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ABSTRACT

For a common, widespread, and familiar plant, Phragmites australis engenders an enormous
level of scientific controversy and emotional conflict. In parts of the world, Phragmites is an
important component of healthy ecosystems and an integral  if now minor! contributor to human
economies. In other places, it is an invading, unfriendly and ugly weed. To some scientists and
environmentalists, Phragmites is an indicator of and key factor in landscape degradation and
habitat deterioration. To others, it is a valiant remnant of nature, providing a relatively rich
ecology where there might otherwise be only barren and eroding ground.

We present a literature review supporting the conclusion that Phragmites is simply a biological
entity. It is not inherently "good" or "bad", its evolution, biology and ecology do not give it a
direct value per se. The controversy over Phragmites, its role in the ecosystem, the need for and
intensity of management efforts are all artifacts of human perspectives. Effective, consistent
management decisions  for either control or enhancement of Phragmites! can only be made on
the basis of site-specific scientific findings, a consideration of technologies with their needed
level-of-effort, and explicit exposition of the human values driving the management options. We
present a simple decision model to illustrate the interaction of these management components for
Phragmites in the environment.

INTRODUCTION

Einstein 's space is no closer to reality than Van Gogh 's sky.

Arthur Koestler

Who provides the accurate characterization of reality; the scientist or the artist? And if it is both,
how can they be reconciled? These seemingly abstract questions have a concrete reality where
Phragmites is concerned. Decisions regarding where, when, and how to manage Phragmites
have long-term consequences, We need to be right, both scientifically and from a values'
perspective.

DISCLAIMER: This text contains minor edits which did not appear in version pnblished in Estuaries 26 �B! April,
2003. The opinions expressed here do not necessarily reflect those of N JMSC or New Jersey Sea Grant College
Program.
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For a common, widespread, and familiar plant, Pltragmites australis engenders an enormous
level of scientific controversy and emotional conflict. In parts of the world, Phragmites is an
important component of healthy ecosystems and an integral  if now minor! contributor to human
economies. In other places, it is an invading, unwanted and ugly weed, To some scientists and
environmentalists, Phragmites is an indicator of, as well as a key factor in, habitat degradation.
To others, it is a valiant component of nature, providing a relatively rich ecology where there
might otherwise be only barren and eroding ground,

In reality, of course, biological entities are not "bad" or "good", or indeed possessed of any
inherent value at all. They are simply manifestations of their ecological and evolutionary history
 Hull 1980!. Because change in exogenous parameters is inevitable and ongoing, for survival's
sake, evolutionary change in organisms is also inevitable and ongoing  Jorgensen 1982!. Which
is not to claim that balance or harmony are critical or even real ecological concepts. The natural
world is heterogeneous in space and time, and it is in fact the imbalance of nature that drives
evolutionary change  Conrad 1983!, The heterogeneous nature of the ecological and
evolutionary landscape means that there will be many  perhaps most! places and times when
particular organisms and their environmental matrix are out of balance in one way or another.
By analogy to anatomy, species populations may be vestigial in one place or time because
evolutionary change has not kept pace with environmental change. Examples of such
imbalances are legion, and illustrate the kinds of evolutionary imbalances that can be brought on
by habitat changes. Large dinosaurs may have been ecologically superfluous in an era of
shrinking coastal plains, and evolutionarily incompetent in a time of global climatic change
 Wil ford 1985, Dodson and Tatarinov 1990!. Critically endangered species like the California
condor and extinct species like the passenger pigeon lost much of their ecological reason-for-
being when humans fragmented the landscapes they evolved in. Remnant populations like
massassauga rattlesnake and Blanding's turtle survive in small and disappearing habitat islands,
extensions of their range into portions of New York state from which the ecosystems they
evolved in and for are otherwise gone,

Alternatively, species may become overabundant in particular environmental circumstances,
Human introductions are associated with many such cases  for example, the devastating
microbiological exchanges of the 1500s, Crosby 1972!. However, overproduction can be a
natural process as well. The crown-of-thorns starfish, devastating to tropical Pacific coral reefs,
may cycle through natural population peaks. Also, Arctic rodent populations over-multiply
periodically to levels that cause serious habitat degradation  Nowak and Paradiso 1983!.

