive Species Act of 1996
 NISA! directed the U.S. Coast Guard  USCG!, in
conjunction with the Smithsonian Environmental
Research Center  SERC!, to develop a National
Ballast Water Information Clearinghouse  hereafter
Clearinghouse!. The Clearinghouse, located at SERC,
plays a central role in the organization and analysis
of national data concerning the transfer and invasion
oF nonindigenous species associated with the ballast
water of ships.

The Clearinghouse serves as a source of national
information on ballast water and invasion biology.
The primary foci of the Clearinghouse are �! the
study of spatial and temporal patterns of ballast
delivery and management, �! the study of patterns
and rates of nonindigenous species invasion, �! a
directory of ongoing and past research in these areas,
and �! compilation of the broad range of general
topics relevant to these issues, Synthesis of these data
will provide a valuable resource, which is now lack-

ing, and will be accessible via a Clearinghouse site on
the World Wide Web  http: //invasions.si.edu/bal-
last.htrn!. Such a synthesis will promote comparisons
between patterns of invasion and patterns of ballast
water management, and testing For a reduction of
invasion rate in response to various management
activities.

NISA calls for a variety of measures to reduce the
risk of exotic species invasions associated with release
of ballast water by ships. Atnong these, NISA
requests that all ships arriving to U.S. ports from out-
side the Exclusive Economic Zone  EEZ! follow vol-
untary guidelines for open-ocean exchange of ballast
tanks that are to be discharged in U.S, waters. This
management practice is intended to "flush out" bal-
last tanks and minimize the transfer of nonindige-
nous coastal species.

A key element of NISA involves tracking the
effectiveness of voluntary guidelines, as measured by
�! the level of compliance with voluntary guidelines,
�! changes in the rate and patterns of ballast water
delivery, and �! reduction in the rate of ballast-medi-
ated invasions, The Clearinghouse was created to pro-
vide these analyses on a national scale.
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Season and Year

years, especially reflecting long-term changes in
r:ite of management practices such as baHast water
exchange.
The diverse array ofbaHast water tanks within a

single vessel also poses a challenge to describing bal-
last water management patterns. Each tank may have
a di fferent history with respect to its ballast water
sources and management. Furthermore, ballast water
exchange can occur in two different ways  empty-
refill or flow-through! and to various degrees  eg,,
50o/o replacement, 200O/o replacement of the original
water!.

.A particularly difficult issue in describing water
delivery and management involves the extent of error
associated with data reporting. There are two poten-
tial sources of error: �! error due to under-reporting
by ships, and �! the accuracy of the data that are
reported. NABS is designed to estimate both types
of error.

To meet the objectives outlined above, NABS is
designed explicitly to describe national ballast water
delivery and management patterns on multiple spa-
tial and temporal scales. More specifically, a stratified
design for data collection and analysis has been
implemented and is described below.

ANALYTICAL STRATA: VESSEL TYPE! GEOGRAPHIC
REGION> SEASON> AND YEAR

lt is probable that ballast water management
 such as the frequency of exchange! varies according
to vessel class, geographic region, and season, NISA
allows for implementation of regulations of ballast
water exchange on any one of these strata. NABS
therefore provides resolution at each of these levels
to evaluate where voluntary guidelines are or are not
effe =tive.

Although NABS is intended to establish an
important baseline of ballast management practices
during its first two years  i.e., subject of the first
report to the U.S. Congress!, it is important to recog-
nize this as a "snapshot" measure of patterns. Because
the frequency of ballast water exchange may change
over time, NABS is designed to evaluate both current
practices and long-term  i.e., among-year! trends in
ballast water management.

Vessel Type

There are several classes of vessel that arrive at

U.S. ports from outside of the EEZ  e,g,, tankers, bulk
carriers, container ships, general cargo vessels!. These

vessel types are designed to transport particular types
of cargo and vary in size and ballast water capacity.
The type of cargo, size, and ballast tank configuration
can influence not only the quantity of ballast water
released in a port, but also the overall management
of ballast, including the history of ballast water and
whether ballast water exchange is conducted  e.g,.
NRC 1996!.

NABS will collect data necessary to �! character-
ize the ballast water delivery and management pat-
tern for each major vessel class and �! compare
directly the amount of released ballast water and the
history of this water  i.e., ballast water sources and
frequency of ballast exchange! among vessel classes.

Geo/o. aphi c Region

The coastal United States and its ports can be var-
iously divided into distinct geographic regions, Each
area differs in the amount and sources of baHast

water received from commercial vessels  Carlton et al.
1995!. Spatial differences in ballast water characteris-
tics can result from differences in the overall number

of ships, the relative abundance of different vessel
types  as above!, and the management practices
employed. Importantly, ballast management practices
 such as the amount of ballast water on board or the
frequency of ballast water exchange! inay vary spatial-
ly, even controlling for vessel type, depending upon
weather conditions, import-export patterns, or other
factors.

NABS tests for spatial patterns in the delivery
and management of ballast water, Although there are
many spatial scales to consider, the U,S, Coast Guard
Captain of'the Port  COTP! zone has been chosen as
the level of spatial resolution for analyses. There are
approxiinately 32 COTP zones in the United States
 Figure 1!. Each COTP zone is comprised of multiple
ports and is headquartered at one of these ports. The
selection of the COTP zone as the spatial scale of res-
olution has distinct advantages for the organization
and Inanagernent of data collection, More specifical-
ly, this plan allows NABS to take fuH advantage of
the existing structure of U.S. Coast Guard operations
throughout the country to obtain and disperse infor-
mation about commercial shipping and baHast water.

The use of ballast water, as well as the capacity of
vessels to safely conduct ballast water exchange, may
vary temporally. First, weather patterns or cargo
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 import-export schedules! may influence ballast water
management on a seasonal timescale. Second, ballast
water management patterns may change across years,
controlling for seasonal variation. Such interannual
changes may result from shifts in trade patterns as
well as implementation of NISA's voluntary guide-
lines or from other future management programs.

NABS will test for temporal patterns among sea-
sons and years. Furthermore, because temporal pat-
terns may vary  interact statistically! with vessel type
and geographic region, it is essential to examine tem-
poral data within each COTP zone and vessel class
 as outlined above!. NABS employs this scheme to
provide a comprehensive analysis of nationwide pat-
terns, including the necessary resolution to examine
the individual influences of vessel class, geographic
region, and season. Furthermore, a comparison
among years will be obtained for each major vessel
class by controlling for seasonal patterns,

CHARACTERIzATION OF BALLAST WATER

EXCHANGE AND DELIVERY

Although vessels often carry ballast water that
derives from multiple sources, NABS is designed to
provide a clear accounting only for ballast water that
�! originates outside the U.S. EEZ and �! is dis-
charged within U,S, waters, corresponding directly to
NISA's voluntary ballast management guidelines.
Information on the history of ballast water in other
tanks may also be of interest and relevant to invasion
management. For example, relatively empty ballast
tanks may carry some risk of invasion associated with
residual organisms that can occur in both sediments
and biofilms and thus be resuspended and discharged
following entry into U.S. ports. In addition, water
from domestic U.S. ports may promote the spread of
nonindigenous species after initial invasions.
However, these elements are beyond the present
scope of NISA and NABS, and the associated risk is
less well defined than that of ballast water from for-

eign sources  hereafter foreign ballast water!,
NABS estimates the total volume of foreign bal-

last water released in U.S. waters, characterizes the

history  origin, Inanagement, and fate! of this water,
and identifies specific information about ship and
voyage characteristics. A tank-by-tank history for all
ballast to be released per ship is collected for analysis.
This history includes the origin of ballast water,
whether open-ocean exchange or soine other ballast
management practice occurred, type of exchange

Baliaat ttr atcr Snnrcc Tahlc

l3allaat Water ltiatnrc l ahtc

Ship Vtttaac Tahl» Query
I<esults

Clearinghouse Database

/t

Figure 2. Functional aspects of the United States National B.tllast
Survey  NABS!. Data from multiple sources are entered into the
Clearinghouse database, queried, and analyzed to determine Bal-
last management patterns.

 i.e., empty-refill or flow-through!, degree of exch;inge
 i.e., percent of water replaced!, and location of
exchange. It is biologically significant to distinguish
between an exchange of 50% vs. 200% of the ballast
water in a tank, because these differ in the efficiency
of removing unwanted organisms  i.e., not all ballast
water exchange is of equal value in reducing non-
indigenous species transfer!.

VERIFICATION OF DATA THROUGH USE OF MULTIPLE,

INDEPENDENT DATA SOURCES

The success of NABS in accurately assessing cur-
rent ballast water practices, and complying with vol-
untary guidelines under NISA, depends upon the
quantity and quality of data, Three characteristics of
paramount importance in making inferences include

accuracy of the data  i.e., error in measurements!;
use of data that are representative  i.e., randomly
selected and independent measures!;

~ sufficient data to provide adequate estimates  i.e.,
reasonable statistical confidence!.
NABS utilizes multiple sources to obtain accurate

and representative data for analyses  Figure 2!, This
can be viewed as a multi-step process, involving three
primary data sets, although others may become avail-
able as state and regional ballast water legislation and
efforts emerge. First, the data submitted directly by
the vessels upon arrival to the United States includes
ballast water history for most vessels arriving at each
U.S, port from outside of the EEZ  I',e., Ballast Witer
Reporting Forms, hereafter BWR forms!. Second, a
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con iprehensive data set that includes all arrivals at
each port  U.S. Customs data as reported by the
Maiitime Administration, hereafter MARAD data!
determines the proportion of vessels that do not sub-
mit BWR Forms  i,e,, rate of under-reporting!. Third,
a subset of all arrivals will be boarded by the U.S.
Coast Guard to  I! estimate the accuracy of the BWR
forms data and �! make statistical comparisons of
ballast delivery patterns by vessel class, geographic
region of origin and arrival, and size, These latter
data are obtained by the U,S. Coast Guard via a strat-
ifiecI random selection and survey of vessels arriving
in U,S. Coast Guard COTP zones.

DATA SOURCES AND TYPES

The quantity and nature of data vary among
sources, and each is intended to serve a specific
purpose,

BWR Forms

The most comprehensive data on baHast water
delivery and manageinent come from the BWR
forms. All commercial vessels entering U,S, waters
from outside of the EEZ are expected to report to the
Clearinghouse specific information concerning ship
and voyage characteristics, ballast water history, and
ballast water exchange. Assuming a high rate of
reporting and accuracy, the BWR forms will �! pro-
vide a dataset of up to 50,000 ships per year for all
major commercial vessel types and U,S, ports and �!
be used as a primary dataset for analyses of nation-
wide patterns.

MARAD Arri vali Information

MARAD organizes a complete record on arrival
of commercial vessels to U.S. ports. For each ship,
MARAD records data on vessel type as well as other
ship and voyage characteristics. These data are used
to measure the rate of under-reporting associated
with the BWR forms, Through direct comparison of
the rwo data sets, the number and identity of ships
 by vessel type, port, and date! absent from the BWR
database can be calculated.

U.S. Coast Guard Survey

The U.S. Coast Guard provides data for multiple
vessel classes by region  COTP zone! and season,
These data are collected from randomly selected ves-
sels and include ballast water history, ballast water
management, and ship/voyage characteristics. In

addition, a water sample is taken from exchanged
tanks and analyzed for salinity content. The Clearing-
house is currently convening a workshop to explore
other analyses to differentiate coastal from open-
ocean water. These data are used to estimate the error

rate in the BWR Forms, providing a measure of
accuracy,

There is intentional overlap in the inforination
included in the BWR form and U.S. Coast Guard

survey, providing a direct comparison to check for
accuracy  errors! of the BWR Forms. This survey also
creates the opportunity for U,S, Coast Guard to com-
municate directly with ship operators, to clarify
ships' practices  as represented on the BWR forms!,
and to address questions that may exist about the
voluntary program.

Additional Surveys

There are several opportunities to obtain addi-
tional data through other surveys to augment the
U.S. Coast Guard survey effort and provide a com-
plementary, independent set of measures. For exam-
ple,  I! SERC and other research institutions mav
coHect data on ballast water characteristics, �! some
state, regional, and local agencies have expressed an
interest in particular types of baHast water measure-
ments, and �! some agencies may be willing to assist
in short-term, intensive measures of ballast water
 e,g,, "Ballast-Water Awareness Month" !. Develop-
ment of these opportunities is now being pursued
actively.

DATA MANAGEMENT

A central feature of NABS is a relational database

where aH ballast water inf'ormation is stored and

managed. The management and use of'data from
each source can be viewed as a series of'step-wise
processes that involve this database. Key steps
include data receipt, data entry, data validation and
proofing, database queries, and statistical analyses, In
addition, data management requires some regular,
iterative steps involving maintenance and security.

Data Receipt

BWR Forms. Most BWR Forms are currently sent
to the Clearinghouse by fax and U.S. mail. Faxes and
mailed forms are catalogued, photocopied, and
archived in separate physical locations for security
purposes. Data are entered manually into the Clear-
inghouse database and undergo validation during this



NATioNAL BALLAST SURVEY � NABS 313

process. Entered data are then proofread against orig-
inal hard copies to check for entry errors.

The Clearinghouse also provides several systems
for electronic and remote reception of completed
BWR forms, These systems include a BWR form
posted on the World Wide Web  http;//www.sere.si.
edu/invasions/ballast.htm!, e-mail transfer of forms
as attached files  ballast@sere.si.edu!, and forms sent
directly on disk. Forms in any of the electronic for-
mats are checked visually for formatting errors and
proofed before import into the Clearinghouse data-
base.

MARAD Arrival Information, The MARAD data

on nationwide arrivals are transferred electronically
to the Clearinghouse. As above, these data are
checked visually for Formatting errors.

U,S, Coast Guard Survey. Data From the U.S.
Coast Guard survey are collected on handheld corn-
puters or hard-copy questionnaires. Data are
uploaded to District Coast Guard computers and
transferred to the Clearinghouse database via modem
or the Internet. Hard copies of'all data files are print-
ed, examined for format or transmission errors, and
archived at SERC.

Analyses

NABS employs a variety of analyses to address
questions about nationwide ballast water delivery and
management patterns. The multiple data sources are
queried to estimate independent estimates of ship
arrivals and ballast water delivery by vessel class, geo-
graphic region, season, and year. A comparison of
results among data sources allows NABS to estimate
error  i.e., statistical confidence! in the results from
the BWR forms due to �! inaccuracy of reported
data, �! the rate of under-reporting, and �! potential
biases associated with under-reporting, Furthermore,
through analysis of these multiple data sources,
NABS can report patterns of ballast water delivery
that include estimates of statistical confidence as well

as statistical comparisons among strata.

Analysis of B WR Form data

If all ships submitted error-free BWR forms,
determining the patterns of ballast water delivery and
management would be a simple task of data tabula-
tion, In reality, not all ships submit a BWR form and
errors exist among forms that are submitted. To
address these problems, NABS estimates the magni-
tude of uncertainty due to under-reporting and calcu-

lates inaccuracy of the BWR form data, NABS uses
the BWR form data to measure broadscale patterns
and other supporting data sets to estimate the associ-
ated error, Error estimates come from comparisons
with MARAD data  to measure under-reporting! and
U.S. Coast Guard survey data  to measure data accu-
racy!. These estimates of error are used to generate
confidence intervals around BWR form data meaii

estimates. Given the sample size  i.e., 32 COTP zones
and 3840 samples per year nationally! this approach
should be highly effective for estimation ofballasi
delivery patterns on a national basis.

NABS will also report the summari.es of all data
from the BWR forms by stratum  i,e., vessel class x
COTP zone x season!. However, it may not be effec-
tive to estimate error rates for BWR form data in

each of the strata, using identical methods. Unlike
the error estimates for national patterns, the degrees
of freedom for within-stratum estimates are relatively
small and limited to the number of vessels sampled
by the U.S. Coast Guard and others. The U,S, Coast
Guard Survey data may be more effectively used to
directly estimate within-strata compliance and error
rates in some cases. Importantly, this latter approach
allows for more sophisticated statistical comparison
of ballast characteristics among strata.

Error Due to Inaccuracy

To estimate error due to inaccuracy, the results of'
the U.S. Coast Guard survey are compared directly
with BWR f'orm data. Specifically, the inaccuracy is
treated as the result of two random events: �!
whether a mistake was made and �! the magnitude
of the mistake. Event 1 can be modeled as a binomial
random variable. If no mistake was made, the inaccu-
racy is zero. If a mistake exists, the second random
variable is the magnitude of this mistake and can be
modeled using a normal distribution. The results of
this model can generate error estimates for the tabu-
lated results of the BWR forms.

Analysi s of data from U, S, Coast Guard Survey

Although data from the U.S, Coast Guard survey
play a key role in analyzing BWR forms data  as
above!, they also provide a valuable tool for fine-
grained analyses and comparisons of ballast water
characteristics. For example, these data can be used to
test for statistical differences in the amount of unex-

changed ballast water  or rate of compliance! for
bulkers versus tankers between two regions, whereas
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the potential for such direct statistical comparisons
will be more limited with the BWR form data,

NABS uses standard parametric and non-para-
metric statistical techniques to test for differences in
ballast characteristics among strata. For continuous
data, multi-factor or nested ANOVA with multiple
corrIparison of means are used. For dichotomous or
categorical data, logistic regression and log-linear
analyses are used. To test for long-term trends,
ANOVA and linear regression to compare ballast
chatacteristics among-years are employed.

must be noted that data collected so far only span
two and one-half seasons, thus no seasonal or inter-
annual variation can be described. Given the extent

of this national program and the temporal proximity
to its start date, it is premature to assess whether par-
ticipation by commercial ships will change through
time.

The Clearinghouse has received approximately
10,600 BWR forms from July 1, 1999 through
January 31, 2000, This equates to 1,515 forms per
month. Figure 3 tracks the number of forms received
per week, The slope of the curve is constant, indicat-
ing an unchanging influx of BWR forms of 51 forms
per day. At this rate, the total number of forms
expected for 1 year is 18,400. Assuming no seasonal
variation, the constant rate of arrivals across 7

months implies no change to the number of partici-
pants in the program, As more commercial vessels
learn of the reporting requirement, an increased
reporting rate is to be expected, but the current find-
ings suggest little or no change to ballast water man-
agernent and delivery reporting.

Based on MARAD data from 1996 through 1998,
the number of commercial vessels  greater than 300
gross tons and excluding passenger vcsscls! that arrive

INITIAL RESULTS AND DISCUSSION

Although data collection began on July I, 1999,
it is still too early to publish definitive results. Data
coll< ction is planned for an additional 18 months,
until at least summer 2001, at which point full scale
analyses will be performed. The results from this pro-
gram will be included in a congressional report pre-
pared by the Smithsonian and U.S. Coast Guard. In
the interim, the Clearinghouse is posting quarterly
repcrts on the World Wide Web  http: //invasions.
si.edu/ballast,htm!.

Some apparent, but preliminary, trends are begin-
ning to emerge based on the data collected to date. It

Figure 3, Number of ballast water management reporting forms submitted to the National Ballast Water Information Clearinghouse per
day,
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per year is approximately 50,000, with very little
inter-annual variation. Although the Clearinghouse
does not yet possess MARAD data corresponding to
the exact dates of the NABS data collection, preclud-
ing direct comparison, it appears there is substantial
under-reporting on the part of cominercial vessels. If
MARAD data from recent years is a good indicator
of recent vessel arrivals, approximately 40u/0 of the
vessels required by NISA to report their ballast water
management and delivery practices are doing so  t'.e,,
60/o under-reporting!. As stated earlier, the degree of
under-reporting reported here must be verified by
comparison with MARAD data that are contempo-
rary to the period in question.

Because of the apparent extent of under-reporting
to date, the Clearinghouse is undertaking additional
analyses �! to confirm this result and �! identify the
source of under-reporting by region and vessel type.
A first step in this process, now underway, is to verify
that the MARAD data do not overestimate arrivals.

Following any corrections, if necessary, the second
step will identify the extent of under-reporting by
geographic region, vessel type, and season.

At present, little can be said with respect to spa-
tial variation among and within coasts, A similar situ-
ation exists for comparisons among vessel types, and
For analyses to detect temporal variation. As more
data are compiled, the resolution at which analyses
and comparisons can be made will increase and pat-
terns will begin to emerge. In the long run, it is
hoped that data on shipping and baHast management
and delivery will be useful to those engaged in efforts

to describe the rate and pattern of marine invasions
to U.S. waters.
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AssTRAcT: Research on the ballast water problem in New Zealand since 1995 is briefly described, including the
results of a two-year sampling survey of container ships and bulk carriers in the ports of Lyttelton and Nelson.
Current research involving both the Cawthron Institute in New Zealand and Battelie in Massachusetts, is looking
at methods of measuring the water volumes exchanged by ships in mid-ocean  by reballasting and by dilution! and
the efficiency of these exchanges in ridding tanks of unwanted species. The research also includes existing and
potential methods that may be used by quarantine agencies to confirm independently that mid-ocean exchanges
have occurred, Other research by Cawthron, is investigating the survivorship of species in ballast tanks in greater
detail, particularly on trans-Tasman Sea and trans-Pacific voyages,

Keywords: ballast water, exchange, efficiency, compliance, indicator, New Zealand, plankton

INTRODUCTION
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The undesirable dispersal of marine organisms in
ship~' ballast water is, by nature, an international
problem. In the last 10-15 years, as this environmen-
tal problem has become increasingly apparent, vari-
ous maritime nations have commissioned reviews

and enquiries and held national and international
meetings on the subject. The International Maritime
Organization  IMO! of the United Nations is invol-
ved, particularly through its Marine Environment
Protection Committee  MEPC! and its Convention
for the Prevention of Pollution from Ships  MAR-
POL!, Mandatory international regulations f' or man-
aging ships' ballast water are imminent, and already
apply inside territorial sea areas of some maritime
nations and within the jurisdiction of some ports.

When funding for research on the ballast water
problem is provided, the scope is often regional, with
the funds coming from ports, or local or state gov-
ernment. Few nations have any significant, long-
term, nationally funded research programs on the
ballast water problem. There are also very few
instances of international collaboration, except per-
haps in the Great Lakes where geography compels
the involvement of neighboring nations,

This paper briefly describes how ballast water
research carried out by the Cawthron Institute in
Nelson, New Zealand, over the last four years
evolved into a collaborative research program with
Battelle Ocean Sciences, Duxbury, Massachusetts,

New Zealand is a small, geographically isolated,
sparsely populated �.7 million in 1996! island nation
with a disproportionately long coastline relative to
its land area. Like our much larger Australian neigh-
bor, from whom we are separated by the 1000-mile-
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wide Tasman Sea, agriculture, forestry, minerals, and
fisheries are important exports. Generally, these have
very much higher volume-to-value ratios than do
New Zealand's less bulky imports. Most of the 2,500
to 3,000 trading vessel visits to New Zealand each
year are by ships that are fully or partly ballasted.
With the exception of bulk carriers importing petro-
leum products and fertilizers, most bulk carriers arriv-
ing in New Zealand are fully ballasted, Collectively,
all types of vessels discharge an estimated 4 to 6 mil-
lion mt of ballast water annually. The Australian
ports receive an estimated 150 million mt.

As is described by Taylor et al. �000! in this vol-
ume, more than half of New Zealand's trade is with
Asia and Australia. Several of the conspicuous non-
indigenous species that have arrived recently are of
Asian origin and are also established in Australia; e.g,,
the Asian kelp, Undaria pinnatifida, and the Asian
date mussel, Musctdista senhousia  Furlani 1996!.
Considerable trans-Tasman trade between New

Zealand and Australia means that foreign invaders on
temperate shores of either country are likely to be
translocated by shipping across the Tasman Sea.

New Zealand government funding for research on
the ballast water problem has been made available in
the last four years, and was perhaps partly prompted
by a notable conference Ballast Water � A Marine
Cocktail on the Move held by the NZ Royal Society in
Wellington in 1995  Lynch 1995!, In 1996, the New
Zealand Ministry of Fisheries  MFish! [previously
part of the Ministry of Agriculture and Fisheries
 MAF!] funded the Cawthron Institute to conduct
research on ballast water with these goals: �! to
devise a method for routinely sampling ballast water
from a wide range of ship types and �! to examine
the samples microscopically to compare the biota
with such variables as  a! age of the water,  b! the size
and types of tanks and ships, and  c! whether or not
the ships had claimed to have exchanged their ballast
water in mid-ocean.

THE QUARANTINE PIIOBLEM: IDENTIFYING
NON-COiMPLIANT VEssEI.s

Quarantine agencies responsible for enforcing
national regulations pertaining to discharges of ships'
ballast water, e.g., MFish or the Australian
Quarantine Inspection Service  AQIS!, need to iden-
tify noncompliant vessels. These are vessels that have
not made mid-ocean exchanges in accordance with
IMO recommendations, which, briefly stated, are

that vessels exchange ballast in deep water  not shal-
lower than 500 m! far from coastal influences, by
einptying their tanks until suction is lost before rebal-
lasting, or, in the case of flow-through dilution, by
pumping a volume of rnid-ocean water equal to at
least three times the vessel's ballasting capacity.

Port companies also may increasingly have vested
interests in identifying vessels that constitute a quar-
antine risk. A Contra Costa Times reporter, Denis Cuff,
reported that the Marine Conservation Center and
Baykeeper organizations of San Francisco had noti-
fied the Port of Oakland, on 7 January 1999, of their
intention to sue the Port for alleged insufficient
measures to control and prevent the arrival of inva-
sive species in ships' ballast water, thus harming San
Francisco Bay fish and aquatic life, According to
Michael Lozeau, executive director of the San
Francisco Baykeeper, "Ocean exchange of ballast is a
good interim step, but is not the final answer [to the
problem]"  Contra Costa Times 9 January 1999!.

As a quarantine measure to minimize the risk of
dispersing invasive marine and freshwater species, the
efficacy of exchanging ballast in mid-ocean is perhaps
based more on intuitive common sense than upon
hard scientific evidence. Scientists were advocating
such a procedure at least a decade ago; e.g., Williams
et al. �988!. In the case of exchanges made by einpty-
ing and refilling tanks, the removal of most of the
water must, arguably, greatly reduce the risk of intro-
ducing nonindigenous species although there
remains the niggling uncertainty about residual water
and sediments that cannot be voided before refilling
begins,

The efficacy of flow-through dilution, by pump-
ing through a volume three times that of'a ship's bal-
lasting capacity is, however, less intuitive. The proce-
dure is recommended by the IMO partly on the basis
of'pioneering Australian work undertaken by Drs.
Geoff Rigby and Gustaaf Hallegraeff �994! on the
141,475 dwt BHP Bulk Carrier M.V. Iron Whyalla in
Septeinber 1991  when the vessel was at anchor at
Singapore! and in July 1992 on a voyage from Japan
to British Columbia  AQIS 1993, Parts 1 and 2!.

For both trials, methylene blue was used as a trac-
er to measure the dilution of the original water, and
changes in the diversity and the abundance of phyto-
plankton during and after the exchange were record-
ed, Rigby and Hallegraeff �994! concluded that
pumping through three times the capacity of ballast
tanks effectively diluted the original water,
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There were some problems with these trials, how-
ever, notably that the dye could not be evenly dis-
persed inside the tanks before the exchange took
place, and significant differences in initial concentra-
tions at sampling points before the exchange indicat-
ed plug flow. Also, methylene blue stains living
plankton in addition to remaining in solution. So
ther was the potential problem of differentiating
between dilution by adsorption onto organisms and
that caused by the diluting effect of the incoming
water.

The flow-through of three times capacity to
achi:ve 95'/O dilution is also identical with the theo-

retical figure derived from an exponential decay
equation familiar to water engineers involved with
dilution dynamics, It assumes instant and perfect
mixing. The complicated internal structure of some
ships' ballast tanks, often a labyrinth of smaller com-
partments and baffles, is, however, far removed from
any perfect mixing container  Figure 1!,

BALLAST WATER RESEARCH BY CAWTHRON

BEFORE x998

Between October 1995 and October 1997, scien-
tists at the Cawthron Institute examined over 160

ballast tanks of all types on 75 vessels in the ports of
Lyttelton and Nelson. Their procedures and the
resul.ts of the water analyses are given in Hay et al.
�997!.

On the basis of ships' records, the water from the
forepeak, afterpeak, upper wing, and lower wing tanks
and from the ballast holds that were sampled, was,
on average, less than 10 da old. In deep tanks, the
average age of the water was 20 da; while in double-
bottom tanks the average was 40 da, The oldest water
sampled, which was in a double-bottom tank, was
reported to be 494 da old.

!AMPLING METHQDS

Several water sampling methods were tried. An
electric Waterra Hydrolift II inertia type pump
 Waterra Ltd., 77 Mowat Ave., Suite 101, Toronto,
Ontario! proved to be the most reliable water-lifting
device, and ensured fast, routine sampling on any
vessel with sounding pipes  more than 900/o of the
ships boarded had sounding pipes!. Coils of 12-mrn
or 20-mm diam, semi-rigid, black polythene plumb-
ing pipe, about 25-m long, were used to conduct bal-
last water up to the weather deck of the ship from
tanks as low as 22 m below deck level. A brass or

Figure 1. Internal structure of a double-bottom ballast tank with
numerous compartments and bafHes  Eyres 1988!.

nylon foot valve  a non-return valve! was inserted
into one end of the pipe coil. That end was pushed
down the sounding pipe until the bottom of the tank
was touched. The plastic pipe was then slightly with-
drawn  about 50 cm! to prevent the valve from strik-
ing the tank bottom when the pump was in action.
The Waterra pump, which has an adjustable arm that
moves vertically up and down, was placed with the
arm directly above the sounding pipe from which the
polythene pipe was protruding. The arm was then
tightly clamped to the polythene pipe just above
deck level, and the pump was started, The speed of
the motor and the stroke of the arm were adjusted to
ensure a steady pulsing flow of water, typically 3-6
L/min.  It helps to first prime the pipe by vigorously
jerking the pipe up and down manually for a few
minutes before clamping the pipe to the pump arm.!
By this method, we obtained 100 L water samples
from all types of tanks within 15-30 min. We ran the
pump by tapping into the ship*s power via reefer
sockets, or by using the power sockets for cranes,
winches, or deck lighting, Several custom-made trans-
formers and an array of adapters and plug types were
needed to make the necessary power connections. To
sample tanks less than about 6 m below deck level,
we initially used petrol and electric impeller  centrifu-
gal! pumps. Although these pumps are faster, they
are more vigorous, and damaged some plankton
species that were apparently undamaged by the
slower inertia pump. In general, the samples obtained
by using the inertia pump had a slightly wider taxo-
nomic range of species  see Hay et al. 1997, fig 3,3!,
We therefore preferentially used the inertia pump
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unless time constraints necessitated using the faster
centrifugal pumps,

RESLtLTS

Phytoplttnkton

Eighty percent of the tanks sampled contained
live phytoplankton, with diatoms being the most
common, followed by heterotrophic flagellates and
dinoflagellates. The diversity and abundance of live
phytoplankton was proportionately greater in the
tanks of bulk carriers and break bulk carriers than in

the tanks of container ships. Live phytoplankton
were least f'requent and often absent in the double-
bottom tanks, especially in container ships.
Presumably, this was because these tanks are used pri-
marily for stability, and, compared with other tanks
such as upper wing tanks, are infrequently emptied
and refilled.

The tanks containing the highest diversity of the
major phytoplankton groups were those that report-
edly had been exchanged en route to New Zealand
 Figure 2!. This suggested that the exchange added
live oceanic species belonging to groups that had pre-
viously declined or died in the darkness.

Invertebrates

Live invertebrates were found in 83% of all tanks

sampled, Crustaceans were most numerous, being
recorded in 80% of the tanks, Live mollusks were

found in 27% of the tanks and annelid worms in

15% of the tanks  Figure 2!. Compared with phyto-
plankton, invertebrates were proportionately more
common  by 10%! inside the tanks of container
ships. As with phytoplankton, the double-bottom
tanks had the lowest proportion of'living inverte-
brates. Upper wing tanks, forepeak tanks, and particu-
larly ballasting holds contained the most live inverte-
brates.

There were slight differences between exchanged
and nonexchanged tanks with respect to the diversity
and abundance of some invertebrates  see Figure 2!.
Coastal harpacticoid copepods were nine times more
common inside tanks that had not made a mid-ocean

exchange. Certain groups of annelids, such as the
Opheliide and Phyllocidae, were not represented in
tanks reportedly exchanged in mid-ocean. In general,
however, the diversity and abundance of inverte-
brates was similar in both exchanged and nonex-
changed tanks, The larvae of'predominantly coastal
mytiloid and veneroid bivalves occurred about equal-
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Figure 2. Percentage of tanks containing phytoplankton groups
and zooplankton  including other invertebrates! phyl~ in
exchanged and nonexchanged tanks, froni Cawthron's 1995-9 '
ballast water sampling program.

ly in both exchanged and nonexchanged tanks. Yet,
theoretically, the larvae of these groups should be
much lower or absent from the tanks purportedly car-
rying mid-ocean water,

These data suggest that in many cases the
exchange procedure did not eliminate coastal species.
For some taxonomic groups, recently settled juveniles
may have persisted in sediments that are unlikely to
be removed by mid-ocean exchange. The presence of
recently Inetamorphosed juvenile annelid worms and
juvenile mollusks also indicated the presence of semi-
permanent resident populations within the sedi-
ments. These sediment-dwelling organisms may in
fact be nourished and revitalized by fresh injections
of mid-ocean water during exchanges.

The high percentage of coastal and oceanic
species that survived suggests that any vessel discharg-
ing foreign ballast water into New Zealand waters is a
significant quarantine risk, unless the ballast it is dis-
charging has been contained by the vessel for several
transoceanic voyages. For approximately half of the
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samples, data were inconsistent with claims that the
water had been exchanged in mid-ocean. This was
either because �! no exchange was made, �! the
exchange was only partial, thus resulting in a mixture
of coastal and oceanic water, �! coastal biota that
hacI been transported to the mid-ocean in currents
was uplifted during the exchange, or �! somehow the
biota from previous ballast loads was retained inside
the tanks, Similar conclusions have been made by
other researchers; e,g., Locke et al. �991!.

Based on these early studies and those of others,
Cawthron and Battefle initiated research to evaluate

the effectiveness of exchange-at-sea on vessels that
foHowed their normal exchange procedures.

THE CAWTHRON/BATTELLE STUDY

 FEBRUARY I998 � !UNE I999!

The MFish study, comprised three objectives, The
first two were essentially desk-top reviews of'methods
and procedures currently available for measuring the
vo! umes that are actuaHy exchanged during mid-
ocean exchanges and of procedures or water proper-
ties that might be usefully employed to test compli-
ance. The third objective involved testing such meth-
ods and procedures aboard at least two commercial
vessels travelling to New Zealand on international
shipping routes. The desk-top review, completed in
December 1998  Hay and Tanis 1998!, is briefly sum-
marized below. Preliminary results and observations
of research pertaining to the third objective, currently
uncIerway, are also provided.

SUMMARY OF THE LITERATURE REVIEW

The literature review  Objectives 1 and 2! con-
cluded that if international regulations were going to
be expressed in terms of volumes exchanged, then
any methods available to inspectors that enable them
to measure independently the volumetric changes are
useful for testing compliance. In this regard, a proce-
dure being tested in Australia called the "Newcastle
method, " which requires a master to present a ship' s
documentation and other logged information to cor-
roborate claims about making exchanges, is a useful
method for identifying vessels making inadequate or
frau dulent claims,

Of various methods available for measuring the
volumes flowing into and out of ballast tanks, mag-
netic flow meters were considered to have the great-
est potential. Theoretically, such flow meters could
be e.ttached to the ship's ballast tanks, so that changes

in a ship's baflast status may be recorded simultane-
ously with geographic position and time. Such infor-
mation can be down-loaded to a tamper-proof data
logger, which can be remotely interrogated by quar-
antine agencies. While such "black box" technology
is technically feasible, and is used routinely elsewhere
 e.g., by oceanographers!, the review concluded that
the cost of retrofitting such equipment to the world' s
fleet � even to just the newer vessels � together with
maintenance problems, rendered such technology
impractical. Such an approach must also be weighed
against the fact that mid-ocean exchange is acknowl-
edged by IMO to be an imperfect and interim pro-
cedure until a better solution to the ballast water
problein is found.

Indicators

With respect to physical and chemical features in
ballast water that may be used to verify the coastal or
mid-ocean origins of ballast water, we concluded that
in circumstances where quarantine agencies are par-
ticularly worried about the discharges of foreign fresh
or brackish water, the measurement of salinity was a
very useful indicator. For New Zealand, however,
where aH large commercial ports are on the coast, the
introduction of foreign freshwater is a relatively small
quarantine risk � unlike Great Lakes ports, for exam-
ple. Nevertheless, even in New Zealand, salinity is a
useful measurements in cases where vessels originally
uplifted river or estuarine water and reportedly made
an exchange in mid-ocean. So salinity can be used to
detect some cases where the exchange was inadequate
or where claims are fraudulent.

The review concluded that measuring concentra-
tions of various chemicals in ballast water is limited

as a compliance tool simply because of the noncon-
servative nature of the tanks. Sediments with contam-

inants such as organic carbon, nutrients, chlorophyll
a, and iron will be resuspended as ballast is taken
aboard, lifting levels above those that would reason-
ably be expected for uncontaminated water, while in
ballast holds, previous cargoes  eg., fertilizers or
sugar! may be compromising, Measurements of dis-
solved oxygen and of the oxidation-reduction state of
seawater, while helping to build up a profile of the
water, were also deemed unsatisfactory as compliance
tools, Not enough is known about the rate of decline
of dissolved oxygen in ballast tanks and the effects of
resuspending sediments and the biota they contain.
While low redox potentials nlay tend to suggest tllai.
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waters are anoxic, in practice the concentration of
dissolved oxygen may be quite variable, Oemcke and
van Leeuwen �998! found that oxygen-saturated
water from a ship's ballast tank �.3 mg/L! had a
redox potential of 42.7 mV which would normally
suggest anoxia given that seawater typically has a
value of more than 200 mV, Oxygen is not the only
electron acceptor  oxidizing agent! in the ocean,
Nitrates can accept electrons and be reduced to
ammonia, and sulphates can be reduced to sulphide,
while minerals such as iron can be reduced from the

ferric  Fe'+! to the ferrous  Fe2+! state. It can be
shown experimentally how the addition of ferrous
compounds to water supersaturated with oxygen can
cause an immediate decline in redox potential  eg,,
from 276 to 27 mV!, without depleting dissolved oxy-
gen  Oemcke and van Leeuwen 1998!.

Chemical concentrations might become a useful
variable in a multivariable check on the probability
of whether a particular load of ballast water is a result
of reballasting or three-times-flow through dilution,
McKeown and Mills �998! reported that the U. S.
Coast Guard  USCG! had chosen nitrate as an indi-
cator of whether or not ships had made rnid-ocean
exchanges because nitrate concentrations were an
order of'magnitude lower in the open ocean com-
pared to coastal and inland waters. How usef'ul this
variable proves to be as a tool for testing compliance
is not yet known. Obviously, if ships have nitrogen-
rich sediments in their tanks, and the sediinents and
bacteria are resuspended during the exchange process,
then the usefulness of the test is compromised. Also,
vessels may make exchanges beyond the 12 mi-terri-
torial limit in water more than 500 m deep, which is
more characteristic of coastal than of open-ocean
water, and has, as a result, higher concentrations of
nitrate than would be expected from a truly mid-
ocean exchange.

Recent research by Hall et cil. �998! in New
Zealand does not support the USCG study. On the
M,V, Tasman Enterprise, travelling between Devon-
port, Tasmania and Tauranga, New Zealand, two pairs
of'previously fully emptied ballast tanks �44 and 239
ms capacity! were filled by gravity flow with
Tasmanian coastal water. The water was sampled and
analyzed daily on the voyage. Day-to-day variations
in concentrations of nitrate, ammonia, and phospho-
rus � with no clear trend over time � were found. The

concentrations of these nutrients varied between the

two tanks �.9 � 4.1 Iig/L of nitrate nitrogen in one

tank and 28 � 87 Iig/L in the other!, even though they
had been simultaneously filled with the same source
water. The authors therefore concluded that previous
ballast water in the tanks may be important in deter-
mining nutrient concentrations.

Optical characteristics

The review concluded that the preliminary results
of a feasibility investigation by Battelle into the use-
fulness of optical characteristics to determine whether
an exchange has taken place were extremely promis-
ing. Comprehensive worldwide sampling is required.
Based on the preliminary results of about 50 coastal
and mid-ocean samples, Battelle has recommended
that the USCG continue with its technical investiga-
tion of the optical methodology and is advising the
USCG on future developments. Ideally, research
workers should travel a trans-Atlantic or trans-Pacific

route, simultaneously sampling both ballast tanks
and the open ocean, The ballast tanks should be s,im-
pled at regular intervals throughout the balance of
the voyage to detect any changes over time. Samples
of original harbor water should also be collected for
analysis and characterization. This type of sampling
along with a diverse sample set of strategically select-
ed coastal and open-ocean water samples will form a
strong foundation for the decision algorithm,

Battelle has also recommended to the USCG new

instrumentation to permit onboard processing of bal-
last water. This is envisioned as a self-contained

instrument, roughly briefcase size. It will include
some type of sampling interface either to bring sarn-
ples up from the tanks or to probe the tanks for in
situ measurements. The instrument should be fully
programmed and automated to determine whether
the ballast water sample is predominantly ocean or
coastal.