Seen against the backdrop of evolutionary history and ecological heterogeneity, the values by
which Phragmites is judged are not issues solely of natural science. A substantial component of
human perception is involved and must be accounted for'. In addition, there is a long-standing
intimacy in the ecologies of Phragmites and of people. The nature of human perceptions, and

' Two anonymous reviewers suggested that this paragraph  and the paper as a whole! over-values human
perspective, and that some impacts � such as displacement of native species and suppression of biodiversity � are
inherently, not only perceptually, negative. This is a vahd alternative understanding. We contend, however, that
even such seemingly "cut and dried" impacts as these only achieve negative value status through human perception.
The ecosystem does not "care" what species are present � only people do.
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the power of such perceptions to affect our understanding of Phragmites and its ecology are
important adjuncts to purely scientific inquiry. The objectives of this paper are:

~ To compile a representative sample of human perceptions about Phragmites
~ To develop some basic understanding of human interactions with and valuation of

Phragmi tes
~ To briefly characterize Phragmites ecology as it is presently understood
~ To provide a conceptual framework for Phragmites management decisions and the resulting

implications for management.

This is not a scientific paper in the traditional sense. It is instead an attempt to capture and
describe the relationship between humans  both scientists and non-scientists! and another species
at a time when our technical understanding of that species is rapidly evolving. The exercise is
worthwhile for the insight it can provide into the nonscientific context in which our scientific
findings will be translated into environmental management actions,

PHRS GMITFS IN THE ECOSYSTEM: GOOD NEWS AND BAD

The universal existence of and contrast between judgments and counter-judgments characterize
and dominate the human perception of Phragmites. It is instructive to assemble a selection of
thoughts from the published literature regarding the place of Phragmites in the ecologies of other
organisms. On every question of ecosystem structure and function, there is an astonishingly
dichotomous range of opinion regarding the value of Phragmites; e.g., on the issue of habitat
support for wildlife:

~ The extensive reed marshes of the Danube River Delta in Romania are particularly
valued for a variety of bird and mammal species, some of which are facing regional or
worldwide threats  Nevel 1996, p.9!.

On the east coast of the U,S,, Phragmites-dominated marshes support a great diversity of
animal life... [Phragmites in the Hackensack marshes in New Jersey supports] a muskrat
population capable of supplying more than 1000 pelts per year. Occasional foxes, many
cottontail rabbits and some Norway rats reside in these marshes, over 200 species of
birds have been observed  Gell er 1972, p. 11!.

Phragmites reduces natural plant diversity and is not considered to be an important
wildlife food or cover plant  Ailstock 1990, pp. 1 � 2!

~ The change in wildlife food production [following Phragmites invasion] has reduced the
habitat value of these marshes for many fish and wildlife species  Tiner 1995, p. 1!

~ It is of special concern to wetland managers because it grows rapidly, excludes other
plant species, provides little wildlife habitat, and is of little aesthettc or recreational
value  Boone et al. 1987, p. 4!.

Divergence of opinion is even greater when particular categories of wildlife are considered:
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~ Phragmites is a "plus", providing resting, foraging or breeding habitat or food web support
for:

Waterfowl  Boorman and Fuller 1981; Cross and Fleming 1989; Kane 2001!
Wading birds and rails  Anderson and Ohmart 1985; Green 1996; Shogolev 1996!
Songbirds  Miller 1967; Insley and Boswell 1978; Fleming 1981!
Birds of prey  Bibby and Lunn 1982; De Swardt and Van Niekerk 1996; Elphick
1997!
Mammals  Hanson 1978; Ventura et al. 1989; Hjalten 1991!

Phragmites is a "minus", offering relatively poor trophic support or less preferred habitat for;

Waterfowl  Bennett 1938; Whitman and Cole 1988; Hauber et al. 1991!
Wading birds  Burger and Miller 1977; Benoit and Askins 1999!
Songbirds  Ailstock 1989!
Mammals  Lynch et al. 1947; Martin 1953; Clark 1994!.

The citations listed here are not taken out of context. In most cases, the authors of these reports have
a point-of-view good or bad regarding the value of Phragmites. The reader will notice considerable
overlap in these lists. In fact, a number of references could be used to build arguments both for and
against Phragmites as a plus or a minus in the estuarine landscape. This is not s~rising, as few
hard data were available through the end of the 1990s.

Similar compilations of conflicting conclusions can be made regarding other ecological
processes, There is little agreement in the literature about the effectiveness of Phragmites in
sequestering pollutants  Biddlestone et al. 1991, Stott and Wright 1991!, controlling sediment
hydrogeochemistry  Chambers 1997, Templer et al. 1998!, or supporting direct herbivory or
detrital trophic webs  Lee 1990, Fell et al. 1998!. Overall, it is clear that there is no generally
agreed upon role of Phragmites in the ecosystems it has invaded. Assuming that the science that
generates divergent conclusions is not biased  and there is certainly no reason to believe this!,
and in some cases has not undergone rigorous peer review, the simplest explanation is that
Phragmites functions many different ways in the environment, and the science reflects this real
ecological variability.

Ecological "multitasking" is, of course, widespread. The phenomenon achieves prominence
when some functions impact human uses or perceptions of the biosphere. A group of mites, the
Trombiculidae, might pass millennia in obscurity if the parasitic offspring of insectivorous adults
that normally use reptiles as a definitive host did not occasionally infest man as chiggers
 Wharton and Fuller 1952!. Conium maculatum is a perfectly respectable minor roadside
umbelliferous weed unless it is eaten with a batch of field greens, when its infamous nature as
poison hemlock becomes apparent  Taylor 1955!. There are many organisms that are, under
some circumstances, at worst neutral and at best useful, and under others are pests or worse. The
converse, is, of course, also true. The honeybee, which for some strains is still considered an
invading scourge from the Old World, is now a crucial link in western hemisphere ecological and
economic systems  Wilson 1974!. Often the difference in perception between good and bad
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depends on context of time and place. Until recently, perception of a species place in nature was
largely driven by consideration of its interactions with man.

Scientific conflict about Phragmites ecology is not universal. There are some important points
that we conclude from our review are generally agreed upon across the range of published
findings:

~ Primary production is very high  Warren and Fell 1996!
~ Sediment accretion in monotypic marshes is high  Ricciuti 1983!
~ Large-scale management  of any kind! is very difficult  Marks et al. 1994!.

These generally agreed upon points do not speak to any kind of inherent value for Phragmites,
either ecologically or for human economies. Primary production is not inherently valuable, as
eutrophic waterways throughout the northern hemisphere attest. Sediment accretion can help
wetlands keep pace with sea level rise, and reduce solids loading to waterways  Rejmanek et al.
1988, National Research Council 1992!. It can also raise the level of the sediment surface to the
point where the wetland character of the ecosystem is greatly altered  Roman 1978, Roman et al.
1984!. That Phragmites is not amenable to management is a strike against it on a human value
scale. But it should be recalled that not all human associates are or were agriculturally
compliant. For example, oats may well have started its domestic career as a weed that simply
could not be sorted f'rom barley  Janick et al. 1974!.

Recently, a number of quantitative studies and objective literature reviews have been published.
These provide a technically credible foundation for drawing conclusions about the state-of-the-
science of Phragmites. Meyerson et al. �000! evaluated how Phragmi tes ecology differs in
different habitats and what consistent ecological indicators of Phragrniies were discernible in the
available literature. They reviewed a wide range of published findings, and concluded that a!
scientific information regarding Phragmites is incomplete, and b! Phragmites' ecological
functions are site-specific. Chambers et al. �999! reported that, although plant community
structure is drastically altered following Phragmites invasion, other ecological services might not
be greatly impaired. Rooth and Windham �000! suggested that management control decisions
are best made at small spatial scales, because ecological functions vary from place to place. It
has recently been revealed  Blossey, this volume! that a tendency to establish invasive
monocultures is associated with specific, differentiable varieties of Phi agmites, and is not a
general characteristic of the species. The important message from research conducted to date is
that ecology provides no easy answers as to how humans should or could value Phragmites. As
discussed in the concluding section of this paper, the lack of easy resolution means that we have
to apply sound science, intellectual rigor, and sociological care to our relationship with
Phragmites.

ENVIRONMENTAL MANAGEMENT: A FRAMEWORK

Questions of Phragmiies ecology are necessarily related to the potential for management. In the
past few decades, human interactions with Phragmites have been dominated by management
concerns, either for control  Niering 1988! or restoration  van der Putten 1997!, To provide
context for consideration of Phragmites management, it is useful to identify the most basic
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parameters that are fundamental to environmental decision-making. Such an exercise allows us
to separate the "nuts and bolts" of Phragrnites ecology from the abstract process of making and
implementing management choices. Understanding the management process is as important as
understanding ecology for effective decision-making.