The optical methodology and conceptual instru-
mentation will require some development. However,
once developed, it will provide measurement capabil-
ities sufficient to enforce regulatory compliance,

FIELD TEST OF METIIODS

The third objective of the Mfish study is to meas-
ure the biological effectiveness of mid-ocean
exchange and to search for any water feature that Lan
be usefully used to differentiate coastal and mid-
ocean waters inside the exceedingly nonconservative
environment of ships' ballast tanks, There are three
main tasks:
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~ to measure the actual dilution of the original bal-
last water after mid-ocean exchange;

~ to compare this physical dilution with the removal
of organisms in the original water;
to monitor the physical, chemical, and optical
properties of the original and replacement water
on trans-oceanic voyages with a view to finding
one or more that will differentiate the water types.
Although some of this work is similar to the

research previously carried out by Rigby and
Hallegraeff �994! on the M.V. Iron Whyalla, we rea-
soned that such important work warranted repeating
on different types of vessels  especially container
ships!, in different types of tanks, and on different
ocean routes.

Dye trials

Preliminary work at Cawthron indicated that the
flucrescent water tracer dye Rhodamine WT was well
suited as a tracer for measuring the physical dilution
of criginal ballast water after an exchange. In that
preliminary study, we measured how fluorescence
over a range of rhodamine concentrations from 1 to
0.0001 parts per million  ppm! was affected by such
variables as time, salinity, turbidity, the addition of
iron II and III compounds, and by the presence of
large numbers of phyto- and zooplankton,

These measurements were compared against dilu-
tion curves derived by serially diluting rhodamine in
0.45-lim filtered seawater, river water, brackish water
�7'too!, and deionised freshwater. Dye concentrations
and water types were triplicated in 250-ml bottles.
Fluorescence was measured with a Turner Designs
10-05 Fluorometer  www.turnerdesigns.corn!,

We decided that a concentration of 1 pprn was
probably the most concentrated dye solution that
could realistically be used in ballast tanks. Even at
this concentration, the dyed ballast, when discharged,
would appear faintly pink, while the volumes of dye
necessary could be prohibitively expensive  eg., 10 L
of dye in a 10,000 ms tank!. For ballast water work,
we would recommend initial concentrations in the

range of 10-' to 10 2 ppm, A concentration of 10-4
ppm approaches the limits of resolution of the fluo-
rom eter.

.Across the concentration range that we tested,
theie was a linear, log/log response between concen-
tration and fluorescence. The curves for seawater,
river water, and deionised water were very similar and
not significantly different at the 95o/o level, Filtering

the sea, river, and brackish water samples, which had
high concentrations of phyto- and zooplankton, had
no effect on fluorescence.

When we added the tracer at concentrations of

10-i and 10-2 ppm to dense cultures of phytoplank-
ton  Gyntnodinium and Protoeeratium!, the readings
remained consistent over a week and were unaltered

by filtering out the organisms at the end of the exper-
iment. We found that the fluorescence of 250-ml

samples of the various water types, when stored in
amber bottles in the dark, remained constant for up
to four weeks, Left in the light, the most dilute solu-
tions began to lose fluorescence after about a week.

Iron trials

Experiments on the effect of iron indicated that
at high concentrations of ferric chloride  e.g., 1 mg/L!
there was up to a 30o/o reduction in fluorescence,
Ferrous sulphate, however, had a lesser effect. At
lower concentrations  e,g., two orders of magnitude
less at 1 Iig/L!, the addition of the iron compounds
had no detectable effect on fluorescence. Adding
iron filings to seawater to produce a light brown col-
oration  similar to weak tea! had no significant effect
on fluorescence.

Dye trials on, ships

On the basis of our preliminary laboratory trials,
we concluded retrospectively that rhodamine would
have been a suitable ballast water tracer in most of

the 160 ballast tanks we had previously examined�
especially in those tanks that were routinely filled
and emptied, Such frequently filled tanks typically
contain clear water, unlike infrequently used tanks,
where the water may be either stained bright red by
rust or have turned sulphurously black.

Three trials on a New Zealand coastal vessel, M.V.
Spirit of Vision, in a forepeak tank with 115 m3 capaci-
ty, demonstrated how important it is to ensure that
the dye is thoroughly mixed in the tanks, well before
any exchange takes place. We found that this was best
achieved by adding the dye to the bottom of the tank
as filling commenced, and by filling the tank to less
than capacity in the first few hours so that water is
able to slosh about. Later, by profiling the tank and
comparing the fluorescence with the theoretical value
for complete mixing, we found that the water tracer
dye in the ballast tank was homogeneous.

We found that the dye dilution at the end of each
voyage, after a three-times-flow through exchange, as
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indicated by declining fluorescence, was in the range
of 89-97o/o � which is indeed close to the theoretical

value of 95o/o. On one voyage, the tracer was diluted
35o/o at the top of the tank and 95o/o at the bottom of
the tank, which suggested that the two water masses
were stratified by the new, incoming ocean water lay-
ering above the original harbor water. This stratifica-
tion persisted until a water volume about twice the
capacity of the tank had flowed through. By the time
three volumes had flowed through, however, the
remaining dye tracer was homogeneously dispersed
inside the tank and the stratification had disappeared,
On this trial, the concentration of rhodamine
declined from 0.12 ppm before the exchange to less
than 0.01 ppm at the end of the voyage. We calculat-
ed this as indicating 96.7o/o dilution of the original
water.

With respect to the biota, however, we have some
interesting preliminary results from the exchange tri-
als on the spirit of Vision, which are described by
Taylor et al.  this volume!. Theoretically, a three-
times-volume exchange should cause a 95o/o decline
in the density of the indicator taxa uplifted at source.
Indicator taxa were defined as phyto- and zooplank-
ton species that did not occur in mid-ocean plankton
samples taken at the same time as the exchanges were
conducted. On neither of two trials in New Zealand

coastal waters did this occur. This is attributed to

inadequate mixing between the original and
exchanged water volumes, the possibility that the
exchange resuspends coastal species that have previ-
ously accumulated in tank sediments, and perhaps an
ability on the part of some species to move against
the flow and thus remain inside the tank. There is

also the possibility, however, that some of the indica-
tor taxa were in fact uplifted during mid-ocean
exchanges, even though they were not detected in the
mid-ocean plankton samples.

In February 1999, our efforts to measure the effi-
ciency in terms of dilution and the biological effec-
tiveness of mid-ocean exchanges were scaled up to
1,400m' tanks on a converted parcel chemical carrier,
M.T. iver Stream �70 m length; 32,570 dwt!, travel-
ling between japan and New Zealand, Three-way
comparisons of the old and new ballast water and of
ambient mid-ocean water at the exchange location
were made during flow-through exchanges, and the
chemistry, optical properties, and biota of the ballast
water were monitored throughout the entire journey.

On the Iver Stream, Rhodamine WT dye concen-

trate was added to emptied ballast tanks via Butter-
worth hatches on deck. These hatches permitted us to
pour dye concentrate directly into the empty tanks.
The amount of dye added was calculated to provide a
final concentration of approximately 0.1 ppm when
the tanks were filled and the dye was thoroughly
mixed. A check for stratification of the dye, which
was made by taking samples of the surface, mid
� m!, and bottom �4 m! layers of the tank 24 hr
after they were filled, indicated complete mixing.

Mid-ocean exchanges resulted in a dye dilutiori of
greater than 95 /o. On one exchange, off the moutli
of the Sepik River  north coast of Papua New
Guinea!, the salinity of the incoming water changed
from oceanic �4-35 ppt! to slightly brackish �2 ppt!,
despite the ocean depth at that location being
approximately 900 m. A layer of lower salinity water
at the top of the tank demonstrated that stratification
was occurring during the exchange. After twice the
tank capacity had been exchanged, the stratification
disappeared. This result suggests that salinity iinbal-
ances may be important with respect to the effective-
ness of flow-through exchanges, especially if they.ire
incomplete.

On the Iver Stream voyage, coastal and open-
ocean water and ballast samples collected for analyses
of their optical characteristics demonstrated that tlie
marked reduction in concentration of dye tracer
coincided with significant changes in the optical sig-
nature. After each exchange, the optical signature of
the ballast water shifted from that of typical coastal
water to that of oceanic water, This shift was not

observed in the control  nonexchanged! tank,
With respect to the biota in the tanks, prelimi-

nary results from our monitoring OI events on the
Iver Stream show that the rate of dilution  as meas-
ured by dye dilution and the optical signature! in the
exchanged tanks was associated with a similar decline
in the abundance of the dominant indicator taxa  as

defined above!: adult copepods, 95-100o/o; larval and
juvenile polychaetes, 97-100o/o; dinoflagellates, 97-
99.9o/o. An important consideration, however, was
differences in the change in abundance of viable
organisms in the control tank during the time the
exchanges were made: adult copepods, 14-79o/o;
larval and juvenile polychaetes, 100o/o; dinoflagel-
lates, 61-77o/o. For most groups, mortality appeared to
increase significantly after five days, This was associ-
ated with a warming of the ballast as the vessel
entered the tropics, in addition io the other factors
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affecting survival  eg., oxygen depletion and absence
of light!. Several taxa, comprising predominantly
coastal species  e.g., bivalve and barnacle larvae!, were
uplifted in relatively high numbers during exchanges.

CONCLUSIONS

Dye tracers such as Rhodamine WT reliably
measure the dilution efficiency of mid-ocean
exchanges, but the logistical constraints of adding the
tracer to the tanks before an exchange, especially
where sounding pipes are the only feasible access
point, means that tracers are unlikely to be useful
compliance tools. Their main application is likely to
be in calibrating indirect measures of dilution
 e.g., optical signatures!.

The flow through dilution method of mid-ocean
exchange has been shown to have an efficiency in
excess of 95tt/0, However, further monitoring of ves-
sels at sea is needed to verify if salinity imbalances
are a problem. When making exchanges in deep
water @500 m!, the salinity of the new water relative
to the old should be considered as a factor determin-

ing the rate at which the old water is diluted during
the exchange.

The dilution of phyto- and zooplankton during
mid-ocean exchanges appears to be heavily depend-
ent on the flow dynamics and the mixing characteris-
tics in the ballast tanks. The tolerances of the organ-
isms to the tank environment will be a key factor
affe =ting measures of the rate of dilution of the biota.
Identifying and quantifying the factors affecting sur-
vivorship is a priority for further research. Therefore,
a wide range of phyto- and zooplankton taxa should
be used as indicators of the biological efficacy of
exchanges. The usefulness of larval invertebrates as
indicators is limited, however, because they can occur
in both coastal and open ocean water.
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Future Research On Ballast Water Treatment � A Technologist's View
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Assr RAcr: Since the mid 1980s, an international research effort focused on the development of ballast water treat-
ment options has been steadily increasing. The effort has resulted in the developtnent of a number of management
and treatment options that can be applied to ballast water. Ballast water can be treated on-shore, in port, or on ship-
board during ballasting, in-transit, or during deballasting. There has been considerable discussion and debate on
the merits of the various options; this paper makes a contribution with an assessment of the current treatment tech-
nologies and suggestions for further research. To select the most suitable treatment and management options for
ballast water requires a well-informed assessment of a wide range of variables. Some can be rejected or reflmed on
the basis of impracticality, impossibility, and proven poor performance. However, to thoroughly assess the options
for ballast water treatment and management will require the development of ballast water treatment standards. The
setting of standards for treatment will enable the comparison of treatment options on the basis of cost, safety, envi-
ronmental risk, and eAicacy in a way that is not possible in the present environment, Furthermore, the develop-
ment of standards will influence the direction of ballast water research by placing a focus on the questions that
must be answered to set appropriate standards.
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Research into the treatinent of ballast water has

gained considerable momentum since the experi-
ments on ballast exchange of Williains et al. in the
1970s  Williams et al. 1988!. Laboratory research has
been conducted on methods to inactivate a range of
organisms, including algal cysts  Oemcke 1999a;
Hallegraeff et al. 1997; Montani et al, 1995; Bolch and
Hallegraeff 1993; Ichikawa et al, 1992!, other algae
 Oemcke 1999a, 1998; A. Jelmert, pers. comm.!,
Undaria pinnatifida spores  Mountfort 1997!, and zoo-
plarikton  A. Jelmert pers. comm.; Mountfort 1997!.
Field studies have included tests on the use of filtra-

tion  Parsons et al. 1997; T. Waite, pers. comm.!, heat
 e.g., Rigby et al. 1998; Prentice and Thornton 1997;
Rigby and Hallegraeff 1994; D, Mountfort, pers.
comm.!, hydrocyclones plus UV irradiation  A.
Jelmert and H, Nilsen, pers. comm.!, and discharge
to s wer  A. Cohen, pers. comm.!, and are proposed
for .-."titration plus UV irradiation  note: the author is
involved in this proposal!. However, it remains the
case that research into the treatment of ballast water

is in the early stages of development.

Several reviews have been published on technolo-
gies for ballast water treatment  e.g., NRC 1996;
Carlton et al. 1995; Gutteridge, et al. 1993; Laughton
et al, 1992! with recent reviews by Oemcke �999a, b!.
This paper summarizes the findings of the latter
review, with particular emphasis on the interactions
between the nature of the shipping industry and the
efficacy of disinfectants in particular circumstances.
The requirement For an overall framework, within
which to compare ballast water disinfectants, and
some of the research needed for this system are dis-
cussed, Some of the disinfectant options reviewed in
Oemcke �999a, b! are shown in Table 1.

The treatment and management of ballast water
can be conducted at a number of stages of a ship' s
voyage  see Carlton 1985 or Hayes and Hewitt 1998!,
It can be conducted on shore or on ships, and
before, during, or after trips on which ballast water is
carried, Figure 1 shows a summary of the locations at
which ballast water management and ballast water
treatment can be conducted. This figure includes the
options identified by Carlton et al. �995!, except
non-discharge of ballast and extending voyage length.
Management techniques can be used to control
species transfer without the addition of water disin-
fection technologies. The treatment options would
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Treatment during ballasting
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Figure 1. Ballast water treatment options within the shipping and ports industries.
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require the adclition of physical or chemical disinfec-
tants to ballast water,

The feasibility of the use of various management
and treatment strategies and/or technologies For bal-
last water treatment is affected by a wide range of
technical issues, including the following,
~ Cost to conduct  on a comparable basis, for exam-

ple US$/mt!.
Time required for completion of treatment. Some
methods will not be able to be completed within
the duration of a voyage, depending on the route,

~ Technical impediments. A particular impediment
to various treatments, as described below, is the
aLility to achieve adequate mixing.
Availability of' proposed technologies at the
required scale.
Long-term toxicity.

~ Ef'ficacy of disinfectants. For the ballast treatment
options, a range of disinfectants could be effica-
cious, but the disinfectants vary with the stage of a
voyage,

In order to move forward, it is necessary for the
industry and regulators to be able to select ballast
water treatments that work and are cost-effective,

There are competing issues, where managers may
tend to regulate conservatively and industry will want
the lowest possible combination of cost and risk to
meet regulations, This paper reviews the technical
issues for treatment at the various stages of a ship' s
voyage, and proposes the development of a frame-
work for comparing options that will assist in making
thes» management decisions.

PORT-BASED TREATMENT SysTEMs

 SHORE OR TREATMENT SHIP!

Treatment on land is often favoured by regulators
and managers, as the quality of treatment is often
considered more controllable than with any other
system. Treatment on land can be conducted at a
shore-based plant or by a treatment ship  eg., Carlton
et al. 1995; Gutteridge et al, 1993!, The technological
requ irements for effective treatment at port-based
facilities can be met in many ways and would be site
specific. Several different types of filters can be used
to remove a large number of organisms  e.g., sand fil-
ters, pressure filters, screens, membranes!, pH can
easillr be adjusted to give optimum conditions for
disinf'ectants, and oxidant residuals can be removed,

The difficulties, real or perceived, of irnplement-
ing port-based treatment appear to have limited con-

Table 1. Physical and chemical methods reviewed For ballast water
treatment by Oemcke �999a, b!

Chemical treatmentPhysical treatment

f Itrat on

cyclonic separation

Ch orine

other ha ogens

 bromine and iodine!

chloramine

chlorine dioxide

ultraviolet i~radiation

heat

ultrasound

magnetic fields

electric fie ds

meehan cal damage

ozone

hydrogen perox de

organic compourids

copper ions

copper+ silver ions

ionising radiation

photochemistry

oxygen deprivat on

pH adjustment

salinity adjustment

tank coatings

sideration of this option, and it is likely that in many
cases implementation will be very difficult. The use
of potable water is very unlikely to be cost effective
due to the high standards of treatment and high
value of fresh water supplies  Oemcke 1999b!.
Discharge to sewer is unlikely to be widely effective
because not all sewage is disinfected, and much is
only disinfected to the level required for the removal
of bacteria; many ports are distant from sewage treat-
ment plants large enough to take their flows; and
there is anecdotal evidence that highly saline water
 particularly saline shock loads! upsets nutrient
removal and sludge settling in biological sewage treat-
inent systems. It may have a role in areas where bal-
last discharges are predictably low and is being trialed
in San Francisco  A. Cohen, pers. comm!. One likely
benefit from discharge to sewer is the removal of
cysts in primary sedimentation processes.

Options for the shore-based treatment ofballast
water, separate from potable water and sewerage sys-
tems, have been proposed. Gutteridge et al. �993!
presented concept designs for a shore based system
and several authors have discussed various alterna-

tives  e.g., Carlton et al. 1995!, A system of cyclonic
separation and UV-irradiation has been proposed for
VLCCs  very large crude carriers! where ballast is pur-
chased from a port-based supplier, or alternatively
from a specially equipped tender  H. 1sfilsen and A.
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 a! R eballasting with non-residual treated baliast
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empty out

unpumpable

No different to

re ballasting
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 b! Ballast dilution  flushing! with treated ballast water  new or recirculated!

cycle
through

treatment tank volume

$i~

5-95%
eated

No different to

ballast dilution

Figure 2. Representation of the use of nonresidual disinfectants For in-transit treatment of ballast water, showing that, in general, they are
no different from ballast exchange.

Jelmert, pers. comm.!. VLCCs have very high costs
for ballast exchange and well-defined trade routes,
which makes a system of purchasing treated ballast
water more likely to be attractive on financial
grounds compared with other potential markets with-
in the shipping industry.

IN-TRANS iT TREATMENT

In-transit treatment must be capable of achieving
an effective disinfection residual throughout the ves-
sel during transit. Options that produce no residual,
such as filtration, cyclonic separation, high power
ultrasound, magnetic treatment, and UV cannot be
utilized for in-transit treatment, as the organisms
must be moved to the treatment plant. The hydraulic
inefficiencies of ballast tanks mean that all w'ater will

not pass through the treatment plant. Figure 2 helps
to illustrate how the use of nonresidual in-transit

treatment is no more effective than ballast exchange
at sea, This can also be illustrated by assuming that a
pumping system ensures that 90% of the ballast water
in a ballast tank passes through a  nonresidual! in-
transit treatment system, which then inactivates
99.99% of organisms, In this case, 10.01% of the
organisms within the ballast tank survive treatment
due to hydraulic inefficiency, even though the disin-

fection system inactivates 99.99% of the organisms
that pass through it.

Ideally, in-transit treatments will be broadly bioci-
dal and capable of being mixed into ballast water
during ballasting. Treatments with an ability to
obtain an evenly distributed residual include ozone,
chlorine, chlorine dioxide, bromine, hydrogen perox-
ide, pH adjustment, heat, proprietary biocides, and
copper sulphate, among others. For oxidizing bio-
cides  e.g,, ozone, chlorine, bromine, hydrogen perox-
ide, and chlorine dioxide!, chemical reduction of the
residuals at the sediment-water interface and areas of

corrosion are likely to adversely affect the most cost-
effective dosing methods  Oemcke and van Leeuwen
1998a, b!, It may be possible to arrange chlorine
dioxide dosing to make it effective, although benthic
organisms in sediinents will probably be difficult to
remove and local areas of corrosion may have a nega-
tive effect.

A large body of data suggests that dinoflagellate
cysts are very difficult to remove from ballast water
with any biocide other than heat  eg., Oenicke
1999a; Hallegraeff et al. 1997; Montani et al. 1995;
Bolch and Hallegraeff 1993; Ichikawa et al. 1992!. It is
conceptually possible to pre-treat by filter or cyclone
to remove these resistant organisms prior to applica-
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tion of the biocide. Pre-treatment would need to be

conducted during ballasting prior to in-transit appli-
cation of biocide, a two-stage treatment process that
increases treatment plant complexity and adds cost.

Currently, a promising option for in-transit treat-
ment to remove cysts of dinoflagellate algae is heat.
The <hip's engine cooling system and exhaust are
areas where free waste heat can be obtained, giving
this option the opportunity to be relatively cost neu-
tral compared with ballast exchange at sea. However,
potentially important pathogens  e.g., Aerorrtonas
salmonicida, Vibrio cholerae! will not be affected, and a
wide range of organisms remains to be tested. Waste
heat will not be suitable for short voyages, due to the
time required to transfer adequate heat into the
watei; and may not work in cooler waters due to heat
loss to the environment  Rigby et al. 1998!. No
detailed examinations on the corrosion potential
have been conducted. Although Rigby et al. �998!
believe this will not be a problem, it requires investi-
gation before heat treatment is adopted, Heat may
affecr the stress loadings of the vessel by causing dif-
ferential expansion of the ship superstructure
 Carlton et al. 1995!, which also requires attention.
The use of additional waste heat from the exhaust

may improve the process, and the use of recircula-
tion, rather than the ballast dilution approach, may
improve the efficacy of heat treatment  D, Mount-
fort, pers, comm,!, although it is potentially more
expensive, due to the heat exchangers.

SHIPBOARD TREATMENT DURING BALLASTING

Shipboard treatinent during ballasting has impor-
tant advantages over treatment during deballasting,
Water can easily be taken in through the ballast
pumps during ballasting, whereas during deballasting
it is chscharged through multiple outlets. It should be
noted that 5-20 /o of the ballast on board is often de-

ballasted during a ships' approach to port, particular-
ly frcm the topside tanks  Hayes and Hilliard 1996!.
Further, ballasting is often conducted at a slower rate
than deballasting  e.g., Hayes and Hilliard 1996!. This
will reduce the size of shipboard treatment plants
required during ballasting compared with treatment
duririg deballasting, as treatment plant size is roughly
proportional to flow rate.

Solids separation  eg., screening or hydrocy-
clones! is the simplest system for ship-board treat-
ment. It requires that the organisms removed by the
screens can be returned to the source port, to avoid

Figure 3. The use of nonresidual biocides For ballast water disin-
fection during ballasting, using UV irradiation as an example.

expensive treatment of the screenings. Screening can
handle sediment loads if appropriate units are select-
ed and designed appropriately. For treatment of larg-
er organisms in ballast water, a 50-Iim screen appears
to be appropriate, and for the removal of dinoflagel-
late cysts, 20-lim micron screens will be necessary
 Oemcke 1999a, b!. Due to their high density, dino-
flagellate cysts should be removed by hydrocycloves
 Anderson et al. 1985!, and new systems are claiined
to be effective for removal of a range of organisms
and particles to less than 10pm  H, Nilsen, pers,
comm,!,

Ultraviolet irradiation  UV! has considerable
potential as a secondary ballast water treatment, fol-
lowing solids separation during ballasting  Oemcke
1999a, b; 1998!. UV wiII require pre-clarification to
be effective, both to reduce turbidity and remove
UV-resistant dinoflagellate cysts  Oemcke 1999a!. The
example of a shipboard ballast water plant, lor treat-
ment during ballasting  Figure 3!, shows how a UV
plant might be configured for ballast water disinfec-
tion.

Ozone is unlikely to be an applicable treatment
during ballasting, due to the high doses or fine filtra-
tion required to remove resistant organisms  Oemcke
and van Leeuwen 1998a!. Chlorine is similarly con-
strained, However, a system that uses membrane fil-
tration followed by chlorination is proposed for
cruise ships  Carless 1998!. This system has potential
as cruise ships use small amounts of ballast water, so
although the cost burden of high technology options
is high, their simplicity is beneficial. Furthermore,
membrane filtration alone will remove all organisms
except for viruses, This approach suggests that some
combinations may have potential for ships using
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Table 2. Refined list of ballast water rreatinenr alternatives for shipboard treatment adapted from Carl on er al. �995! by Oemcke
�999a, b!

Effectiveness against classes of organism
Ma«roalga Oinoflagellate Sub 20mm

spores cysts organisms
Treatment option Attached

bacteria
Zooplankton

and fish

Partially effective, should be pursued as risk reduction strategy
v' X X

V' X V' X

X s/ X

partia

V

a/ probably some

requires research

V' research note 2 research

Maintain 'watching brief' for a few years until technology develops
Maintain 'watching brief' unti technology develops
Effectiveness unknown, requires research

research researcn

Organism survives ballast uptake
8. Heat treatment in-transitr

9. Chlorine dioxide in-transit'

10a, Ballast dilution � volumes!

10b. Reballasting

part'al

Organism survives journey
10c. Backup exchange zones

10d. Part load then deballast  return to
sea or backup zone!

11. Non-discharge of ballast water

12. In situ extermination

' Screening and/or cyclonic separation wi I be necessary as a pretreatment; 20-pm screens and cyclonic separation likely to be effective; 50 pm filtration or Uv alone
ineffective, 'assumes adequate time and heat transfer are availab e

small volumes of ballast  e.g., cruise ships!, although
they may not have potential for larger vessels.

High-power ultrasound is a new technology that
may eventually be effective for ballast water treat-
ment. The technology is still in the developmental
stage, so very few good data are available on costs per
unit of water treated in large instaHations, or on the
effects of interfering substances or the limitations of
the technology  e.g., suspended solids!. The relation-
ship between laboratory tests and full-scale plants
cannot be determined until full scale plants are built
and evaluated f'o r disinfection applications. A "watch-
ing brief" is, therefore, the appropriate approach to
this technology at present as it will probably take sev-
eral years before developments reach the stage where

testing for efficacy against ballast water organisms is
appropriate.

Chlorine dioxide is an effective cysticide that
may be appropriate for treatment during ballasting.
The main concerns with chlorine dioxide are cost

and the possible environmental toxicity of by-prod-
ucts.

BIOCIDAL SHOCK DOSING

The use of biocides to treat ballast during a ves-
sel's approach to port, especiaHy vessels that have
been identified as a risk by a port state, is a conceptu-
ally attractive option, but has a variety of difficulties
and concerns, These include identifying a chemical
that works, identifying a chemical that is safe to han-

Organisms present in source port
1, Ballast "micromanagement" a

2a. Filtration during ballast ng �0 pm!b
2b. Filtration during ballast ng �0 pm!b
2c. Filtration during ballast ngb

50 pm + cyclone!

2d. Cyclonic separation alone'
3, Enhanced meehan'cal damage at pump'

4. Ultrav olet Irradiation>

5, High power ultrasounda

6. Other new technologiesa

7. Chlorine diox de'

se' ae'

Effectiveness unknown, requires research

> 85-90% effective for pelagic, effect of dead spots must be researched
>90% effective for pelagic, implementation difficult for many ships

Same as options 10a and 10b except for potential risk to backup zone
100% effective within port as no ballast is discharged, potential r sk

to backup zones

100% effective where viable

Difficult to achieve mixing or find suitable disinfectant
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die and not prohibitively expensive, identifying a
chemical that is safe to discharge to the environment,
and determining a method for thoroughly mixing the
chemical into the ballast tanks.

Loaded vessels carrying no ballast on board
 NOBOB! entering the Great Lakes of North
Ame "ica have the potential to be dosed with biocide
to inactivate the organisms in nonpumpable ballast
residuals remaining in empty ballast tanks.
Lubomudrov et al. �998! and Moll et al. �998! rec-
ommend glutaraldehyde, which they believe will
have time to break down before its eventual release

to the environment, and could be dosed at a station
by properly trained staff. It must be noted that these
chemicals present a high level of risk to the health of
staff:handling them and may be too unsafe for the
use of these chemicals, RNT �997! recommend the
use of glycolic acid or glutaraldehyde. This approach
may ~e suitable for areas like the Great Lakes, where
ships enter without ballast and then trade within the
system, and can be dosed during river passages en
route to the lakes; however, the literature suggests
that high doses will be required.

BALLAST MANAGEMENT OPTIONS

There are several management options in Figure 1
and Table 2, which, in addition to the treatment
options, complete the picture of potential ballast
water treatment technologies. Much of the current
effort in treatment technologies is motivated by the
inadequacies of these options in terms of both safety
and efficacy for the removal of organisms. However,
it may be possible to improve the efficacy of these
practices, particularly ballast exchange, and they will
have an important role in the control of introduc-
tions from ballast water. Further research is necessary
 Oerncke 1999a, b!.

MODEL OF BALLAST TREATMENT SYSTEMS

As discussed above, the treatment of ballast water
on shore  or a treatment ship! wiII depend on local
site constraints, land availability, infrastructure avail-
abiliry, and local discharge regulations; a very wide
range of technologies is suitable, Designers and oper-
ators of treatment facilities should know the options
that can be applied for treatment and be able to
make decisions based on what is known about the

efficacy of a very wide range of treatment technolo-
gies and alternatives for organism removal  discussed
in more detail in Oemcke 1999a!. However, ship-

board treatment is a more highly constrained system
that requires careful consideration of the alternatives.

Carlton et al. �995! proposed a list of potential
ballast water treatments, which is refined to the 12
currently strong options for shipboard treatment and
shown in Table 2. Their five options for prevention
of organism intake have been refined to a single
option called "ballasting micromanagement" in Table
2, and the model for filtration is refined to two levels

of screening �0-pm and 50-Irm!. Options From the
list of Carlton et al. �995! that have been omitted are
those that recommend in-transit treatment with non-

residual biocides or biocides that need to be evenly
and reliably distributed to be effective, The use of
shore Facilities to provide treated water, use of
potable water, discharge to sewage, and options spe-
cific to sediments have been omitted From the list as

they are not considered widely viable. Tank coatings
and oxygen deprivation are not effective treatments.

COMPARING BALLAST TREATMENT

AND MANAGEMENT OPTIONS

Comparing ballast water treatment options is the
most important issue confronting technologists
involved in ballast water management. The previous
sections have focused on a review of the options
available for the treatment of ballast water, As indi-

cated, a number of alternatives can be rejected on the
grounds of technical feasibility, lack of broad applica-
bility, or toxicity, Furthermore, it is clear that the
financial issues vary across the industry. However, in
general the ballast water treatment alternatives can-
not be objectively compared, either between the
potential locations for treatment or technologies.

Treatment options are typically compared on the
basis of cost to reach an agreed standard, within any
other existing constraints, At present two defacto stan-
dards are being used f' or ballast water treatment, but
they are not recognized as being standards. I consider
these to be standards only because they are the only
widely used basis For comparing disinfectants and
management schemes.

The first defacto standard is based on the efficien-
cy of ballast exchange processes  ballast dilution or
flushing and reballasting!, which is somewhere
around 90 /o, and often much lower. An efficiency of
85o/o has been treated as acceptable by the U.S. Coast
Guard  Reeves 1997!. Hallegraeff  AQIS 1998! sug-
gests that ballast dilution is about 85 to 95o/o effec-
tive. The second de Jacto standard is that implied by
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the current approach to ballast disinfection, where
100tt/o control of the resting cysts of certain species of
dinoHagellate algae is the target of treatment.

These two defacto standards are incompatible
with each other, and mean that quantitatively coin-
paring the treatment processes and inanagement
options is impossible, This is because
~ the exchange efficacy standard is biased towards

the selection of ballast exchange as an option, hav-
ing grown out of the use of that option; and

~ there is no basis for requiring any treatment to
remove or inactivate all algal cysts, as no treatment
other than heat is available.

Criteria for the treatinent of ballast water are

required to determine if the processes are achieving
an appropriate level of removal. To do this, it is sug-
gested that the following criteria be fulfilled:
1. Develop an understanding of the organisms that

are desirable to remove From ballast tanks, which
is the subject of considerable research. This does
need to be a complete understanding, but can
grow with the scientific contribution.

2. Select indicator organisms. For example, Vibrio
cholerae, resistant motile/pelagic unicellular
marine alga or protozoa, sexual stages of Undaria
pinnatifida, Gymnodinium catenatum hypnocysts,
Dreissena polymorpha pelagic veligers, and Asterias
amurensis larvae inay be considered appropriate at
present.

3. Determine a desired level of removal, based on
the available risk assessment tools.

With a set of indicator organisms and a desired
level of removal, ballast water treatment and manage-
ment options can be selected on the basis of their
ability to remove these organisms to the required
level. The treatment and inanagement options can
then compared on an objective basis such as cost,
environmental hazard, time required, space required,
etc� for treatment to the mandated level.

A prehininary dataset can be used to establish
treatment requirements in the short term, with scien-
tific advances used to refine the criteria used for

selecting between options. Without this system, it
will be difficult to resolve the competing claims of
proposed solutions, research will remain relatively
unfocused, and managers will be constrained by a
lack of perforinance requirements in setting objec-
tives. The establishing of standards will begin a
debate on standards that can be resolved in the long
term by research, The process for setting standards in

the water supply industry is similar. Great gains were
made by the removal of basic faecal contamination,
with an international process of refining standards
and targets an ongoing feature of the water supply
industries research effort.

For the ballast water treatment industry several
current fields of research will help to refine the sys-
tem of standards over time. These include the follow-

ing:
~ Efforts to understand the dynamics of the survival

of organisms present in ballast tanks  e.g., Hall et
aL 1998; Ruiz and Hines 1998; Taylor-Wood et aL
1997!.
Efforts to understand or estimate the inoculum of

an organism that is necessary to infect a new site
 e.g., Ruiz and Hines 1998!.

~ Improved understanding of risks; for example,
quantitative probabilistic approaches  Hayes 1998;
Hayes and Hewitt 1998!; semi-quantitative
approaches  Hilliard and Raaymakers 1997; Hayes
and Hilliard 1996!; and quantitative approaches
 Carlton et al. 1995!. The qualitative probabilistic
approaches will be the most precise risk assess-
ment, but probably require enormous investment.

THE REQViRED LEVEL OF ASSESSMENT

Comparisons should be conducted on the basis
of individual ships and their trading patterns, on the
required level of organism removal for that trading
pattern, and over the life of the ship. Costs of ballast
water treatment and management techniques cannot
be generalized for the whole shipping industry due to
variation in ship design, ballast puinping rates, ship
purpose, and trading routes. Treatment and inanage-
ment options should also be compared over a life-
time, not over a single trip, to reduce distortion of
cost comparisons.

Depending on the management or treatment
technology, the cost of ballast management is related
to either the total ballast capacity and trip length or
to the size of ballast pumps, each of which vary sig-
nificantly. Ballast water treatment methods will vary
in their efficacy depending on the conditions to
which they are subjected. For example, lower doses
are effective for UV irradiation of algae as trip length
increases and higher temperatures are possible For
longer trips when heat treatment is used, Some
organisms will be inactivated without treatment,
depending on temperature changes during trips or
length of trip.
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MOVING FORWARD

BAI.LAST TREATMENT

It will be valuable to understand whether the con-

centration of organisms in ballast water is important,
or if the number of organisms discharged is more
important, in order to establish a sensible set of treat-
men: criteria, If it is purely the number of organisms,
then treatment systems for different vessels will nec-
essarily differ. A 90o/o effective treatment  e.g., ex-
change! for a ship discharging 1,000 mt of ballast
watec will release the same volume of untreated water

as a 99.9o/o effective treatment  e,g., filtration + UV
irradiation! on a ship discharging 100,000 mt of
ballast water,

The development of effective ballast water treat-
ment and management techniques requires the devel-
opment of a set of logical treatment standards,
Without such standards, the options for treatment
and management cannot be compared objectively
and the debate about solutions to ballast water will

remain unfocused, as it is presently.
Science can be further developed following the

setting of standards. This will most likely include
some of the following.
~ A step forward in the debate about risk assessment

methodologies, as management questions increas-
ingly become the focus of risk assessment. For
example, questions about the level of risk assess-
m nt required will be coupled with an assessment
of the ability to respond adequately. This is likely
to result in a shift in resources towards developing
solutions rather than quantifying risks to a very
precise level.

~ The interrelationship between infectious dose and
treatment will be explored in detail, as the costs of
m eting tight standards will begin to become
apparent.

~ Understanding the issue of concentration and dose
will become important, as it will have an impact
on the cost of treatment across the industry.

SPECIFIC TECHNOLOGICAL RECOMMENDATIONS

To progress forward on the development of tech-
nologies listed in Table 2, the following specific rec-
ommendations are put forward, in no particular
ordei-.

1, Screening/cyclone pilot tests. Pilot testing should
be conducted for screening at 20ltm � 501tm, to

determine its ability to handle sediment loads and
blooms of plankton and phytoplankton. This
pilot testing will find the operating constraints so
that systems can be appropriately designed and
enable full-scale cost data to be accurately deter-
mined.

2. UV laboratory tests. Further laboratory testing on
UV disinfection is required. This testing should
target species of phytoplankton and protozoans
that will pass clarifiers and for which disinfection
efficacy data are not currently available. It must
account for dark repair and the effect of storage
on inhibiting photorepair mechanisms,

3. UV pilot tests. Pilot testing for UV+screening/
cyclone systems should be pursued in addition to
further laboratory testing. There are enough data
demonstrating that UV has considerable potential
for ballast water treatment during ballasting, and
full-scale design data need to be gathered. The
pilot testing must aim to test the limits of the UV
system.

4. Ultrasound, High-power ultrasound should be
viewed cautiously by ballast researchers until the
costs and operating constraints of full-scale sys-
tems are understood. This technology should be
watched, as it may have potential for treatment
during ballasting.

5. Heat treatment testing, In-transit heat treatment
needs to be researched to determine where this

will be an appropriate solution. Modelling of flow
processes may enable systems to be designed that
improve the transfer of heat into the ballast tank,
and can be designed into new vessels.

6. Chlorine dioxide laboratory tests, Laboratory-
scale tests of chlorine dioxide should be consid-

ered for addition to any tests being conducted on
cysts, to determine if it is effective for their treat-
ment. It is a highly effective cysticide, and may
have potential for ballast treatment, either ship-
board or land-based.

BALLAST MANAGEMENT

1. Ballast exchange dye tracer tests, Testing of the
effectiveness of ballast dilution and reballasting at
sea should be further pursued. Tracer studies have
had problems with evenly distributing dye into
the water, and it would be preferable to use a
method that injects a pulse of dye into the
incoming ballast water during the exchange
piocess, Data from well-conducted tests may be
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useful to help design more effective systems or to
eliminate this option From consideration,

2. Modelling the effectiveness of ballast exchange.
Modelling of a ballast tank using a flow-analysis
package and including the internal structures of
the tank is necessary to evaluate the effectiveness
of dilution and to design good dilution systems
for new vessels, if this option is appropriate.

ACKNOWLKDGMKNTS

The research leading to this paper was supported
by the Ports Corporation of Queensland, the
Australian Cooperative Research Centres Program
through the CRC for Ecologically Sustainable
Development of the Great Barrier Reef, and the
School of Engineering at James Cook University.

LTTK RATU RK C rTK D

Anderson, C.fvl., J.L. Lively, E.M, Reardon, and C.A. Price. 1985.
sinking characteristics of dinoflagellate cysts. Limnology and
Oceanography 30�!:1000-1009,

AQIS. 1998. Ballast Water Exchange Verification Workshop Transcript.
Australian Quarantine and Inspection Service.

Bolch, C.J. and G.M Hallegraeff. 1993. Chemical and physical
treatment options to kill toxic dinoflagellate cysts in ships' bal-
last water. Journal of Marine Environmental Engineering I:23-29,

Carless, P,R. 1998, The Applicati on of a Combined Membrane
Separation and Electrolytic Chlorination Process for the Treatment of
Ships' Ballast Water. Engineering Council Examination Project
Report, Undertaken at Lloyd's Register, Correspondence No.
35859,

Carlton, J.T. 1985. Transoceanic and interoceanic dispersal of
coastal marine organisms: the biology ol ballast water.
Oceanography andMarine Biology AnnualReview 23:313-371.

Carlton, J.T., D.M. Reid, and H. van Leeuwen, 1995, Shipping
Study: The Role of Shipping i n the Introduction of 1Voninai'genous
Aquatic Organisms to the Coastal Waters of the United States  Other
than the Great lakes! and an Analysis of Control Opti ons. United
States Coast Guard Report No. CG-D-11-95.

Gutteridge, Haskins, and Davey. 1993, Ballast Water Treatment for
thc Removal of Marine Organisms, Australian Quarantine and
Inspection Service, Ballast Water Research Series, Report No. 1.

Hail, J., B. Hayden, and C. Sutton, 1998. Report of Pilot Ballast
Water Study on Trans Tasman Voyage. New Zealand National
Institute of Water and Atmospheric Research Ltd.

Hallegraeff, G.M., J.P. Valentine, J-A. Marshall, and C J. Bolch.
1997. temperature tolerances of toxic dinoflagellate cysts: appli-
cation to the treatment of ships' ballast water. Aq'uatic Ecology
31:47-52.

Hayes, K.R. 1998, Ecological risk assessment For ballast water
introductions: a suggested approach. ICES Journal of Marine
Science 55:201-212.

Hayes, K,R, and C.L. Hewitt. 1998. Risk Assessment Framework for
Ballast Water lntroa'uctions. Centre For Research on Introduced
Marine Pests, Technical Report No. 14.

Hayes, T.M. and R.W Hilliard. 1996. Ballast Water Risk Assessmenti
12 Qaeensiand Ports. Stage 1A Report: Identification of Source Ports,
Iyescription of Oeballasting Cydes. Ports Corporation of
Queensland, EcoPorts Monograph Series No. 3.

Hilliard, R.W. and S. Raayrnakers. 1997. Ballast Water Risk
Assessment: 12 I7 ueensland Ports. Stage 5 Report: Executive
Summary and Synthesis of Stages 1-4. Ports Corporation of
Queensland, EcoPorts Monograph Series No. 14.

Ichikawa, S., Y. Wakao, and Y. Fukuyo. 1992. Extermination el i-
cacy of hydrogen peroxide against cysts of red tide and toxh
dinollagellates and its adaptability to baflast water of cargo
ships. Nippon Suisan Gakkaishi 58�2!:2229-2233.

I.aughton, R.V., T. Moran, G. Brown, C. Chiles, M. Lines, K.
Getty, J. Shelley, and R. Harrison. 1992. A Review and
Evaluation of Ballast Water Management and Treatmert Options to
Reduce the Potential for the Introduction of Non-¹tive Species to the
Great Lakes. Pollutech Environmental I td., Canadian Coast
Guard,

Lubomudrov, L,lvI., R.A. Moil, and M.G. Parsons. 1998. An eval-
uation of the feasibility and efficacy of biocide application in
controlling the release of nonindigenous aquatic species from
ballast water. pp. 118-123 In: Carlton, J. and B. Holohan  eds.!
USA Ballast Book 1998-1999: Ballast Research in the United St ites
of America. Williams College-Mystic Seaport, Mystic, CT.

Moll, R,A., L. Lubornudrov, and M.G. Parsons. 1998 The feasibil-
ity of biocide application in controfling the release of non-
indigenous aquatic species From ballast water. pp. 124-126 In:
Carlton, J. and B. Holohan  eds.! USA Ballast Book 1998-1999:
Ballast Researchin the United States of America. Williams College-
Mystic Seaport, Mystic, CT.

Montam, S., S. Meksumpun, and K. Ichimi. 1995. Chemical and
physical treattnents for destruction of phytoflagellate cysts.
Journal of Marine Biotechnology 2:179-181,

Mountfort, D. 1997. Ballast Water Treatment. Cawthron Imtiates
a Long-Term Solution to the Ballast Water Problem. Seafood
1Vew Zealand, July:38-39,

NRC  National Research Council!, 1996. Stemming the Tidei
Controlling Introducti ons of IV onindigenous Species by Ships ' Bal ast
Water. National Acadetny Press. Washington D.C.

Oemcke, D.J. 1998, Roles for ultraviolet disinFection in ballast
water treatment. pp, 92-99 In: Engineering Solutions for the Re il
Worla', 2nd Queensland Environmental Conference, 28-29
May, Brisbane, Australia,.

Oemcke, D.J. 1999a, Investigation of Options for the Treatment aml
Management of Ships'Ballast Water. Doctoral Thesis, James Cook
University, Townsvifle, Australia.

Oerncke, D,J. 1999b. The Treatment of Ships Ballast Water, Ports
Corporation of Queensland, EcoPorts Monograph Series No.
18,

Oerncke, D.J. and J. van Leeuwen. 1998 a. Potential of Ozone for
Ballast Water Treatment. Australian Quarantine and Inspection
Service.

Oemcke, D.J. and J. van Leeuwen. 1998b. Chemical and Physical
Characteri sti cs of Ballast Water: Implications for Treatnient Processes
and Sampling Methods. CRC Reef Research Technical Report
No. 23.

Parsons, M.G., A. Cangelosi, R.W, Harkins, T.P. Mackey, and D.J.
Munro. 1997. Design of the Great Lakes Ballast Technology
Demonstration Project. pp, 12.1-12.24 In: Annual Meeting ofthe
Society of 1Vaval Architects and Marine Engineers, October 16-18,
Ottawa Conference Centre, Ottawa.

Prentice, R.G. and G,A, Thornton. 1997. Balliist Water Heat
Treatment Systems. Hi Tech Marine International Pty. Ltd.,
Newport, Australia.

Reeves, M.E. 1997, Techniques for the protection of the great lakes
from infection by exotic organisms in ballast water. pp, 283-299
In: D'Itri, F.  ed.!Zebra Mussels and Other Aquatic LVuisance
Species, Ann Arbor Press.



336 oEMcKE

Rigby, G, and G. HailegraeIT. 1994. The transfer and control of
harmful marine organisms in shipping ballast water: behaviour
of tnarine plankton and ballast water exchange trials on the MV
Iro n Whyalla. Journal of hri ne Environmental Engi neerrng 1:91-
110.

RNT. 1997. Potentialfvr Sterilization oflVOBOB Ballast Water
Retnnants With Organic Acids. RNT Consulting Report 9609.

Ruiz, G.M. and A.H. Hines. 1998. klarine Invasions Research at
SERC  USA!t Current Research and Future Directi ons.
Ssrdthsonian Environmental Research Center.

Taylor-Wood, E., G. Hallegraeff, P. Hutchings, and G. Rigby.
1997. Ability of Target Organisnss to Survive in Ballast Water  Draft!.
Australian Quarantine and Inspection Service.

Wililiams, R J., F.B. Griffsths, E J. van der Wal, and J. Kelly. 1988.
cargo vessel ballast water as a vector for the transport of non-
incIigenous marine species. Estuarine Coastal and Shelf Science
26: 409-420.

SOURCES OP UNPUBLISHED MATERIAL

Rigby, Geoff, G. Hallegraeff, and C. Sutton. 1998. ballast water
heating as a treatment to rninisnise the risks of marine introduc-
tions. Paper presented to the ICES/IMO/IOC Study Group
on Ballast Water and Sediments, The Hague, The Netherlands,
March 25-27.

Cohen, Andrew, San Francisco Estuary Institute, Richmond,
Californi.

Jelmet, A., pers, comm.
Nilsen, H., Tech Trade A/S, Plattform v.l, Box 116, 4056

Tamangr, Norway, pers. comm.
Montford, D., Cawthron Institute, Nelson, New Zealand
Waite, T.D,, University of Miami, Coral Gables, FL 33124,

pers. comm.



Uv DISINFECTION OF BALLAST WATER 337

UV Disinfection of Ballast Waters: Effects of Organism Size on System Scaling
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AasTRAcT; Ballast water has been demonstrated to be one of the principal vectors for unintentional introduction
of non-native species. Although a number of treatment options, both physical and chemical, have been proposed,
UV sterilization remains an especially viable and environmentally benign approach. Developments in UV tech-
nology using high-powered excimer sources in the germicidal region of the UV spectrum  developed to treat bac-
teria in metal-working fluids! have enabled the efficient delivery of doses capable of inducing acute and latent pho-
totoxicity in a wide variety of organisms. In this investigation, we evaluate the efficacy of high-intensity UV irra-
diation at applied doses of 10-100 mWsectcma in controlling planktonic organisms likely to be entrained in bal-
last water. These include larval and adult crustaceans, larval bivalve mollusks, larval fish and microalgae, Since this
technology will likely be combined with some physical filtration for shipboard installations, the relationship between
organism size and effective UV dose becomes an important consideration. We present preliminary data for a rep-
resentative range of organisms using an experimental flow cell.

Key words: ultraviolet light, filtration, system scaling

INTRODUCTION
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The introduction of non-native aquatic species
into the North American waterways has been occur-
ring for as long as transoceanic travel has existed. In
fact, representatives from virtually every group of
aquatic organisms have been introduced somewhere
in the world  Morton 1997!, The scale of exotic
species introduction is enormous: 136 nonindige-
nous species are known from the Great Lakes and at
least 43 of these have arrived since 1960  Mills et al.
1993!. Of the 150 nonindigenous species that have
been discovered in San Francisco Bay, at least 21
of these have colonized the Bay since 1973  Carlton
et al, 1990!. In Coos Bay, Oregon, exotic species
number approximately 80, and in Chesapeake Bay
approximately 15.

How to curtail the invasion of non-native species
from North American rivers and Jakes is a critical

question. It has repeatedly been shown that ballast
water is the principle vector for unintentional intro-
duction of these nonindigenous organisms into U.S.
waters  Wiley 1997; Reeves 1997; Carlton and Geller
1993!, and likely facilitated the introduction of zebra
mussels  Dreissenapolymorpha!, to North America,
Support for this argument was given by Carlton arid
Geller �993! in a study where ballast water from 159
cargo ships that had traveled from Japan to Oregon
were sampled, discovering 367 distinct taxa represent-
ing 19 phyla. This illustrates that ballast water is a
medium in which a diverse cOmrnunity Of organiSmS
can survive and even thrive during transport over
many miles,

There are some controls that can minimize the

chance of successful colonization by an exotic
aquatic species. A currently favored technique is the
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exchange of ballast water at sea. The objectives of
this technique are to flush out organisms and bring
the salt concentration of the ballast water to approxi-
mately 30 ppt  Reeves 1997; Wiley 1997!, limiting
the survival of salt-intolerant organisms. However,
potential complications of ballast exchange still exist.
Bec.iuse of the amount of ballast that would have to

be removed at one time, it may be unsafe for the
larger ships to exchange enough water, Ballast
exchange may also be waived in poor weather, it
may be ineffectively performed, or there may still be
significant survival of exotic species protected in
sediments remaining in the tank even when the
exchange is performed within the bounds of existing
legislation  Reeves 1997; Wiley 1997!, The direct
treatment of ballast water may be a more desirable
option.

ln 1990, the U.S. Congress enacted P.L. 101-646,
the Non-Indigenous Aquatic Nuisance Prevention
and Control Act. In 1992, the Marine Board of the
National Research Council began the "Assessment of
Ship Operations [Ballastj Technologies for
Controlling the Introductions of Non-Indigenous
Organisms", The International Maritime Organiz-
ation has created a Ballast Water Working Group
with a mandate to develop international guidelines
governing both ballast water exchange and the devel-
opment of methods For treatment of ballast water.
Treatment options include both shipboard and shore-
based operations and a variety of potential treatments
are currently under consideration. The principal cate-
gories of treatment under particular scrutiny are
acoustics, biocides, deoxygenation, electric pulse/
pulse plasma, filtration, inagnetic, thermal, and ultra-
viol t light. Although many of these techniques are
currently in use in water treatment, several are
impracticable for shipboard operation, For example,
the mechanical and energy requirements for heat ster-
ilization of ballast water are substantial. Initial

attempts to demonstrate solutions have, therefore,
focused on what is both feasible and practical. A
recent study by Battelle �998! concluded that "UV
treatment is currently the best suited for secondary
treatment of ballast water,"

RATIONALE FOR ULTRAVIOLET  UV! RADIATION

The ability of ultraviolet  UV! radiation to inacti-
vate water-borne inicroorganisms has made it an
excellent choice as a disinfectant in the drinking
water and wastewater treatment fields, Despite the

fact that the potential for water treatment with UV
radiation has been known since the beginning of'the
century, UV light as a practical means of treating bal-
last water has only recently received attention
 Wright et al. 1997!. The most important advantage
UV has over other disinfectants is its ability to treat
pathogenic organisms without the addition of chemi-
cals that may produce toxic byproducts, In this way,
treatment can be environmentally friendly and still
remain cost effective.

One aspect of the toxicity of UV radiation
involves photochemical damage to DNA within the
cells of microorganisms. Nucleic acids in living cells
absorb light in the UV wavelengths �40 � 300 nm!,
inducing dimerization of the thymine bases due to
a C5, C6 doublebond breakage. This distorts the
sugar-phosphate DNA backbone rendering the cell
incapable of replicating  Liu et ul. 1995; Water
Environment Research Foundation 1995; Russo and

Russo 1993; Skeldon 1991!. This process dominates
for smaller organisms and can be modeled as a
photochemical reaction between light and the
DNA molecule.

UV radiation has been proven effective against
vegetative and sporous forins of bacteria �.2-5.0
mm!, viruses and bacteriophages �.02-0.2 rnm!, and
many other pathogenic microorganisms  Sobotka
1993!. Some of these include E. Coli  Mechsner et al.
1991! Legionella sp.  Yamamoto et al. 1987; Liu et al.
1995! Bacillus subtilis  Sominer and Cabaj 1993! hep-
atitis A virus  Battigelli et al. 1993; Wiedenmann et al.
1993!, Coxsackie virus B-5  Battigelli et al. 1993!,
rotavirus strain SA-11  Battigelli et al. 1993!, and the
F-specific RNA bacteriophages, MS2 and jX174
 Battigelli et al, 1993; Wiedeninann et al. 1993;
Havelaar et al. 1991!.

Since many microorganisms have the ability to
reactivate or repair the DNA lesions caused by UV
light over time  Russo and Russo 1993; Mechsner et
al. 1991; Yamamoto et al. 1987! and there is no resid-
ual toxin in the system, the standard UV treatment
system used on waste or drinking water produces a
sufficient dose to cause the immediate death of the

pathogen. Objectives for ballast water are similar but
distinct. The larger organisms may require higher
doses for sufficient photochemical effects to accumu-
late to produce an outright kill. For these organisms,
photobiological effects, such as disruption of germi-
nal organs, damage to eyes, or other effects, may pro-
vide a more efficient path to the objective of a ballast



Approximate Size ExamplesMicroarganism

.02 1 mm Hepatitis virus, 0.02 mm; HIV, 0.08 mmViruses

0.25 � 5 mm Pseudomonas, 0.5 � 0.62 mm

Vibrio cholerae, 1 � 10 mm

Myxosporeans, 5 � 30 mrn
Micro»poridian», 1 � 10 mm

1 � 80 mmProtozoans

AphanomycesFungi 1 � 100 mm

0.2 � 2 mm

2mm � 2mm

Zooplankton 30+ mm

Fish eggs

Larval fish

0.5 � 5.0 mm

2+ mm

water control system � preventing the nonindigenous
species from colonizing its new ecosystem.

The optimal light source for a ballast water con-
trol system is likely to be very different from the
optimal system for drinking water treatment, In addi-
tion to larger target organisms, the presence of sus-
pended particles, such as dirt and algae, will reduce
the range of UV in water. Microorganisms may be
shielded by these particles and, thus, not be affected
by the radiation  Skeldon 1991; Taylor 1988!. These
obstacles could be prevented through a physical pre-
treatment process, such as filtration  Liu et al, 1995;
Skeldon 1991; Taylor 1988!.

In the Great Lakes Ballast Technology Demonst-
ration Project supported by the Northeast-Midwest
Institute and the Lake Carriers Association, initial

emphasis has been placed on a physical filtration sys-
tem. In this regard, a major practical consideration is
the smallest particle size capable of being filtered at
the very large flow rates involved with ballast water
loading. Such a system can be regarded as a pre-treat-
inent. Secondary treatment  like UV! must be capa-

TABLE l, Relative sizes of microorganisms found in water

6acteria, cocci  spherical! and bacil i  rod-shaped!

Cyanobacteria  blue-green algae!

Phytoplankton  inciudes diatom», dinof agllates,
cryptomonads, macrophyte spores, and other pico-,
nano-, micro-, and colonia phytoplankton!
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Mrcrocystis elebans, 2-6 mm
Spirulina subsalsa, 0.4-4 mm
Chroococcus lrmneticus, 6-12 mm

Skelatomrna, 7-15 mm

Thalassi osira eccentrica, 40-120 mm

Cryptomonas, pseudobaltica, '18-30 mrr
Chroomonas amphioxera, 10-19 rnrn
Euglena proxima, 18-25 mm
Pfiesteria, 5-450 mm  cyst stage, 7-60 mm!
Gymnodinium  red tide species!, 20-25 mm
Gonyalaux  red tide species!, 28-43 mm

Zebra mussel veligers, 30 � 65 mrn
Adult ca anoid copepod», l.6 � 12 mm
Various crab and shrimp zoea, 5 mm
Starfish  A»teria» rubens! larvae, 2 rnm

ble of'effectively dealing with particles too small for
physical filtration and should include bacteria. The
discovery of cholera in shellfish and fish in Mobile
Bay, Alabama  McCarthy and Khamdaty 1994! was
traced to ballast water in vessels that had recently vis-
ited South American ports. In advance of practical
demonstration, it was generally felt that the lowest
cut-off size for effective physical filtration is 100-200
mm. Recent results  see reports from Parsons and
Cangelosi in these proceedings! suggest this value i»
between 25 and 50 micrometers. These encouraging
results still require an effective secondary treatment
since many pathogens are considerably smaller
 see Table 1!. Vibrio cbolerae, for example, is typically
1-10 mm.

Preliminary experiments using a medium-pressure
mercury lamp and notch filters indicated that mono-
chromatic UV light was toxic to late-stage dressenid
larvae. Pre-settlement larvae exposed to 254- and 280-
nm light at 100 mWsec/cmz completed settlement,
but subsequently all died. Control larvae had 100e/n
survival  Wright et al, 1997!. Recent developments
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Figtire 1. Dose-response relationship for copepods  Euryrerrrora
agir.is! exposed to excimer UV light.

in light sources suggest that a system tuned to a nar-
row spectral bandwidth optimized for ballast water is
feasible. An excimer UV lamp currently manufac-
tur.d by T3I has been demonstrated to affect a three
log removal of bacteria from industrial cooling fluids
having the opacity of milk  Bissing et al. 1998!.

EXPERIMENTAL METHODS AND RESULTS

For the work described here, we have configured
our experimental scale UV reactor to test the efficacy
of excimer UV on aquatic organisms. In this system,
test organisms are pumped through quartz tubing to
triplicated exposure ports in the lamp housing. A
fourth loop with no UV access serves as a control,
Another test rig delivers 150 gallons per minute,
either as a once-through pass or as part of a closed
loop system. The once-through operation would sim-
ulate  at small scale! a ballast water loading opera-
tion, and the closed-loop would simulate a continu-
ou«. treatment system that might be employed on
board a vessel under way. Dose is a function of lamp
output and exposure time  and is adjusted through
flow rate!, For the initial experiments presented here,
the small-volume test stand was used in a once-

through configuration.
The work reported here is a selection of data from

a pilot project exploring the effectiveness of excimer
UV light on a variety of planktonic organisms repre-
sentative of those that might be entrained in an
industrial intake or ballast water in an estuarine envi-

ronment, such as the Chesapeake Bay, Some species
that are not indigenous to the Chesapeake Bay have
also been included, either because of ease of culture

or because of their status as a nuisance species spread
via ballast water.

Latent phototoxicity can be quantified only in
terms of the biological effect achieved as a function
of UV dose, the product of UV flux  mWatt/cm'!
and exposure time  sec!, when organisms are held in
culture over several days or through different devel-
opmental stages. The quantification of'latent effects
places a substantial burden on experimental controls.
Tests were performed on a range of organisms
including, but not limited to, zebra mussels
 Dreissena polymorpha!, grass shrimp  Palaemonetes
pstgio!, copepods  Zurytemora a+inis!, Artemia salina,
S heep shead minnow larvae  Cyprinodon vari egatns!,
and algae  Chorella vulgaris!. Representative data are
shown in Figures 1-4.

Copepods were maintained in culture at the
Chesapeake Biological Laboratory using ambient
Patuxent River water adjusted to a salinity of 12 ppt.
Cultures were fed regularly with Isochrysis galbana at
densities of	0s cells/ml, Cultures were concentrat-

ed to exposure densities using 32-mrn mesh Nitex
sieves, sufficiently small to filter out all larval stages.
Where needed, adults were filtered from the remain-
ing culture using a 212-Inrn mesh sieve. Following
irradiation, copepod suspensions were concentrated
using 32-mrn mesh sieves to 1/20th of their volume
and larval counts made of each of three aliquots from
each test replicate, Organisms were scored live or
dead according to their response to physical stimulus,
and numbers of live animals were compared with
controls  see Figure 1!.

Three different life stages were exposed to UV
irradiation: stage 1-3 naupliar larvae    60mm!, stage
1-3 copepodites �50-250 mm!, and adult copepods
 00 mm!. It can be seen that as the applied dose
was increased, a stronger effect was measured.
Similarly, higher doses produced a more acute effect.
Differences in numbers of naupliar larvae between
the controls and UV exposed samples represent the
sum of naupliar mortality and reproductive delay or
failure. That is, no new larvae hatched in the UV-

exposed samples, suggesting an interruption of repro-
duction even at low doses.

Artemia salina were commercially obtained cysts
and were maintained in a dry condition until used, A
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maximum of 5gm of Artemia was used in about 3 L
of water. Water temperature was maintained between
25 and 30'C, and salinity between 5 and 15 ppt
throughout the hatching period or for at least twenty-
four hours, Light was maintained at about 2000 lux
with constant aeration  without creation of foam!
throughout the hatching period, The optimum pH
for the hatching medium is between 7,5 and 8.5.
After 24 hr, aeration was turned off and settling
allowed for 5-10 min, because the empty shells will
then float, Since Artemia nauplii are phototactic, one
corner of the bottom of the incubating tank was illu-
minated to simplify separation of unhatched cysts
and collection of nauplii, With an oven baster or a
siphon, concentrated Artemia nauplii were siphoned
out into the Artemia net bag or into a 37-um-mesh
sieve, for proper separation. The nauplii in the bag
were rinsed in a gentle stream of water. Figure 2
shows increased killing at higher UV doses. Latent
effects are difficult to determine due to changes in
the control samples.

Sheepshead minnow larvae  Cyprinotjort varie-
gatus! were collected from local estuarine sites. The
minnows usually reach sexual maturity 3-5 mo after
hatching, with standard lengths of'about 27 min for
females and 34 Inm for males. They were held at tem-
peratures of 25-30 C, 20-30 indiv. in each rearing
tank and fed Tetramin daily. When adults reached
sexual maturity, they were kept in a temperature con-
trolled systein at 18-20'C. To initiate spawning, 75-
80t!/o of the water was changed and the temperature

Figure 2. Dose-response relationship for brine shritnp  Artetnia
salina! exposed to excimer UV light.
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Figure 3. Dose-response relationship for sheepshead minnows
 Cyprinodon variegatsts! exposed to excimer UV light.

raised to 25'C with a photoperiod of 14-hr light and
10-hr dark. Adult females generally lay 10-30 eggs per
spawn. To obtain embryos for a test, adult fish, gener-
ally five females and three males, were transferred to
a 15-gal aquarium with the appropriate photoperiod,
temperature, and salinity, 7-8 da before larval fish
were needed. The spawning tank was fitted with
spawning mats where the eggs were laid and adhered.
Spawning usually began within 24 hr, Embryos
spawned over a 24-hr period may hatch over a 72-hr
period, so it is advisable to obtain eggs over several
days to ensure that a sufficient number of newly-
hatched  CZ4 hr! larvae will be available to initiate a
test. When the mats contained a sufficient number of

eggs, they were removed from the tank, rinsed in
high-saline water w'ith methylene blue  to prevent
fungal infections!, and incubated for 6-7 da at 25'C
with gentle aeration. Water was changed daily,
Approximately 24 hr before hatching, the salinity of
the seawater was changed to that of the test salinity.
Water chemistry was monitored over the hatching
period. Larvae were fed newly hatched Artemia daily.
The size of the minnows irradiated ranged from 0.4
to 0.9 cm. Higher doses were required for killing larg-
er organisms than was needed for smaller organisms.
Yet, even for these large organisms, a strong latent
effect was observed for moderate doses  Figure 3!.

The estuarine alga Chlorella vulgaris was cultured
at the Chesapeake Biological Laboratory culture facil-
ity from in-house stocks. These were grown up as a
1L culture in sterilized filtered �6 ppt! water fortified
with f/2 nutrient media, The culture was diluted to
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ABsrRAcr: Billions of organisms are transported around the world in some 10 billion mt of ballast water that
are carried annually on ships. An increasing number of these organisms are becoming established in new loca-
tions, resulting in significant ecological damage worldwide as well as posing a threat to human health, A range
of ballast water management guidelines and regulatory practices have been introduced by various countries in an
attempt to minimize the risks of establishment from these inoculations. The International Maritime
Organization is developing a set of international regulations, the use of which is likely to enter into force early
in the new century. A range of potential ballast water treatment options have been suggested to kill biota or min-
imize the threat of water discharges; however, it is unlikely that a single treatment process will be developed that
will eliminate all unwanted organisms in ballast water. Rather, a range of options appropriate for each particular
ship and voyage, aimed at minimizing the risk, will emerge. Ocean exchange is currently the primary option that
is being used, While this process can be effective in many cases, there are limitations which are likely to restrict
its universal use, Ballast water heating utilizing waste engine heat has been demonstrated to be effective for
killing many organisms and shows considerable promise for the future. A shipboard demonstration of filtration
and testing of a hydrocycione/ultraviolet irradiation system are in progress and will provide data to assess the fea-
sibility of these options. A range of other biocidal and chemical processes have been or are being tested; how-
ever, the majority of these have been rejected at this stage on cost, effectiveness, practicality, or environmental
grounds. Research and demonstration aimed at assessing these and other options are continuing

Key words: ballast water, harmful aquatic organism, treatment, exchange, water heating

INTRODUCTION
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Countless billions of marine organisms are trans-
ported around the world in the 10 billion mt of bal-
last water carried annually on ships to maintain their
safety and stability at sea. Quantities and number of
discharges continue to increase in major ports
around the world with the use of larger ships, shorter
tran,'it times, and increases in world trade, The likeli-
hood of these organisms surviving the voyage and
becoming established in a particular port depends on
many factors, including the types and nature of
organisms, length of voyage, and environmental con-
diticns at the ballasting and deballasting ports.

The consequences of nonindigenous organisms

becoming established in a particular area can be
quite devastating and have resulted in significant
ecological and environmental damage worldwide as
well as posing a threat to human health, The possi-
ble link between ballast water and dispersal of
marine organisms was first suggested by Ostenfield
�908! and Peters �933!, However, interest in ballast
water discharges as a global environmental cause For
concern has gained considerable impetus over the
last decade with the documented establishment of a

number of nonindigenous harmful aquatic organ-
isms around the world.

Perhaps the most publicized of these is the zebra
mussel  Dreissenctpolyrnorpha! in North America. First
discovered in Lake St Clair in 1988  Griffiths
et al. 1991; Johnson and Padilla 1996!, it has now
become established in more than 50B/B of the water-
ways in the United States and is estimated to cost
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some US$500 million annually in nuisance costs
resulting from blocking of power plant water intakes
and water treatment, as well as fouling of fishing
nets, boat hulls and buoys  Weathers and Reeves
1996!. The toxic dinoflagellate, Gymnoili'nium
catenatum, strongly linked to ballast water discharges,
became established in the Derwent and Huon estuar-

ies of Tasmania, Australia in 1972 coincident with
the establishment of a new woodchip mill. This
species has been responsible for the regular closure
of shellfish beds to harvesting as a result of high
Paralytic Shellfish Poisoning  PSP! toxin levels
 Hallegraeff and Bolch 1992; McMinn et al. 1997!.

Ballast water has been suggested as the vector for
the introduction of the American Atlantic comb

jelly, Mnemt'opsis leidyi, in the Black Sea in the 1980s
 Vinogradov et al. 1989!. Since 1990, it has been
responsible For a huge decline in commercial fish-
eries in the Black Sea where it has affected anchovy,
sprat, and horse mackerel fisheries and also in the
Sea of Asov, where anchovy and Asov kilka catches
have been severely reduced  Vinogradov et al, 1996!,
It has now spread to the eastern Mediterranean Sea
 Kideys and Neirmann 1994!. Recent studies have
suggested that cholera introduced in ballast water
could present a health risk in some areas  McCarthy
and Khambaty 1994!. In particular, the survival of
cholera by association with algal blooms and colo-
nization of the chitinaceous exoskeletons of'some

marine organisms suggests that the role of ballast
water in this case may be associated with the trans-
port of intermediate hosts in addition to free cholera
cells  Epstein 1993; Colwell and Spira 1992!.

Carlton et al. �995! have estimated that more
than 3000 species are transported around the world
by ship each day, and some 40 recent invasions have
been mediated by ballast water  Carlton and Geller
1993!. It is important to note that although signifi-
cant emphasis has been placed on ballast water in
relation to the translocation and establishment of

unwanted aquatic organisms, other vectors such as
hull fouling on ships and pleasure craft as well as
organisms carried in oysters and fish for the aquari-
um trade may play a significant role.

As a result of these biological invasions, a range
of ballast water management guidelines and regulato-
ry practices have been introduced by various coun-
tries in an attempt to minimize the risks of new
species becoming established. At the international
level, the International Maritime Organisation

 IMO! through its Maritime Environmental
Protection Committee  MEPC! has been developing
draft regulations with a target date for the adoption
of a mandatory international instrument for ballast
water management early in the new century.

These guidelines include a number of recom-
mended management and treatment procedures that
need to be considered by the ship's Master in order
to comply with the requirements prior to discharging
ballast, Not all of these options are suitable or
appropriate for use on all ships, and some are still
being tested and developed, Research and develop-
ment programs have been established in Australia,
New Zealand, the United States, Germany, Canada,
Japan, Israel, Ireland, Wales, Sweden, and Norway to
investigate introductions and to support these regula-
tory efforts by testing the efficacy of various options
and to identify and test appropriate alternatives.

This paper reviews the suite of management and
treatinent options that have been considered or are
being utilized or developed for potential implemen-
tation both locally and at the international level.

MANAGKMKNT, TREATMENT AND
TARGKT SPECIES � SOME CONSIDKRATIONS

A single practical, safe, environmentally accept-
able, and cost-effective solution that will kill all liv-
ing organisms, or those that could potentially germi-
nate from material present in all ballast water con-
tained in the wide range of ship's tanks, is unlikely
to ever become a reality. Rather, an overall strategy
based on a range of management and treatment
options to minimize the likely risks of organisms
becoming established  once discharged! is currently
and is likely to remain the generally accepted
approach. This is certainly the approach that is being
developed in Australia and several other countries
as well as forming the current basis for the IMO
regulations,

Another aspect relates to the types of organisms
at which the control measures are aimed. Without

some identification of particular species of concern,
it is difficult to assess the likely efficacy of any bal-
last treatment option. The Australian approach has
focused on a number of target species. The initial list
of target species was developed to include a number
of "model organisms" that were thought to have
been introduced via ballast water into specific loca-
tions with significant environmental, aquaculture. or
human health consequences, and had the potential
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to become established in other ports if some control
measures were not taken.

One particular model organism selected for the
early research work was the toxic dinoflagellate, G.
cateiratum, which has resulted in the establishment of

a costly toxin monitoring program in Tasmania to
protect human health and to identify closure periods
For harvesting of affected shellfish. G, catenatum pro-
duces resting cysts that can survive in sediments for
mariy years and become established when appropri-
ate conditions exist. Hence, it was considered that a
study of its behavior under ballast tank conditions
and various ways of killing both the motile and cyst
forms of this organism would also provide a reason-
able basis f' or assessing likely effectiveness of various
treatment options on a number of other organisms.

Some researchers and countries do not consider

that a targeted organisms approach is appropriate,
since one ship alone can discharge many hundreds
of different species that have the potential to cause
problems if they become established, No doubt this
deb;Ite wiH continue, but without some basis for test-
ing and comparing the effectiveness of various treat-
Inent options, or for assessing compliance, it will be
difflicult to progress beyond accepting treatments
that offer complete sterilization. Target lists can be
changed from time to time to take into account
changing conditions or observed introductions from
other locations, It is interesting to note that defacto
target species are sometimes used as a basis to handle
a specific problem, even though the overall approach
to management is regarded as non-target oriented.
Examples include the use of salinity increases by
flushing with ocean water in North America to mini-
miz» the risk of new l3. polymorpha introductions
and the banning of ballast discharges in New
Zealand ports for ships arriving from specified
Australian ports  namely Port Philip Bay in Victoria
and Tasmanian ports! because of concerns over pos-
sible introductions of AsteriaI amurensis.

]n general, the risk-based approach seeks to assess
the DOtential risk Of One Or mOre OrganiSmS beCOm-
ing established within a port as a result of the water
disdiarged. If the risk is below an identified level,
the ship would not be required to undertake any
treatinent. For example, in a port where A. amurensis
did not exist and its establishment would create

major problems, there would be little risk involved
f' or a ship discharging ballast water from ballast taken
on in a port where this organism is known to be def-

initely absent, This is a very simplified case since, for
example, the ship could contain residual sediments
from a previous port where the organism is prolific.

There are several types of risks that need to be
considered in assessing the overall risk of a particular
organism becoming established, In addition to the
biological risk  which is based on a multitude of fac-
tors related to organism presence, uptake, survival,
discharge, establishment and impact!, other risks
such as social and management need to be taken
into account. In Australia, a Decision Support
System  DSS! based on a combination of all of these
risks is at present being developed and will be used
by the Australian Quarantine and Inspection Service
 AQIS! in managing and implementing their ongo-
ing ballast water program  Hayes and Hewitt 1998!.
This basic approach, albeit in a very basic form, has
been used by AQIS for several years in implement-
ing and managing its voluntary guidelines.

Initially the DSS will be impleinented at a low
level of sophistication since only limited information
on input data such as biological presence and surviv-
ability will be available. However, the models being
developed allow for the level of accuracy to be
improved as further research and monitoring results
become available.

MANAGEMENT OPTIQNS

For any form of voluntary or mandatory ballast
water controls to be acceptable, it is essential that
these controls involve management and treatment
options that are

safe

technically effective in killing the organism s!
of concern,
cost effective

environmentally acceptable, and
~ practical.

In the past, the handling of ballast water has
been essentially based on the need to achieve load-
ing and unloading of cargoes in the most expedi-
tious and safe way  consistent with a pre- established
ballasting/deballasting plan! with little regard for the
local environmental conditions. As a result of obser-

vations and research over the past decade, a series of
precautionary management practices have been
developed to assist in minimizing the risks of organ-
ism invasion  Carlton et al. 1995; AQIS 1998; Rigby
1994!. Attention to these precautionary management
practices during ballasting or deballasting in soin»



cases may provide a proactive approach that wiH be
much simpler and more cost effective than one of
the treatment options.

In principle, these techniques are aimed at mini-
mizing the risks of the uptake of organisms, thereby
reducing the quantity discharged and the probability
of survival and establishment. Some of the main

options that have been suggested are briefly outlined
below.

Afinimization of ballasting during presence of
target species

Some organisms proliferate in a particular loca-
tion at specitic times, and avoidance of ballasting at
these crucial times can minimize the number of

organisms taken into ballast tanks, For example,
clearly visible blooms of toxic algae could be avoid-
ed  HaHegraeff and Bolch 1992!. These blooms are
often limited to relatively short periods, especially
during crucial periods when, for example, permanent
resting cysts are present in the water column.

Jlilini mizati on of ballasting at night

Many benthic species rise in the water column at
night  Carlton et al. 1995! therefore avoidance ofbal-
lasting at these times may be beneficial.

llilinimizati on of ballasting in areas where sewer and
industrial discharges occurs

Human pathogens may be discharged in some
port locations where ballasting takes place.

cWinimization of ballasting in global hot spots

This approach, suggested by Carlton et al. �995!
is similar to the first option and suggests that. it may
be possible to identify  via an international advisory
network! regions where ballast water ought not to be
taken on or where hot spots specific to a particular
species exist.

Minimization of sediment uptakein shallow ports or
dredgi ng areas

Sediments present in ballast water during ballast-
ing can present a problem in soine ships, as they
may settle in some of the ballast tanks and provide
a habitat for organisms, Many large bulk carriers
ballast in deep ports and this is less of a problem
except perhaps in periods of high rainfaH. However,
it can be a cause for concern in shallower ports with
minimum under-keel clearance. There are many
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aspects of sediment behavior that are not well under-
stood, and further work is required to identify more
clearly the true role that sediments play in the
translocation of organisms, In some cases, although
sediment may be present in ballast tanks, it is noi
necessarily discharged at the time of debaHasting,
Suctioning from high in the water column may assist
in minimizing sediment uptake in some locations
 Taylor 1996!,

Confinement of ballast to specific tanks

Some ships have the capability of retaining aH or
part of the ballast water in non dedicated tanks tliat
can be later discharged at sea when alternative water
is taken into other tanks  Rigby 1994!.

The practicality and effectiveness of some of
these management options are quite limited as the
ship's Master often has little scope to vary ballasting
times or patterns, as this needs to be synchronized
with unloading schedules. It is also sometimes neces-
sary to ba/last and debaHast within the same port, so
the ability to select locations and times is again lim-
ited. Some ship's schedules change on leaving a par-
ticular port, and the ship eventually ends up in
a port different from that originally planned. These
types of changes may have a bearing, in particular,
on the effectiveness of the strategy of avoiding hot
spots.

Combined management strategies

A combination of one or more of the above

options, together with a number of other procedures,
has formed the basis for overaH integrated manage-
ment strategies that have been suggested or included
in guidelines introduced by various countries. The
AQIS guidelines  AQIS 1998!, for example, suggest
that a number of the above options be adopted
 wherever appropriate! in addition to the use of bal-
last exchange or some other treatment option and a
consideration of the risk associated with discharging
the ballast water in the debaHasting port. The latter
should take into account the conditions existing in
the ballasting and debaHasting ports for the target
organisms of interest. The computerized DSS cui-
rently under development by AQIS will take aH of
these components  together with a more detailed
assessment of biological, social, and management
risks! into account. Carlton et al. �995! have have
recommended a series of procedures based on con-
sideratinn of the above precautions together with
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considerations of baHast exchange at sea, backup
zones for vessels that have been unable to exchange
at sea, some Form of risk assessment, and quarantine
proc:dures for vessels identified as having high risk.

TREATMENT OPTIONS

A number of treatment options have been sug-
gested as potential candidates either to completely
kill or to significantly reduce the total number of
organisms or the number of species present in the
ballast water  Carlton 1990; Rigby et al. 1991; Rigby
1995; NRC 1996!. These suggested treatments in
mosl cases are essentially based on technologies or
proc =sses currently in use for industrial or domestic
wate~ treatment, and may not be effective or appro-
priate for treatment of ballast water. Only limited
laboratory or ship-based trials have been undertaken
to assess their effectiveness.

As distinct from some of the conventional

proc sses, which are carried out in purpose-built
equipment where design and operating conditions
can be closely controlled, effective treatment of aH
the ballast water on a ship presents a range of differ-
ing problems. A typical "Cape Size" bulk carrier,
such as the BHP-owned Iron Whpalla, with a loaded
deadweight of 141,475 mt carries some 50,000 mt of
ballast water in 10 sets of topside and double-bottom
tank;; as well as a forepeak and afterpeak tank,
Inde=d, each of the double-bottom tanks contains
some 50 or so separate compartments  each open to
the adjacent compartment for access and water flow!;
the whole ship contains many hundred small sepa-
rate compartments.

BaHasting often takes place with both ballast
pumps operating at a combined flowrate in the
vicinity of 4,000 mt hi-'. The internal construction
of the tanks is complex, with a range of longitudinal,
stiffener, and side-frame steel sections to maintain

the ship's strength. The tanks are suitably placed to
maintain the stability of the ship. The consequence
of this variety of tanks and structural and ballast
water piping arrangements is that access to individ-
ual tanks and the ability to undertake
specific treatment options in a controHed manner
may be limited. Treatment processes can potentially
be undertaken during ballasting, during the voyage,
or while the ship is debaHasting.

Table 1 lists the main potential treatment options
that have been suggested. For the purposes of this
disci,.sionn, ballast water exchange options have been

Table 1. Possible options for ballast water treatment

Physical Biocidal chemical or other

Ultraviolet irradiation

U trasound

Electrical discharge

Oxygen depr vation
Chemicals

Ballast water exchange/

salinity increase

Heating/exchange
Filtration/separation

ozone

ch orination

organic acids

copper/silver systems

Ballast seater exchange

The exchange of original ballast water with ocean
water in some form or other serves as the basis of

control ineasures being utilized by several countries
and is currently the only treatment option being
used by the shipping industry. The basis of this form
of treatment is that water from the deep ocean  gen-
eraHy considered to be free of the organisms of con-
cern! is exchanged for the original water taken on
during ballasting. The near-surface-dwelling organ-
isms of the deep ocean Form a group quite distinct
from those organisms living in coastal waters where
ballast water is first taken on  Carlton 1990!,

In addition to exchanging aH or part of the
original water and organisms, this option can be
effective as a natural biocide by increasing salinity
levels in brackish waters to a point where some Fresh
water species are not able to survive. This form of
treatment is the basis of the exchange controls on
ships entering the St. Lawrence Seaway in North
America in an attempt to control the spread of
8, polpmorpha,

The effectiveness of ballast exchange in replacing
the original water and organisms will depend on the
efficiency of the exchange, together with the
exchange considered necessary to have the desired
effect. For exainple, an increase in salinity will not
generally require complete exchange of the baHasted

included in the treatment options rather than in the
management options, as the process does involve a
change in the contents and composition of the water
in the tanks. Special attention will be given to those
options that are currently in use, have the most
potential to be adopted for widespread use, or are
being teSted Or deinOnStrated at preSent,



Table 2. Efficiency of water exchange for various ocean exchange options.