Fig. 1 presents a simple conceptual model for an environmental management framework.

There are three components in this model, each representing factors necessary for a successful
outcome. When the factors in each component are appropriate to the case at hand, management
success represented by the overlapping centers of each model element. Each component has
unique aspects when considering the application of this framework to the case of Phragmites
control.

The application of sound science would seem to be a sine qua non of effective environmental
management. The matter is not quite so simple for Phragmites, however, We have seen that
there is no universally valid scientific characterization of Phragmites in the environment.
Current reviews suggest that what Phragmites is and what it does are strongly determined by
where and when one is looking at it, Indeed, this may be the key to the sound science
component; effective management requires site-specific scientific foundations.

The feasible actions component represents the technolo@; i,e., the engineering of the
management enterprise. This component interacts with the others in specific ways. For
example, whatever the scientific data might suggest about Phragmites in a particular place, if
there is no control technology available, there is no feasible management alternative. In this
case, the feasible actions component is an abso1ute switch  Ashby 1952!, either management is
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possible or it is not. In the former case, we can proceed with our management decision-making.
In the latter, we might as well stop worrying about this area of Phragmites, because there is
nothing we can do about it anyway. To date, this seems to be the case for many management
actions, both for control  in the U.S.! and restoration  in Europe!, neither of which has been
notable for widespread success. The only way through the switch is to increase our repertoire of
management tools until we have one  or more! that will work in the case at hand.

The value judgments component is critical, and remarkably undeveloped in the environmental
management context. It is conceivable that environmental management is a zero-sum enterprise
 Thurow 1980!, in that the sum of resources available for environmental management in the
broadest sense is finite. If so, resources of money, time and expertise committed to an activity
are not available for others, and we had best be certain that the management activity we are
undertaking is sufficiently important to warrant the commitment. To date, our handling of
Phragmites in the management context has been notable for a lack of subtlety, Sometimes we
believe Phragmites is "good" and must be actively nurttued. Sometimes we believe Phragmites
is "bad" and must be actively controlled. But there is little beyond geography in our beliefs  it is
good in Europe and in the Mississippi Gulf coast delta, it is bad in east coast marshes!. It is the
value judgment component that takes us to the inost important consideration of all.

AN KTHICS FOUNDATION FOR PHD GMITES MANAGEMENT

It is far easier to address the question of site-specific scientific data needs than to resolve issues
of ethical bases for management actions. However, Phragmites management under most
circumstances is technically challenging and resource intensive . By its very nature, it involves2

the deliberate, directed alteration of the environment by human intervenors  for reed marsh
restoration, we destroy the habitat in place hoping to replace it with Phragmites, for Phragmites
control, we destroy the Phragmites community itself!. Such activities should not be undertaken
lightly, automatically, or without due consideration of the ethics of destructive environmental
management.

In seeking an ethics framework for management, objectivity is ftmdamental. It is important that
decision makers understand that a biological entity is just that, it has no inherent goodness or
badness, A plant is just a plant, and it is only in the human context that we can imbue it with
qualities of desirability or undesirability.

ln this context, it is useful to recall the history of some important domesticated plants. The
potato, taken to Europe early from South America, was only partially successful as a food piant.
In France, it was declared dangerous to eat by government decree. It was not until Parmentier, a
chemist forced to live on potatoes in a German prison camp in the 1700s introduced potatoes to
the royal comt that they were accepted by the populace  Diat 1961!. Similarly, the tomato was
grown as an ornamental only, and was generally believed to be poisonous, even after it was
widely used for food in Italy  McGee 1984!, Conversely, rhubarb was taken from Old World to
New. During World War I, rhubarb leaves were recommended as a vegetable supplement, and

' The exception to this statement is tidal marshes with restricted flow. When such marshes have been colonized by
Phragmites, their restoration is relatively straightforward, although it still requires a significant per-unit-area
investment in planning and implementation.
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numerous cases of intoxication resulted  McGee 1984!. The lesson is clear, Plants evolve in
ecological contexts, But in a world dominated by people, the accidental history that overlays
biological characteristics and human expectations determine whether they are considered good or
bad and therefore how they are managed.

Human control of the biosphere underlies all management decisions. An argument can be made
that humans can not and should not be making large-scale environmental management decisions,
that nature knows best and that people will only interfere with the cotuse of nature if we try to
direct ecological change. Supporting this argument are cases where human misallocation of
environmental management resources is associated with the complete collapse of societies
 Ponting 1991, McNeill 1992, Redman 1999! . This view leads to one-dimensional management
Decisions, management to "put it back the way it was." In practice, this is shortsighted
ignorance of history. We do not, after all value eastern U.S. woodlands because they might some
day be returned to chestnut forests. We value them for their present attributes, and make
management decisions on that basis.

An additional problem with this view is that human influence is now ubiquitous. We are
managing the biosphere, all aspects of it, from its atmospheric thermal balance to its biodiversity
 see McNeill 2000 for a catalog!, and we are managing it by default. From a systems analytic
perspective, we are simply allowing our technological capabilities to alter the environment as a
random output of our input choices, The consequence of this is undirected global environmental
management. We change the environment, but we do not direct the changes, The locomotive is
powered up and running, but the engineer has moved on to the next train.

It is a hard lesson that the humble Phragmites, this common, widespread, and familiar plant � has
to teach us: those questions about whether an organism is good or bad are really value questions,
There is a design problem  Lyle 1999! inherent in our Phragmiies management decision process.
Before undertaking difficult, destructive, expensive action, we must decide what we want from
the environment at that place and time. The best and most up-to-date science is now starting to
tell us what Phragmites will and will not do biologically, chemically, and physically. It is up to
us to decide if what Phragmites does is what we want from that bit of the natural world, and then
to manage accordingly . And deciding what we want is best done a priori, by understanding
what we value in that place, is a difficult challenge for sure, but one that we must meet if we are
to spend our collective environmental management capital wisely and prosper in the twenty-first
century.

' The evidence for some of these cases is not universally accepted. See Meiggs 1982 and Grove and Rackham 2001
for counter argtunents.
In this context, it is worth considering that Phragmites may well be a symptom, not a first cause, of environmental

change. In that case, we will have to decide what we value from entire landscapes and whole watersheds  Burdick
and Konisky, this volume!.
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Cryptic invasions are a largely unrecognized type of biological
invasion that lead to underestimation of the total numbers and
impacts of invaders because of the difficulty in detecting them. The
distribution and abundance of Phragmites australis in North Amer-
ica has increased dramatically over the past150 years. This research
tests the hypothesis that a non-native strain of Phragmites is
responsible for the observed spread. Two noncoding chloroplast
DNA regions were sequenced for samples collected worldwide,
throughout the range of Phragmites. Modern North American
populations were compared with historical ones from herbarium
collections, Results indicate that an introduction has occurred, and
the introduced type has displaced native types as well as expanded
to regions previously not known to have Phragmi tes, Native types
apparently have disappeared from New England and, while still
present, may be threatened in other parts of North America.

iological invasions threaten species and ecosystems world-
wide �!. An estimated 50,000 exotic species have been

introduced to the United States, of which 5,000 are plant species
that have escaped and now exist in natural environments �!.
Both the actual number of invaders and the impacts of these
species may be underestimated because of the presence of
cryptic invaders, or species that cannot be easily classified as
native or introduced �!. Over the past decade, use of PCR-based
molecular techniques have revealed repeated occurrences of
such invasions in marine ecosystems � � 6!, and studies have
demonstrated both genetic and physiological differences be-
tween invading and native populations �!. Given that cryptic
invaders typically are unrecognized or are mistaken for native
species, knowledge of historical trends in geographic distribution
and population genetic structure in cases of suspected introduc-
tions are of particular interest when trying to reconstruct the
invasion history of a species. In such cases, museum or herbarium
specimens are an invaluable resource for reconstructing popu-
lation history,

Common reed, Phragmites australis  Cav.! Trin. ex Steudel
 hereafter referred to as Phragmites!, has a cosmopolitan dis-
tribution and is abundant in marsh communities and along the
borders of lakes, ponds, and rivers. It is a perennial grass that
reproduces primarily through vegetative growth, although dis-
persal by seeds may occur at low frequencies. In North America,
the fossil record indicates that it has been present in the
southwestern United States for at least 40,000 years �!. Paleo-
ecological investigations have shown it to have been present
along both the Atlantic and Pacific coasts for several thousand
years  8 � 10!. However, over the last 150 years its distribution and
relative abundance has increased dramatically, particularly along
the Atlantic coast. Botanical records froin the 1800s typically
describe Phragmites as being rare or not common �1 � 14!, and
a historical gap in its distribution was found in the southeastern
states �5!. By the early 1900s the species was considered more
common and spreading �6, 17!. Today it exists in all of the
mainland United States as well as throughout southern Canada
and is considered an indicator of wetland disturbance. It is also
expanding into undisturbed sites, particularly in inland areas. To

explain the spread of Phragmites, it has been suggested that the
rapid expansion could be the result of human activities causing
habitat disturbances or stresses such as pollution, changes in
hydrologic regimes, and increased soil salinity �8!. Alterna-
tively, non-native genotypes of the species may have been
introduced to North America sometime during the past 200 years
�9-21!, although to date no studies have adequately supported
this hypothesis.

This research asks the question of whether or not non-native
strains of P, australis exist in North America by using sequenc-
ing of two chloroplast DNA markers. Although the rate of
evolution of the chloroplast genome is relatively conservative,
variation has been found in chloroplast DNA at the intraspe-
cific level �2!, It is maternally inherited in angiosperms and
has been shown to be geographically structured in a diverse
array of plant species �3, 24!, and therefore is an effective
marker for use in the study of intraspecific phylogeography. In
this study, modern samples of Phragmites, collected across the
continent, were compared with historical specimens, collected
before 1910, to examine changes in the genetic structure of the
North American population over the past 150 years. Modern
sainples were also obtained worldwide for comparison and to
determine the source of the introduction.

Materials and Methods

Leaf tissues were collected from green Phragmites plants during
the growing seasons of 1997 � 2001 by the author and collabora-
tors worldwide, with a particular emphasis on obtaining samples
froin the present-day range of Phragmites in North America and
Europe. When available, herbariuin specimens also were ob-
tained to increase the number of samples from locations outside
of North America. Fresh specimens were dried by using silica gel
and frozen on receipt in the laboratory. Total DNA was ex-
tracted froin 2 cm of fresh or dry leaf tissues using a 2%
cetyltrimethylammonium bromide extraction protocol �5!.
Herbarium specimens were pretreated by scrubbing with 10%
bleach to remove mounting glue, placed under an UV light for
5 min to remove surface contaminants, and extracted by using
the same protocol. All herbariuin samples used in historical
comparisons were collected before 1910, which is before the time
period when references to expansion of Phragmites populations
began to appear in the literature �6!. Where possible, modern
samples also were collected at sites from which herbarium
samples were obtained, Sample collection locations, herbarium
accession numbers, and haplotype designations for each sample
are available on request.

Data deposition: The sequences reported ln this paper have been deposited in the Genaank
database <accession nos. AY016324-AY016328, AYO16332-AY016335, and AF4S2382-
AF4S7402!.
*E-rnaih kristin,saltonstalleyaie.edu.
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S1734 solely ta indicate this fact.



r4 rsvp A ncaa a br ea

Table 3. Frequencies of Phragrnites haplotypes worldwide

Tota I no. of
samplesGeographic region

North America, after 1960
North America, before t910
South America
Europe
Asia/Australia
Africa

61.5
6.4
0

61.0
33.3
1 1.t

31.3
83. 9
27.2
39.0
55.6
88.9

7.2
9.7

72.7
0

11.t
0

195
62
11
41
27
9

Regional haplotypes refer to those found only in the corresponding geographic region.
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{42]

Fig. 1. Parsimony network of Phragmites chloroplast haplotype diversity
obtained from sampling 345 populations worldwide. Each link between hap-
lotypes represents one mutational difference, following coding of indels as
single characters. Unlabeled nodes indicate inferred steps not found in the
sampled populations. Loops in the network are the result of homoplasies in
the number of repeats in some indels. The ancestral haplotype, or root of the
network, is indicated by a square. Geographic distribution of haplotypes is as
follows: North America = haplotypes A-H, S, Z, AA, I, and M; South America =
l and Y; Europe = L-O, and T; Asia/Australia = I, 1, L, M, 0, P, Q, U, W, and X;
Africa = K, M, R, and V.