Indicative costa
cents/tnt

ReferenceOption Mode of Exchange % Water
Exchanged

Rigby 8 Hal egraeff 199439 3

63.2

86. 5

95.0

98.2

99.8

99.2

100

95.0

90.0

>99

>99

0.8

1.5

3,1

4.6

6.1

1.5

1.5

1.5

1.4

Calculated

Rigby 1994
Mi ler 1998

IMQ MEPC1996 1998

Wonham et a/. 1996

Rigby Hallegraeff and Sutton 1998

1.2  empty / fill!
1.8  flush!

1.3  empty / fi I!
2.4  flush!

75

12a  ocean 35%a, brackish 5%u! 83

based on a typica Cape Size bulk earner carrying S0,000 mt ba ast wate~  tue casts estimated for diesel fue 3Scf ! assumed no gravity f»ng/emptying.

water  see Table 2, options 12, 12a!, whereas the
elimination of all original organisms would require
complete replacement of all of the ballasted water
 and sediments!.

Two basic options exist for ocean exchange as
shown in Figure 1  Rigby 1994; Rigby and Taylor
1994!. Reballasting is an effective way of replacing
the original water with fresh ocean water. The effi-
ciency of displacement will depend on the design of
the ship's ballast tanks, quantity of water pumped
and the pumping system design, Typically, this
efficiency will vary in practice from 90-99,8%  Table
2, Figure 2!. The lower efficiencies result from higher
quantities of water remaining in the tanks after emp-
tying, In many ships, such as the Iron Whyalla, sec-
ondary stripping using an ejector system can reduce
this quantity to quite low amounts.

One of the potential hazards associated with this
mode of exchange is that safe limits of bending
moments and stresses on the ship can be exceeded
in some cases  Rigby and Hallegraeff'1994!. A
sequential procedure where tanks are emptied and
refilled in a defined sequence can assist in minimiz-
ing excessive stresses and bending moments  AQIS
1993a!. It. is essent.ial t.hat any of the ocean-exchange

1

2 3
4 5
6 6a
7

8 9
10

11

12

Continuous flushing, 0.5 tank volume

Continuous flushing, 1 tank volume

Continuous flushing, 2 tank volumes

Continuous flushing, 3 tank volumes

continuous flushing, 4 tank volumes

Empty / refill�0 mt residual per db tank!
 calculated for 50 mt residual water!

Non - dedicated tanks empty /refill

Empty/refill
Dilution/flushing

Sequential empty / refil
Continuous flushing / heating

Ocean exchange for salinity increase of
brackish water;

 ocean 35%a, brackish 15'!ou!
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options be undertaken only if safe conditions can be
maintained. Ultimate responsibility for the safety of
the ship resides at all times with the ship's Master,
and use of procedures where the safety of the ship
and its crew may be affected should be approved by
the Classification Society and the Flag State
Administration,

Ballast exchange, or continuous flushing, avoids
the problem of exceeding safe bending moments or
stresses, since the tanks remain full at all times, The
efficiency of water exchange of this option depends
on the number of tank volumes exchanged  Rigby
and Hallegraeff 1994; Table 2, Figure 2!. Typically,
an exchange equivalent to 1 tank volume will result
in approximately 63% of the original water being
replaced, whereas an exchange equivalent to 3 tank
volumes wil! replace approximately 95% of the origi-
nal water  Table 2, Figure 2!. The efficiency of water
exchange using this technique is lower if the ship is
not at sea  for example, in a port!, as the mixing is
less efficient  Rigby and Hallegraeff 1994!.
Reballasting compared to ballast exchange is general-
ly more cost effective and can achieve a higher level
of original ballast replacement in a shorter time.
I Iowever, safety restraints may often dictate use cif
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the ocean exchange option. A combination of both
rebailasting and ballast exchange may be appropriate
for some ships, especially where ship stresses are of
concern when emptying some specific tanks  Rigby
and Hallegraeff 1994!.

It is noted that not all ships will be able to carry
out the ballast exchange option as there may be no
provision on the ship for overflow of the water.
Minor modification to facilitate this option in new
ship» would not be of serious concern in new ship
designs. Modifications to the basic flushing arrange-
ments originally suggested by Rigby and Hallegraeff
�994! using alternative piping arrangements are pos-
sible  Armstrong 1997; IMO MEPC 1996, 1998!,
and may result in slightly different efficiencies of
exchange. It needs to be pointed out, however, that
differences in ballast tank, piping, and pumping
designs are likely to have a much bigger influence
on the efficiency than the superficial improvements
in efficiency that are likely to result from these
modifications.

An interesting option, currently being practiced
by one shipping company, involves a 120,000-dwt
bulk carrier and the use of'dedicated and non-dedi-

cate<i tanks to completely eliminate the original
ballast water  Rigby 1994!. In this case, the original
ballast water �5,000 mt! is taken on in the Nos. 2, 3,
5, 7, and forepeak and afterpeak tanks. Once at sea,
in an appropriate area, tanks Nos. 1, 4, and 6 are
filleci while the original tanks are emptied sequential-
ly. The overall result is that none of the original
wate~ is discharged in the receiving port  Table 2,
Figure 2, option 7!, thus giving a 100% solution to

Figurc l. Basic. options for ocean exchange of ballast water.

Figure 2. Efficiency and cost of ocean exchange for
various options.

possible organism translocation. Once again it needs
to be stressed that this option is only likely to be
possible on a limited number of ships.

The operating cost of carrying out ballast
exchange is essentially that of the additional fuel
required to operate the generators and pumps over
the period of exchange. Table 2 and Figure 2 show
some indicative fuel costs based on a typical
Cape Size bulk carrier carrying 50,000 mt of ballast
water!, assuming a cost of 35C/liter. Additional
pump maintenance costs for the period have not
been included. These costs do not take into account

any additional costs that might be incurred by per-
sonnel working outside normal hours or f' or delays
that could be involved if the ship was required to
carry out exchange other than during its regular voy-
age route. These costs can be very substantial and

2 tank exchanges 3 tank exchanges
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need to be borne in mind when developing overall
strategies.

The efficiency of removal of organisms as dis-
tinct from ballast water is a complex issue, which will
be affected by the nature and behavior of organisms
in the tanks, the design of tanks, mixing within the
tanks, and the types and behavior of sediments. For
example, some fast-swimming zooplankton could
feasibly remain after several tank volumes had been
replaced, as indicated by recent sampling studies on
the Iron K'hyalla  Sutton et al. 1998!.

Shipboard-based microscopic examination of
organism removal during ballast exchange and heat-
ing trials on the Iron Whyalla showed that the effi-
ciency of removal of phytoplankton from the water
was similar or higher than for water exchange  Rigby
and Hallegraeff 1994; Rigby etal. 1996b!. Flushing
trials by Ruiz and Hines �997! in wing tanks showed
a 60o/o water exchange on the basis of salinity and
less than 90o/o on the basis of coastal plankton com-
munities. In another trial, the exchange of 3 tank
volumes resulted in water exchange efficiencies of
70-100o/o on the basis of salinity and greater than
95o/o on the basis of the presence of coastal organ-
isms. In a recent trial undertaken by Brazil on the
product carrier M/V I auras, a water exchange effi-
ciency of 90o/o was achieved with a phytoplankton
exchange of 96o/o, Chlorophyll a exchange was esti-
mated as 86 /o  IMO MEPC 1998!. Many other stud-
ies showing survival of organisms have been reported
following ballast exchange in some form or other;
however, in many cases there has been no quantita-
tive assessment of actual ballast exchange and so it is
difficult to compare differences between water
exchange and biological exchange. For example,
Locke et al. �993!, using freshwater zooplankton and
salinity as indicators  for ships originating From fresh
and brackish water ports!, estimated that for 24 ves-
sels entering the Great Lakes region the efficiency of
zooplankton exchange was 67"/o and for water
exchange was 86o/o,

The significance and role of sediments in relation
to ballast exchange has been poorly researched.
Analyses of sediments removed froin tanks have
identified the presence of harmful organisms. For
example Hallegraeff and Bolch �992! have reported
the presence of toxic dinoflagellate resting spores in
various types of sediments, It is feasible for sedi-
ments to remain in ships for many years. However,
in many ships sediment is confined to areas well

away from locations where the main flow of water
occurs and hence may not play a significant role iii
organism dispersal. Work currently in progress is
aimed at examining some of these ef'fects in more
detail  Rigby et al. 1999a!.

While ballast exchange is currently the primary
option available to ship's Masters for treatment of
ballast water, there are some limitations and poten-
tial disadvantages as far as organism translocation is
concerned. For example, MacDonald and Davidson
�995! found that reported ballast exchange
increased the diversity of diatoms and dinoflagellate
species during trips From mainland Europe to
Scotland. These observations illustrate that caution

needs to be exercised in assessing the most appropri-
ate management or treatment option that might be
used. Given the fact that many organisms do not
survive on international voyages  Rigby and
Hallegraeff 1994!, it might be more appropriate in
some cases to rely on natural mortality as a means of
minimizing the risks rather than introducing a new
community via ballast exchange.

Ballast zeater heating and flushing

The potential For inactivating toxic dinoflagellate
cysts and killing other organisms in ballast water by
heating has attracted recent interest as an environ-
mentally responsible and potentially cost-effective
treatment option. Initial laboratory work  Bolch aiid
Hallegraeff 1993! indicated that heating G. catenaturn
dinoflagellate cysts to temperatures of 40-45'C for
very short periods of time �0-90 sec! resulted in
death. Lower temperatures at these short treatment
times were less effective in killing the organisms,

Waste heat from a ship's main engine, which i»
currently pumped overboard as a waste product, can
potentially provide a cost-effective source of heat.
However, if this option is to be used, heating neecls
to take place during transit, as the ship's engine is
not usually in operation during ballasting or debal-
lasting, An analysis of available heat on the Iron
Whpalla, indicated that the most appropriate means
of utilizing this heat would be to flush the rejected
hot ocean water  approx. 42'C! through the ballast
water tanks in sequence, allowing the excess water to
overflow From the ballast tanks. In addition to heat-

ing the ballast water, the flushing effect of the hot
water would also significantly reduce the amount of
originally ballasted water  and organisms! present at
the end of the heating/flushing period.
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A preliminary biological examination of this
oceanic water heated by the engine's cooling system
on a voyage on the iron Whpalla  Rigby and
Hailegraeff 1994! showed that no phytoplankton or
zooplankton survived, suggesting that treatment in
this manner had potential. However, without signifi-
cant modification to the main ship's engine and
waste-heat-recovery systems, there is insufficient heat
available to reach a uniform ballast water tempera-
ture of 40'C in all tanks. Temperatures in the vicini-
ty c f 35-38'C are likely to be possible  after 24 to 30
hr flushing of each tank! on a voyage from Japan to
Australia.

On the basis of these data, a series of further
experimental tests  Rigby 1994! identified that most
phytoplankton algae tested including Skeletonema
costatum, dinoflagellates Amphidinium carterae, G. cate-
natum and Alexandrium catenella, and the golden-
bro wn flagellate Heterosigma akashiroo, tested in the
vegetative stage could be readily killed at teinpera-
tures as low as 35'C and treatment times in the

range of 30 minutes to several hours, In addition,
significant moxtality was also achieved with G. cate-
natum and A, catenella cysts using longer incubation
tim.s  several hours! at temperatures as low as 35
to 37.5'C, with total mortality achieved at 38'C
after 4.5 hr.

In order to test the practicality and effectiveness
of this treatment option, two shipboard trials on the
Iron Whyalla were undertaken between Port Kembla
in New South Wales and Port Hedland in Western

Australia and between Mizushima in Japan and Port
Hedland. It was necessary to install some additional
piping and valves to enable these trials to proceed,

On-board microscopic observation of heated
water samples  Rigby et al, 1999b! showed that none
of the zooplankton  mainly chaetognaths and cope-
pods! and only very limited original phytoplankton
 mainly dinoflagellates! survived the heat treatment.
The original organisms were reduced to flocculent
amorphous detritus. Subsequent culturing efforts on
the heated ballast-tank samples produced growth
of only some small � Iim! diatoms and colorless
cilia tes that are considered to be of little conse-

quence, Although no toxic dinoflagellate cysts were
pxesent in the tanks, based on earlier laboratory
experiments, it is probable that these would have
been effectively killed by the temperatures achieved
during the heating trial, since essentially all of the
water reached 37-38'C.

In addition to the effects of heating, this
approach is also very effective in exchanging the
origina! ballast water at the same time. Observation
showed that 90-990/0 of the original plankton taken
on during ballasting was removed by flushing  Table
2, Figure 2, option 11!,

The temperatures reached during these trials
would be insufficient to kill bacteria such as cholera.

It is possible to heat ballast water to higher tempera-
tures, for example, by heat exchange with the high-
temperature piston-cooling-water circuit, by injection
of steam, or by heat exchange with hot flue gases
 Edyvean and Snedden 1985; Sobol 1995!. However,
these options require circulation of water to and
froin the ballast tanks during the voyage, can poten-
tially cause operational problems or lack the amount
of energy necessary to heat all the water, and are
therefoxe less attractive than the flushing option.
Nevertheless, future ship designs could consider
some of these options.

Heating of ballast water as described above also
has the added advantage that organisms contained in
secliments would also be subjected to these tempera-
tures  in fact higher teinperatures are experienced at
the bottom of the tanks where the ballast water is

pumped into the base of the tanks!.
The heating/flushing option is best suited for

international voyages where there is adequate time to
heat all of the tanks. It would not be possible to do
this on a short coastal voyage,

Very f'ew ships would be able to undertake this
treatment option without some modification to the
ballasting piping arrangement. Nevertheless, the
option could ultimately provide one of the more
attractive options For future ballast water manage-
ment in order to comply with international require-
inents.

Filtration and Hydrocyclones

Filtration of ballast water to separate unwanted
organisms is an option that has attracted some inter-
est, especially in the United States where a large-scale
shipboard trial on the bulk carrier M/V Algonorth
has been in progress for some time,

Many of the organisms of concern in ballast
water could be removed by filtration. Filtration at
around 50 Iim would be effective for the removal of
most of the zooplankton and 20-pm filters would
remove dinoflagellate cysts. Filtration of sea water is
used routinely in many applications, including off-
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shore oil platforms. Problems have been experienced
in these operations with filter materials becoming
coated with lipids and mucilage from plankton
 Edyvean and Snedden 1985!. Recent improvements
with filter technology involving continuously clean-
ing and backflushing filters have reportedly over-
come some of these problems. Apart from the cost
and technical performance of the filtration system,
there are several other issues that need to be consid-

ered. These include, for example, the storage and
handling of the concentrated sludge and the signifi-
cance of sediments that may exist in the ballast
tanks.

The Algonorth trial involves a deck-mounted con-
tainerized filtration test unit that treats ballast water

held in one of the upper wing tanks which has a
capacity of 220 rn'. Multi-level filtration using differ-
ent size filters is being investigated at water flowrates
up to 400 mt per hr. The project involves both bio-
logical and mechanical testing protocols. Although
detailed information on the costs of filtration will

depend on the results of the trial, indicative
increased freight costs between US 2-20 cents/mt
have been suggested  Parsons et al. 1997!.

Hydrocyclones have also been proposed as a
means of separating organisms from ballast water.
Initial work by Jelmert  A. Jelmert, pers, comm.!
using a "Lakos" hydrocyclone, and more recently in
conjunction with a Norwegian hydrocyclone manu-
facturer who has developed a new concept, has
demonstrated an 800/o removal efficiency at 7Iim. It
has been proposed that the concept would include
an ultraviolet irradiation treatment step after the
hydrocyclone. Further testing of the biological
capacity and removal efficiency of the combined sys-
tem under development is in progress.

Ultraviolet Irradiation

Ultraviolet  UV! radiation is effective in destroy-
ing a range of microorganisms and is used routinely
in the treatment of industrial water, However, its

application for removing or inactivating many of the
higher organisms and cyst stages of protozoa,
microalgae, and macroalgae of interest in ballast
water is yet to be demonstrated. UV radiation was
shown to be ineffective for inactivation of six species
of dinoflageflate cysts  Montani et al. 1995!. These
experiments involved placing the organisms under a
lamp for a measured period but did not measure the
light intensity, Oemcke �998a! demonstrated that

UV can be effective for inactivation of the cyst-pro-
ducing dinoflageflate Amphidinium sp. Photoreact-
ivation has been shown to be disabled by storage in
ballast tanks after irradiation, and elevated tempera-
tures increase the inactivation. Irradiation and dark

storage were shown to be effective for disinfection of
G. eatenatum vegetative cells, but initial tests with
cysts indicate that inactivation will be much more
difficult  Oemcke 1998b!.

Some of the issues that need to be addressed in

assessing the potential use of UV irradiation for
long-term ballast treatment include fouling of the
UV quartz sleeve and the attenuating effect of sedi-
ments in the water  probably requiring pre-treatment
by filtration at 20-30 Iim!. Oemcke and van Leeuwen
�998! have recommended a pilot-scale demonstra-
tion of combined filtration and UV irradiation so

that the large-scale feasibility and costs can be
assessed.

Accurate costing of'this and other potential com-
bined treatment options wiH not be possible until
further work is completed. However, in order to gain
an appreciation of the potential costs of some of
these options for comparison with current practices
involving ocean exchange, it is useful to examine
one possible scenario. Previous work for treatment. of
ballast water at 4,000 mt hr-' involving separation
 AQIS 1993b!, together with comments froin various
workers associated with hydrocyclone and ultraviolet
irradiation treatment, would suggest that the capital
costs associated with retrofitting this type of equip-
ment could be in the vicinity of US $2 � 2.5 miHion.

If this cost is considered for a bulk carrier operat-
ing on an international route, say from Australia to
Japan  with a voyage round trip time of approxi-
mately one month! then it would discharge ballast
water 12 times per year. If a capital recovery factor of
0,15 is assumed  interest rate of 8 /o over a 10-yr peri-
od! the capital cost component of the treatment
 for 50,000 mt of baflast water! would be US 50-62.5
cents/mt ballast water, Operating costs would be in
addition to the capital cost component. To put this
cost into perspective, it needs to be compared with
the costs for baHast exchange noted previously of US
1.4-4.5 cents/net  noting that these costs do not
include a capital component!.

Ultrasound

Ultrasound  using frequencies in the range from
15-100kHz can destroy micro-organisms in water by



354 RicBY AND TAYLQR

means of localized mechanical stresses resulting from
cavitation  Shankie and Riach 1995!, Although some
success has been achieved killing D, polymorpba
veligers, it was concluded that such a system would
not be practical for large-scale power plant intake
application  NRC 1996!. Given the technical uncer-
tainties about the likely effectiveness of ultrasonics
for killing organisms of interest in ballast water,
together with the problems and cost associated with
scaling-up existing systems to the size required for
large ships, it appears unlikely that this option will
become significant as a ballast water control meas-
ure.

Hectrical Shocks ant/ Pulses

I:lectric shock experiments by Montani et al.
�995! using 100 Volts AC for 5 sec were found to
inactivate dinoflagellate cysts, Bolch and Hallaegraeff
�993! achieved inactivation of A. catenella cysts with
applied voltages greater than 5 V/cm2, but 7O/o G.
cateriatttm cysts survived after treatment at 7.5 V/cm~,
However, this latter work demonstrated that the

effect was due to the generation of chlorine and an
increase in temperature rather than the electric
shock.

Various forms of electric pulses have been
demonstrated to either kifl or stun brine shrimp,
Artemia salina. Initial investigations with dinoflagel-
late:ysts have not been encouraging and it appears
unlikely that this option will attract much interest
for large-scale ballast water treatment.

Chemicals and Other Options

A number of other biocide and chemical treat-

ments have been suggested as potential candidates to
kill ballast water organisms, At the current stage of
demonstration and development, all of these have
been rejected based on ineffectiveness, practicality,
cost, or effect on the environment. Some brief com-
men.'s concerning a selection of these options follow.

Ozone is used extensively for disinfection of
fresh water; however, recent work by Oemcke and
van Leeuwen �998! has suggested that ozone is
unlikely to be appropriate for ship board treatment
of ballast water due to the possibility of increased
corrosion and the difficulty in maintaining an effec-
tive disinfection residual as a result of the presence
of sediments and dissolved iron.

Chlorine and hydrogen peroxide are both effec-
tive for destruction of some ballast water organisms,

including dinoflagellate cysts  Rigby et al. 1993;
Bolch and Hallaegraeff 1993!. However, the high
concentrations required to provide effective treat-
ment mean that the costs would be prohibitive for
the large quantities of baflast water involved.
Problems associated with the safety and residual con-
centrations of chlorine also make these options unat-
tractive,

Recent work by Voigt and Gollasch �998! has
shown that low concentrations �0 ppm! oF a peroxy-
gen based liquid formulation involving specific acti-
vators have been effective in treating larval and adult
stages as well as resting stages of A. salina. Further
research work is in progress to pursue this treatment
option.

Other chemicals including bromine, iodine, and
organic acids  such as gluteraldeyhde, glycolic acid
and paracetic acid! have been suggested. While these
chemicals are not uncommon in laboratory use f'o r
disinfection, their efficiency and use for treating bal-
last water remains questionable.

A synergistic combination of copper and silver
ions has been used in hospital water systems for the
control of bacteria. Although suggested as a possible
candidate for ballast water treatment, tests carried
out by Lloyd's Register �995! on ballast water
organisms showed that neither bacterial nor phyto-
plankton viability appeared to be significantly affect-
ed by the treatment.

A reduction in dissolved oxygen levels  by injec-
tion of nitrogen or by use of an oxygen scavenger
chemical! although effective for starfish larvae, is
ineffective for killing Undaria pinnatigida spore
 Mountfort 1997!. Dinoflagellate cysts are known to
survive for long periods under anaerobic conditions
 Anderson et al. 1988!. This option has therefore not
been considered as a serious possibility for use in
ballast water management.

CONC L US IO N S

A number of precautionary management prac-
tices have been developed to minimize the uptake of
organisms in the water during ballasting. While these
practices can provide a proactive approach that is
inuch simpler and more cost effective than other
treatment alternatives, variations in local conditions

at the time of ballasting and practical limitations
mean that the overall effectiveness of management
options alone is somewhat limited. Nevertheless,
an understanding of the possible options, and imple-
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mentation where appropriate will form an important
part of the overall ongoing strategy to minimize the
spread of nonindigenous aquatic organisms.

Several treatment options aimed at killing or
removing the harmful organisms present in the bal-
last water are presently in use, or are being devel-
oped and tested for use in conjunction with the
management practices.

Ballast water exchange at sea will continue to be
the primary option for most ships for many years to
come. However, safety and practical restrictions,
together with limitations on suitable exchange loca-
tions, are likely to limit the universality of this
option. Heating of the ballast water using waste
engine heat is a promising and cost-effective option
that is likely to gain increasing acceptance in the
international arena in the near future.

Filtration and hydrocyclones coupled with a sec-
ondary treatment option such as UV irradiation are
currently being tested at practical scales of operation.
These options will be more costly than either ocean
exchange or heating and the technical efficiency for
removal of organisms is yet to be reported and over-
all effectiveness assessed.

Other alternatives, including the use of biocides
or chemicals, have generally been excluded to date
based on cost, effectiveness, practicality, or environ-
mental grounds, However, ongoing research and
development will continue to provide the necessary
data and confidence to assess the effectiveness of

these options.
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Development of an Aquatic Nuisance Species Barrier in a
Commercial Waterway
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ABSTRAcT: The National Invasive Species Act  NISA! of 1996 authorized the U.S. Army Corps of Engineers to
carry out a demonstration study of an aquatic nuisance species dispersal barrier in the Chicago Sanitary and Ship
Canal. The objective of the study is to slow or prevent the dispersal of invasive species via the canal. This cen-
tury-old, man-made canal is the only aquatic link between the Mississippi River and the Great Lakes drainage and
forms a two-way avenue for invasive species dispersal. The canal is used for transportation of freight between Lake
Michigan and the Illinois %'aterway, and to carry wastewater away from Lake Michigan, Chicago's drinking water
supply. Recreational vessels frequent the canal, but it is not used for water skiing or swimming. No migratory
species traverse this man-made canal; however, the barrier is expected to affect native as well as invasive species.
A multi-agency advisory panel ensures representation of the myriad interests in the canal and development of the
barrier. The panel members identified potential methods and recommended an initial approach. Due to the com-
mercial uses of the canal and its importance to Chicago's drinking water, physical barriers and canal closure are
not practical alternatives. The demonstration study will begin with installation of a micro-pulsed DC electric bar-
rier designed to deter fish, rather than stun them. The study will add methods to target other species as funding
allows. Monitoring of the barrier performance will help determine effectiveness of each method. Conceptually,
the full-scale barrier will consist of a two-barrier, redundant system in a restricted reach of the canal. Construction
of the electric barrier should begin in the late spring of 2000.

Key words: aquatic nuisance species, barrier, canal, dispersal, Great l.akes; Mississippi River, Chicago River.

INTRODUCTION HISTORY OF THe CMICAGO RiveR

'Corresp<mding author; telephone: 920-683-4697;
fax: 920-683-4776; email: prnoy@uwc.edu

The Chicago Sanitary and Ship Canal  San-Ship
Canal! forms the sole aquatic link between the Great
Lakes and Mississippi River drainage basins. This
important transportation corridor also stands as an
open portal to invasive species presently inhabiting
either the Great Lakes or the Mississippi River. To
slow or stop the spread of invasive species between
the Great Lakes and Mississippi River drainage
basins, the U.S, Army Corps of Engineers  USACE!
and other agencies are examining methods to create a
dispersal barrier in the San-Ship Canal. The
National Invasive Species Act  NISA! of 1996 author-
ized up to $750,000 for the Corps to carry out a dis-
persal barrier demonstration study in the Chicago
Sanitary and Ship Canal. In fiscal year  FYj 1998,
$500,000 was appropriated for this work; an addi-
tional $300,000 has been scheduled for the Corps in
FY1999.

Originally, the Chicago River flowed into Lake
Michigan  Figure 1!. During wet seasons, a shallow
wetland called Mud Lake connected the Chicago
River and Des Plaines River. Mud Lake was naviga
ble by canoe for a few weeks of the year. Joliet and
other early explorers recognized the potential For cre-
ating a permanent aquatic connection between Lake
Michigan and the Des Plaines River to facilitate the
transportation of goods and travelers to and from the
Midwest,

The Illinois Michigan Canal  IM Canal! was the
first attempt to form a permanent waterway between
Lake Michigan and the Illinois River. The IM canal
was essentially the predecessor of the San-Ship
Canal. The IM canal was operated by pumping
water from the South Branch of the Chicago River 15
ft up into the headwaters of the canal. The pumpiiig
reversed the flow of the river for much of the year,
InHow from Lake Michigan improved water quality
of the heavily polluted river and carried the contami-
nation away from Lake Michigan, Chicago's drinking
water. During wet periods, however, the river still
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Figure 1, Configuration of the Chicago and Calumet rivers before
and after development of the Sanitary and Ship Canal and Cal-
Sag Channel.

flowed into Lake Michigan, tainting the City's water
supply. When the Chicago Sanitary and Ship Canal
opened in 1910, the flow reversal became essentially
perinanent. Pumping was no longer required to main-
tain flow through the canal. The elevation change
between Lake Michigan and the Des Plaines River
was sufficient to create a flow out of the lake.

Other rivers and canals now connect to the San-

Ship Canal. Like the Chicago River, the Calumet
River originally flowed into Lake Michigan. The
Calumet River now connects with Saganashkee
Slough to form the Cal-Sag Channel. Once com-
plete, this connection reversed the flow in the
Caluinet River such that it flows out of Lake

Michigan. There are three other connections
between Lake Michigan and the San-Ship Canal.
The North Shore Channel at Wilmette, Illinois helps
maintain water quality in the north branches of the
Chicago River. Both the Grand Calumet ancl Little
Calumet River connect to the Cal-Sag Channel. All
water from these various sources must pass through a
single narrow reach near Lemont, Illinois where the
canal cuts through native limestone. At this point,
the 50-m wide and 7.5-m deep canal has perpendicu-
lar walls and a flat bottom  Figure 2!.

Figure 2. Cross-section of the Chicago Sanitary and Ship Canal at
the proposed barrier site.

WATER QUALITY AND FLOW

Historically, poor water quality in the canal
formed an effective barrier to inter-basin range
expansion of Great Lakes or Mississippi River species.
Over the last two decades, the Metropolitan Water
Reclamation District of Greater Chicago has invested
millions of dollars to improve wastewater treatment
and water quality in the canal. The improvements
have contributed to significant increases in dissolved
oxygen and reduced ammonia-nitrogen. In tut'n, the
diversity and abundance of fish species in the canal
system have increased  Figures 3 and 4!.

Figure 3. Water quality parameters in the Chicago Sanitary and
Ship Canal and the Cal-Sag Channel, 1975-1995.
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Figure 4. Fish species abundance and diversity changes in the
Chicago Sanitary and Ship Canal and the Cal-Sag Channel, 1975-
1995.

The average annual discharge from Lake
Michigan is fixed by court decree at cfs, This volume
includes what is used for drinking water as well as
water that leaks through breakwalls or passes during
operation of the locks. Diversion gates at Chicago
Harbor, O' Brien Lock and Dam, and on the North

Shore Channel at Wilmette control the volume of

Lake Michigan water diverted down the canal to
maintain water quality. Depending on rainfall, there
can be a ten-fold variation in flow volume and veloc-

ity in the canal. Flow volume ranges from 2000 to
20,000 cfs with corresponding velocities of 0.5-5 ft
per sec.

SPECIES OF CONCERN

Today the Chicago Sanitary and Ship Canal is a
two-way avenue for inter-basin spread of invasive
species. As occurred with the zebra mussel  Dreissena
polpmorpha!, other invertebrates and fish in the Great
Lakes can spread into the Mississippi basin. Native
and introduced species in the Mississippi drainage

Table 1. Recent invasive species present in either the Great L,ikes
or the Mississippi River basins. " Species already found in Lake
Michigan or the Calumet River.

Mississippi RiverGreat Lakes

Striped bass lV!orone saxati isSpiny waterflea*
Bythotrephes cederstroemi

Fish hook waterflea*
Cercopagis pengoi

Eurasian ruffe Gynocephalus cernuus

Hybrid striped bass*
Morone saxa tilts x IK chip "ops

Grass carp*
Ctenopnarygodon rdella

African spinywatefea"
Daplinia lumholtzi

B ack carp
Myiopharyngodon prceus

Bighead carp
Hypophthalmrchthys nobr!s

Raurid gaby*
ltleogobi us melanostomus

Tube nase gaby
Pro terorhinus marmoratus

White perch* Morone amerrcanus

New Zealand mud snail
Potamopyrgus anti podarum

Three-spine stickleback*
Gasterosteus aculeatus

BOAT TRAFFIC ON THE CANAL

These two major uses of the canal � commercial
navigation and wastewater conveyance � constrain the
dispersal barrier options. The barrier cannot physi-
cally close the canal and should not significantly
interfere with barge traffic or water flow. At the loca-
tion identified for the barrier study, approximately 50
percent of the flow is treated effluent.

In addition to conveying wastewater, the canal
system is an important transportation corridor for
freight and recreational vessels. Chicago I.ock is the

can spread into Lake Michigan and the other Gre,it
Lakes. These invasive species will directly compete
with and could prey upon existing biota.

Table I lists invasive aquatic species that could
spread or are in the process of spreading from the
Great Lakes or the Mississippi basin to invade a new,
major drainage. Hybrid striped bass  Morone saxatilis
x M. chrysops! are present in low numbers in Lake
Michigan. Grass carp  Ctenopharygodoni della! have
been captured in Lake Calumet, only 7 mi from I,ake
Michigan and Daphnia lumholtzi, an African spiny
water flea, has been found in the Calumet River. In
I 999, a round goby  Neogobiusmelanostomus! was
caught below the confluence with the Des Plaines
River, at RM 290.25 downstream from the site idt nti-

fied for the demonstration study  P. Thiel, pers.
comm.!.
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Federal StateADVISORY PANEL

Illinois Department of Natural
Resources

- I linois Natural History Survey
� Department of Conservation

- Office of Water Resources

U,S, Army Corps of Engineers

U.S. Fish and Wildlife Service

U.S. Environmental Protection

Agency

U 5 Geological Survey

- Biological Resources Division I inois Environmenta Protection

Agency
I inois Pol ution Cantrol Board

llinois-Indiana Sea Grant

U.S. Coast Guard

Great Lakes Fishery Commission

Regiona I & Industry

Metropolitan Water Reclamation

District of Greater Chicago
Commonwealth Edison

Smith-Root, inc.

DuPage County Forest Preserve

Great Lakes Commission

Northeastern I linois P arming
Commission

Friends of Chicago River

Canal Corridor Association

Wiscansin Department of
Natural Resources

Illinois River Carriers Association

Michigan State University
Loyola University

Great Lakes Sportfishing Council

University of Windsor

Minnesota Department of

Natural Resources

Tablii 2. Waterborne traffic in the Chicago Sanitary and Ship
Canal, Cal-Sag Channel and Des Plaines River during 1995. Total
includes tows, passenger boats/ferries, recreational vessels, cargo
vessels, US Govemrnent vessels and contractors, commercial fish-
ing boats. Other excludes the recreational and tow vessel num-
bers. Source: USACE 1996

Vessels
Lock River Total Recreational Tows Other Kllotons

Chicago Chicago 52,983 38,790 118 14,075 201
O'Br en Cal-Sag 21,883 17,517 3,/46 620 12,849

Lockaort Des Plaines 4,102 1,103 2,705 294 14,865

nation's busiest, passing 50,000 to 60,000 vessels
annually. The vast majority of the vessels are recre-
atiorial and sightseeing craft. At O' Brien Lock, and
farther downstream at Lockport, barge tows comprise
a greater portion of the traffic  Table 2!.

Due to the narrow width and perpendicular walls
of the San-Ship Canal, the tows often navigate the
canal by running the barges immediately along the
wall. Insubstantial structures extending out from the
wall are subject to damage or removal as the barge
passes. Structures substantial enough to fend off the
barge as it moves along the wall could deflect the tow
out into the channel potentially causing a collision.

The diversity of uses and users of the canal sys-
tem required stakeholder involvement in the devel-
opment of the invasive species dispersal barrier for
success of the project. The USACE formed a
Dispersal Barrier Advisory Panel. Currently, panel
members represent more than 25 federal, state,
regional, municipal, commercial, and environmental
grou.psor agencies and academia  Table 3!. Expertise
on the panel includes field and research biologists,
engineers, regulators, barge operators, and commer-
cial water users.

The panel members characterized an ideal barrier
as cost effective, quick to implement, protective of
pub:Iic health, environmentally sound, having little
resiclual downstream effect, continuous, fail safe,
redundant, broad spectrum, applicable to other sys-
tem.;, and providing long-term effectiveness. They
then listed types of barriers that could be effective
against an array of aquatic species ranging from zoo-
plankton to fish. The list included chemicals  toxi-
cants and oxidants!, nitrogen stripping, low dissolved
oxygen, chlorine, electricity, acoustics, lights,

hydraulic jets, weirs, and screens. The panel consid-
ered modifying operational aspects of the canal sys-
tem such dams, closure of the canal, and flow rever-
sal. The panel also considered the effectiveness of
biological controls such as predators, disease, and
parasites.

Potential methods were ranked based on available

technology, predicted or known organism response,
and feasibility. Commercial navigation and waste-
water uses of the canal system essentially preclude
physical barriers such as screens or weirs and flow
reversal.

CONCEPTUAL APPROACH AND

RECOMMENDED STRATEGY

The panel recommended the barrier use a redun-
dant, "fail-safe" approach. Figure 5 illustrates the
proposed barrier concept. The two independent bar-
rier systems would be placed some distance apart,
perhaps 300-500 m or more to avoid interference
and allow sampling and monitoring of the canal
reach between the two arrays, This canal reach could

Table 3, Membership of the Chicago Sanitary and Ship Canal
Aquatic Nuisance Species Dispersai Barrier Advisory Panel.
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Secondary Control zone

Figure 5. Conceptual layout of an aquatic nuisance species barrier
in the Chicago Sanitary ancl Ship Cana .

eventually provide an area for application and detoxi-
fication of chemical controls.

The long-term objective of the barrier demonstra-
tion is to create a barrier that is that is effective

against aH types of organisms. Nonplanktonic organ-
isms will likely be easier to deter than planktonic

. Organisms that are strong swimmers could
ldsense the presence of the barrier; the organism wou

then return in the direction from which it came. A

planktonic organism would merely be flushed
through the barrier, regardless of the level of discom-
fort. Methods that deter fish Inay not be effective
against zooplankton, so a variety of barrier approach-
es wiH have to be employed, It is expected that
native species wiH be affected as well as invasive
species.

It will be easier to obtain a permit for non-chemi-
cal approaches than for methods that affect water

I'ry. I the near term, barrier methods used in
althe demonstration study will rely on fish behaviora

response. The panel recommended application of
chemicals as a stopgap measure or possibly for sea-
sonal use only.

The demonstration study will occur in phases.
The first phase will target active swimming organisms
 fish!, beginning with an electric barrier. Next, the
study wiH examine methods that would complement
the effect of the electric field, such as an acoustic or

visual barrier, water jets, or a combination of meth-
ods. As various methods prove successfu ff 1 at the first

location, they could be applied at the second barrier
site. Over the long term, the study will investigate
the potential for creating a barrier for planktonic
organisms.

Construction of the barrier is scheduled to begin
in 2000. The project will start with a Smith-Root, Inc

micro-pulsed DC electric array. Electric barriers of
this t e prevent upstream migration of lampreys inis ype
Great Lakes tributaries and confine vegetation-con-
troHing Grass carp in Western irrigationcanals. The
electrodes will be railroad rails. Recessing the rails

t the canal walls will avoid damage from barge
iHtraffic. The pulsators and back-up generator wi

reside in a small equipment shed on shore, The
effect of the electric field will affect the entire water

column and will extend about 7 m up and down-
stream from the array.

MONITORING> SAFETY> AND NEXT STEPS

Once the electric array is constructed, monitoring
will assess the effect on fish at the barrier site. Fish

present in the canal will be captured and tagged
according to the location of capture, i.e., upstream or
downstream of the array. The effect of the array on
movement of the fish will be determined through
recapture.

Due to the low voltage and direct current used
for the barrier, electric shock is not a concern. A boy
on an inner tube, a dog, and a horse have passed
through the arrays in the irrigation canals without
adverse effect. Signage and lights posted well in
advance of the barrier site wiH warn of the presence
of the barrier. Swimming and water skiing do not
occur in the canal, but it is conceivable that a person
could fall overboard near the array. Egress ladders or
similar equipment installed in the canal waHs will
pl'0rovide a means of exiting the water.

The study will continue investigating other barri-
er methods that will complement or, if proven effec-
tive, could substitute for the electric array. One
attractive approach requiring further investigation
involves an infrasound acoustic array, This method
poses no safety concerns, is commercially availab!e,
and has been successfully used in Europe to guide
fish past water intakes and canal openings. During
development of the first barrier, potential sites for the
second, redundant barrier will be identified.

CONCLUSION

If successful, the dispersal barrier will prevent the
passive spread of invasive species via the Chicago

mediated spread of invasive species, for example, as
can occur through bait bucket introductions, The
barrier project is an important part of a compreh»n-
sive program oto prevent the introduction and sproa
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of aquatic nuisance species throughout North
America. However, education of recreational and
commercial water users and cooperation among natu-
ral resource agencies, commerce, and the public are
critical components for a successful nuisance species
prevention program.
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I am going to discuss the background of the
National Invasive Species Act and bring you up to
speed on how we have arrived at the current
situation.2 We are still in the comment-and-review

period of the proposed rule that was published
April 10, 1998.

One of the major issues that we deal with is the
definition of nonindigenous species, which are
species transported to other than their native habitat,
In the absence of natural predators or natural con-
trols, they can often out-compete native species,
reduce biodiversity, and becoine nuisance species.
Most of you are already aware of many of the exam-
ples of nonindigenous species that have become
issues nationally and internationally. The "poster
child" for us has been the infestation of zebra mus-

sels in the Great Lakes. We were warned as early as
the 1920s that the zebra mussel was a potentiaHy
invasive species, but that invasion did not occur
until the 1980s. The zebra Inussel problem in the
Great Lakes became the driving force behind most of
the policy that was implemented in the late 1980s
and early 1990s,

In the late 1980s, Senator Glen proposed legisla-
tion that became the Non-Indigenous Aquatic
Nuisance Prevention and Control Act  NANPCA! of
1990. NANPCA addressed the Great Lakes issue and

called for a shipping study to see if this was a local
or a national issue. Under NANPCA, we originally

worked with the Canadian Coast Guard and issued

voluntary guidelines for ballast water control man-
agement, We also worked with the International
Maritime Organization  IMO! to try to come to .in
international resolution of this issue, vrhich is not
just a national problem,

In 1993, we promulgated mandatory regulations
for the Great Lakes, requiring an open-ocean
exchange or equivalent for all vessels carrying ballast
water into the Great Lake system. The Great Lakes
system is unique in that there is a bottleneck: all ves-
sels entering the Great Lakes from outside the
Exclusive Economic Zone  EEZ! must come through
the St. Lawrence Seaway. Enforcement can be carried
out at Massena, NY, between the locks on that sea-
way. NANPCA also provided funding for research,
which many of you have already been involved with.

As a result of the shipping study and other issues
that came to the forefront, such as finding cholera in
the ballast water of ships in Mobile Bay in 1992 and
the green crab infestations, the National Invasive
Species Act  NISA! of 1996, which amended and
modified NANPCA 1990, was issued. Nl SA requires
the Coast Guard to promulgate voluntary guidelines
for all vessels entering U.S. waters from outside the
EEZ. By presidential proclamation, the EEZ is 200
miles from our coastline in most areas. As previously
noted, we are in the comment-and-review portioii of
this proposed rule. If you wish to look at the com-
ments, they are available on the docket management
services website at http: //dms,dot.gov/, docket num-
ber USCG-1998-3423. Originally, I was going to
speak more about the proposed rule itself, but a lot
cannot be released until the final rule comes out.

We are also working with the Aquatic Nuisance
Species Task Force to develop voluntary guidelines
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for recreational vessels, This is not just a problem
with ships entering the United States: the interstate
transport of recreational vessels affects a lot of our
water bodies.

On the international level, we are participating in
a working group within IMO. Currently, we have a
proposed annex to the International Convention for
the Prevention of Pollution from Ships, 1973, as
modified by the Protocol of 1978  MARPOL 73/78!,
that will address the aquatic nuisance species prob-
lem; a stand-alone treaty is also under consideration.
One of the issues involves the measures it would take
to bring it into effect. We would have to have 50o/0
of the world's shipping tonnage in support of it as an
annex to MARPOL. The U.S. Congress has given its
tacit approval to MARPOL, therefore both avenues
of that instrument are being considered at this time.
Copies of the draft annex to MARPOL are available.
Please check the IMO Documents section of our

webpage www.uscg,mil/hq/g-m/mso4/first.htm for
information on how to obtain them.

We recognize that the technology to control or

e! iininate transport by ballast water is not yet avail-
able. We accept ballast water exchange as a control
measure: it reduces the risk but does not eliminate it,
and it is also not possible in all situations or for all
classes of vessels. We have structural and stability
concerns with some ships. We do not want them to
crack in half and create a major oil spill or loss of'life.

I do want everyone to keep in mind that while
ballast water is a major path of introduction, it is not
the only path. We are also looking at issues with the
ship's hull, Tributyltin  TBT! is a component of the
paint used on ship hulls and does reduce the fouling
on the hull, but TBT itself is of concern. When TBT

paints are taken off nonindigenous species may be
transported. An international effort is underway to
find replacements that are not as harsh to the envi-
ronment.

We recognize there is no silver bullet for ballast
water treatment, We would accept a toolbox
approach in which a shipping organization could
propose a ballast water control method and not be
limited to just one technology or method.
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The primary focus of this presentation is to high-
light the Nonindigenous Aquatic Nuisance
Prevention and Control Act of 1990  amended as the
National Invasive Species Act in 1996 or NISA! and
how it applies to the marine environment. Prior to
1990, there were numerous scientists trying to get
people to recognize that invasive aquatic species
posed a serious problem. Although invasives were
having serious economic and ecological impacts, very
few people were paying attention. In the marine envi-
ronment, prior to 1990, there were limited control
activities taking place and very little research being
conducted.

Starting slowly in the 1970s and 1980s, the voices
of concern began getting louder, We began to see
activities such as the control of sea lampreys in the
Great Lakes and concerns about grass carp moving
into the west.. President Carter issued his Executive

Order on exotic species, which also helped to
increase awareness. The zebra mussel functioned as a

poster child of sorts in that it was responsible for get-
ting the attention that led to the passage of the Act,
Not only was it causing serious environmental
impacts, but was having substantial econoinic
impacts to the water and power infrastructure in the
Great Lakes.

If the impact had only been from an ecological
perspective, we may not have been successful in get-
ting Congress to pass the Act. The fact that zebra
mussels shut down the water intake to the city of
Toledo, Ohio, which ran uninterrupted for over 120
years, was certainly a factor in gaining attention,

Senator John Glenn, Ohio and his primary staff per-
son, Allegra Cangelosi, are owed a debt of gratitude
and thanks, as are other early invasive species pio.
neers who were responsible for developing the legisla-
tion. When the legislation was initially drafted, it
focused on the Great Lakes, as invasives were viewed

as primarily a Great Lakes issue. That language was
broadened somewhat before the Act was passed and
in the recent amendment to the Act, the National
Invasive Species Act of 1996, the f'ocus was broad-
ened even more,

The Act is comprised of two primary compo-
nents: the ballast water management component and
the development of the Aquatic Nuisance Specie~
 ANS! program. The ANS Program has three primary
elements, prevention, detection, and monitoring, and
control. The ballast water program includes the estab-
lishment of mandatory ballast water regulations in
the Great Lakes, and a requireinent f' or the Armed
Services to have a ballast water management pro-
gram, Additionally, the National Atmospheric and
Atmospheric Administration  NOAA! and the Fish
and Wildlife Service  Service! are coordinating a pro-
gram to provide funding for demonstration projects
for new technologies for ballast water management.
There is currently a demonstration project underway
in the Great Lakes to look at various technologies.
Other studies that have recently been completed
include the Ballast Exchange Study, that will soon be
out in final form and available for public review.
There is also a requirement under the Act to develop
a research protocol to ensure that research done with
invasive species is not a contributing factors to
furthering their spread. Guidelines for recreational
activities are also being developed to ensure that
these activities do not contribute to the spread of
aquatic invasives.
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A significant feature of the Act is the provision
that provides for cost-share grants for States to imple-
ment State and Interstate ANS Management Plans.
Currently five states have completed ANS Manage-
ment Plans and about another dozen or so are in

development. If we are successful in getting more
states engaged in this issue we will certainly be more
effective in trying to address the problems.

The ANS Task Force was established by the 1990
Act and held its first meeting in 1991. It is co-chaired
by the Director ol the Fish and Wildlife Service and
the Administrator of NOAA. It is a coordinating
entity that is comprised of federal agencies and ex-
officio members. Its primary responsibility is to coor-
dinate the implementation of the mandates or
requirements of the Act. The U.S. Coast Guard has
the primary responsibility to address the ballast water
rnandates. The Act specifically identifies the Fish and
Wildlife Service, NOAA, the Coast Guard, the
Environmental Protection Agency, the Army Corps
of Engineers and the Animal and Plant Health
Inspection Service  APHIS! in the Department of
Agriculture as members. The State Department was
added by consensus of the other Federal members to
ensure that international aspects and components of
the program were addressed.

The Act provides for ex-officio members to par-
ticipate, initially specifying the Great Lakes Comm-
ission as a member. When the Act was reauthorized,
other ex-officio members were added. The Lake

Champlain Program, the Chesapeake Bay Program
and the San Francisco Estuary Program were desig-
nated as ex-officio members during the reauthoriza-
tion. When ex-officio members were originally invit-
ed, groups such as the American Water Works
Association, and the American Public Power
Association were invited to be members. These addi-

tions were primarily because the focus was on zebra
mussels and the Great Lakes region. We are now
going through a process of reviewing ex- officio
membership to determine if we need to add to that
membership looking at it from both an issue basis
as well as a geographic basis.

From the beginning, the task force has func-
tioned on a consensus basis. I think to date we have

nev r had to vote on an issue. All of the Task Force

meetings are open to the public and are usually held
about three times a year. Our next meeting was held
in association with the International Zebra Mussel

Coiiference in Duluth, Minnesota. Many of the

responsibilities of the Task Force are carried out
through various committees. To address regional con-
cerns, we have a Great Lakes Panel, a Western
Regional Panel and are in the process of putting
together a Gulf Coast Panel. Other committees have
been established including a Brown Tree Snake
Control Committee, a Risk Assessment Committee,
and a Ruffe Control Committee. We are currently in
the process of establishing a Green Crab Control
Committee. These groups are responsible for devel-
oping control plans, and identifying potential fund-
ing to implement them. One of the early studies that
was conducted by the National Research Council
called "Stemming The Tide," began identifying a list
of things that could be done to address some of the
ballast water issues. Other things that have implica-
tions for coastal areas include the green crab control
program, which is about to get up and running, and
also a mitten crab control program,

As with many projects or legislation, fmding ade-
quate funding is always a problem. While the author-
ization level for the Act is around $33 million, only
about 44~/o to date has been allocated to carry out the
mandates of the Act. One of the difficulties from the

very beginning was that each agency represented on
the Task Force falls under a different sub-committees

in the Congressional Budget process, Often, one
agency will get funding and another agency will not,
This situation has been especially difficult because
much of the work is interrelated. With the potential
of the new Executive Order on Invasive Species com-
ing out, there should be stronger support by the
administration to look at cross program budgeting.
When the Task Force was initially established, very
little funding was available and each agency con-
tributed a staff person to participate. As the Task
Force has grown and gotten more involved, many of
the Federal agencies now are coming to the table
with additional money. For example, NOAA is
providing funding to the Task Force on an annual
basis to be used to hire an outreach person. There
are also other positions that the other agencies have
provided to assist the Task Force in carrying out
its responsibilities.

To summarize, a quote by E.O. Wilson expresses
why we all should be concerned with invasive
species: "extinction by habitat destruction is like
death in an automobile accident, easy to see in
excess. Extinction by invasion of exotic species is like
death by disease, Gradual, insidious, requiring scicn-
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tific methods to diagnose." The Secretary alluded to
this in an earlier talk comparing it with the Exxon
Valdez oil spill and what it did to raise the level of
national attention. The invasive species issue is bub-
bling below the surface where it is often out of sight

and out of mind. I believe the tide is turning and we
are poised to move forward into a new decade where
we will have increased opportunities to address the
threat from invasive species,
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The Clean Water Act  CWA! prohibits "the dis-
charge of any pollutant by any person" except as in
compliance with specified sections of the Act, includ-
ing the permitting provisions of g 402. 33 U.S.C. g
13] 1 a!. The phrase "discharge of a pollutant" is
defined to include "any addition of any pollutant to
the navigable waters from any point source." 33
U.S.C. g 1362�2!. Vessels are specifically defined as
point sources in the CWA. 33 U.S.C. g 1362�4!,
Moreover, the CWA specifically includes "biological
materials" in its definition of pollutants. 33 U.S.C. g
1362�!. The discharge of ballast water from vessels is
a discharge of pollutants because ballast water is
known to contain invasive plant and animal species
as well as bacteria and viruses associated with human

sewage, All of these pollutants qualify as "biological
materials" within the meaning of the CWA,
Additionally, ballast water is likely to contain other
pollutants, such as oil, chipped paint, sediment, and
toxins contained in ballast sediment.

Under the CWA, vessels qualify as point sources.
Accordingly, when they discharge pollutants, they are
required to have National Pollutant Discharge Elim-
ination System  NPDES! permits, Although EPA has
purported to exempt "discharge[s] incidental to the
normal operation of a vessel" from the requirement
to obtain a permit, 40 C.F.R. g 122.3 a!, nothing in
the CWA gives EPA the power to create categorical
exemptions. isiatural Resources Defense Council v. Costle,
568 F,2d 1369, 1377 �977!  Costle!. While EPA is
given substantial deference in interpreting the CWA,
it cannot rely upon regulations that are clearly con-
trary to the express statutory requirements. Chevron v,
A'atural Resources Defense Council, 467 U,S. 837 �984!,
City of Chicago v. Fnvironmental Defense Fund, 114
S.Ct. 1588 �994!.

The CWA does contain certain limited exemp-
tions relating to the need to obtain NPDES permits
for ballast water and other discharges incidental to
the normal operation of vessels, None of these
exemptions can reasonably be construed as perinit-
ting the blanket exemption contained in 40 C.F.R. tI
122.3 a!. First, the CWA excludes incidental dis-
charges from vessels made in the "contiguous zone"
and the "ocean" from having to obtain an NPDES
permit. 33 U.S.C. g 1362�2! B!. These terms have
clear statutory definitions; the "contiguous zone"
begins three miles from shore and extends seaward to
twelve miles from shore; and the "ocean," is any por-
tion of the high seas beyond the contiguous zone. 33
U.S.C. g 1362 9! and �0!. Thus, the effect of this
exeinption is that incidental discharges  such as bal-
last water! made outside of three miles from shore are
not required to have NPDES permits. It cannot,
however, reasonably be construed as applying inside
the three mile contiguous zone boundary.

Second, the CWA specifically excludes two types
of discharges from its definition of "pollutants." 33
U.S.C. g 1362�! A!. The Act states that neither dis-
charges of "sewage from vessels or a discharge inci-
dental to the normal operation of a vessel of the
Armed Forces," are to be considered pollutants. Id.
 emphasis added!, As a result of the second aspect of
this exclusion, discharges incidental to the normal
operation of Armed Services vessels are not required
to have an NPDES permit. However, this exemption
is specifically limited to Armed Services vessels; EPA
cannot reasonably expand it to apply to all vessels, as
it has done in 33 C.F.R. g 122.3 a!.

It is important to note that, in exempting both
sewage discharges and incidental discharges from
Armed Services vessels, Congress specifically provid-
ed alternative programs for control of such discharges
under other sections of the CWA. See 33 U.S,C,

g 1322 b!  addressing sewage discharges! and  n!
 addressing incidental discharges from Armed Forces
vessels!. The fact that there is no similar statutoiy or
regulatory provision, which addresses incidental, dis-
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charges from non-Armed Services vessels under the
CWA further highlights the Congressional intent that
ballast water discharges be regulated under g 402 of
the CWA.

The Act is clear that ballast water releases

that contain biological materials qualify as point
source discharges of a pollutant and that such dis-
charges require NPDES permits under g 402. 40
C.F.R. g 122.3 a! runs directly counter to this plain
statutory requirement and should therefore be
repealed.

II. EXISTING CASE LAW UNEQUIVOCALLY INDICATES
THAT EPA DOES NOT HAVE THE DISCRETION TO

EXEMIYI' INCIDENTAL DISCHARGES FROM

THE REQUIRFMENTS OF THE CWA

In Costle, the D.C. Circuit addressed the question
of whether EPA could exempt agricultural return
flows from the requirements of the CWA. 568 F.2d
1369  D.C. Cir. 1977!. The court unambiguously stat-
ed that the EPA did not have the authority to exempt
discharges from the requirements of g 402. Finding
that g 402 permits were central to achieving the stat-
ed goals of the CWA, the court found that "[t]he
wording of the statute, legislative history, and prece-
dents are clear: the EPA Administrator does not have

authority to exempt categories of point sources from
the permit requirements of �02." Id. at 1377; see also
XRDC v. U.S. E.PA,, 966 F,2d 1292, 1305  9th Cir.
1992!; Carr v. Alta Verde Industries Ine., 931 F.2d
1055,1060 �th Cir. 1991!; Sierra Club v Abston; 620
F.2d 41, 44 �th Cir. 1980!; and U.S, v. Earth Sriences,
Inc., 599 F.2d 368, 372 �0th Cir. 1979!.

In reaching its result, the Cocle court relied on
both the language of the statute itself and its underly-
ing legislative history. As noted by the court, the
House Report addressed the effect of g 301 in the fol-
lowing terms:

Any discharge of a pollutant without a permit
issued by the Administrator under section 318, or by
the Administrator or State under 402 or by the
Secretary of the Army under 404 is unlawful.

568 F,2d at 1374, citing H.Rep.No.92-911, 92d
Congress, 2d Session 100 �972!, reprinted in
Legislative History at 787. The court further noted
that there were: innumerable [other] references in the
legislative history in the legislative history to the
effect that the Act is founded on the "basic premise
that a discharge of pollutants without a permit is
unlawful and that discharges not in compliance with

the limitations and conditions for a permit are
unlawful."

Id. at 1375.

In promulgating 40 C.F.R. g 122.3 a!, EPA acted
in direct violation of the straightforward rule estab-
lished in XRDC v, Costle, EPA has created a categori-
cal exclusion in a statutory scheme that permits or
none.

III. BENEFITS OF CLEAN WATER ACT REGULATION

Control under the CWA would have two compo-
nents. First, EPA would be required to develop tech-
nology-based controls based on the "best availabl»
technology that is economically achievable"  BAT!.
Before EPA were to set this standard, the permit
issuers  typically the states under the CWA! woul<I be
required to exercise their "best professional judge-
ment" in trying to anticipate what the BAT stand;Ird
would be when it were to come out. Thus, all ballast

water dischargers would immediately become subject
to technology-based controls,

As importantly, the permit issuers would be
required to ensure � on a case-by-case basis � that the
relevant dischargers would coinply with water quality
standards. Given that few  if any! states have water
quality standards that directly address the issue of'
invasive species, the key short-term issue here would
be compliance with the antidegradation policy,
Under this policy, no discharge can be permitted if it
will impair any "existing use" of the relevant water-
body. 40 C.F.R. g 131.12. Existing uses are defined to
include any species that have inhabited a particular
waterbody since November 28, 1975. 40 C.F.R. g
131.3 e!. Thus, under the antidegradation policy, the
permit issuer would be required to perform an analy-
sis � as a precondition to permitting a discharge of bal-
last water to occur � that would be designed to pre-
clude the possibility that any invasive species present
in the ballast water might outcompete any existing
 i.e., native! species.

IV. UPDATE

As of June 20, 2000, EPA has still no action in
response to a petition filed by environmental groups
that asked the agency to rescind its regulatory exemp-
tion for ballast water discharges. However, the State
of California has developed a "total maximum daily
load" for exotic species under g 303 d! of the CWA
that may have the effect of severely restricting ballast
water discharges in that State.
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Abstract; This paper reviews the need for ballast water risk assessment and describes three approaches: environ-
mental matching that does not rely on species information, qualitative species-specific assessment, and quanfita-
tive species-specific assessment. The paper summarizes the progress to date on the ballast water risk assessment
being developed by the Centre for Research on Introduced Marine Pests for the Australian Quarantine and
Inspection Service, The risk assessruent adopts a quantitative species-specific approach but also includes a simple
hazard assessment based on environmental matching of the donor and recipient ports. In the first instance, the
risk assessment will be applied to a target list of marine pests. Risk calculations are made via a series of modules
that deal with discrete elements of the introduction cycle  donor port infection status, vessel infection scenarios,
journey suisnval! up to and including survival in the recipient port. This endpoint has been selected to provide
decision makers with a quantified measure of invasion risk with reasonable bounds of uncertainty. This is cur-
rently not possible for more complex endpoints such as the likelihood of establishment, or the expected economic
and environmental costs of introduced species. The assessment maintains a precautionary approach in the face of
uncertainty. This has been adiieved by building different levels of assessment into some of the modules, allowing
a progressively more accurate estimate of risk with additional data. If the requisite data are unavailable, the assess-
ment defaults to the previous level of analysis or adopts a conservative stance.
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Ballast water is one of several ship-related vectors
responsible for the modern dispersal of aquatic organ-
isms around the world, At least 14 marine species are
known "with reasonable certainty" to have been intro-
duced into Australia through ballast ~ater discharges
 j'ones 1991!. Globally, over 104 marine and freshwa-
ter species are thought to have been introduced by this
mechanism  Carlton 1985! � with significant environ-
mental and economic costs  Carlton 1996!, Recent
evaluations of'the rates of invasions into well-studied

estuarine systems indicate that introductions are accel-
erating, possibly associated with the increase in ballast
water. movements around the globe since the late nine-
teenth century  Carlton 1996; Cohen and Carlton
1998; Hewitt et al. 1999!. The scale and increasing rate
of this problem, the seemingly irreversible nature of

introductions, and the potentially devastating impact
of exotic species  e.g. the zebra mussel, Dreissena poly-
morpha, invasion of the North American Great Lakes
and the Atlantic comb-jelly, Mnemiopsis lei dpi, invasion
of the Black Sea!, make ballast water introductions one
of the most important environmental issues of the late
twentieth century.

Australia has responded to the ballast water threat
by establishing a National Ballast Water Management
Strategv. This strategy seeks to "avoid the adverse
economic and environmental impact of unwanted
aquatic marine organisms by minimizing their risk of
entry, establishment and spread ... whilst not unduly
impeding trade"  Paterson 1995!. The Australian
Quarantine and Inspection Service  AQIS! is the lead
governmental agency responsible for implementing
this strategy. To do this, the Australian Ballast Water
Management Advisory Council  ABWMAC! was
established to aid A+IS in directing research and
development. A risk-minimization approach, which is
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Target pest is
present in a donor

port

Pest is entrained
into the ballast tank

Pest survives
ballasting

Pest survives the
vessel's journey

Pest survives de-
ballasting

Pest survives in
the new recipient
port environment

Pest is able to
reproduce and

establish

Pest disperses in
new enwronment

Pest impacts on
new environment

Environmental and
economic costs

Figure 1. The ballast water invasion cycle conceptualized as a
series of steps through which the invading species must pass.
Once the species is introduced to, and becomes established in, a
new port, that port becomes a possible donor port and the cycle
is repeated.

founded upon a risk-assessment method capable of
dealing with the complexities of the ballast water
invasion cycle, has been adopted  Figure 1!.

In 1991, the International Maritime Organization
 IMO! introduced voluntary ballast management
guidelines  julian 1994!, which recommend that all
merchant vessels, inter alia, exchange their ballast
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water in mid-ocean, preferably in water depths of
2,000 m or more and beyond the 200-mi EEZ.
Numerous nations are currently seeking a vehicle for
international agreement, such as a new Annex to the
International Convention for the Prevention of

Pollution from Ships  MARPOL 73/78!, to make
these guidelines mandatory.

In the meantime, individual nations will continue
to be threatened by international and domestic
 or regional! vessels that do not undertake ballast
water management  e,g., exchange!. Vessels may
not exchange their ballast water because of several
possibilities:
~ safety concerns � exchanging ballast imposes bend-

ing moments and shear stresses on the vessel. At
sea, the combination of bending moments and
shear stresses imposed on the vessel by wave
action and exchange activities can compromise the
structural integrity of the vessel. Thus, even for
largest vessels @160,000 dwt!, ballast exchange is
not recommended if the significant wave height is
greater than or equal to 6 m  AQIS 1993!.

~ the journey is too short � it takes time to safely
exchange large volumes of ballast. For example,
three days are needed to exchange the ballast water
in all the tanks of the MV Iron Whyalla t141,475
dwt!, using a three-volume flow through method
 Rigby and Hallegraeff 1994!.

~ the vessel does not have a ballast water manage-
ment plan approved by a certification society.

~ the vessel chooses not to comply with the guide-
lines or regulations.
A nation can adopt one of three approaches to

the problem of ballast water invasions: �! it can do
nothing, �! it can decide that no introduction is
acceptable  "zero risk"!, or, �! it can try to miniinize
the risk of ballast water introductions by tailoring
management strategies to meet specified objectives
 urisk management"!.

The first approach costs nothing, but introduc-
tions will continue unabated or even at an increasing
rate. A proportion of these species will result in pop-
ulations of pest species becoming established in the
nation's ports and along its coasts, The economic
and environmental costs can be high; the zebra mus-
sel Dreissena polpmorpha, for example, is estimated to
cost US $300 million a year by obstructing cooling
water intakes, and perhaps another US $200 million
a year in nuisance costs  Weathers and Reeves 1996!,

In the modern global economy, "zero risk"
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III. Modification

Assessment
becomes

Construct and conduct
environmental match

risk assessment

Identify ports of theCollect environmental
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occurs = p1

pa~ pt

Identify all vessels that
pose a risk to Australia

=v 1

trt! v,
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II. Evaluation

YES NO

NO YES

Figure 2. Risk assessments based on environmental matching  I. Assessment! face two problems when a new exotic species is discovered.
First, if the origin of the new species is unknown then it is impossible to evaluate  Il. Evaluation! the accuracy, or otherwise, of the risk
assessment process. Second, if the origin of the species is known, but the assessinent predicated the donor and recipient environments to
be unmatched, then the assessinent must be modified  III. Modification! so that these environments are matched. In effect, the assessment
can only become increasingly conservative.

quarantine policies are untenable. Australia also
views such policies as undesirable and has formally
rejected them  Department of Primary Industries and
Energy 1988!. Furthermore, short of banning all ship-
ping trade, one would have to devise a management

V

I

Implement ballast
water management
strategies tor these
vessels, cost = $c,

strategy that is acceptable to all stakeholders and
100% effective in order to implement such a policy.
No such strategy currently exists. The risk manage-
ment approach, therefore, is a compromise between
doing nothing and the zero risk approach.
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BALLAST WATER RISK ASSESSMENT

At least three different approaches to ballast water
risk assessment have been proposed in Australia and
elsewhere: �! environmental matching, �! qualita-
tive, species-specific; and, �! quantitative, species-
specific.

ENVIRONMENTAL MATCHING

Environmental-matching seeks to measure ballast
water risk by evaluating the degree of environmental
similarity between donor and recipient ports, This
approach assumes that if a non-native species is
repeatedly transferred to a foreign port, the likeli-
hood that it will establish a viable long-term popula-
tion is heavily dependant on the similarities between
the biophysical conditions of the recipient port and
donor ports  Hilliard and Raaymakers 1997!. As a
hazard analysis this is a very useful first step, but as
a risk assessment it has flaws.

Ballast water management, via risk assessment
or any other quarantine management systein, acts
only as a filter, not as a barrier  Carlton et al. 1995!.
Ballast water risk assessment based on environmental

matching, however, is a far less effective filter for
four reasons:

1. Environmental-match assessments will identify
similarities or differences between port environ-
rnents, but will not incorporate species-specific
environmental tolerance ranges. Consequently,
potentially hazardous routes that lie well within
the tolerance range of an individual species, but
are between two ports that differ in environmen-
tal parameters, will not be identified.

2. Temporal and spatial scales of the environmental
information from the ports will define the similar-
ity/dissimilarity match, For example, two ports
may match at the start of a Northern Heinisphere
spring/Southern Hemisphere autumn, but be oth-
erwise unmatched. Alternately, the microenviron-
ments in ports could confound match predic-
tions. For example, the discharge into a port of
power-station cooling water could raise the water
temperature at a site, making it capable of sup-
porting species that could not survive elsewhere
in the port  Carlton 1992!.

3. Carry-over of ballast water between ports can
make an environmental match between the recipi-
ent port and a vessel's last port of call  LPOC!
immaterial to the true risks posed by the ballast
water. In a study of American shipping patterns,

Carlton et al. �995! found that a vessel's LPOC
was a poor predictor of ballast source: 53o/o of all
vessels  and 66o/o of container vessels! contained
ballast water that did not originate from the
LPOC. Furthermore, a small proportion of a ves-
sel's ballast is "unpumpable" because the pump
pipe ends some distance from the bottoin of the
tank, For example, each vessel entering the Great
Lakes, on average, carries 158 mt of residual un-
puinpable ballast  Locke et al. 1993!, Thus, sedi-
ments at the bottom of a tank and some ballasted

water are likely to be much older than the LPOC.
Risk assessments based only on environmental
similarity for all traded ports could become
extremely conservative if they addressed this issue
without estimates of how long organisms can sur-
vive in ballast water  see for example Murphy
1997; Gollasch et al. 1995; Wonham et al. 1996!.

4. It is difficult to improve the risk assessment when
a new introduction appears, for two reasons. It
the origin of the species is unknown, then it is
impossible to comment on the accuracy of the
risk assessment in light of the new discovery. On
the other hand, if the origin oI the species is
known, but the assessment predicted the source as
unmatched, then the source must logically be re-
classified as matched, which means that all vessels
on that route must be regarded as hazardous. ln
effect, the assessment can only become increas-
ingly conservative with increasing costs to the
shipping industry  see Figure 2!.
Despite these problems, the environmental-match

approach has soine merit. It can provide a useful
measure of ballast water hazard, particularly if com-
bined with a species-specific assessment. Together the
two approaches can improve the risk assessment by
helping to offset their individual limitations. The risk
assessment developed by the Centre for Research on
Introduced Marine Pests  CRIMP! advocates a com-
bined approach  see below!.

QUALITATIVE, SPECIES-SPECIFIC

A qualitative, species-specific approach requires
the analyst to qualitatively score the probability of a
species successfully passing through each step of the
ballast water invasion cycle. For example, the pest
risk assessment developed by the Aniinal and Plant
Health Inspection Service  APHIS! of the United
States Department of Agriculture  Orr 1993, 1995!
scores a species' presence in a vector, its entry
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potential, colonization potential, spread potential,
economic impact potential, environmental impact,
and perceived impact. It also allocates an uncertainty
code to each of these scores to reflect the assessor's

certainty in this respect. New Zealand's National
Institute of Water and Atmospheric Research
 Bradford-Grieve eral. 1998! advocate this assessment
style for ballast water introductions.

In the short to medium term, this approach will
provide only qualitative or inixed quantitative/quali-
tative outputs based on quantitative estimates of the
early steps in the ballast water invasion cycle  e,g.,
presence and entry potential!, Ecological science is
many years away froin being able to provide reliable
quantitative measures of establishment  colonization
potential! and impact  economic or environmental!
for all species without extensive tests. Qualitative  or
mixed output! risk assessments are well suited to
examination by expert panels, who can discuss the
evidence and reach a consensus on the risk, but are
unsuited to rapid or real-time evaluations, because �!
the risk assessment process is difficult to automate,
and �! the overall vector risk  due to the presence of
two or more species in a single vector! cannot be cal-
culated.

The process is difficult to automate because there
are  usually! too many risk permutations -overall risk
estimates that are unique for a single species. For
exainple, the APHIS pest risk assessment process
scores seven steps in the invasion cycle as high, medi-
um, or low, and allocates one of five uncertainty
codes to each of these scores. The total number of

risk permutations for any one species is therefore
� x 5� = 1.7 x 10s � clearly a difficult procedure to
automate.

If the probability of success at each step in the
ballast water invasion cycle is independent  in a sta-
tistical sense! from species to species, then the overall
vector risk for two or more species is the sum of the
individual species risk � or more correctly, the Inulti-
ple of the invasion probability complement. But how
does one sum qualitative or mixed output expres-
sions of species risk in a meaningful way? How
many "negligible risks" sum to a "moderate risk"?
This question simply cannot be answered in a quali-
tative fashion.

QUANTITATIVE! SPECIES-SPECIFIC

A more rigorous quantitative approach to the
ballast water invasion cycle also requires a species-

specific approach; however, extant risk assessmenr
models do not adequately address the steps of the
invasion cycle. Quantitative Risk Assessment  QRA!
models, initially developed for the chemical and
nuclear industries, however, provide a general
approach to the development of a Quantitative
Biological Risk Assessment For species introductions.
The ORA model is broken into five steps: hazard
identification  what are the undesired events!,
likelihood of the undesired events, consequences of
these events, risk calculation, and significance and
uncertainty analysis.

Hazard identification is the key component of
any risk assessment process. Hazards that are not
identified in the early stages of the assessment will
not be taken into account at later stages, leading
ultimately to an underestimate of risk. Numerous
methods for identifying hazards are available,
including the collation of expert "heuristics", the
use of fault tree analyses, and the use of hazard and
operability analyses.

These methods are well suited to vector-based

hazard identification; however, in order to develop a
species-specific analysis it is assuined that criteria for
identifying target species  the species hazard! are
accepted and defined in advance, A well-established
argument in quarantine risk assessment  see for
example Orr 1993! is that mitigating measures
developed for one species can be just as effective
For other species with similar characteristics. The
protection afforded by a species-specific assessment
can therefore be improved by selecting target species
that are representative of broad guilds or that are
among the most robust relative to the determinants
of ballast water transport: for example, species
with wide environmental tolerances, pelagic
larvae, or resistant, resting life-stages, Ballast water
strategies that are effective against these species will
protect recipient ports from a much wider. group
of species,

The assessment procedure can be easily designed
so that it is identical for any species and therefore
any species can be assessed, assuming the data
requirements are met. The important question
remains, however, as to which species are pre-selected
f'o r assessment. Once an initial "target list" is devel-
oped, new or suspected marine pests discovered any-
where in the world could be added to this list, A

quantitative species-specific risk assessment could
then estimate the probability that this species would
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also be introduced by ballast water once key biologi-
cal information was collected.

If an existing target species is detected in a recipi-
ent port, but the site was not marked as at risk, then
the assessment can be empirically modified to
account for the error. Thus, the risk assessment can
improve with time in an iterative learning fashion
 see Figure 3!. This might lead to more vessels being
identified as hazardous but, unlike the environmen-
tal-match approach, this outcome is not inevitable.

Calculating the likelihood and consequences of
undesired events is the most difficult component of a
quantitative ballast water risk assessment. The unde-
sired events in question usually relate to the adverse
econcmic and environmental impacts associated with
the establishment of exotic species. To express these
quantitatively, the analyst must model each step in
the ballast water invasion cycle and ultimately link
the probability that the species will be introduced,
survive, and establish in the recipient region, with the
consequences of this expressed in terms of, for exam-
ple, less of a commercial species or environmental
impairment. As noted above, however, ecological sci-
ence is many years away from being able to provide
reliable quantitative measures of establishment and
impact  economic or environmental! for invasive
species without extensive tests. For example, toxic
dinoflagellate introductions are estimated to have
social costs  tourism, public health, and aquaculture-
exclucling broader ecosystem effects! in the region of
$350 � 2000 million  AQIS 1994!. The upper end of
this range is almost certainly an underestiinate
because of environmental costs that are notoriously
difficult to estimate.

Having said this, it would be unduly pessimistic
to believe that qualitative risk estimates are the best
that ballast water risk analysts can hope to achieve in
the near term. The ballast water invasion cycle
involves several steps � vector infection, survival,
establishment and/or dispersal, and impacts. The
uncertainty associated with each step increases from
left to right,i.e., from infection to impacts.
Quantitative probabilistic techniques become increas-
ingly inappropriate as one moves from low to high
uncertainty. It may not be necessary, however, to
quantify all of the steps in the invasion sequence.
For species which are ripriori pests, with a well-docu-
mented impact history, quantified estimates of
inoculation  i.e., all those steps up to and including
surviv;il in the recipient area!, which are relatively

certain, may be sufficient from a risk manager's per-
spective,

The advantages of more certain, quantitative risk
measures are enormous � risk estimates relative to

acceptance criteria become meaningful, risk manage-
ment strategies can be compared, and risk-benefit
analyses conducted. To achieve this, however, an ear-
lier endpoint in the ballast water invasion cycle  such
as inoculation survival! must be used in the assess-
rnent. Note also that this remains a suitable platform
to address the probability of establishment and sub-
sequent economic/environmental impact when these
components can be estimated with reasonable accu-
racy and scientific rigor.

The analyst can calculate the invasion risk associ-
ated with an individual species by multiplying the
probability that the species successfully negotiates
each step in the ballast water cycle by the attendant
economic and environmental costs of establishment

and spread. Currently, however, no quantitative
species-specific approach has been developed that
can readily be applied to the invasion process via bal-
last water, largely because of the difficulty of calculat-
ing the probability and cost of establishment.

Alternatively, if invasion risk is expressed purely
in terms of inoculation, multiplying the probability
that the species negotiates each step up to and
including survival in the recipient region allows a
much simpler risk calculation. The overall vector risk
for one or more species is calculated by multiplying
the complement of the risk of each individual species
such that

where p; is the invasion risk for species i.

THE CRIMP RiSR ASSESSMENT

F RAM EWO RK

The CRIMP risk assessment approaches the bal-
last water problem from the perspective of the invad-
ing species. It is therefore species-specific and will, in
the first instance, be applied to a target list of selected
species  Table 1! ratified by ABWMAC. These species
have been designated as marine pests in their native
or introduced ranges through a qualitative assessment
by a panel of experts. The CRIMP assessment
assumes that each of these species will represent a
high risk if it were to be inoculated and survive in an
Australian port.



Table l. The current Australian BaHast Water Management Advisory Council target species list.

Life-stage category'Species Common name

isabel/a  =cpiragraphis!
spa//anzanir

Sabellid fan worm, European fan warm

European shore crab, green crab,
N. Atlantic edible shore crab

Carclnus maenas

N, Pacific seastar, Japanese sea si a iAsterias amurensrs

L/ndaria pinnatifida wakame

Adults = haloplanktonicb; cysts = tychoplanktonAlexandnum catenella

A. minutum

A. tamarense

Gymnodinium catenatum

Toxic cyst-forming dinoflagel ates

Musculi sta senhousia Asian mussel, Bag or Senhouse's mussel

Corbula grbba

Japanese oyster, Pacific  king or rock!
oyster

C rassostrea gt gas

Adu ts/larvae = haloplanktanicbMnemiopsis /eidyrc Comb jelly

'after Carlton et a/ �995!, bpossible vertical migrators, 'not currently known from Austra ian waters

Patamocorbula amurensis' Chinese clam, Asian bivalve

The risk assessment aims to provide a predictive,
quantitative estimate of ballast water risk to:
~ screen and prioritize vessels for sampling  on

arrival! by field officers;
~ allow a risk-benefit analysis for different strategies

of ballast water management;
~ encourage the shipping industry to change its

operations in order to minimize the risk of intro-
ducing  or spreading! exotic marine species in
Australian waters, while simultaneously decreasing
itS Inanagement COSts; and

~ compare the threat from ballast water to other
vectors.

ENDPOINT SELECTION AND BALLAST WATER RISK

The purpose of a predictive risk assessment is to
prevent or minimize harm, which is expressed

QUANTITATIVE BALLAST WATER RISK ASSESSMENT 3 J7

Larvae/gametes = merop anktonicb; juvenile/adult = benthic
 hard!; possibly tychoplanktanic ar flaating detachable

Larvae/gametes = meroplankton cb; juvenile/adults = benthic
 hard and soft!; possib y tychaplanktonic as juveniles

Larvae/gametes = meroplankton cb; juvenile/adult = benthic
 hard and soft!; possib y tychoplanktonic as luveniles

Gametophytes/sporophytes = benthic  pr rnarily hard, some soft,
associated with seagrasses and shells! and tychoplankron c; sonic
indication of farmation gametophyte ball, which may become sus-
pended in water column; possibly floating detachable due to set-
tlement of other algae

Larvae/gametes = meroplanktonicb; juveni e/adults = benthic
 hard and soft!; possib y floating detachable and tychoplanktonic
due to settlement on seagrass and a gae.

Larvae/gametes = meroplanktonicb; juvenile/adults = benth c  soft
and some nest ing!; possibly tychoplanktonic

Larvae/gametes = merop anktonicb; juvenile/adults = benthic
 primarily hard but can settle on soft to form oyster beds!; possibly
tychop ankton as juveniles due to settlement on seagrass and
algae

Larvae/gametes = merop anktonicb; juvenile/adults = benth c  saft
and some nestling!; possibly tychoplanktonic

through the assessment endpoint. Appropriate
endpoint selection is critical to the success of any
ecological risk assessment  Suter 1993!. The endpoint
selected for the CRIMP ballast water risk assessment

is the survival of a non-native organism in the recipi-
ent port at the time of inoculation,

It has been suggested that limiting the risk assess-
nient to a survival endpoint can be justified only
when the probabilities and consequences of establish-
ment are indistinguishable between targeted species
 Bradford-Grieve et al. 1998!. This is not implied;
rather, the survival endpoint was chosen for three rea-
sons

~ it is appropriate for a quarantine, barrier-control,
risk assessment;

' it provides a suitable basis for risk-benefit analysis
for species that are a priori classified as marine
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Table 2. The universal set in a donor port can be characterized according to the habitat and behavior of the species concerned,

Member examplesCategory

HOLOPLANKTONIC organisms that spend
most or a I of their ife cycle in the water

PHYTOPLANKTON: diatoms, dinof agel ates, b ue-green algae, nanoplankton, autotrophic
picoplankton, and other groups. ZOOPLANKTON: comb je lies, je lyfish, hydrozoans
 siphonophores!, polychaete worms, rot fers, gastrotrichs, planktonic gastropods  snails: the
pteropods and heteropods!, copepods, hyperiid amphipods, isopods, mysids, ostracods, clado-
cerans, pelag c shrimps, krill  euphausi ds!, arrow worms  chaetognaths!, pelagic tunicates
 including salps, doliolids and larvaceans!. FISH

NFUSTONIC organisms that swim or f oat
at or near the a r-sea inlerface

Larvae and juveniles of the by-the-wind-sailor siphonophore Ve/el/a, the blue button Porprta,
nauplii and cyprids of the barnacle Lepas, and the sea strider Ha/abates

PHYTOPLANKTON: the dispersa propagules of benthic plants.
ZOOPLANKTON: the larvae of many benthic invertebrates including sponges, sea anenones,
corals, hydroids, molluscs  snai s including sea slugs or nud'branchs!, chitons, mussels, clams,
oysters, scallops, crustaceans  barnacles, shr rnp, lobsters, crabs, hermit crabs!, nemertr ans
 ribbon worms!, sipunculans, polychaete worms, bryozoans, phoronids, echinoderms
 seastars, br tt e stars, sea urchins, sea cucumbers!, hemichordates, tunicates  sea squirts!
FISH: eggs and larvae

MEROPLANKTONIC Temporary plankton
� organisms that spend a portion
 u >ually the shorter! of their life cycle
in the plankton.