Two noncoding chloroplast regions were PCR-amplified by
using the primer pairs rrnT UGU! "a" � rrnL UAA' "b" �6!
and rbcL � psaI �7! with annealing temperatures of 56 C
and 54'C, respectively. Smaller fragments were amplified in
the herbarium samples by using the primer pairs rrnT UGU!
"a"-1m TaR �'-TAGATTATTCSTCCGAGCC!, rrnL UAA'
"b"-trnLbR �'-GGAGAAGATAGAATCATAGC!, rbcL2F
�'-CGCAGCTTGTGAAATATGG! � rbcL2R �'-CGTATTT-
GATTCCATTATCGT!, and psaI2F �'-TGTCATAGAAT-
AGGTGTCTC! � psaI2R �'-GATTAGAAGGATAGAA-
AGGC!, which were designed around the variable regions found
in the larger fragments. Double-stranded PCR amplifications
were sequenced directly in both directions on an Applied
Biosystems 377 sequencer using the amplification primers and
two internal primers in the rbcL-psaI region  rpL23F 5'-
AGGTAGTAGCTGTGAATAGC and rpL23R 5 '-AGTCGAT-
GGCTATTCACAGC!. In total about 2,000 bp were sequenced
for each modern sample and 1,400 bp for herbarium samples.

Because of the high incidence of large insertion/deletion
mutations  indels!, sequences were aligned by eye with sE-
QUENcHER 4.1. Two mononucleotide repeat regions in the rrnL
region, which showed intrahaplotype length variation, were not
used when distinguishing haplotypes. Before analysis all indels
were coded as single characters to treat indels as single events
rather than multiple independent events. Where indels were
composed of several copies of a multiple-site insertion, each
copy was treated as a single unit and gaps were inserted in

2446   www.pnas.org/cgi/doi/10.1073/pnas,032477999

haplotypes with fewer copies of the indel �8!. Parsimony
networks were obtained with the software Tcs �9!, using the
algorithms of Templeton er aL �0!, Haplotype diversity mea-
sures �1!, analysis of molecular variance �2!, and an exact test
for population differentiation �3! were calculated by using
AREEQUtN 2.ooo {34!. All analyses were performed on the com-
bined data set.

Results

Based on sequencing of 283 modern samples and 62 herbarium
samples collected before 1910, a total of 27 haplotypes were
identified worldwide  Fig. 1!. Where only partial sequences
were obtained, samples were assigned to the most likely
haplotype class based on the available sequence and geo-
graphic origin. There are 26 variable characters, of which 15
are indels  four type Ia, which are mononucleotide repeats,
and nine type Ib, which are deletions or duplications of
adjacent sequences, and two type II, which are all other types
of indels �5! and 11 are base substitutions. Eleven haplotypes
are unique to North America  haplotypes A-H, S, Z, and AA!
and are considered to be native to the continent. These 11 are
distinguished from all other haplotypes by five shared indels
 two type Ia, one type Ib, and two type II!, Two haplotypes
have a widespread distribution on multiple continents  hap-
lotypes I and M!, with baplotype M being the most common
type in North America, Europe, and Asia today  Table 1!. This
type is most closely related to other haplotypes found in
Europe, Asia, and Africa  Fig, 1!. It is also the predicted
ancestral haplotype based on coalescent theory �6!,

Within North America, the exact test of population differen-
tiation indicates significant changes in haplotype frequencies
between the historical and modern samples [P < 0.001 �3!; Fig.
2]. The pre-1910 populations showed a widespread distribution
of the 11 native haplotypes across North America from New
England west to the Pacific coast  Fig. 2a!. Haplotype I, which
also is found in South America and Asia  Fig. 1!, was distributed
along the Gulf Coast. Haplotype M was found at four sites of the
62 sampled  New Haven, CT; Madison, CT; Camden, NJ;
Chesapeake Beach, MD; Fig. 2b!. In comparison, whereas the
native haplotypes and haplotype I remain throughout much of
their original range, modern populations show a striking pattern
of expansion in the range of haplotype M  Fig. 2 c and d!. This
type has replaced native types in New England and expanded to
the southeast where Phragrniles historically did not grow, It is
presently expanding to the west and becoming prevalent in the
Midwestern states,

Measures of haplotype diversity show a decline in diversity
between the historical population and the present �.80 ~ 0.04
vs. 0,58 ~ 0.04!. Further, analysis of molecular variance shows
that among-population variation accounts for a larger propor-
tion of the total variance in the historical population �5%! than
the modern population   � 9%! when compared with worldwide
populations  P   0,001!, indicating that today the genetic
structure of North American Phragmires populations is more like