M GRATQRY organisms, including
DEMERSAL organisms that migrate
vertically towards the surface

These organisms include a variety of sma I crustaceans  including garnmarid amphipods,
isopods, rnysids, curnaceans, crangonid and other shrimp, and benthic harpacticoid
copepods!, some fish species, and polychaete worms. Other examples are the wood-baring
gribble Limnoria, a tiny isopod crustacean that migrates at night by swimming between
wood hab tats

Foramin ferans, flatworrns, polychaetes, crustaceans  copepods, amphipods, sopods and
tanaids!, hydroids, benthic copepods, insect larvae and adults, mites, nematodes, leeches,
oligochaete worms

TYCHOPLANKTON  organisms that can be
removed from the'r previous habitat by
tie al currents, waves, and ship's propellers,
et ., including benthic organisms that
could be brought into the vessel with
bc ttom sediment!

FLOATING DETACHED biota including
EFIPHYTIC organisms on the blades of
flcating plants

Seaweeds  algae!, seagrasses  eelgrass, Sargassum, turtle grass!, marsh plants, spirorbid
tubeworrns, bryozoans, sea squi~ts, sponges, mol uses, crustaceans

DISEASES, PATHOGENS, and PARASITES Marine diseases, pathogens, and parasites, includ'ng mariculture and aquaculture diseases

Risk p ' = p ~! p�! p V! p >! [~j

HAZARD IDENTIFICATION � VESSEL

INFECTION SCENARIoS

Two hazard-identification procedures are used in
the CRIMP risk assessment framework;

pests, or potential pests; and
~ it provides a clear  and verifiable! risk measure that

avoids the more complex expression of the likeli-
hood of establishment and of adverse environmen-

tal or economic impact.
By limiting the endpoint to survival, the CRIMP

assessment is able to provide decision-makers with a
quantified measure of invasion risk with reasonable
bounds of uncertainty, Furthermore, with an inocula-
tion survival endpoint, ballast water risk on a per ves-
selr'per voyage basis can be calculated with the fol-
lowing elements for each target species:
' the probability p co! that each port from which a

vessel derives ballast  donor port! is contaminated
with the target species;
the probability p re! that the vessel is subsequently

infected with any of the life-stages of the target
species;
the probability p III! that the inoculum survives the
journey; and

~ the probability p u! that the life-stage at the end of
the journey will survive if discharged into the recip-
ient  Australian! port.

Ballast water risk can be calculated by assigning
probability to each of these steps, such that:
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Figure 4, The first page of the ballast water introduction fault-tree analysis developed For the CRIMP ballast water risk assessm< nt frarne-
work  note continuation to additional fault trees; for the complete analysis see Hayes and Hewitt 1998!

1. Fault-tree analysis to identify vessel-infection
scenarios � the circumstances in which a vessel's

ballast water becomes contaminated with target
pests; and

2, Hazard and Operability  HAZOP! analysis to test
for deviations from the "normal" environmental

conditions in recipient ports and port-based activ-
ities that might confound the predictive algo-
rithms in the assessment  refer to Hayes and
Hewitt 2000 for further details!.
Fault trees are hazard analysis tools that are used

in quantitative risk assessment to identify the chain
of events leading to a hazardous occurrence  Kletz
1986!. They identify the logical combinations of
events that are precursors of hazardous situations
and, importantly, highlight the ways in which the
event chain can be broken. If probability or frequen-
cy data can be generated for the basic events at the

ends of each branch, then Boolean algebra can be
used to estimate the overall frequency of the haz-
ardous occurrence. This is not, however, the objective
of the fault trees developed for this framework.
Rather, their purpose is to identify all the potential
vessel-infection scenarios in contaminated donor

ports  for example see Figure 4!.
The fault tree analysis provides a rigorous, explic-

it, and systematic description of the taxonomic haz-
ard in donor ports and identifies a number of subtle
 and less tractable! hazards within the ballast water
introduction cycle. The "taxonomic hazard" is the set
of species that can be introduced via ballast water,
The universal set is defined as the complete floral
and faunal assemblage in the donor port. This set can
be categorized according to the life-stage characteris-
tics of the species concerned  Table 2!.

The fault-tree analysis helped define 10 vessel-
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Table 3. Vessel-infection scenarios identified in the CRIMP risk
assessmenr by a fault tree analysis.

Floating
Detached

Planktonic Tycho- Neustonic Vertical
planktonic Migrator

Water column

Sof:

Hard
a Nl4 enet+1%4%%@' re&@n QQ I '4.~ a'4 'LR' a 0 ftEpiphyte

Table 4. Hazard and risk assessinent levels in the CRIMP risk
assessmeni framework.

Level Assessment  cumulative! Principal data needs  additional!

0 Tests for donor-port infection
and species tolerance of
recipient port. Provides
qualitative hazard rank.

Ballast source, donor port/
bio-region infection status,
recipient port temp/sa inity
maxima, species temp/salinity
tolerance.

1 Tests life-stage entry into Life-stage size and duration
ballast tank, journey duration maxima, ballast sieve size, date
against life-stage duration, since sieve was last serviced,
and simple entrainment life-stage habitat and rharacter
analysis. Provides qualitative istics, ballast event date and
hazard rank, time.

Journey survival model and
requisite parameters, ballast
method.

2 Models journey survival,
Provides quantitative
estimate of risk  assuming
probabi ity of survival in
recipient port =1!.

3 Models life-stage survival in
recipient port. Includes
environmental subunit

definition  recipient port!
and environmental HAZOP

analysis. Provides
quantitative estimate of risk.

Recipient berth details,
temperature and salinity
extreme values, density
estimate of extremes, EV

distribution and requisite
parameters.

infection scenarios  Table 3! based on the life-stage
characteristics and the life-stage habitat � soft sub-
strate, hard substrate, water column, or epiphyte. The
likelihood of vessels becoming infected in each of
these scenarios, for each life stage, will be modeled
witlain the framework  see Module III below!. The
large number of infection scenarios underlines the
coraplexity of the ballast water problem, and empha-
sizes the importance of using systematic hazard iden-
tification tools. Indeed, the success of the fault trees
in this context suggests that they could be usefully
employed in other complex biological systems.

The fault-tree analysis also helped to identify the
roles of less obvious ballast water hazards, namely
~ ballast tank populations � species that reside and

reproduce within the ballast tank. This could be a
very hazardous scenario if "fresh"  r.e., not subject
to the rigors of the journey! inoculations of larvae
occur when the vessel de-ballasts.

~ ballast water carry-over caused by multiple ballast
sources in tank, or because of unpumpable ballast.

~ crevicolous species � species which actively seek
crevices and holes. The risk assessment assumes

that entrainment into the ballast tank is essentially
a passive process, and the infection probability is
estimated accordingly. However, the probability of
infection could be much higher for species that
seek sea chests For shelter.

~ third-party infection scenarios � the infection of
vessels in ports that are themselves uncontammat-
ed, but may have infected vessels in port that are
discharging contaminated ballast water next to ves-
sels which are taking on ballast water. This scenario
is unlikely but not impossible.
With a species-specific approach, all of these

hazards are amenable to analysis. For example, if. the
journey duration exceeds the duration of the larval
stages of a fouling species, then these vessels can be
Hagged as potentially having juveniles settled on the
inside of their ballast tanks. Hazards associated with

unpumpable ballast can be assessed in relation to the
age of the water and the likelihood of the species
surviving in the ballast tank. Finally, the probability
of vessel infection can be increased to allow for the

behavior of crevicolous species whenever they are
present in a donor port, Third-party infection
scenarios, however, could probably be addressed only
by a very sophisticated analysis  such as that envis-
aged at level 5 of the risk assessment framework � see
below!. For this reason, the probability of a vessel
becoming infected is set at an arbitrary minimum
value �.05!.

LEVELS OF HAZARD AND RISK ASSESSMENT

The CRIMP risk assessment is designed to pro-
vide an increasingly accurate estimate of risk as more
information is made available to the analysis. This
has been achieved by writing six levels or tiers of
analysis � � 5! into the frainework. In the first
instance  level 0!, two qualitative hazard assessments
are made based on simple environmental compar-
isons  between donor and recipient ports! and the
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known distribution of target pests. The data require-
ments of this level are minimal: donor-port infection
status, monthly temperature and salinity extremes of'
the donor and recipient ports, and the temperature
and salinity tolerances of the target pest.

Table 4 summarizes the additional analyses and
data requirements of the framework up to and
including a level 3 analysis. At level 3, the assessment
tests infection scenarios, models the survival of a pest
during the vessel's journey, and estimates the proba-
bility of a pest surviving in the recipient port, Data
requirements are increased, but the estimate of ballast
water risk becomes more accurate. Additional levels

of analysis  levels 4 and 5! are envisaged to include
vessel-specific tychoplankton suspension analysis and
port-circulation models  for further details see Hayes
and Hewitt 1998, 2000!.

In the absence of the requisite data, the assess-
ment defaults to the highest level of analysis for
which data are available. For example, the probability
of survival in the recipient port is assumed to be 1.0
in a level 2 analysis. Similarly, a level 2 analysis stops
and defaults to level 1 if there are insufficient data to

run a model of journey survival. This ensures that the
assessment maintains a conservative stance in the

face of uncertainty, while also providing tangible
benefits  in terms of risk reduction! for additional
data costs.

THE RISK ASSESSMENT MODULES

The risk assessment framework is made up of five
modules, The first  Module 0! collects data from the
vessel on the origin of its ballast water and associated
details. The remaining modules mimic the invasion
process by dealing with individual steps in the ballast
water introduction cycle up to the point of survival
in the recipient port. The risk assessment modules
and the role they play in the overall framework are
illustrated in Figure 5.

MODULE 0 � DATA COLLECTION

Module 0 collects information on the assessment

date  expected arrival of the vessel in the recipient
port!, the name of the recipient port, the berth, the
vessel's name, IMO number, and details of the bal-
last on board.

Ballast information is collected on a tank-by-tank
basis, including date, volume, start/end time,
method, and the vessel's draft at the start and end of
ballasting. The module currently allows for three dif-

ferent ballast sources for each tank, in order to assess
the risks of ballast water carry-over and the mixing of
ballast water in and between tanks, but it is desirable
to take into account all ballast origins for each tank.

MODULE I � PORT INFECTION STATUS

The objective of Module I is to determine the
probability of port infection. If a survey of a donor
port detects a target species, then the probability of
infection p OI! is equal to 1.0. If the survey did not
detect a target species, then the probability of infec-
tion is the product of the probability of a type II
error  the species was present but not detected by the
survey! and the probability that species can actually
survive in the port. The probability of a type II error
can be determined using geometric probability argu-
ments and line intersect and transect sampling theory
 see Hayes and Hewitt 2000 For details! and is in part
alleviated by using a standardized sampling design
and methodology  Hewitt and Martin 1996!.
Ultimately, the probability of port infection will also
be linked to the time elapsed since the last survey.

If the port concerned has not been surveyed, then
its infection status is inferred from that of the biore-

gion in which the port is located. A database detail-
ing the bioregions of the world, their infection status,
and the ports they encoinpass has been developed by
CRIMP. This is largely based on the bioregional clas-
sification of Hayden et al. �984! as adopted by the
International Union for the Conservation of Nature

 Kelleher et al. 1995!, ports information from the
Fairplay Ports of the World Guide  Fairplay 1998!,
and the published distributions of species on the tar-
get list.

MODULE II � PORT ENVIRONMENT

Module II characterizes the port environment. It
is used at level 0 to determine whether the species
can tolerate the temperature and salinity maxima and
minima of the recipient port. In level 3, the module
uses empirical density or kernel density estimates
 Silverman 1986! of daily temperature and salinity
extremes or, given enough data, extreme-value theo-
ry, to estimate the probability p u! that the target
species will survive in the recipient port. The same
techniques are used to calculate the probability that
the target species can survive in the donor port, in
order to determine the probability of infection  see
above!.

From level 3 onwards, the geographical unit of
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Enter assessment date,
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vessel name
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Vessel infection
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predictions

Figure 5. The CRIMP ballast water risk assessment framework illustrating the risk assessment modules used to collect data from the vessel
ancl to calculate ballast water risk.
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assessment is based on environmental subunits, to
which all berths in the recipient port are allocated.
The subunits are analogous to the delineation of
eco-regions based largely on climatic similarity
 Bailey 1983!. Relatively small ports may comprise
just one environmental subunit, while larger ports
may comprise two or more subunits. In addition,
ports with unique artificial environmental areas such
as heated outflows will be identified. This approach
emphasizes that the management boundaries of a
port may not be the most appropriate for risk assess-
ment purposes. At levels 4 and 5, module II may also
be used to extend the survival analysis to include a
wider set of environmental parameters such as dis-
solved oxygen, pH, or nutrients, depending on the
availability of data.

MODULE III VESSEL-INFECTION SCENARIOS

P�! = I rl II [I P PE !]
r=i i=i

[3]

for the life-stages  r = I to m! of particular target-
species, under infection scenarios  i = I to n!.

Infection analysis is not conducted at level 0; the
probability of vessel infection is simply assumed to
be 1.0. At level I, the vessel-infection analysis is rela-
tively simple. Water-column-sourced planktonic and
neustonic infections occur  p g»! = 1.00! whenever
life stages of the species are expected to be in the
water column. Otherwise the life-stage s! are assumed
to be unavailable to the vessel  p gr;! = 0,05!, allow-
ing for the unquantified third-party risk,

Asterias amurensis, for example has five life history
stages: egg/gastrula, bipinnaria, brachiolaria, juvenile,
and adult. Vessel-infection scenarios for each life

stage are mutually exclusive. The larval life stages
 egg/gastrula, bipinnaria and brachiolaria! can cause
water-column sourced, planktonic infections
 Table 3!. Like many echinoderms, the larvae spend a
relatively long time in the plankton. In the Derwent
estuary, larvae are likely to be in the water column
from July to January  Byrne ct al. 1997; CSIRO

Module III models the vessel-infection scenarios

for life stages that are small enough to enter the bal-
last tank  as determined by the ballast sieve diameter,
maximum life-stage size, and some allowance for cor-
rOsion Of the sieve!. FOr the life-StageS Of InOSt
species, vessel-infection scenarios will be mutually
exclusive, The overall probability of vessel infection
is defined as:

unpublished data!. In a level I analysis, vessels bal-
lasting in Hobart during this period would be classi-
fied as infected p g�,! = 1.0; where i = I [water-col-
umn/plankton], and r = I to 3 [three larval stages]!.

Gymnot/inium catenatum has two life history
stages: vegetative cells and cysts. The vegetative cells
can cause water-column-sourced planktonic infec-
tions whenever they are present in the water column,
particularly during bloom events. The cysts, however,
are associated with two vessel-infection scenarios that

are not mutually exclusive: cyst production during
blooms can lead to water-column sourced planktonic
infections, and resuspension of cysts from contami-
nated sediments can lead to soft-substrate sourced

tychoplankton infections  Hallegraeff 1998!.
In a level I analysis, vessels ballasting in deep

ports, outside of a bloom, would be classified as
infected with vegetative cells  p $;,! = 1.0; where i
= I [water-column/plankton] and r = I [vegetative
cells]!. In shallow ports where sediment resuspension
occurs due to natural processes, vessel-berthing activi-
ty, or other port-based activity during a bloom, ves-
sels would be classified as infected  P I[I; r! = 1.0,
through three scenarios: i = I, 2 [water-
column/plankton and soft-sediment/tychoplankton~,
for r = 2 [cysts]; and i= I [water-column/plankton],
for r = I [vegetative cells]!. More sophisticated levels
of analysis are envisaged at level 4, based on the
Rouse equation and propeller-wash models, together
with an analysis of the ballast-withdrawal envelope
 see Hunter 1997; Hayes and Hewitt 2000!. 1'his
analysis, however, requires extensive data input,
including inforination on third-party vessel activity
in the donor port. So while most of the theory for
these Inodels is well developed, they have not been
incorporated into the lower levels of the framework
because they are data intensive.

MODULE IV � JOURNEY SURVIVAL

The objective of Module IV is to determine the
probability that the life stage s! entrained into the
ballast tank survive the journey. At level I, a simple
competency analysis compares the journey's duration
with the minimum time to settlement for those life

stages that are small enough to enter the ballast tank.
IF the journey's duration exceeds this period, then a
warning is issued about the potential for ballast-tank
populations.

At level 2, module IV models journey suivival
based on journey duration, an appropriate statistical
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model and its associated parameters  for example see
Hayes 1998!, Higher levels of analysis may also incor-
porate the effects of en-route ballast management
strategies  e.g., open-ocean ballast water exchange,
heat treatment! and pump versus gravity ballasting in
order to reflect the expected influence of the ballast
pump on the species surviving the journey  see for
example Gollasch et al. 1995; Murphy 1997 and
Ha 1 1egrae Ff 1998!.

FUTURe ReseARCH DIRECTIONS

The framework provides a blueprint for ballast
water risk assessment. In the first instance, the

risk/hazard assessments may be quite crude. The
models and risk algorithms used in the framework
will probably change as it develops and additional
data are collected. The multi-level, modular
approach, however, will remain, and with time the
framework will provide more accurate estimates of
risk. The future development of the framework is
expected to include
1. increasing the knowledge base by gathering port

environmental data  international and national!
and biological data on the behavior and tolerance
of target species

2. assessing port-infection status relative to the prob-
ability of a type II error during a survey, date of
the last survey, and the availability of pest-moni-
toring strategies

3. developing journey-survival models for relevant
life stages of species on the targeted list

4. modeling propeller wash and sediment resuspen-
sion. Initial studies in this area  Murphy 1998!
indicate that the theory of propeller wash and
sediment re-suspension/settlement is sufficiently
advanced to implement vessel/berth specific
models of tychoplankton infection From soft sedi-
ments, This is an important infection scenario for
the cysts of dinoflagellate species outside their rel-
atively short bloom windows  Hallegraeff and
Bolch 1992!

5. examining the Feasibility of using port circulation
models in conjunction with models of the ballast
withdrawal envelope to determine the probability
of vessel infection and the size of the inoculum

6. developing ground-truthing procedures to test the
predictions of the risk assessment and provide
additional data to continually improve the assess-
ment algorithms, These procedures could be
developed in conjunction with Bayesian inference

techniques to allow rapid updates of risk esti-
mates, in accordance with the iterative improve-
ment of quantitative risk assessment.

DISCUSSION

Quantitative ballast water risk assessment, as with
any other management strategy, will not eliminate
ballast-mediated invasions. It does, however, offer at
least two important advantages over our current state
of uncertainty;
' it will help clarify the importance of ballast water

in relation to other transport vectors; and
~ it will provide a means to test the cost-effectiveness

of ballast management strategies.
Currently, it is very difficult to investigate the

cost-effectiveness of ballast management strategies.
The economic costs are relatively easy to quantify:
I'o r example, the operating costs of ballast water
exchange are estimated to be US $0.014-0.045 per
mt ballast  Rigby and Taylor this volume!, so the
total operating cost of mandatory ballast water
exchange, for foreign shipping bound for the United
States would therefore lie in the region of US
$112 � 362 million per annum  using Carlton's 1995
discharge estimate and assuming 100O/o compliance!.

By contrast, the benefits of ballast water manage-
ment are probable and extremely difficult to quanti-
Fy. For example, ballast water exchange is thought to
eliminate 67-860/0 of the zooplankton in a tank
 Locke et al. 1993!, but probably fewer of the organ-
isms resident in ballast tank sediments, and may
under some circumstances exacerbate the problem
 Hay et al. 1997; Hallegraeff pers. comm.!.

The benefits of exchange could be considerable-
at least US 500 million per annum using Weathers
and Reeves' �996! estimate � assuming it could pre-
vent the introduction of a species as noxious as the
zebra mussel and that ballast was the responsible
invasion vector in the first instance. Without a quan-
tified risk assessment, however, it is impossible to
quantify the importance of ballast water as a vector,
to value the expected benefits of exchange, or to
identify the circumstances when other management
options might be more appropriate.

It seems very unlikely that any single manage-
ment strategy will be the most cost-effective for all
vessels on all domestic and international routes A

quantified ballast water risk assessment, using target
or representative species or both, will allow managers
and the shipping industry to maximize the impacts
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of research and management activity. U/timately, the
assessment is expected to contribute to a wider
Integrated Ballast Management strategy sitniIar to
that envisaged by Carlton et al. �99S!, but allowing
for a variety of management options, including
iristances where vessels cannot exchange their ballast
water because the journey is too short or the weather
is too bad. In this way, the risk assessment would
allow flexibility in our response to the vessel, species,
and site-specific factors that underlie ballast water
invasions.
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Since the discovery of zebra mussels, Dreissena
polymorpha, in Lake St. Clair in 1998, Sea Grant out-
reach and education programs have played leading
roles in facilitating the flow of information from the
research community to the public about invasive
nonindigenous species. An informed and educated
public generates increased support for research, pre-
vention, control, and outreach programs, helps slow
the rate at which invasions occur or spread and incr-
eases the rate at which new invasions are discovered.

Outreach is one of the three mandated functions

of'Sea Grant, established in 1966 as a partnership
between the National Sea Grant College Program of'
the National Oceanic and Atmospheric Admin-
istration  NOAA! and one or more universities in
each of the coastal and Great Lakes states. Modeled

after the Land Grant Colleges, it is a network of 30
programs that awards grants For marine and coastal
research, serves a non-advocacy outreach function,
and fosters public awareness of coastal and marine
environments through educational programs.

Strong ties to both local constituencies and aca-
demic institutions enables Sea Grant outreach staff to

react quickly to put together comprehensive pro-
grams addressing new issues at the local, regional and
national levels. From international workshops to
one-on-one meetings, Fact sheets and technical
reports to videos and radio spots, Sea Grant outreach
builds bridges between good science and local con-
stituencies who can use the information to make

informed c hoices.

Outreach and education programs for aquatic
nuisance species  ANS! originated in the Great Lakes
Sea Grant network, and much of'their expertise and
resources were drawn upon as the Northeast, Mid-
Atlantic, Gulf and Western states began to address
this global problem. A National Training Initiative
was initiated to provide assistance and resources to
non-Sea Grant states. Sharing of research results
occurred via conferences, newsletters, peer. reviewed
web sites, videos, and printed materials. And, as con-
cerns about aquatic invaders extended to species
other than zebra mussels and to other geographic
areas, outreach programs shifted f'rom primarily reac-
tiVe ITIOdeS tO prOaCtiVe madeS aS well.

The following three papers offer a ghmpse of'the
breadth of Sea Grant outreach programs for aquatic
nuisance species. Chuck O' Neill describes the
improvements made to New York Sea Grant' s
National Aquatic Nuisance Species Clearinghouse
that enables researchers worldwide to search a conI-

prehensive database of published research and facili-
tates the timely sharing of information among all
users, Christine Reilly, a former Massachusetts
Institute of Technology student reports on a marine
bioinvasions Internet web site, one of the first to
address invasions occurring in our coastal waters. The
site encourages visitors to take report sightings of a
new invader  the Asiatic shore crab, Hemigrapsus san-
guineus! to a researcher who is documenting its
spread. Washington Sea Grant's Andrea Copping
describes the aggressive approach undertaken in
WaShingtOn State tO raiSe publiC awareneSS Of'marfne
invaders like the green crab, Carcinus maenas. Her
outreach program demonstrates the benefit of multi-
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agency collaborations on issuing accurate, up-to-date
information to the public. This helps communities to
react quickly to new and potential invaders by work-
ing together to identify and disrupt introduction
pathways and build community support for preven-
tion and control programs, These are three examples
of the important role that Sea Grant Programs play in

serving as a liaison between scientists, coastal man-
agers and policy makers and the public.

The First National Conference on Marine Bio-

invasions is example of an exceHent Sea Grant out-
reach program. In this case, the international partici-
pants have forged global ties and the work has just
begun...
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of Nonindigenous Species Introductions

ANDREA E. COPPING

TERRY NosHo

STEVE HARBELL

NANCY LERNERi

Washington Sea Grant Program
0+ice of Marine Environmental and Resource Programs
University of Washington
3716 Brooklyn Avenue, NE
Seattle, WA 98105-6716 USA

Key words: public education, outreach, nonindigenous species, Pacific Northwest

IN T ROD UCTI ON

EDUCATION AND OUTREACH

Corresponding author; telephone: 206-616-8403;
faro 206-685-0380; e-maih nidernercn?u.washington.edn

The introduction of nonindigenous species  NIS!
into the coastal waters of the Pacific Northwest

poses a serious economic and environmental threat
 Copping et al. 1994; Chapman 1998; McMurray and
Bailey 1998!. Regulations and technology are needed
to address a number of pathways by which NIS enter
coastal and estuarine waters. However, there are a

number of'pathways by which NIS can be spread or
introduced into a body of water that can only be
addressed by outreach and education,

Education is an effective tool for slowing or pre-
venting the spread of marine invasive species, also
called "aliens," "exotics," or nonindigenous species.
A survey conducted by the Minnesota Sea Grant
Program showed that the second most effective
source of information in their region, behind news-
paper and television, was signage placed at water
accesses. Because of the results, natural resource man-

agement agencies, regional task forces, and other
organizations in 27 states are now using signs at water
accesses  D. Jensen, pers. comm.!. Furthermore, there
is growing evidence that boater education works to
prevent or slow the spread of NIS  D. Jensen, pers.
comm.!.

The reason public education is effective is that it

can be the only means to address certain vectors tor
the spread of NIS. For example, recreational boaters
may have encrusting organisms on the boat hull, or
plants entangled in the propeller, When the boat» are
launched in a new body of water, they can bring
viab! e organisms with them. Recreational anglers
using live bait often dump the bait buckets over-
board. Bait species are frequently nonindigenous.
Dumping them overboard can bring a new infest.i-
tion, Aquarium hobbyists, who don't want to kill
unwanted pets, decide to "set thein free" by releasing
thein into a nearby body of water. In eastern
Washington state, goldfish have become a nuisance
species in a number of lakes as a result of this
activity. And the nursery industry sells NIS species
that can spread or are improperly disposed of into
nearby waterways.

The concept of NIS species is still unknown to
large sectors of the public, Greater awareness of the
problein through public education, and of how indi-
vidual actions play a role in the transmission of NIS,
is essential to slowing or preventing introductions.

The primary goal of environinental education is
to change behavior on the part of individuals. In this
instance, the goal is to lead people to change behav-
iors that may introduce marine invasive species.
Early environmental education efforts focused prima-
rily on providing information, believing that provid-
ing information to the public would change their
behavior, an assumption that was later undermined,
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A synthesis of environmental education research
undertaken by Hungerford and Volk �990! revealed
that there were three essential components to envi-
ronmental education to change behavior: entry-level
variables, ownership variables, and empowerment
variables, Entry-level variables include fostering envi-
ronmental sensitivity through contact with nature or,
as the early environmental education campaigns did,
providing information. For example, bringing people
out on a boat ride or to an aquarium helps to put
them in touch with the environment or resource that

needs protecting, Ownership variables establish a
sense of place and a stake in the resource. The Puget
Sound region, for example, is an area highly prized
by the residents of Seattle and the surrounding towns
and cities. People consider it "their" sound, part of
their back yard, a feature of the region they are proud
of and consider their own. Puget Sound helps define
the place they live, and this feeling can be used to
engender environmental stewardship. Finally, a com-
ponent that was not often provided in the initial
environmental education programs is empowerment
variables. Empowerment variables allow an individ-
ual I.o feel that they can take action, that they can do
something to protect the resource that they care
about. Hungerford and Volk �990! found that with-
out this variable, behavior change is unlikely to
occur,

With behavior change as the ultiinate goal, devel-
oping an outreach and education campaign consists
primarily of four steps: identifying target audiences,
designing the message, determining the vehicle or
delivery mechanism for the message, and evaluating
the outcome. The planning of these four stages
should be done prior to developing and distributing
a product or program,

IDENTIFYING TARGET AUDIENCES

The first task in developing outreach is to identify
target audiences. The number and type of target audi-
ences can vary greatly depending on the message
behind the campaign. These groups or audiences will
often require different messages and/or delivery vehi-
cles. For example, Washington Sea Grant Program
began working on marine invasive species outreach
by identifying appropriate target audiences. The tar-
get audiences broke down into about five major
groups, but even within those groups, it was neces-
sary to identify subgroups. Short press briefings or
fact sheets would be appropriate to reach decision-

makers; hands-on training or a display at a fair is
more effective for the general public, Once the target
audiences are identified, the next step is to develop
the appropriate message.

DESIGNING THK MESSAGE

In developing simple and consistent messages
regarding marine invasive species, the focus is on:
~ impacts/relevance of the issues � why should the

audience care?

' ways for the audience to identify new or existing
infestations; and

~ how the audience can prevent the spread of NIS�
the empowerment variable identified by
Hungerford and Volk �990!.

Each of the final products for nonindigenous
species outreach developed by the Washington Sea
Grant Program included these elements. In effect,
each product tried to include all three of the variables
identified by Hungerford and Volk �990! for success-
ful environmental education � entry-level, owner-
ship, and empowerment variables.

DETERMINING THE DELIVERY MECHANISM

There are a variety of delivery vehicles, and both
budget and target audience will help determine the
best mechanism for delivery. For exainple, although
public service announcements may be an effective
method to reach the general public, few organiza-
tions have the resources to produce one, However,
there are other ways to reach target audiences. For
example, the general public can be reached effective-
ly with a traveling exhibit for fairs; a hands-on train-
ing workshop would reach a more specific audience
such as a "beachwalkers" volunteer group; and plastic
signage at boat ramps is an effective way to reach
recreational boaters.

Washington Sea Grant Program has been devel-
oping a series of NIS educational products in collab-
oration with the State of Washington, the National
Estuary Program, the U,S. Fish and Wildlife Service,
and the Georgia Basin/Puget Sound International
Task Force. The goal of these educational products is
to increase awareness ot NIS and their potential
impacts on the environment and economy.

Among the educational products produced by
the Washington Sea Grant Program are

A 20 page booklet entitled "Bio-Invasions:
Breaching Natural Barriers," which explains in sim-
ple, clear terms the threat of non-native aquatic
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species and potential impacts on the economy and
on the environment. Audience: anyone interested
in a more than cursory explanation of what NIS
are and why we should care.

~ Fact sheets on common pathways for aquatic NIS
introductions, the European green crab  Carcinus
maenas!, and the Chinese mitten crab  Eriocheir
sinensis!, Audience: natural resource managers, vol-
unteer monitoring groups, beachwalkers, tribes,
general public, decisionmakers, and policy makers.

' A full-color identification card for the European
green crab  C. maenas!, including featuxes that dis-
tinguish them from similar-looking native crabs,
Audience: research managers, volunteer monitoring
groups and beachwalkers, aquaculture industry
workers, and tribes.

~ A training workshop on identification of the
European green crab  C. maenas!, Audience: volun-
teer groups, industry workers, tribes, and agencies.

~ A poster and T-shirt with an eye-catching design
introducing the concept of invading species and a
simple explanation of'what invading species are
and how they can be transported. Audience: gen-
eral public, state parks, zoos, and aquariums.

~ A card f' or distribution at pet stores and other ven-
ues explaining why aquarium hobbyists should not
release pets or plants into the wild and suggesting
alternatives to dumping. Audience: general public.

The identification guide for the European green
crab was developed with a specific concern in mind.
Since an overly eager public might start smashing
native crabs, mistaking them for the European green
crab, the identification guide provides photos of C.
maenas and four native species. On the flip side are
scientific illustrations and descriptions with distin-
guishing features of'the crabs highlighted, allowing
individuals to carefully identify any crabs.

EVALUATION

The final step of public outreach and education is
evaluation. How do you know if the pxoject is effec-
tive? The evaluation should be considered during
the planning stages of the project so that all steps of
the project will be focused on fulfilling the stated
objectives, There are a large number of ways to evalu-
ate a program, particularly if the staff and monetary
resources are available for evaluating changes in
behavior over time. However, it is sometimes neces-

sary to do the next best thing, With limited
resources, Washington Sea Grant Program, for exam-

pie, frequently uses questionnaires and follow-up sur-
veys. Another way to evaluate success is by the
amount of'media attention generated. Washington
and Oregon Sea Grant Programs held a workshop on
the European green crab in February 1998. Although
no European green crabs were present in Washington
or Oregon at the time, researchers felt certain that the
crabs would soon arrive through natural dispersal
and currents along the coast. The conference generat-
ed some press coverage, including a lengthy newspa-
per article. Responding with an opinion-editorial
piece generated even more information. Five months
later, when European green crabs were found on the
outer coasts of Washington and Oregon, Washington
Sea Grant Program became a major source for inf'or-
mation on the green crab, and has sent out more
than 3,500 identification guides on the European
green crab and over 6,000 fact sheets on pathways
and the green crab.

SUMMARY

Marine invasive species do not respect state or
national boundaries. They travel from one region to
another through both natural dispersal, such as tides
and currents, and human-mediated dispersal, such as
ballast water. Consequently, regional efforts are
required to slow the spread of'NIS. This recognition
spurred the formation of the Pacific Northwest
Marine Invasive Species Team, or MIST, a joint pro-
gram between Oregon and Washington Sea Grant
Programs to coordinate efforts along the West Coast.
MIST has also been working cooperatively with
California, British Columbia, and Alaska.

The Chinese mitten crab  E sinensis! is one ot the
latest exotics to threaten the western U.S. coast. The

Chinese mitten crabs spawn and develop in estu;Iries
and migrate up into the watershed until time to
spawn, when they return to the estuaries, They are
highly mobile and aggressive and have been causing
major disruptions in northern California; it is likely
to fbllow the path of the European green crab up the
coast to the Pacific Noxthwest. MIST worked cooper-
atively with the California Department of Fish a»d
Game to produce a fact sheet describing the mitten
crab and the threat it poses to our region, and will
probably follow up with further efforts.

Successful invasions by NIS species are increas-
ing, sometimes with far-reaching consequences for
ecological diversity and survival of endangered
species. An informed and educated public is widely
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recognized as the cornerstone of effective prevention
and control of aquatic NIS species Jensen 1998!.
To achieve this end, it is essential that information/
education efforts convey up-to-date and accurate
facts that are appropriately targeted and offer a
consistent message.
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ABsTRACT: An Exotic Species Web Site was developed to inform and educate the public about marine bioinva-
sions, In order to determine what held the interest of visitors, a tracking program was used to monitor web site
activity. From February 1998, when the site first became avaihble to January 1999, visitations increased stepwise
with listing the site on search engines and links from other sites. Analysis of tra8ic on the site indicates that users
were primarily interested in obtaining information about marine invasive species and that maintaining fresh new
material is important in keeping their interest.
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INTRO DUCTION

USE OF THE 1VIITSG WEB STTE

Marine bioinvasions are increasing, but public
awareness has lagged behind the efforts to prevent
introductions of new species and to control and man-
age invasive species. The Massachusetts Institute of
Technology Sea Grant  MITSG! College Program ini-
tiated an outreach project to increase public aware-
ness and understanding of the issues related to
marine bioinvasions, with a focus on species that are
found in New England, Among the several compo-
nents of the outreach activities was the development
of a web site, http: //massbay.mit.edu/exoticspecies/
index. html, that included sound scientific informa-
tion, highlighted specific invasive species, suggested
contacts for more information, provided a list of
selected references on marine invasions, and high-
lighted new activities and efforts. In addition, infor-
mation about the First National Conference on

Marine Bioinvasions was available on the web site,

including online conference registration,
A group of advisors guided the MITSG outreach
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fax: 315-470-6958; e-maih cturlte@twcny.rr.corn.

ICurrent address; State University of New York College of
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activities and provided advice on what to include
on the web site. Three phases were identified to
attract visitors, sustain their interest, and induce them
to return: �! creating an attractive, clever pull,
�! organizing the first page for easy accessibility and
clarity of what information is available, and �! keep-
ing the web site dynamic. In addition, there was a
commitment to have scientific and technical infor-

mation be peer-reviewed, Although the review
process delayed making pages available to the
public, it ensured quality control of materials made
avail able.

The Exotics Species Web Site had approximately
2000 visits between June 1998 and January 1999, with
the greatest number of visits shortly before the I'irst
National Marine Bioinvasions Conference, which
was held January 24 � 27, 1999, Prior to June 1998,
there was little activity; however, in June the site was
listed with major web search engines, Activity on the
web site tripled over the next several months with
periodic peaks associated with the First National
Marine Bioinvasions Conference. About a quarter of
the visitors came from links on related sites, another
quarter were repeat visitors, who came specifically for
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the   onference information, and over half of the vis-
itors went to one or more pages at the site. Use of
the web site is one measure of interest; another meas-
ure is the number of requests, for the additional
materials that are listed on the web page, including
scientific references, general information on a variety
of topics, slides of invasive species, and use of the
zebr I mussel kit. The number of responses to
requests for the questionnaire on sightings of Hemi-
grapius sanguineus, the Asian shore crab, has been
minimal and suggests that field observations will not

necessarily be reported through the web site. This
analysis of web site traffic showed that web site
users were primarily interested in obtaining informa-
tion about marine invasive species and that maintain-
ing fresh new material is important in keeping their
interest.

Information on use of the site and requests for
materials have been incorporated into redesign of the
site. These include identifying which pages have
been peer reviewed, a "what is new" section, and
increased links to other sites.
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ensis!, Limnoperna fortunei, shipworms  Teredo navalis!,
the brown mussel  Perna perna!, the green lipped mus-
sel  Perna viridts!, the Asian clam  Corbi cula flumi nea!,
the blue mussel  cVjrtilus edulis!, the dark false mussel
 Mytilopsis leucophaeata!, the Asiatic mussel  AIuscul-
ista senhousia!, the New Zealand mud snail  Potamo-
pygrus antipodarum!, the Eurasian ruffe  Gymno-
cephalus cernuus!, the round goby  ¹ogobius melanosto-
mus!, the tube-nose goby  Proterorhinus marmoratus!,
the rudd  Scardinius erythrophthalmus!, the spiny water
flea  Bythotrephescedarstroemi!, the hsh hook water flea
 Cercopagis pengoi!, and the blueback herring  Alosa
aestivalis!. All of the information in the Clearing-
house is accessible to any researcher, agency, indus-
try, utility, student, or other individual or group hav-
ing need of the information. Most publications in
the library can be obtained in hardcopy on interli-
brary loan directly from the Clearinghouse.

A new, searchable electronic database of the
Clearinghouse's Technical Library Bibliography i»
now available on the Clearinghouse's World Wide
Web home page. Citations include: author s!, title,
document source and date, an annotation, whether
the document is a journal article or other type of'
publication, document length, the language in which
the document is written, whether the document is
available on interlibrary loan from the Clearinghouse
or direct from some other source, and the
copying/mailing fee if the document is available
from the Clearinghouse. The database is keyword
searchable via a 170+ keyword, four level search out-
line. Documents which are available directly f'rom the
Clearinghouse on interlibrary loan can be ordered
on-line by means of a convenient order f'orm at the
end of each search result report.

The World Wide Web address for the database is:

http: //cce.cornell,edu/seagrant/nansc/. The web site

INTRODUCTION

The National Aquatic Nuisance Species
Clearinghouse serves as a major link between the
aquatic nuisance species research community and a
wide array of end-user audiences, encouraging and
facilitating the transfer of aquatic nuisance species
research information and technology among univer-
sities, governmental agencies, industries, and special
interests throughout North America and worldwide.
The Clearinghouse also plays a high-profile role as a
primary nexus for identifying completed, current,
and proposed aquatic nuisance species research activ-
ities and f'o r linking researchers with similar interests
pertaining to important marine and freshwater aquat-
ic nuisance species introduction, spread, research,
and policy initiatives.

CLEARINGHOUSE

The Clearinghouse addresses marine and freshwa-
ter aquatic nuisance species throughout the Gulf of
Maine, Northern Atlantic, Mid-Atlantic, Southern
Atlantic, Gulf of Mexico, Central and Northern
California, Pacific Northwest, and Great Lakes
regions, as well as North American inland river sys-
tems, and is the home of North America's most

extensive technical library of published research and
other materials pertaining to zebra mussels  Dreissena
polyrnorpha! and "quagga" rnussels  Dreissena bugensis!,
and has libraries on the Atlantic green crab  Carcinus
maenas!, the Amur River Corbula  Potamocorbula
amurensis!, the Chinese mitten crab  Eriocheir sinensis!,
gribbles  Limnoria spp.!, the grass carp  Ctenopharyng-
odoni della!, the Suininoe oyster  Crassostrea ariak-

t Correspondmg author; telephone: 716-395-2638;
fax: 716-395-2466; e-math cro4C@cornelhedu

The National Aquatic Nuisance Species Clearinghouse Searchable Electronic
Database: A Tool for Researchers Worldwide
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also contains a series of detailed maps charting the
range expansion of the zebra mussel and the "quag-
ga" mussel in North America since 1989, as well as
information on a number of other informational ancl

educational materials available from the Clearing-
house,

J.he poster presentation introduced attendees to
the neve National Aquatic Nuisance Species Clearing-

house Searchable World Wide Web Aquatic Nuisance
Species Database. A laptop computer containing a
working copy of the Clearinghouse's entire web site
on CD will be utilized, linked to a data projector. to
enable attendees to explore the Clearinghouse's web
site, especially the searchable database, including
being able to perform keyword and fuH text searches
of the database.
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ABSTRACTS

Patterns of Invasions

Insights from a Toy Ocean: Invasion Dynamics
in Lake Victoria and Implications for Marine
Coastal Waters

LES KAUFMANI AND IOANNES BATlAKAS

Boston University IVIarine Program, 17epartrnent of Biology
Boston University, Boston, 512 02215 USA

Key words: fish, species interaction, water quality, Lake
Victoria

A series of deliberate and accidental introductions into the

world's largest tropical lake can shed light on the dynamics of
invasive species in semi-enclosed and isolated marine water
bodies. We have examined the landscape dynamics and con-
servation genetics of the interaction between a rich indigenous
fish fauna and three highly disruptive invaders in the context
of chronic, progressive eutrophication in Lake Victoria, East
Africa. The invading species are Nile perch  Lates cf. niloticus!,
Nile tilapia  Oreochrornis niloticus! and water hyacinth  Eichornia
crassipes!. Following a series of rapid and catastrophic initial
impacts including a mass extinction, a still-rich remnant
indigenous fauna has exhibited an astonishing tenacity and
resiliency. This is attributable mostly to the spatial and tempo-
ral complexity of refugia, the powerful shaping influence of
water column conditions, and counterintuitive interactions
between invaders and their indigenous relatives. Maintenance
of indigenous taxa is partly dependent upon the amelioration
of chronic water quality insults unrelated to the invasions
themselves, Analogies are drawn to impacted and invaded
coral reef systems,

'Corresponding author; telephone: 617-353-5560;
fax: 617-353-6340; e-maih lesk@bio.bu.edu

Rapartet rsertosa in the Chesapeake Bay: Current
Status and Prospects for Range Extension Based
on Salinity Tolerance of Early Life History
Stages

ROGER MANNI AND JULIANA M. HARDING
School of marine Science, Virginia Institute of
Ikfarine Science, College of William and Afary,
Gloucester Point, VA 23062 USA

Key words: Rapana venosa, gastropod, Chesapeake Bay, larva,
salinity tolerance, range

The veined Rapa whelk, Rapana venosa, has recently been
identified as present in the Hampton Roads region of the
Chesapeake Bay. The species is native to the Sea of Japan, but
was introduced to the Black Sea in the 1940s, and has since
spread to the Aegean and Adriatic Seas. There is strong evid-
encee that range extension is mediated by transport of early
life history stages in ballast water. The current status of knowl-
edge of distribution of R. venosa in the Chesapeake Bay is
described, There is concern over the potential impact of R.
venosa on local shellfish populations and the industry that
they support, Egg cases of R. venosa have been collected from
the field, and larval forms cultured in the laboratory.
Estimates of the salinity tolerance of the larval stages of R.
venosa are described as a precursor to estiinating a potential
range of distribution of the species within the Chesapeake Bay
and its subestuaries, Such estimates are crucial to establishing
which shellfish resources are potentially susceptible to preda-
tion by local R. venosa populations,

' Corresponding author; telephone: 804-684-7360;
fax: 804-684-7045; e-mail:rmannQvims.edu
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Habitat and Prey Preferences of Veined Rapa
Whelks  Rapana venoset! in the Chesapeake Bay:
Direct and Indirect Trophic Consequences

JGLIANA M. HARDINGI AND ROGER MANN
Department of Fisheries Science, VllplS, P.O. Box 1346
t7loucester Point, VA 23062-1346 USA

Key words: Rapana venosa, gastropod, Chesapeake Bay, habitat
use, infauna, burrowing, hermit crab, Clibanarius vittatus

The recent discovery of veined Rapa whelks, Rapana venosa
in the lower Chesapeake Bay has ecological consequences
beyond the obvious potential for predation on commercially
valuable shellfish prey species  eg., Crassostrea virginica,
Ij4erzenaria mercenaria!, In the Black Sea and in their native Sea
ot J;rpan, Rapana have been reported primarily from hard bot-
tom habitats. Adult Chesapeake Bay Rapana have been col-
lect»d from both hard and soft bottom habitat. Laboratory
obsr rvations indicate that adult Rapana prefer sand bottom
and will burrow almost completely into the sand at water tem-
peratures 
0'C  i.r., not overwintering behavior!. Burrowing
beh;rvior by these large apex predators expands the potential
suit» of vulnerable prey items to include infaunal shellfish
 eg.. /VIya arenaria, I nsis directus, Cyrtopleura costata!. The pres-
enc< of large @100 mm! empty Rapana shells in Chesapeake
Bay may enhance growth of the local hermit crab, Clibanariur
vittntus. Recent collections of C. vittatus from the Hampton
Roads area indicate that these animals use empt Rapana
shells as shelters and are reaching previously unrecorded sizes.
The implications of'abnormally large crustacean scavengers on
Chesapeake Bay benthic epifauna  eg., oyster spat! are dis-
cussed.

'Corresponding arhrhor; telephone: 804-684-7302;
fax: 804-684-7045; e-rhrail: jhardingLsshvims.edrr

Ecology and Ballast-Mediated Transfer of Vibrio
chor!erae 01 and 0139
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Key words: Vibrio clrolerae, transfer patterns, ballast water,
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1'!he large-scale dispersal of ballast water by commercial
ships provides a sigrhifrcant vector for the transfer of
pathogens. We are studying Vibrio cholerae, the etiological
agent of human cholera, as a model system to measure ballast-

mediated transfet of pathogens as well as possible ecological
and human health consequences. We sampled the ballast
water of 15 ships arriving to Chesapeake Bay From Foreign
ports, and all ballast water originated From coastal. regions of
the North Sea or Mediterranean Sea, Our analysis showed a
high prevalence of rwo different serovars: Ol �00'/o of ves-
sels! and the recently emerging 0139  93o/o of vessels!. Vibrio
«holerae Ol was found at greater densities than 0139.
Furthermore, in a comparison of whole water samples  a com-
posite of plankton and bacteria �.2 mm! and homogenized
plankton samples  plankton !80 mm!, V. cholerae densities
were significantly greater in the whole water samples. Analysis
of Chesapeake Bay water now indicates the presence of this
novel serotype, 0139, previously unreported in U.S. waters.
These data suggest that ship-mediated dispersal may play- an
important role in the emergence and epidemiology of some
waterborne diseases.

'Corresponding author; telephone: 301-261-4190 x 137;
fax: 301-261-7954; e-mail: Rawlings@serc.si.edu

Importation of Organisms Associated with Bait
Worms from Vietnam

TIMOTHY L. MvLLADY, TONYA K. RAWLINGS,
AND GREGORY M, Rvrz

Smithsonian Fnvironmental Research Center

PO Box Zg, Edgewater IVID 21037 USA

Key words: bait, microorganism, Vibrio

The importation of bait creates a potentially important
pathway for invasions by nonindigenous species and their
associated biota. Since at least 1994, a large nereid polyChete
worm has been imported from Vietnam and distributed to
various places in California, Maryland, and Oregon for use as
fishing bait. We measured the abundance of microorganisms,
and especially Vibrio bacteria, associated with these bait
worms and the material in which they were shipped. Twelve
worms were obtained directly from various bait shops in the
Maryland/Virginia area. Both the worms and packing materi-
als were analyzed using a range of teChniques. We measured
the abundance of many taxa by direct counts under a com-
pound microscope. We estimated the abundance of culturable
Vibrio bacteria, using standard plating techniques on agar. We
also measured the abundance of two serotypes of' Vibrio rholer-
ae, using monoclonal antibodies for direct detection. Our
results indicate diatoms, ciliates, flagellates, nematodes, and at
least seven different genera of amoebae were present in the
packing materials. In addition, we found multiple species of
Vibrio, including both serotypes of' V. cholera«. Although the
fate of these organisms upon release remains unknown, our
data indicate an active pathway exists for invasion of many
difFerent microorganisms and possible pathogens.

'Corresponding author; telephone: 410-798-4424 x 165;
fax. '301-261-7954; c-mail: muflady rr sere.si.edu
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The Risk of Nonindigenous Species
Introductions to Puget Sound, Washington
through the Shipment of Live Sait

JESSICA GRAMLING,i A. OI,SON, J. GOEN, AND E, LINEN
School oJ llew'urine A+airs, University of Washington
3707 Brooklyn Avenue 1V B, Seattle, WA 98105-6715 USA

Key words: marine worm, aquatic nuisance species, pathway,
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The shipment of marine bait worms f'rom Maine for recre-
ational purposes � a likely pathway for nonindigenous species
 NIS! introductions in other Pacific coast estuaries  Carlton,
1989; Cohen et al.,1995! � is not presently regulated in
Washington State. In order to assess the risk of NIS introduc-
tions to Puget Sound, Washington through this pathway, we
surveyed users of the product and product suppliers. The sur-
veys consisted of telephone interviews, visits to local live bait
worm vendors and product inspection. We found no evidence
that live marine bait worms were available through local ven-
dors or of a local market for live marine bait worms.
Therefore, we determined that the live bait worm trade does
not appear to pose a threat to the Puget Sound region.

Carlton, J.T. 1989. Man's role in changing the face of the ocean: bio-
logical invasions and implications for conservation of near shore
environments. Conservation Biolo~, 3�!:265-273.

Cohen, A.N.,J.T, Carlton, and M,C. Fountain. 1995. Introduction,
dispersal,;md potential impacts of the green crab Carcinus muenus
in San Francisco IIay, California, tlfarine Biolot0i 122:225-237.

'Corresponding author; telephone: 206-685-3270;
fax: 206-543-1417; e-mail:Jgram@uiwashington.edu

Cryptogenic Seaweeds, Seagrasses, and Marine
Lichens in Port Valdez, Alaska: Who Are They
and How Did They Get There?

GAYLE I, HANS EN I

Hatfteld 1Plarine Science Center, 2030 S. AIartne Science
Drive, 1Vewport, OR 97365 USA

Key words: seaweed, seagrass, marine lichen, alga, estuary,
cryptogenic, dispersal, biogeography, Port Valdez, Alaska,
distributio~

During a recent field and literature survey of marine
species introductions in Port Valdez, Alaska, a new checklist of
the seaweeds, seagrasses and marine lichens was prepared and
examined for the presence of non-in.digenous species.
Although no unequivocal introductions were discovered, over
half of the 113 species were found to be widely distributed: 25
occurred circumboreally and 34 had ranges extending into the

southern hemisphere. These widespread species, consideied
cryptogenic because of their obscure origins, are thought to
have a high probability of being anthropogenically introduced
or misidentified in some parts of their range, Ivfany of these
taxa have excellent natural dispersal capabilities. Of the 59
cryptogenic species reported For Port Valdez, 44 are known to
survive unattached, and at least 26 have life histories that are

ephemeral and f'requently reproduce and/or fragment. Nearly
all also occur as fouling organisms on the hulls of ships,;ind
the propagules of many can survive in ballast water for the
shorter times now required for ships to cross the North
Pacific. It is likely that the broad ranges of these species liave
been created by both natural and anthropogenic means.
Future studies that employ field, molecular and morphologi-
cal techniques should help to resolve the cryptogenic nature
of these species and determine their native vs. introduced sta-
tus in the areas they inhabit.

'Corresponding author: telephone; 541-867-0200; Fax: 541-867-0138;
e-maih Gayle.Hansen@hmsc.orst.edu

Shellfish Culture as a Vector for Siological
Invasions

JAMES A. BLAREI
BlVSR k1'urine W Coastal Center

89 Water Street, Woods Hole, h1A 02543 USA

Key words: polychaete, shellfish culture, oyster

The introduction of seed stocks of nonindigenous coni-
mercial shellfish has acted as a vector for the intioductiori of

exotic marine invertebrates into the United States coastal
waters. The most important consumable oysters in U.S. restau-
rants are not indigenous. On the Pacific coast, the japanese
oyster, Crassostreagigas has been cultivated for more than 50
years. Formerly, seed stocks were imported from Japan and set
out on tidal flats to grow and mature. On the Atlantic co~st,
the European oyster, Ostrea edulis, was imported in a similar
manner. Although modern culture methods include rearing of
larvae in local laboratories rather than importation of juve-
niles, there is considerable eviclence that many species of poly-
chaetes were probably imported with the oyster seed stocks,
The distribution of polychaetes by this vector may account for
the wide distribution of some species. Two types of poly-
chaetes are capable of transportation with seed stocks: �! shell
borers that form tunnels or channels in the shell itself; and �!
soft-sediment worms that are transported in mucl on and
between the shells. Shell borers that appear to have been
transported in this manner include: Polydora roebsteri and P. bre-
vipalpa. Sediment dwellers include: Polydora cornuta,
Pseudopolydora kempi, P. paucibranchiata, Phyllodoce mucosu,
Harmothoeimbricata, and ¹reissuccinea. An additional mode
of transportation is with the direct importation of'markeiable
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piutiutts fioiii a sutitco ivuntiy to e host eottn*ty where the
shelltish is sold in local markets. For example, in the early
198 is large specimens of a nonindigenous shell boring spi-
onid, Boccardia acus, were found in a New Zealand mussel that
was for sale at a fish market in Honolulu. This review suggests
mechanisms of establishinent for several nonindigenous
species of marine polychaetes and recommends strong quality
control measures intended to protect local shellfish from dam-
age caused by exotic shell borers.

'Corresponding author; telephone: 508457-7900;
Fax: 508457-7595; e-mail: jablake@ix.netcom.coin
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The green porcelain crab, Petrolr'sthes armatus  Gibbes,
1850!, is widely distributed in the eastern Pacific, from the
Gulf'of California to Peru. In the Atlantic, it is found in trop-
ical western AFrica, Ascension Island, Bermuda, the Bahamas,
throughout the Gulf of Mexico, the West Indies and Caribb-
ean. and South America to southern to Brazil. As early as the
1933s, the species was collected from the Florida Atlantic
coa; t at Biscayne Bay and Miami Beach, and it was found on
Phragmatopoma reefs south of Cape Canaveral in the early
1970s, Since that time, it has become well established in the
Indian River system, however it was not reported north of
Cape Canaveral until 1994, when faunal surveys on St. Cath-
erines Island, GA revealed its presence there. After its initial
discovery on St. Catherines Island, the species increased dra-
matically in abundance there, becoming the dominant deca-
pod crustacean on rocky substrates and tidal creek oyster bars
by the Following spring. In South Carolina, it was first
observed in low densities in the spring of 1995 at various loca-
tioris, becoming quite abundant by the fall. It is now well
established on rocky rubble, oyster reefs and other shallow
subtidal and intertidal habitats throughout Georgia and South
Carolina, as far north as Pawley's Island, SC. Densities of
P. armatus greater than 20,000 indiv./m2 were observed on col-

lectort cleployed for one month in its preferred habitat, and
larval stages were collected From the plankton of coastal inlets
in Georgia during the past two years. Data on abundance,
geographic distribution, length-frequency, sex ratio, and repro-
ductive status of P. armatus have been collected to document
its introduction into the South Atlantic Bight. There are
many potential pathways for its introduction, both natural
and anthropogenically assisted. Although we have no data to
suggest which of these is the principal pathway, several possi-
bilities have been considered, including transport m ballast
water from foreign and domestic ports and among cultured
mollusks transported from localities within its previously
established range. Nothing is presently known about the eco-
logical impact of this recently established filter-feeding crus-
tacean in its newly exploited habitat; however, studies are
underway to examine its recruitment and to evaluate its inter-
actions with co-occurring species.

iCorresponding author; telephone: 843-762-5038;
fax: 843-762-5110; e-maib knottd@mrd.dnr.state.sc.us

Evaluations of Marine Encrusting Community
Invasibility

CHAD L. HEsvITTI

Centre for Research on Introduced kfarine Pests
CSIR 0 Il4ari ne Research, GPO Box 1538

Hobart, 7001, Iasmania, Australia

Key words: encrusting community, fouling, invasibility, resist-
ance

The Eltonian concept of a native community-level resist-
ance to the invasion of new species forms the foundations of
modern invasion theory. This paradigm has received tacit sup-
port from mathematical models and recent work in terrestrial
plant communities supports the corollary argument that dis-
turbance surmounts the intrinsic native resistance. An empiri-
cal evaluation of invasibility in a marine encrusting communi-
ty of Coos Bay, OR is presented in which a reciprocal com-
munity transplant was used to explicitly test these assump-
tions. Species-rich  marine derived! communities were hypoth-
esized to be less invasible  i.e., more resistant! than species-
depauperate  estuarine! communities. In summary, native
communities were susceptible to invasion in all instances, but
to varying degrees. These differences in invasibility were pri-
marily due to differences in native species cover at the outset
of the experiment. These results are then compared with more
recent information collected from a series of port surveys
from around Australia.

iCorresponding author; telephone: + 61-3-62325102;
fax: + 61-3-62325485; e-mail: Chad.Hewitt@marineicsiro.au.
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Northward Extension of the Geographic Range
of Hemigrapsgs sartggi Pteses in Massachusetts, 1996-
1998

NANCY J, 0 CONNORi AND PAUL E, BOURDEAU
Department of Biology, University of /kIassachusetts
Dartmouth, 285 Old Westport Road,
X. Dartmouth, lkIA OZ747-2300 USA

MARIA ELENA LEDEsMA, Prj oect oceanology, Groton, CT

Key words: Hemigrapsus sanguineus, geographic distribution,
crab, range expansion

Hemigrapsus sanguineus, a crab  family Grapsidae! native
to the western North Pacific Ocean, was established on the
east coast of the United States by 1990, Its abundance
noticeably increased between 1993 and 1994 in Buzzards
Bay, Massachusetts. In 1996, we received reports of the
crab in Sandwich and Wellfleet on Cape Cod, and on
Martha's Vineyard. Since 1996, we have been tracking the
northward spread of the species and monitoring changes in
newly-established populations in Cape Cod Bay,
Nantucket Sound, and Narragansett Bay. In 1996, density
estimates were made on populations in Sandwich  Cape
Cod Bay! and Washburn Island, part of Waquoit Bay
National Estuarine Research Reserve  Nantucket Sound!.
In 1997, the population on Washburn Island had increased
more than ten-fold. Hemigrapsus sanguineus was also present
in 1997 in Manomet  Plymouth, MA! and near Brant Rock
 Marshfield, MA!, along the shore of Cape Cod Bay. By
1998, H. sanguineus was found as far north as Scituate, MA,
and populations in Plymouth and Marshfield had doubled
in size. In addition, well-established populations occurred
on Hope Island, in the middle reaches of Narragansett Bay,

Corresponding author; telephone: 508-999-8217;
fax: 508-999-8196; e-mail: noconnor@umassd.edu

Early Life History of Hesstigrapsm sartglirtegs, a
Nonindigenous Crab in the Middle Atlantic
Bight  USA!
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Uni versi ty of Delaroare, College of Iklarine Studies,
700 Pi lottoson Road, Leroes, DE 19958 USA

Key words: Hemigrapsus saugui neus, reproduction, salinity tol-
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The Asiatic shore crab, Hemigrapsus sanguineus  de
Haan!, was recently introduced to the northeast coast of
the USA. The crab has established intertidal populations
extending throughout the Middle Atlantic Bight, This

study defines early-life-history characteristics that are ger-
rnane to range extension. in this species. Results of the
investigation showed that the spawning season of H, san-
guineus continues for at least 4 mo in the southern Middle
Atlantic Bight. This is considerably longer than the spawn-
ing seasons of co-occurring native crabs. Eggs hatch about
14 da after extrusion, and females have the potential to
produce several broods each year. Zoeal larvae are tolerant
of a wide range of temperature/salinity combinations, and
mean duration of zoeal development ranges from approxi-
mately 16 da at 25'C to 55 da at 15'C. At 25'C, zoeae are
capable of development to the megalopa stage at salinities
as low as 15 parts per thousand. At lowei. temperatures the
zoeae require salinities above 20 ppt. The megalopa stage
appears to have more stringent temperature/salinity
requirements, which may restrict H. sanguineus to rodp
shores of the coastal ocean and the adjacent high-salinity
regions of the estuary. Under these conditions megalopae
molt to the First juvenile stage in approximately 25 da post
hatching. Newly metamorphosed crabs reach the fifth juve-
nile instar in 35 da. Dry-weight growth of zoeal larvae and
early stage juveniles is exponential at respective rates of 23
and go/o of body weight per day.

'Corresponding author; telephone: 302-644-0279; fax: 302-645-4272;
e-maih spark@udehedu
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The Gulf of Mexico is considered a large marine ecosys-
tem because of its hydrography, geomorphology and the
inter-relationship of its flora and f'auna. It contains two
zoogeographic provinces along with tropical, subtropical
and temperate flora and fauna shared between three coun-
tries. A series of National Oceanic and Atmospheric
Administration and U.S, Environmental Protection
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Agency co-sponsored workshops on the introduction of
nomndigenous species in the Gulf of Mexico was held
from June 1997 � September 1998. The workshops charac-
teriz<.d the extent of nonindigenous species introduction
phylogenetically and geographically, an overview of bioin-
vasion pathways, and a discussion of preventive recom-
mendations and subsequent actions to be taken.

This phylogentic and geographical overview will address
the introduction of primary shrimp viruses, zebra and
brown mussels, coastal fishes, nutria and introduced flora.
Pathsvays and unintentional distributions of species will be
discussed with emphasis on the extent of shipping and
potential ballast water exchanges in major Gulf of Mexico
ports,

tCort spottding author: telephone: 850-234-6541;
fax: 850-235-3559; e-mail:herb.kumpf@noaa.gov
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The Asiatic shore crab Hemigrapsus sanguineus, is an
invasive species well established in the Delaware Bay
Estuary  large estuary! but has not been documented in the
Inland Bays of'Delaware  small estuary!. In this study
Hemtgrapsus crabs were collected at the highest salinity lev-
els and along sampling stations toward lower salinity levels
in both the Delaware Bay and the Delaware Inland Bays.
Salinity and ambient water temperature values with the
incidence of Hemigrapsus were compared between the two
estuaries systems.

tCotrespottding author; telephone: 302-645-7325;
Fax: 302-645-5765; e-maih brichard@udek edu

Polpdora comlta Bose, 1802  Polychaeta:
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A spionid polychaete, Polydora cornuta Bose, 1802  for-
merlv known as Polydora ligni Webster, 1897!, is recorded
for the first time from the western Pacific: Russia  the Sea

of/apan! and Taiwan, and from Brazil in spite of numer-
ous investigations of polychaetes in these countries. Two
specimens of the species were found in 1994 in Peter the
Great Bay, Sea of Japan, Fouling shells of the scallop,
1�izuhopecten yessoensis  Jay!. No other specimens have been
collected in the area since then. Whether one immigration
event has taken place or if a continual invasion to the Sea
of Japan is occurring is unknown. Numerous reproducing
specimens of the species were found off western coast of'
Taiwan in 1996 and in Paranagu Bay, Brazil in 1998, In all
the cases, the species was found near international sea-
ports, in areas of reduced salinities. It is likely that the
species, an oyster killer in North American fisheries, has
been transported to new areas in the water-ballast tanks of
cargo ships. Being previously reported from east, west and
gulf coasts of North America, from Europe, Mexico,
Argentina and Australia, P, cornuta becomes one of the
world wide spread species. Ecology, reproductive biology,
the characteristic features and morphological variability of
P. cornuta are discussed. The high degree of polymorphism
previously reported for the species is suggested to be due
to confusion with other species rather than the individual
variability of P. cornuta.

iCorrespondiug author; telephone: +7 �232! 310905;
fax: +7 �232! 310900; e-maih tadashevsky viOhotmaikcom
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The polychaeta fauna of the benthos and fouling of' the
north-western part oF the Sea of Japan was studied during
the period of 1971-1998. Three introduced species of poly-
chaetes: Hydroides evans  Haswell!, Polydora limi cola
Annenkova, Pseudopotamilla occelata Moore were found, H,
elegans was discovered only on the artificial surfaces in
Zolotoy Rog Bay  port Vladivostok!, where this species
may occur because of "thermal pollution" due to the dis-
charge of warm waters of the water cooling system of
Thermal-Electric Power Station-2  TEPS-2! in Vladivostok,
which has been in function since 1971. The abundant pop-
ulation H. elegans exists in the bay throughout the year and
is capable of reproduction. The biomass of H. elegans may
reach several kg/mz in August � September. P. limicola was
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found at the same time in the fouling of hydrotechnical
structures of Vladivostok, Nakhodka, Holmsk and
Uglegorsk ports with a biomass of 1-3 kg/mz. Slow intro-
duction P. /irrricola occurs by coastal sail ships at present.

The invasion of P, orcelata into the Peter the Great Bay
may be an example of introduction and subsequent natu-
ralization, which produced considerable changes in the
structure of benthic communities. The three species of

polychaetes are sessile organisms and their invasion
occurred by ocean and coastal sea-going ships  uninten-
tional transport vectors!. H. elegans and P. occelata were
most probably transported to the north-western part tif the
Sea of Japan from Japan, and P. lirrricola from the
Kamchatka Peninsu! a.

tCorresponding author; email: aqua@linkor.ru
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Ecological and Evolutionary
Consequences

Botryllid Ascidians: Few Invaders or Many?

C. SARAH COHENI

Zoology Department/Shoals Afari ne Lab
Vniversity of¹w Hampshire, Durham, XH 03824 USA

Key words: botryllid ascidian, species identification, genetic
marker, life-history variation

Successful invasions of botryllid ascidians have been
documented worldwide both recently and over the past 50-
100 years. Ascidians, including botryllids, are now recog-
nized as important invaders overtaking fouling communi-
ties and interfering with bivalve culture. What are the
sources of these invasions, how many species are involved,
and how might these invasions be controlled? These ques-
tions have not been easily answered due to problematic
taxonomy for many ascidians including the botryllids.
Molecular identification of problematic taxa, by compar-
ing known voucher specimens from potential source popu-
lations with specimens from invading populations, is a
promising technique for invasion tracking. Here, I show
that,g enetic markers such as small ribosomal subunit and
mitochondrial cytochrome oxidase DNA sequence data
may be used to distinguish species of botryllids. Genetic
information on North American botryllids on both coasts
revea ls more distinct species than previously understood
from morphological characters. Behavioral and life-history
variation between populations has raised the possibility of
rapid differentiation or plasticity in introduced popula-
tions. I discuss multiple character approaches to distin-
guishing botryllid species including methods for collecting

and preserving useful voucher specimens. Careful study of
botryllid invasions should answer questions about mecha-
nisms of invasion for a diversity of taxa with limited natu-
ral mechanisms of dispersal.
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Using long-term data and experiments in both field and
laboratory, we quantitatively examine the ecological
impacts of the nonindigenous European green crab in. a
sof' t-substrate food web in Bodega Harbor, CA. Our results
show that significant direct effects of green crab preda-
tion � large reductions in green crab prey including bivalve
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molluscs and crustaceans � have occurred within two years
of the invasion. These prey populations have remained at
very low abundances for four years since the introduction
of the green crab. Also, significant indirect effects of green
crab predation � increases in non-prey including poly-
chaetes and tube-building crustaceans � have also occurred
within two years of the direct effects. These direct and mdi-
rect responses to green crab predation are rapid and are
nearly concurrent given the time scale of sampling.
However, reductions in invertebrate prey populations have
not resulted in changes at the higher trophic level occupied
by shorebirds in the Bodega Harbor system, We have
found no reductions in the abundances of wintering shore-
birds over the four years since the green crab invasion.
Theref'ore, the timing of changes in the abundances of
native species, whether directly or indirectly affected by
the invading green crab, may be more a function of life-
history and recruitment rate than of position in the f'ood
web.

ICorrespondmg author; telephone: 530-752-9151;
fax: 530-752-3350; e-mail: tedgrosholz@ucdavis>edu

Sources for Global Invasions by the Crab
Carcinus rnaenas Using Sequence Variation in the
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The European crab in the genus Carcinus has invaded
five regions. Previous genetic analysis of the mitochondrial
16S ribosomal RNA gene in Carcinus allowed identifica-
tion of Mediterranean or the Atlantic sources for intro-

duced populations. However, more genetic variation parti-
tioned geographically in Europe is needed to track sources
for the invasions in a more refined way. We examined
sequence data from mitochondrial cytochrome oxidase b
 cyt-b! gene among introduced and native populations of
Carcinus. A 450 bp portion of cyt-b was ainplified using
PCR for 125 individuals from various native populations
and 237 individuals from introduced populations in Japan,
Australia, South Africa, California and New England. Cyt-
b sequences were much more variable than16S rRNA
sequences, with 191 haplotypes in our sample, Sequences

were aligned and geographic structure was inferred from
genetic distances among populations. Despite high vari-
ability of cyt-b, identification of source regions was con-
founded by strong genetic bottlenecks associated with col-
onization events f' or most introduced populations.

ICorresponding author; telephone 831-632-4436; Fax: 831-632-4403;
e-maih geller@mlmh calstate. edu
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Some species have been remarkably successful at invad-
ing multiple global sites, but few studies have compared
the effects of invasion among these sites. We have been
studying the effects of the European green crab, Carcinus
maenas, in multiple geographic regions to make such com-
parisons, Here, we describe effects of this invader on native
crabs in Tasmania  Australia!, invaded within the past
decade, and briefly compare these to effects observed at
other sites. During the austral summers of 1997 and 1998,
we �! conducted an intensive survey ol decapod crus-
taceans in shallow water embayments of Tasmania,
�! measured mortality rates of native crabs as a function
of C. maenas density, anti �! performed a series of field
experiments to test for possible predation of C. maenar on
native crabs. Our results indicate direct negative effects of
C. maenas on the abundance of two native crabs'.

Paragrapsus gaimardii and Pbilyra laevis. Our survey data
revealed that southern and southeastern coasts of Tasmania

have not yet been colonized by C. maenas, and that n.itive
crabs are significantly more abundant here compared to
within the invaded area. Mortality rates were also signifi-
cantly higher for these native crabs in the presence of C.
maenas, either in the field or manipulative cage experi-
ments. Our data suggest C, rnaenas controls the abundance
of both native crab species, and these results are similar to
effects of C. maenas on a native crab in California.

'Corresponding author; telephone: 410-7984424 x138;
Fax: 301-261-7954; e-maih rodriguez@sere.si>edu



d 1 0 ADSTnAcra

History and Impact of an Intertidal Invasion:
Green Crabs  Carcissas rtsaessas [L.]! in New
England, 1900-1998

ROBIN HADLOCK SEELEYi

Section of Ecology and S3r stematic, Cornell University
Ithaca, I' 14853 USA

Key words: Carcinsrs, Littorina, predator, climate change,
Maine, sea surface temperature

The range of the green crab, Carcintts maenas  L.!, in
New England has changed with changing sea surface tem-
perature  SST!. In this paper I present �! an historical
review of changes in the distribution of C. maenas in New
Eng.jand since 1900 and �! new data on expansion of C,
mantas in Maine in the 1990s. I will also discuss the rela-

tionship between climate change and expansion of C. mae-
nas, and the impact of green crab expansion on its periwin-
kle prey, Iittorina littorea,

'Corresponding author; telephone: 607-539-7897;
fax: 607-255-8088; e-inaih rhs4@coinelhedu

Feasibility of Control by Trapping of the
European Green Crab, Carcings maenas, on
Martha's Vineyard, MA  USA!
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In response to the threat to publicly maricultured shell-
fish posed by the invasive European green crab, Carcintes
maenas, in embayments on Martha's Vineyard, MA, several
municipalities conduct trapping programs designed to
reduce the abundance of this pest, thereby increasing shell-
fish survival. The presumed benefits of control of the long
established green crabs has led to extensive trapping,
although the effectiveness of this trapping remains to be
tested. Despite large catches, municipal catch records of C.
maenas do not suggest obvious decreases in catch per unit
effort and/or changes in population structure, Given this
experience, we attempt to determine if, in fact, trapping
can be effective and, if so, what is the optimum level of
trapping. Within each embayment, the adult C. maenas
population appears to be relatively closed, although short-
term movements within embayments will affect trapping
strategy and success. Multi-year data on C. maenas abun-
dance and population structure will be presented to identi-
fy seasonal fluctuations. Additionally, trap-independent
snorkel surveys are used to evaluate short-term effects of

trapping on C. maenas density. Lastly, we compare trapping
success of two trap models. Broadly, given the increased
need for control of exotic marine pests, the feasibility of
trapping programs such as this need to be assessed,

iCorrespondtng author; 410-7984424 x141;
fax: 301-261-7954; e-tnail: walton@sere.si.edu
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Studies conducted at the Wells National Estuarine

Research Reserve in Wells, Maine evaluated the impact of
the invasion of Atlantic green crabs, Carcinsts maenas, on
the population of native soft-shell clams, Aftra arenaria.
Field experiments conducted in the Little River estuary
investigated differences in survivorship of clams depending
upon clam size, clam density, site, and burial depth. The
importance of clam size was tested using plastic flowerpots
buried in the mud with each pot containing clams from
one of four discrete size classes �-15mm, 20-50mm, 55-
60mm, 65-75mm!. Half of the pots were covered with pro-
tective mesh � mm ! to exclude crabs. Large clams �0-
75mm! had high survivorship whether covered with protec-
tive mesh or not. Small clams �-15mm! had low survivor-
ship whether covered with protective mesh or not
 P�.001!. High survivorship by large clams when protect-
ed and unprotected may be due to either clam size or bur-
ia! depth making them less susceptible to crab predation.
Low survivorship by small clams when protected and
unprotected may be due to predation by crabs small
enough to penetrate the mesh. Crabs small enough to pen-
etrate the mesh were found in both protected and unpro-
tected pots. Within the small size class of clams, survivor-
ship was tested between different clam densities, but no
significant difference in survivorship was found between
high �0 clams/pot! and low �0 clams/pot! clam densities
 ~,627!. Also within the small size class of clams, sur-
vivorship was tested between different sites within the estu-
ary. The protective mesh was found to be effective at
increasing survivorship only at the inlet site  P�.01!,
which suggests there may be relatively more crabs small
enough to penetrate the mesh at the upriver site.
Separating clam size from burial depth tested the mecha-
nism responsible for high survivorship by large clams.
Large clams were found to have high survivorship in all
cases except when not protected at shallow burial depths
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 Pe.0.001!. Low survivorship at shallow depths suggests
that deeper clam burial depth, not larger clam size, is the
mechanism responsible for high survivorship of large
clams. The patterns in M arenaria survivorship indicate a
need for further field work on size distributions and forag-
ing strategies within C. maenas populations. The goal of
restoring native clam populations in Maine requires identi-
fying the mechanisms responsible for clam susceptibility
through investigating the behavioral ecology of the inva-
sive crabs.

Corresponding author; telephone: 734-764-1462;
fax: 734-647-0884; e-maih Iwhitlow @umieh.edu
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Two important goals of invasion ecology are to under-
stand how populations respond to introduced predators
and how such responses are modified by environmental
conditions over the geographic range of prey. Crab-mollus-
can predator-prey relationships provide an outstanding sys-
tem in which to address these questions, Recent transitions
in shell form of two intertidal snail species to better
defended morphologies have coincided with the invasion
of a crab predator  Carcinus maenas! into the Gulf of
Maine. Although these adaptive shifts have been attributed
to rapid selection by Carcinus, recent experiments have
shown that gastropods can alter shell Form  eg., thicken
shells! during ontogeny in response to crab effluent. The
ability of gastropods to contend with an invading predator
over a range of'water temperatures, however, is uncertain,
because calcium carbonate solubility increases as water
temperature decreases. As a consequence, any predator-
induced increase in shell thickness could be both physio-
logically difficult and costly For snails in colder waters. In
the Gulf of Maine, water temperatures in the north average
6-8'C colder in spring and summer than those in the
south, and previous surveys have shown that northern
populations of the smooth periwinkle  Littorina obtusata!
are thinner shelled and more vulnerable to crushing than
southern populations. To test the influence of water tem-

perature on the degree and cost of a predator-induced phe-
notypic response, L. obtusata individuals collected from a
northern  Lubec, Maine! and southern  Manchester,
Massachusetts! site were reciprocally transplanted and
exposed to two predator treatments  Carcinus effluent, no
Carcinus effluent! in field experiments. Regardless of source
population or transplant location, snails raised in the pres-
ence of Carcinus produced significantly thicker shells than
conspecifics raised in the absence of Carcinus. Surprisingly,
our data indicate that predator effluent has effects on shell
form that are comparable to those resulting from water
temperature  geographic! differences. Predator-induced
changes were accompanied by trade-offs, Snails raised with
Carcinus grew more slowly in terms of shell size and also
exhibited significant reductions in tissue mass and tissue
growth. Trade-offs were greatest for the northern popula-
tions raised in their home site, Thus, while colder water
snails maintain the ability to respond to a novel predator,
the costs are potentially greater than for warmer water
snails. These results will be useful in predicting responses
by prey populations to anticipated changes in global cli-
mate and community composition. Warming trends evi-
dent in the Gulf of Maine and elsewhere will hkely expand
the species ranges of both prey and predator. This climata-
logical phenomenon, in conjunction with inct'easing rates
of biological invasions in marine systems, guarantees that
prey populations will be exposed to novel predators.

ICorresponding author; telephone: 781-581-7370;
fax: 781-881-6076; e-mail: fdsmith@fynxaieu.edu
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The shore crab, Hemigrapsus sanguineus, native to the
western Pacific Ocean, was first discovered in the eastern
United States in September, 1988 in Cape May County,
New Jersey. Since then, H. sanguineus has been Found in
coastal areas from southeast Massachusetts to North

Carolina. H. sanguineus was likely introduced via ballast
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wat:r from ships traveling from the western Pacific,
Introduced species often have detrimental ecological
effects on their new environments. Understanding the
mechanisms of species introduction and their subsequent
spread is very important. Restriction enzyme digest pat-
terr.s of mitochondrial DNA obtained from individuals

collected in Massachusetts, New Jersey, North Carolina,
and one location in Japan are being compared. The
hypothesis of multiple introductions predicts that the pat-
terr.s obtained from crabs from at least two locations will

be distinctly different. The degree of difFerence will be
used to infer the degree of allelic variation within and
between the populations. The presence of near-identical
patterns from individuals along the East coast will support
the hypothesis that either a single introduction of H. san-
guineus, or multiple introductions from the same source,
has occurred. Primers specific for the mitochondrial
cytochrome c oxidase subunit I  COI! gene successfully
amplified a 700 bp region of DNA from individuals from
Massachusetts, Seven of twelve assayed restriction digests
of this PCR product showed multiple bands and can be
used for genetic comparison. Currently the study is being
extended and DNA from 30-50 individuals from each sam-

plir!g location will be amplified with COI primers, and will
subsequently be restriction digested with the same 12
enzymes. Sequences of PCR product from a few individu-
als:."rom each location will also be obtained to confirm

thai the region being amplified is COI, and to compare
sequences to each other and to results from restriction
enzyme digestions.

!Corresponding author; telephone: 508-999-8950;
fax: 508-999-8196: e-mail:mbrandhagenOumassd.edu

Prey Preferences of the Recently-Introduced
Western Pacific Shore Crab, Hetuigrapsus sart-
guirseus, Feeding on Molluscs and Macroalgae in
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The prey preferences of the recently-introduced western
Pacific shore crab Hemigrapsus sanguineus were investigated
to gain insight into the crab's potential to alter New
England rocky intertidal ecosystems through predation.
Laboratory experiments were conducted to determine prey
preferences of the crab feeding on molluscs and macroal-
gae of the area. H. sanguineus were collected from the

rocky intertidal zone of two southeastern Massachusetts
sites from June to October 1998. Prey selection was exam-
ined in relation to mollusc prey of different size and
species. Crabs of three size classes �2-18inm, 19-25mm,
26-31mm! were offered three mollusc species: the bivalves,
k1ytilus eduli s and JWercenaria mercenaria, and the gastropod,
Littorina littorea. Equal ratios of prey from three size classes
were offered concurrently to indicate size preference. In
another set of experiments, equal ratios of each species of
the preferred size were offered simultaneously to determine
species preference. When presented with a range of prey
sizes, crabs selected small sizes, male crabs opening larger
sizes than females. Crabs offered macroalgae in both mul-
tiple-choice and no-choice experiments readily consumed
green algae in the laboratory. EnteromorPha spp., Viva lactu-
ca, Codium fragile ssp tomentostoi des, Chondrus crispus,
Polysi phonia spp., Fucus spp., and Ascophyllum nodossurn
were presented to individual crabs separately to determine
consumption rates and together to ascertain species prefer-
ence, Additional feeding trials will examine the crab's pref-
erence For animal or plant material by presenting individ-
ual crabs with both mollusc and macroalgae species found
to be preferred by previous experiments.