'/o Regional
haplotypes '/a Haplotype I 'ya Haplotype M
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Saltonstall

and on several islands in the southern Pacific. The distribution
of this type in North America appears to be the same as the Gulf
Coast phenotype identil'icd by Pellegrin and Hauber �0! based
on isozymes. 'I'hese data support their suggestion that the
presence of this type in a wide variety of habitats across southern
North America may bc the result of the establishment of a single
genetic lineage with broad ecological tolerances that has spread
throughout thc region, However, because of its prevalcncc in
other parts of the world, it is not possible to assign haplotype I
to a category of native or introduced to North America although
its distribution remained the same between the historic and
modern samples  Fig. 2 a and c!. Given that its mostly closely
related haplotype is found only in Asia  Fig. 1!, it is possible that
haplotype I originated there but it is not known when it arrived
in North America.

Thc 11 native North American types show little change in their
distribution between thc historic and modern samples from the
Midwest to the Pacific Coast  Fig, 2a and c!. However, the three
native haplotypes that werc found in the historical sample from
southern and central New England were not detected in the
modern sample, despite resampling of all of the sites from which
19th-century herbarium specimens werc available  Fig. 3!. Fur-
ther, haplotypc AA was restricted to this region in the historical
samples and is not found in any of the modern samples. Thus, in
addition to local changes in haplotype frequencies, extinction of
Phragmites lineages may have occurred over the past century.
Native haplntypes were fnund in only two sites along thc Atlantic
coast  Allen, MD and Chance, VA! in the modern sample in
contrast to their widespread distribution throughout eastern
North America in the historic sample  Fig. 2 a and c!. The lack
of persistence of native types is surprising given thc clonal nature
of this species and suggests that haplotype M is highly compet-
itive and aggressive. This is further evidenced by the rapid
rcplacernent of native lineages by the invasivc one seen in
marshes of Connecticut and Massachuscl.ts by 1940  Fig, 3!,

lhe rapid proliferation of haplotypc M throughout the At-
lantic Coast could result 1'rom either an introduction of this type
from elsewhere or a range expansion of an existing native type.
Because this haplotype was presenl. in historical samples it is
possible that human-induced changes in the landscape or other
unidentified causes gave it an advantage that allowed it to
expand rapidly. It is more likely that an introduction of Phrag-
mites has occurred because  i! haplotype M shares none ol' the
mutations that link the 11 native North American haplotypes;  ii !
it is most closely related to EurAsian types  Fig, 1!; and  iii!
population structuring has declined significantly between the
pre-1910 and modern samples I'rom North America. This intro-
duction probably occurred sometime during the carly part of the
19th century, most likely at one or more coastal ports along the
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Atlantic coast. In the 1800s, Phragmites was documented growing
in places where ships ballast was dumped or used to fill marsh
lands being converted to railroad and shipping hubs �8!.
Because Phragmites already grew in coastal marshcs as a native
cornponcnt of the plant community and the introduced variety
showed little or no morphological differences with native types,
the establishment of non-native populations was not recognized.
After several decades of persisting in low densities, rapid ex-
pansion nf the type began and was probably facilitated by human
dispersal by means of the widespread construction ol' railroads
and major roadways across North America in the late 'l9th and
early 20th centuries. Given the aggressive patterns ot'spread scen
over the past century, it is likely that this expansion will continue
to occur into western and northern parts of thc continent, I'he
presence of native Phragmites lineages throughout these areas
will only complicate efforts to control this spread.

It has been difficult for scientists to predict whether or not a
species will become invasivc upon entering a ncw habitat �!.
Detection of cryptic invasions is critical for quantifying both the
numbers of invaders and their impacts. For spccics with wide-
spread native distributions, genetic diversity may play an impor-
tant role in their behavior when establishing at ncw sites,
Differences in physiological tolerance and behavior may give
non-native genotypes unforeseen advantages allowing them tn
proliferate and changing the genetic structure of the species.
This study presents compelling evidence of a cryptic invasion in
a terrestrial plant species. This invasion is on a scale comparable
to  if not greater than! other known wetland invaders, such as
purple loosestrife  Lythrum xalicaria! and salt cedar  Tamarix
sp.!, but appears to still be in a phase of expansion into new areas.
It is important to recognize that the structure and function of
native terrestrial communities may be influenced by both cryptic
and easily recognized invaders.
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