I Corresponding author; telephone: 508-910-6312;
fax: 508-999-8196; e-mail: pbourdeau@hotmail.corn
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The Asian shore crab, Hemrgrapsus sanguineus, was intro-
duced to the rnid-Atlantic coast in the late 1980s. We have

been studying population density and distribution on a
cobble/boulder beach in central Long Island Sound. We
have also done preliminary experiments on Feeding activi-
ty. Average seasonal abundance on the cobble shore at
Crane Neck Point during 1997-1998 ranged from 7-9 m. 2
During the summer, the crabs were fairly evenly distnbuted
at different elevations in the intertidal zone; however, they
appeared to move from high to low elevation during the
winter. The crabs readily consumed all common species of
macroalgae and invertebrates occurring at Crane Neck
Point. Based on laboratory experiinents, we estimate that
approximately 49-162 juvenile  �0mm! Littorina littorea
and 28-171 small  MOmm! /1/lyrti llus galloprovinralias could
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be consumed daily per m2. Reduced Foraging efficiency in
the field where more cover is available for prey items, may
result in actual predation rates that are considerably lower
than these estimates. However, based on high crab densi-
ties and feeding rates on the early stages of these keystone
species, we predict that this recent invader will strongly
impact the community structure of the rocky intertidal in
the western north Atlantic. Ironically, much of the impact
may occur through predation on Littorina, a previously
introduced species which itself has had a major impact on
these communities.

'Correspondrng author; telephone: 516-632-8666;
fax: 516-632-8820; e-mail:aalarson pic.sunysb.edu
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Sargassum muticum was introduced to the West Coast of
the United States in the 1940s and has since established

itself as a persistent member of coastal communities from
British Columbia to California. The efficient dispersal
methods and fast growth of S. muticu r allow it to effective-
ly compete f' or space and light with native seaweeds. S.
muticurn reaches up to 3.5 m, forming large "trees" due to
its extensive branching and buoyancy provided by floats.
This study investigated the epiphytic communities associ-
ated with S. rnuticurn to determine if the seaweed's presence
affects the composition of shallow subtidal communities
in northern Puget Sound.

The community that S. muticum supports differs from
that associated with the native seaweed Larninaria sacchari-

na, the seaweed most often displaced by the invading S.
muticum. The S. muticum species community composition
is dominated by five snails, one polychaete, four crabs,
four caprellids, several other amphipods, two isopods, and
two shrimp. The L. saccharina species community composi-
tion is dominated by one bryozoan, one scaleworm, and a
variety of larger snails. Several species of polychaetes, bry-
ozoans, and nudibranches associated with L, saccharina
were never found associated with S, muticum. Unlike the

seasonally stable community associated with L. saccharina,
the community associated with S. rnuticum changes
throughout the growing season  May through October!,
and with the local habitat. Individual S. muticum thalli also

support more epiphytic biomass per gram of algal tissue

than do L. saccharina thalli. The concentration of detritus

and diatoms on the extensive thallus is then available to

browsers. S, muticum is also a primary food source for graz-
ers, including the snails Lacuna vincta and L. vari egata. The
seaweed provides a refuge for several fish species and iuve-
niles of both the red rock crab and the dungeness crab. In
summary, the invasion of'S. muticum changes the ecology
of the coastal cornrnunities by allowing certain native
species to dominate over others that are associated with the
native L. saccharina.

iCorrespondiog author; current address: Karerr Giver osborn,
Benthic Ecology Laboratory, Monterey Bay Aquarium Research
Institute, 7700 Sandholdi Rd., Moss Landing, CA 95039 USA; tele-
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The introduction of the Asian clam, Potumocorhula anruren-

sis, into San Francisco Bay has resulted in changes to the ben-
thic community structure, Food web, and transfer oFcontami-
nants within the ecosystem. The large declines in phytoplank-
ton biomass coincident with the introduction of P. amurensis
is shown to be due to "over-grazing" by these filter-feeding
bivalves. We estimate that the water column is passed
through the northern bay clam populations in excess of' twice
a day which leads to an imbalance in phytoplankton growth
rate  doubling less than once per day! and filter-feeder con-
sumption rate. Other sources of particulate organic carbon
 e.g. detritus, bacteria, and bacteria on particles! may also be
declining due to grazing by P. amurensis, Estimates of the
amount of food consumed by the P. amurensis populations in
northern San Francisco Bay are considerably higher tha» the
amount of food available From the phytoplankton. Because
northern San Francisco Bay has never had high primary pro-
duction, it is likely that detritus and bacteria have alway~ been
important food for secondary producers. It is unknown what
percentage of this food source is consumed by P, amurensis
and how this reduction might affect other levels of the food
web, We have beg»sn to see some food web responses to the
reduction in primary producers and other carbon sources,
Populations of the opossum shrimp �Vevmpsis! and several
zooplankton species, all important food species f' or larv;rl and
adult fish, have declined coincident with the invasion or'P.
amurensis.

The increase in benthic biomass in the northern bay is also
changing the flow of contaminants through the ecosystem.
Because of'the small benthic biomass in the northern b.iy
prior io the arrival ofP. nmurensis, the food wch was dor»mar-
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ed L y pelagic forms. Although pelagic predators  e.g. mid-
water fish, dabbling clucks! may have lost a primary food
source, bottom feeding predators  e.g. sturgeon, diving ducks!
now have an enhanced food source. However, because
Pamurensis has been shown to be a bioaccumulator and bio-

magnifier of trace elements  e.g. Cd and Se! this shift in the
food web may ultimately prove to be detrimental to the bot-
tom feeding predators. Concentrations of some trace elements
have begun to accumulate at harmful concentrations in the
sturgeon and diving ducks since the appearance of P.
amurensis,

iCorresponding author: telephone 650-329-4364; fax: 650-329-4327;
e-mail: ]thompso@iisgs.gov
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Rocky subtidal commun.ities in Northern Massachus-
etts, Gulf of Maine, have been studied bimonthly to quar-
terly for the past 20 years. Surveys by SCUBA divers
include photography of marked quadrats, transects to
determine predator abundance, and measurement of char-
actei istics of the physical environment, During this time
period, there has been an approximate doubling of sea
urchin  Strongylocentrotus droebachiensis! population density,
and we have observed and documented the appearance
and community level effects of several nonindigenous
species. The European nudibranch  Tritonia plebeia! and the
colonial ascidian  Botrylloides sp.!, of Pacific origin, have
beer.. particularly successful invading species, and have
seve ely impacted indigenous assemblages, Tri tonia preda-
tion destroyed populations of the octocoral  Alcyonium
siderium!, which have not recovered by 1998. Several other
ascidians  Botryllus schlosseri, Styela clava, Diplosoma sp.!
have appeared rarely in our photographic samples and do
not appear to have developed stable local populations at
our, tudy sites, although some are abundant elsewhere
along this coast.

Alcyonium removal by Tritonia, and a major increase in
sea urchin population density  during 1984-1986!, caused
most other invertebrates to be cleared from vertical rock

surfaces; there was also a local increase in areas covered by
crustose coral]ine algae. Horizontal rock dominated by
kelp and foliose red algae �978-1988! were reduced to
coralline-dominated urchin barrens after the urchins

expanded laterally in 1989. Botrylloides sp. colonies are now

common on rock walls and horizontal surfaces where

urchin grazing is continuous; this ascidian may have «hem-
ical defenses that deter urchin feeding. The synergistic
effects of increasing urchin population density and the
appearance of several nonindigenous species, within one
decade, caused a major alteration in invertebrate and algal
assemblages at these sites and a general decrease in small-
scale species diversity. The present high densities of urchins
currently favor urchin-resistant spatial dominants, such as
the indigenous coralline algae, sea aneinones  lfrfetridium
senile! and sponges  Isodictya spp,!, and certain nonindige-
nous species  e.g., the ascidian Botrylloi des sp.!, Reduction
in sea urchin population density, as has occurred along the
coast of Nova Scotia following epidemic disease, could
increase invertebrate and algal biodiversity, although the
strong overgrowth competitive ability of Botrylloides may
allow it to persist even without heavy urchin grazing.

'Corresponding author; telephone: 301-401-7978;
fax: 301-311-9358; e-ail:: ks95@umaif.umd.edu
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A novel function may provide an invasive species with
advantages relative to natives. In particular, invasive preda-
tors might have an advantage if they introduce a novel
functional feeding mode to native prey. Models of coevo-
lution can both support and refute this assertion. A lack of
coevolution may provide invasive predators with an advan-
tage, because native prey have ineffective or inappropriate
anti-predatory defenses. Conversely, invasive predators
may be outcompeted by native predators for native prey.
The recent expansion of Kellet's whelk, Kelletia kelletii, from
south of Point Conception northwards to Monterey Bay,
California introduced a novel Feeding mode to the guild of
invertebrate predators preying on trochid snails in central
California. Before the appearance of Kelletia in 1980, sea
stars  an ecological equivalent of whelks! were the primary
invertebrate predators oF trochids in central California.
Stars feed using an eversible stomach while Kelletia feeds
with a prehensile proboscis.

I used native and non-native sea stars and whelks as

predators and allopatric Tegula spp. as prey in a series of
non-choice and choice experiments to: 1! compare con-
sumption rates between different functional Feeding
modes; and 2! assess prey anti-predatory defenses within
the genus Tegula. I used the southern rainbow star,
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Astrometis sertulifera, which feeds on trochids but occurs
only in southern California to represent a non-coevolved
predator in central California, and the giant spined star,
Pisaster giganteus, which occurs in both southern and cen-
tral California to represent a coevolved predator. Three
subtidal macroherbivores in the genus Tegula were used as
prey, one from central California  T. brunnea! and two
from southern California  T. aureotincta, T. eiseni!. In a
non-choice experiment, I compared T. brunnea and T.
aureotincta, both of which are poorly defended relative to
sympatric congeners. Consumption rates were always high-
est for T. aureotincta. In a second non-choice experiinent, I
compared T. eiseni, which is well-defended, to T. brunnea.
Astrometis consumed both prey species at equal rates, while
both Pisaster and Kelletia ate significantly more T, brunnea
than T. eiseni. Deep withdrawal by T. brunnea was a partial-
ly effective defense against sea stars, but it was less effective
against the novel f'ceding mode of Kelletia. Escape frequen-
cy and consumption time were greater for T. eiseni. Among
predators, Kellett'a ate a significantly higher proportion of
T. brunnea than either Pisaster or Astrometis. In a binary
choice experiment using only southern California prey, all
predators consumed T. aureotincta almost exclusively.
Combining these results, T. aureotincta was most preferred,
Followed by T. brunnea, and T. eiseni was consumed when
other prey were unavailable. The high performance of the
whelk relative to the native and non-native sea stars indi-

cates that its novel functional feeding mode is advanta-
geous.

For Pisaster and Kelletia, perforinance was not influenced
by geographic origin; individuals from populations separat-
ed by 500 kin consumed prey at nearly identical rates. This
similarity between widely separated populations does not
fit models of coevolution that predict local adaptation and
thus differences between populations. Predator perforrn-
ance was enhanced by novelty of function, and not by
novelty as a species.

'Corresponding author; telephone: 831-459-5063;
Fax: 831-459-4882; e-naail: lonhatt@biology,ucsc.edu
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The ribbed mussel Geukensia demissa, native to tidal
marshes on the American Atlantic coast, was accidentally
introduced to the American Pacific  hereafter, Pacific! coast

over 100 years ago. Mussels native to the northeast
American Atlantic  hereafter, Atlantic! coast experience
wide variation in seasonal temperature, including subfreez-
ing winter conditions. To combat potentially lethal winter
f'reezing temperatures, Atlantic mussels use a variety of sea-
sonally induced biochemical and physiological adjust-
ments to tolerate ice in their extracellular fluids. Pacific

coast mussels, however, are not exposed to freezing tem-
peratures experienced by their Atlantic counterparts. It was
hypothesized that Pacific coast mussels may have lost the
adaptive ability to withstand these Freezing conditions. I
examined the geographic and seasonal variations in the
response of Geukensia to subfreezing conditions. Mussels
from Connecticut and southern California were exposed to
a variety of subfreezing temperatures. Survival, supercool-
ing point, and final temperature were used as indices of'
response to freezing. For all indices measured, in a given
season there were no significant differences found between
California and Connecticut mussels in freezing response.
However, a significant difference existed between summer-
and winter-acclimated mussels: both California and

Connecticut winter-acclimated mussels had significantly
different supercooling points  df=l, F=6.37, P�.05! and
final temperatures  df=l, F=24.6, I'C0.01!. Tb.ese results
support previous literature on changes in seasonal cold tol-
erance. The fact that mussels from California did undergo
seasonal acclimation, despite the lack of strong seasonal
temperature cues, lends itself to the role of other environ-
mental cues in triggering winter acclimation. Introdu< tion
to the Pacific coast has not resulted in a loss of Freeziiig
tolerance of G. demi ssa.

iCottesponding authot'; current address: East Point Marine Science
Center, Nahant, MA 01908 USA; telephone: 781-581.7370; fax: 781-
581-6076; e-maih ndobtoskQulynx.dac.neu.edu
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The Cawthron Institute is an aquatic science organiza-
tion based in Nelson, New Zealand. We have carried out
research on marine bioinvasion since the mic 1980s, The

aims of recent work are to provide the shipping industry
and coastal managers with procedures f' or reducing inva-
sion rates, and to improve our understanding and manage-
rnent of invasive species already estabhshed in New
Zealand. The unifying theme of the program is a risk
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asseisment model in which both a species-specific and port
by port approach are being taken. The transport, establish-
mer..t, impact and management components of our con-
ceptual model identify the topic areas around which our
present marine bioinvasion research is based.

'Corresponding author; telephone: �4! 3 548 2319;
fax: �4! 3 546 9464; e-maih batrie@cawthton.otg.nz
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The Asiatic shore crab  Hemtgrapsus sanguineus de Haan!
was first introduced to Atlantic waters through ballast
water on September 24, 1988 in Cape May, New Jersey.

Since then, H. sanguineus has spread at an alarming rate
and has become well established on the Atlantic coast. H.

sanguineus is now extremely abundant on the Connecticut
coastline, H, sanguineus is thought to exploit the diIFerent
but overlapping habitats on cobble and boulder shores in
rocky intertidal habitats  Fukui 1988!. In areas where
Carcinus maenas  the green crab!, used to be abundant, H.
sanguineus is the dominant species and few C. maenas are
found. This study focuses on the relative abundance, distri-
bution, and feeding habits of H, sanguineus. Principle prey
species for each size class of H. sanguineus was evaluated
through stomach content analysis, and competition
between these crabs and other indigenous crab species for
niche habitat through sediment selectivity was evaluated.
The introduction of nonindigenous species and their
efFects on native habitats is an area of growing concern as
commerce and shipping increases. Little is known about
this topic especially for marine habitats. This study will
provide important base-line data and possible management
strategies for future studies concerning H, sanguineus.

'Corresponding author; current address: Cedar Island Marina
Research Laboratory; P.O. Box 181, Clinton CT 06413 USA;
telephontn 860-669-8681; fax: 860-669-4157; e-maih biotata@aol.corn
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Ballast Water

Inventory of Microbes in Ballast Water of Ships
Arriving in Chesapeake Bay

LISA DRAKE,I FRED C. DOBBS, AND KEUN-HYUNG CHOI
Department of Ocean, Earth and Atmospheri c Sciences
Old Dominion University, 4600 Elkhorn Avenue
¹rfolk, VA 23529 USA

GREG M. RUIZ, LINDA D. MCCANN, AND
TIMOTHY L. MUELADY
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Edgetoater, hID 21037 USA
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Perhaps the least-studied aspect of marine bioinvasions
is the transfer of nonindigenous microbes. Given the high
densities of naturally occurring bacteria, viruses, and phy-
toplankton in coastal waters, it seems inevitable that high
numbers of microorganisms are transported globally via
ballast water. As a first step in evaluating the rate and
extent oF this transport, we boarded vessels, primarily col-
liers, arriving in Norfolk, VA, and Baltimore, MD, to quan-
tify the microbes present in their ballast water tanks, We
used epifluorescence microscopy to measure abundances
of bacteria and virus-like particles and incorporation of
DNA precursors to determine bacterial production rates.
We also measured the ballast-waters' temperature, salinity,
and concentration of chlorophyll a. Direct counts ofbacte-
ria and virus-like particles ranged over two orders of magni-
tude, from 107 � 10S cells per liter and 108 � 10'0 cells per
liter, respectively. Similarly, bacterial production rates,
expressed as incorporation of tritiated thymidine into
DNA, varied broadly, from 0.40 � 13 picomoles per liter

per hour. Chlorophyll a values ranged From 0.005 - 0.04
micrograms per liter. Relationships between hydrographic
characteristics of ballast waters and microbial signatures
will be discussed.

ICorresponding author; telephone: 757-683-5060;
fax: 757-683-5303; e-maih ldrake@odu.edu

Characterization of Bacterial Assemblages in
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Microbiological studies of ballast water will help us
understand the transfer, dynamics, and invasion potential
of microorganisms carried by ships  see related abstracts by
Rawlings et al, 1999 and Drake et al. 1999!. We have begun
to characterize the ballast water bacteria in samples collect-
ed From ships arriving in the lower Chesapeake Bay. Such
characterization is based on interpreting substrate-utiliza-
tion patterns. We inoculate ballast-water samples into
Biolog microtiter plates  Biolog, Inc., Hayward, CA!,
which contain 95 different carbon substrates in separate
wells. These wells, and a control well, also contain a tetra-
zolium salt that indicates  via color development! micro-
bial utilization of a substrate. The rate and extent of a sub-

strate's utilization is determined through time-series mcas-
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urements of a well's optical density. There has been a wide
range of response among the ships  n=13! sampled to date;
clearly the bacterial assemblages of ballast waters vary con-
siderably. In more than half the cases, however, there are
commonalities in response that may be influenced by
duration of voyage, source water, and exchange history. In
addition to its furthering our understanding of ballast-
water ecology, this technique potentially has uses for rou-
tine monitoring ot arriving ships and evaluating the effi-
ciency of'water exchange or filtration.
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The spread of exotic species is cited repeatedly as one of
the greatest threats to marine ecosystems today, One of the
chief transport vectors of non-native aquatic organisms is
ballast water discharged from ships. The principal objective
of this study was to determine the taxonomic composition
of viable phytoplankton species in ballast water collected
from ships berthed in the Port of Morehead City, North
Carolina, USA. During 1997, a ten-liter volume of unfil-
tered ballast water was collected from each of nine ships,
These ships originated from ports in Japan, Spain,
Dominican Republic/Florida, 13elgium, Louisiana and
North Carolina. Each sample was filter concentrated, and
the live phytoplankton organisms were cultured for 21

days with a range of media and light intensities to simulate
different receiving waters. Over 150 genera of viable fresh-
water and marine phytoplankton were identified from the
cultures. Additionally, over 450 more live species mor-
phologies were observed  predominantly protists and
unidentified microalgae!. These results provide evidence
that iiumerous species of both freshwater and marine phy-
toplankton are not only viable when discharged in the bal-
last water of ships, but may also establish successfully
reproducing populations. The biogeography of marine
phytoplankton species is imperfectly understood; many
phytoplankton species are considered globally ubiquitous.
Yet, some phytoplankton species are known to have limit-
ed distributions. It may be possible that earlier ballast
water transfers contributed to the current cosmopolitan
distribution of'some phytoplankton species. In an etfort to
reduce the probability of future marine biological inva-
sions, further research needs to focus on the present, .is
well as historical, capacity of ballast water to homogenize
the distributions of phytoplankton species globally.

i Corresponding author; telephone: 252-504-7530;
fax: 252-504-7648; e-mail: heather,waIron@duke.edu
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Chesapeake Bay has been subject to biological inva-
sions since the start of European colonization in 1609. In a
comprehensive analysis of the historical patterns of inva-
sion, we identified 160 nonindigenous species that now
occur in tidal waters of the Chesapeake. These species rep-
resent 17 different phyla, including vascular plants and
invertebrates to vertebrates and single-celled protistan
pathogens. Invasions are documented f'rom all regions and
habitats of Chesapeake Bay. Source regions and transfer
mechanisms have varied greatly over tiine and by taxa,
and the rate of invasions has increased in recent decades.

In addition to known invaders, the Chesapeake has a high
proportion of cryptogenic species  i.e., those of unknown
origin!. Historical surveys and first records of many taxa
are relatively recent, occurring well atter possible transfer
by European colonization. Of 800 species of benthic inver-
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tebrates and macroalgae in Chesapeake Bay that we have
examined, 30'/o �37 species! also occur in Europe, suggest-
ing that many unsuspected introductions exist. Today, mul-
tiple pathways for new invasions are still active in
Chesapeake Bay. Shipping is presently the largest pathway
for the transfer and release of organisms to the region, Two
recent ballast-mediated invasions underscore the continued

importance of this vector. Although invasions have had
significant ecological and economic impacts in the
Chesapeake, the consequences of most marine invasions
remain unnieasured here and elsewhere.

'Corresponding author; telephone: 410-798-4424 x337;
fax: 301-261-7954; e-snail: fofonoffgsere.si.edu
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The Great Lakes Ballast Technology Demonstration
Project has investigated the effectiveness of automatic
backwash screen filtration of ballast water during its uptake
as a means of minimizing the potential for the introduc-
tion of nonindigenous species, The Great Lakes Protection
Fund, the State of Minnesota  on the recommendation of
the Legislative Commission for Minnesota Resources!, the
Lake Carriers' Association, Northeast-Midwest Institute,
Federal agencies, and universities have supported this proj-
ect. Initial testing during the 1997 operating season
involved testing onboard the Seaway-sized bulk carrier
PI/ VAlgonorth during operations between the Gulf of St.
Lawrence and Great Lakes ports. This testing provided
important information on system design, operations, and
filtration biological effectiveness, but the mechanical test
results were of limited value as benchmark experiments.
During the summer of 1998, the modular system was
installed on a barge located in the Duluth, Minnesota, har-
bor to permit more controlled, intensive mechanical and
biological tesung,

The overall design of the shipboard and the barge bal-
last water filtration test installations are briefly surnma-
rized. The barge mechanical test program involved extend-
ed testing with 25-p-, 50-p-, and 100-II-filter screens at a

nominal 1,500 U.S. gpm using an operating profile that
approximates normal ship ballast operations. The Great
Lakes Ballast Technology Project filter mechanical test pro-
gram yielded the following conclusions:

The barge installation and test program in Duluth/
Superior harbor provided an effective model of shipboard
operations and permitted a inuch more controllable ard
efficient test effort  84 hours of filter operatiori in 16 calen-
dar days! than possible onboard an operating vessel.

Duluth/Superior harbor was representative of general
harbor conditions, but much higher sediment loads can be
Found throughout the world. The peak turbidity experi-
enced �.4 NTU! is just over the 5.0 NTU typically coiisid-
ered the upper limit For water treatment plant intake.
Patches of filamentous green algae were also observed dur-
ing the test period.

The use of a 5-mrn prescreen upstream of the filter was
successful in protecting the finer screens and demonstrat-
ing that two filters in series, as initially used in the hf/V
A'lgonorth testing, should not be necessary in ballast filtra-
tion applications,

The 25-pm filter, with an overall count efficiency  based
upon the total count of all particles above the nominal fil-
ter rating! of about 85u/o, and the 50-Iim filter, with an
overall count efficiency of about 90ii/o, performed as
should be expected. This is strong performance for a real
world test with pliable and variable shaped particles.

The principal lessons learned in the design, installation,
and mechanical testing of the ballast water filters include
the following:

Adequate system hydraulic stiffness or a pressure-sus-
taining valve downstream of the filters will be needed io
provide a pressure differential of 2.4 kPa �5 psid! required
between the discharge chamber and the backwash chamber
to drive the backwash process.

Careful inanufacture and quality control will be needed
in the construction of filter screen elements. The project
experienced split screens early during the 1997 /I1/V
Algonorth testing and the 100-Iim screen tested in 1998
nIay have had an internal screen failure,

The backwash timing stated by the vendor had to be
extended significantly to achieve effective cleaning in the
shipboard application. The backwash flow rate and effec-
tiveness requires careful attention in future designs.

Future designs, particularly those of the much larger
sizes needed for bulk vessels, must have improved features
to f'acilitate the alignment and handling of the heavy filter
screen elements. Vertical, rather than horizontal, orienta-
tion would allow the use of hoists making the crew's t;isk
of changing elements more reasonable.

'Corresponding author; telephone: 734-763-3081;
fax: 734-936-8820; e-mail:parsonsoengin.umich.edu
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Ballast water is the leading known vector of uninten-
tional transfers of aquatic organisms. Unites States law and
international guidelines direct ships to undertake ballast
water management to reduce these transfers. The only
method currently available to ships to reduce transfers of
organisms, high seas ballast water exchange  BWE!, is lim-
ited by safety and applicability, Domestic law provides for
and encourages technological alternatives to BWE that are
environmentally sound and equally or more effective at
preventing organism transfers. Research on possible on-
board treatment systems is accelerating; however, there is
no standard approach for gauging biological effectiveness.
This study �! evaluates the biological efFectiveness of a
leading ballast treatment alternative � automatic backwash
screen filtration and �! presents a method for assessing
biological effectiveness of ballast treatment systems, gener-
ally. Initial testing during the 1997 operating season took
place aboard the Seaway-sized dry-bulk carrier, the M/V
Algonorth, during operations between the Gulf of St.
Lawrence anti Great Lakes ports. This testing provided
important information on system design, operation, and
biological efFectiveness but was limited by operational con-
straints of the vessel. During the summer of 1998, the
modular system was installed aboard a stationary barge in
the Seaway Port Authority of Duluth, in Lake Superior, for
mor controlled, intensive biological and mechanical test-
ing. The barge also better simulated shipboard use because
it was at water level and within a harbor. A variety of
screen sizes �5 Itm, 50 pm, 100 Ism, and 150 Itm! were

evaluated aboard the experimental platf'orms at flow rates
of 1200-1500 gal/min. The shipboard experimental plat-
form consisted of two filter units in series and a pump
mounted on the deck with piping to matched control and
test upper wing ballast tanks. The stationary barge platform
consisted of a single filter unit and pump with piping to
three identical catchment tanks of 175 gal each with bot-
tom outlets. Biological effectiveness was measured through
comparing the concentrations of major taxonomic group-
ings of zooplankton, phytoplankton, and microbes with
and without treatment. Biological effectiveness results were
highly consistent on both experimental platforms, and dif-
fered in nature and complexity from particle count find-
ings. In particular, organism morphology, rigidity, and
colonial structure combined with size to influence filter

effectiveness. The two smallest filters tested achieved

95-99n/o removal of macrozooplankton, and 70-80II/o
removal of microzooplankton and phytoplankton. The
results indicate that the filters do not have the undesirable

effect of breaking up colonial or filamentous algae to yield
more numerous propagules. Bacteria, which attach to other
organisms and matter, were sigmficantly reduced by the
smaller filter sizes, but total bacteria counts were unaf'f'ect-
ed by Filtration. The two filter series yielded no improve-
ments in biological effectiveness over the single filter sys-
tem, These results suggest that �! filtration could signifi-
cantly reduce the risk of introductions of harmful organ-
isms by ships, but there would be a need for secondary
treatment to achieve complete sterilization of the ballast
water, and �! evaluation of treatment effectiveness with
respect to several major taxonomic groupings is necessary
to accurately compare treatment alternatives and assess sec-
ondary treatment needs.

ICotresponding author; telephone: 202-544-5200;
Fax: 202-544-0043; e-mail: acangelo@nemw.org
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Ballast water exchange is being promoted nationally and
internationally as a management strategy to �! decrease
the abundance of coastal organisms within ships' ballast
water and thereby �! reduce the risk of f'uture invasions by
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nonindigenous species, We are measuring the efficacy of
two distinct exchange methods  Flow-Through and Empty-
Refill! to remove organisms from ballast tanks across multi-
ple ship types. Physio-chemical and biological tracers were
used to estimate the effects of exchange on different com-
ponents of ballasted communities. Preliminary results,
based on salinity and Rhodamine dye tracers, indicate sig-
nificant water mass exchange P80II/o! for both Flow-
Through and Empty-Refill methods, with the latter being
more efficient. Further analysis of biological samples will
test for variation in effects among taxa. Despite the appar-
ent reduction in coastal organisms through exchange, a
small percentage  but sometimes still a large number! of
residual organisms can remain in exchanged tanks. The
overall effect of ballast water exchange in reducing inva-
sions therefore depends not only upon  a! the percent of
vessels that exchange their ballast water and  b! the meth-
ods and results of exchange per vessel, but also  c! the rela-
tionship between supply and invasion rates. Although
reduced inoculation densities should result in reduced
invasion rates, the shape of this relationship is unknown.
Thus, efficacy of exchange, or other management strate-
gies, must be measured according to both rate of organism
transfer and rate of invasion.

ICorrespontling author; telephone: 301-2614190;
fax; 301-261-7546; e-rnaih frey@sere.si.edu
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Ballast water discharge has been identified as an impor-
tant means of introducing exotic aquatic organisms to
waters well beyond their natural geographic range.
Preventative measures such as offshore exchange have been
used with some success by vessels carrying exchangeable
ballast. Efforts to develop active treatment measures have
so far not been successful because of a large number of
variables. Major factors that can influence a treatment pro-
gram include the target organisms which can range from
microbes to fish, matrices that include water and sediment,
volume of ballast treated, and its application based on
onboard equipment or requiring an external source. The
treatment itself may have a chemical, physical or mechani-
cal basis. Vessel transit patterns can influence treatment

methods, and time of application should be compatible
with vessel operational procedures.

Vessel. transit patterns will differ among ports because of
traffic volumes and transit routes. This factor was exam-

ined by tabulating the frequency of visits by overseas and
nonregional vessels to Canadian maritime ports at Halifax,
Vancouver and Prince Rupert, and freshwater ports on the
Great Lakes. There were about 420 vessels from overseas or

distant ports of departures that visited the Port of Halifax
between 1992 and 1997; 2400 vessels to the Port of
Vancouver between 1995 and 1997; 1170 vessels to Port of
Prince Rupert between 1992 and 1997; and 880 vessels to
Great Lakes ports between 1989 and 1997. Tabulation on
the basis of the number of visits indicated that 46 to 710/o

of the vessels visited a port once during the 3 to 9 year
periods reviewed. Furthermore, 68 to 96II/O of the vessels
averaged 2 or less visits per year over the same period. The
relatively high level of single visits and low frequency of
repeat visits to these ports could deter the adoption of'pos-
sible regulations that would require the installation of
onboard ballast water treatment equipment on vessels
before port entry, unless this requirement is applied at the
international level,

Voluntary or mandatory exchange is used by some ports
as a preventative measure, but its effectiveness is limited to
vessels carrying exchangeable ballast. Offshore ballast
exchange could be effective at the Ports of Vancouver and
Prince Rupert because over 90II/o of the total cargo handled
is exported, therefore most of the inbound vessels arrive in
ballast. In contrast, ballast water exchange may not be an
effective preventative measure on the Great Lakes because
about 50o/0 of the total cargo handled is exported, and over
80"/o of the overseas vessels enter with no exchangeable bal-
last on board  NOBOB!.

A vessel monitoring program may be required to assess
the level of compliance of a ballast water treatment pro-
gram. Annual visits by nonregional vessels averaged about
400, 1820, 310 and 470 for the Ports of Halifax, Vancouver,
Prince Rupert and ports on the Great Lakes. The frequency
of these visits may not be a limiting factor in their assess-
ment because arrivals of 1 to 3 vessels per day were the
most frequent at the Ports of Halifax and Prince Rupert,
and ports on the Great Lakes, but could be a factor at the
Port of Vancouver where 5 to 9 vessels arrive per day.
Access to vessels arriving at the three maritime ports for
inspection and possible treatment could be a problem,
Access to vessels entering the Great Lakes is greatly facili-
tated by the need for all vessels to pass through a series of
seven locks between the city of'Montreal and Lake
Ontario.

'Corresponding author; telephone: 905-3364868;
fax: 905-336-6437; e-mail:niimia@dfo-mpo.ge.ca



422 s

Pulse Generator for Biofouling Prevention

I!VANE MARSHALLI

/lfegapube, lnc., 8 Preston Court, Bedford, /GAIA 01730 USA

Key words: Dreissenia polytnorpha, pulse power, control,
Mississippi River, mollusc

Zebra rnussels Drei ssernia polymorpha are vigorous mol-
lusks thought to originate in the Black Sea. Given a
foothold the zebra mussels will colonize the area, killing
otf native species, and populate structures and pipes which
can reduce water flow in critical cooling and irrigation
operations tounsatisfactory levels.

The literature suggests that pulse power can be an effec-
tive and potentially economic method as a primary or as a
complement to a mix of chemical and/or mechanical pre-
vention/control technologies currently in use. The pulsed
power method stuns or kills the velligers in the pipe
entr.ince and has no effect on animals upstream of the
entr.ance, nor downstream from the system discharge.

An experimental 20Kv pulse will be described which has
been used to suppress zebra mussel settlement by more
than 80tt/tI in a power plant cooled by Mississippi River
water. Methods for improving the affectivity and cost will
be described. Finally, application of this technique to con-
tro! other marine species will be touched upon.

'Corresponding author; telephone: 781-275-2010; fax; 781-275-4149

Pathways and Management of Aquatic
Nonindigenous Species in Delaware

FoRREs L. DARRv'

Centerfor the Study of/i/Iarine Policy,
Graduate Colk/e of/tfarine Studies, Robinson Hall,
University of Delaware, Newark, DE 19716 USA
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The introduction of aquatic nonindigenous species has
the potential to cause significant environmental and eco-
nomic harm in Delaware waters, as it has throughout the
world. To date, the extent to which Delaware waters are
invaded by nonindigenous species has not been assessed.
Likewise, an examination as to effectiveness of Delaware's
current management framework to prevent and control
nonindigenous species has yet to be conducted.

Tarough literature searches and interviews with
Delaware natural resource officials, approximately forty
�0! nonindigenous species were found in Delaware's fresh,
brackish, and marine waters. Six of these were considered
nuisance species, costing the State a significant amount in
control efforts. Of the five principal pathways of introduc-

tion highlighted in the literature  stocking programs, ship-
ping, recreational boaters and anglers, aquarium and orna-
mental releases, and aquaculture!, all five were likely
responsible for some introductions into Delaware waters.
Ballast water discharges and recreational boating and
angling pose the greatest potential risk for introducing
nonindigenous species into Delaware, although no one
pathway appeared to be especially dominant. This rough
assessment was based on the number of known harmful

species likely being introduced  eg., the number of ships
discharging ballast water potentially containing harmfuf
nonindigenous species into Delaware Bay!.

Interviews were conducted with personnel in six state-
level nonindigenous species management programs
 Chesapeake Bay, Lake Champlain, Yew York, Michigan,
Minnesota, and Puget Sound!. Lessons drawn From these
current efforts might prove helpful in devising a manage-
ment strategy For Delaware. The majority of programs
focused exclusively on aquatic species  rather than an all
encoinpassing terrestrial and aquatic species approach'l and
utilized education as the primary management tool.
Stakeholder inclusion was a key component of the devel-
opment process. Many policies became stymied by low
recognition of the issue, leading to deficiencies in staft and
funding, which in turn adversely affected implementation.

Effective state-level nonindigenous species management
is hanipered by five shortcomings: inadequate baseline
information, insufficient authority, delays in response
time, lack of an institutional framework, and low levels of
support for action. I addressed these deficiencies through
five corresponding policy prescriptions. The proposed
measures set forth to close loopholes in the current regula-
tions, establish a nonindigenous species monitoring pro-
gram, create a mechanism to coordinate management
actions, and call for education targeted at the responsible
parties.

'Coneipondiug author; telephone: 302-831-8086;
fax; 302-831-8086; e-maih fdarby@udei,cdu

Considerations in the Development of New
Risk Assessment Techniques for Aquatic
Nuisance Species: the Role of Transport Vectors
in Risk Assessment

RoI3YN DRAHEIMI AND A, OLsoil

University of Washi ngton, School of /I/Iari ne A+airs
3707 Brooklyn Avenue NE, Seattle, WA 98105 USA

Key words: risk assessment, introduction, vector

Aquatic nuisance species  ANS! are a growing concern
to natural resource and environmental managers, The
alarming rate at which nonindigenous species are being
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both introduced and established is a driving force behind
increasing awareness of and proposed actions aimed at
ANS issues. However, it is not feasible to address every
invasive species concern, thus, these issues must be priori-
tized. One conventional method by which land managers
have ranked invasive species is via risk assessment, Before
managers dealing with ANS rush to adopt these method-
ologies, we suggest that it is imperative that these tools be
evaluated with special attention paid to their applicability
in the aquatic realm. Do these risk assessment protocols
produce answers that are important to ANS scenarios?
That is, are we interested in the same questions that land
managers need answers to or do ANS differ fundamentally
from terrestrial invaders? Most terrestrial risk models for
invaders follow a species oriented predictive risk assess-
ment inethodology. We suggest that in the aquatic realm
the pathways or transport vectors by which ANS are intro-
duced represent an important step in the invasion process,
and one that is neglected in conventional risk assessment.
We review risk assessment methodologies currently in use
and demonstrate how pathways can be incorporated into
these procedures to the benefit of managers concerned
about both specific invasive species or general ANS issues.

Corresponding author; 206-685-3270; fax: 206-543-1417;
e-maik drahelmgu.washington.edu

Distribution and Abundance of Ctenophores
and their Zooplankton Food in the Black Sea. II.
iMnemi opsis leidyi

ERHAN MUTLU1

Institute of Marine Sciences, Middle East Technical Universitj,

Key words: Black Sea, ctenophora, Mnemiopsis, range, biome-
try, stomach content

The distribution of Mnemiopsis leidyi, Agassiz 1865, in
the Black Sea was determined using plankton samples col-
lected above the anoxic zone  maximum depth 200 m! in
the summer, winter, and spring from 1991-1995.
Distribution was patchy. Average biomasses of 15 to 500
gm-2 were measured and abundances varied from 10 to
180 individuals m-2. Biomass and abundance peaked in
winter and there was a secondary peak in the summer. The
distribution of M. leidyi was correlated with hydrographic
Features in the Black Sea with higher concentrations in
anticyclonic gyres. The centers of the two main cyclonic
gyres generally had a low biomass of M leidyi. From July
1992 to March 1995, the populations were largely offshore.
M. leidyi were confined to the upper part of the mixed
layer both day and night. Some individuals displayed a
negative taxis to daylight and, localized below the thermo-
cline at night. Smaller M leidyi �.5-2 cm! were present in

the winter and individuals reached maximum size in the
summer. Although reproduction was continuous through-
out the year, there were two distinct peaks: the larger peak
in the summer and the smaller peak in the winter.
Microscopic analysis of stomach contents showed that
copepods and molluscs form their main diet.

1 Corresponding author; telephone +90 3245212406;
fax: +903245212327; e-mail:mutlu@ims.metu.edu,tr

Paper published as: Mutlu, E. 1999. Distribution and Abundance
of Ctenophores and their Zooplankton Food in the Black Sea
1 I. JVInennopsis leidyi. IVIarine Biology 135�!:603-613.

The Invasion of the Chinese Mitten Crab and
Its Effects on Fish Protection Facilities
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P.O. Box 25007  D-8220!, Denver, CO 80225-0007 I 'SA
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The Chinese mitten crab  Eriochersinesis! is native to the
coastal rivers and estuaries of the Yellow Sea. It was first
observed in San Francisco Bay in 1992. Subsequent obset.-
vations in 1994-1996 showed the crab had spread rapidly
through the Sacramento-San Joaquin estuary, The mitten
crab has undergone an explosive growth in numbers over
the past several years with unknown impacts to the Bay-
Delta ecosystem. Fall migrating adult crabs are now inter-
fering with fish salvage operations at State of Califoniia
and Federal fish collection Facilities associated with large
water diversion projects in the Sacramento River Delta,
The mitten crab invasion has negatively impacted these
Facilities causing high mortality of'fish in collection and
transport apparatuses. The mitten crab is catadromous, i.e.,
adults reproduce in salt water and the young migrate to
fresh water to rear and develop �-3 years!. At maturity,
adult crabs make a major spawning migration towards the
ocean in fall. In 1998 adult crabs began appearing in early
August with number reaching 25,000 -28,000 per day by
mid-September. Through January and February of 1998,
juveniles crabs  upstream migrants! were observed for the
first time also. We expect mitten crabs to occur in even
greater densities in 1999, and this species will probably
remain an important component of the Delta ecosystem,
perhaps forever. The Sacramento Delta fish facilities must
find a way to cope with high numbers of crabs each Fal!
with minimal harm to the fish. During the next year we
plan to test various methods for crab exclusion and isola-
tion both in laboratory hydraulic modeh and under field
conditions.

'Corresponding author; telephone: 303-445-2216;
fax: 303-445-6328; e-maih swynn@do.usbugov
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The study of biological invasions is a relatively new branch of ecology that is gaining in
importance. /l/farine Bioinvasions: Proceedings of the First National Conference rejects
the current research directions and management goals,

/l//erIne Bioinvasions ca ptures the excitement of currant d evak prnents, The papers ar' e
vvritten for the non-specialist, students, managers, and scientists.
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The peer-reviewed papers cover the broad topics of patterns of dispersion, ecological
and evolutionary consequences, and ballast water and ballast water treatment technolo-
gies. The authors examine, discuss, and highlight the need for a new ethos of prevention
strategies. The volume sets the stage for future studies and informs. the reader on the
complex issues related to managing marine bioinvasions,


