














tropics. With judicious choice of conceptual model,
any temperature trend can be interpreted as evidence
of GCC.

As a factor in global carbon budgets we must
recognize that coral reefs are insignificant on time
scales relevant to GCC; their CO, fluxes are trivial
compa to anthropogenic releases However, their
responses|to climate change are interesting for
several reasons. Although reefs would appear
particularly vulnerable to climate change because of
their restriction to warm, shallow marine environ-
ments, present community structures and inventories
of orgamsms appear to have undergone little change
through the repeated climate and sea level cycles of
the Quaternary period. Detailed knowledge on
shorter hme scales is limited to the very few decades
of intensive observations in the post-SCUBA era, but
chemical and physical records of reef environments
contained in annual skeletal growth bands have the
potential to extend retrospective studies to time
scales of centuries. Environmental response charac-
teristics on all scales are relevant to the potential use
of reef communities or individual taxa as real-time
indicators |oi‘ environmental stress. Equally impor-
tant is the opportunity to use environmental change
as a large-scale experimental probe to test hypotheses
about organism and ecosystem responses and their
mechanisms.

Environmental factors that favor or stress reef
ecosystemis are well known; Table 1 lists the stres-
sors, subdivided according to whether increases in
stress over the next few decades are more likely to
result from changing climate or from other anthropo-
genic environmental alterations.

Table 1: Dominant Sources of Near-Term Coral

Reef Stresses
Climate Other
Sea level rise™ Ultraviolet light**
CO, changes** Nutrients(*?)
Temperature change* Sedimentation
Visiblellight Turbidity
Currenit/ storm change Toxics
(Fresh water) Resource use

(Fresh water)

** global, trends monotonic
* global mean trends monotonic, significant spatial/
temporal exceptions
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In order to assess relative importance or sensi-
tivity, these same stressors may be categorized by
their primary pathway or mechanism of delivery to
the local reef environment. This list is given in Table
2; although not extremely rigorous, it provides a
basis for identifying signal amplification possibilities.

Table 2: Dominant Pathways of Stress Delivery

Atmospheric Hydrographic Hydrologic
Freshwater

Temperature  Sea level Nutrients

UV light Currents Sedimentation

Visible light Storms/waves  Toxics

CO; change Turbidity

From the standpoints of sensitivity, vulnerabil-
ity, and monitoring, marginal environments are
particularly sensitive to change because of their steep
gradients and physical constraints. Coastal zones are
a particularly good example of such environments,
and a large fraction of the world’s coral reefs occur
within coastal zones or their physical extensions,
enclosed and/or shallow basins or shelf environ-
ments. In such locales the hydrologic pathway has a
particularly high signal amplification because
changes are integrated over very large land areas and
focused (e.g., through runoff) onto the narrow coastal
zone. It is important to note that the stressors
delivered via the hydrologic pathway are generally
those in the “other” (non-GCC) source category.

This analysis leads to the conclusion that reefs in
proximity to land masses or in relatively shallow or
enclosed basins will be particularly sensitive (or
vulnerable) to the effects of environmental change,
but will have a low specificity for climatic variables.
In the near term, the suggestion is strong that local
and regional effects of population growth, land use,
etc., will have more effect on reefs than the more
distributed and gradual climatic changes. Oceanic
reefs are probably more sensitive to the truly climatic
component of environmental change and could serve
as control sites for studies in the more complex
nearshore environment. Specific stress responses
could be investigated on a local basis, but problems
of scale and variability would require extensive
networks of long-term observations if signal detec-
tion or “average” response determination were
desired.



Coral Bleaching: A Cell Biological Perspective

Leonard Muscatine
Department of Biology
University of California
Los Angeles, CA 90024

From a cell biological perspective, coral bleach-
ing (i.e. loss of zooxanthellae) may be viewed gener-
ally as a problem in the regulatory biology of algae-
invertebrate symbiosis.

The population density of zooxanthellae in reef-
building corals is often constant and predictable
within a species. It may be regulated before or after
the the zooxanthellae undergo mitosis. Premitotic
regulation may be achieved by nutrient limitation or
selective release of zooxanthellae metabolites.
Postmitotic regulation may be result from digestion
or release of excess zooxanthellae. Population density
may also be deregulated. For example, sustained
exposure to inorganic nutrients causes a dramatic
increase in zooxanthellae population density (“up
regulation”). In contrast, temperature extremes, low
salinity, and ultraviolet radiation cause release of
zooxanthellae (“down regulation”). Coral bleaching
may then be viewed as a problem in down regulation
of population density of zooxanthellae. The cell
biologist asks “What are the signal transduction
phenomena associated with down regulation of
population density of zooxanthellae?” To answer this
question, a case study of bleaching in the tropical sea
anemone Aiptasia pulchella and selected reef corals is
described. In this study we examine bleaching in
response to low and high temperature.

When the tropical sea anemones Aiptasia
pulchella and A. pallida are exposed briefly to subnor-
mal temperatures (i.e. cold-shocked), and then
rewarmed to ambient temperatures, they release
substantial numbers of zooxanthellae. Release varies
with cold shock temperature and duration. A four-
hour cold shock at 4° evokes release of 40 - 55% of
the zooxanthellae after 12 hours, and in some cases
up to0 97% in 72 hours. As shock temperature in-
creases to about 16°C,, fewer zooxanthellae are
released. Above about 16°C, and up to 28°C, the
response is similar to that of unshocked controls.
Release is greater at 4° and 10° if the duration of
exposure is extended up to about 7 - 8 hours. Longer
cold shock duration elicits no additional release.
Rewarming to at least 17 . 5°C. is essential for evok-
ing maximum release. Eleven species of scleractinian
corals from the Seychelles Islands, St. Croix, and
Hawaii also released zooxanthellae after a four-hour
cold shock between 12° and 18°C. Release at 12°
ranged from about 20 to 75% after 12 hours, depend-
ing on species, geographic location, duration of cold

shock. Similarly, at elevated temperatures (32°C. ), a
seven hour exposure is sufficient to evoke release of
zooxanthellae.

The mode of release is unique. The sea anemone
A. pulchella and the coral Pocillopora damicornis release
whole endoderm cells with their zooxanthellae. The
phenomenon is interpreted as the result of cell
adhesion dysfunction brought on by the temperature
extremes.

How might temperature extremes evoke cell
adhesion dysfunction? We hypothesize that tempera-
ture perturbations cause membrane thermotropic
effects in host cells. This leads to failure of ion pumps
and then passive flux of ions. Calcium influx is
known to cause collapse of elements of the
cytoskeleton, and concomitant dysfunction of cell
adhesion molecules. In preliminary tests of this
hypothesis, we have observed release of host cells at
normal maintenance temperatures with pharmaco-
logical agents that elevate intracellular calcium ion
concentration.
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Systems Level Management, Monitoring, and
Research: The Australian Perspective on
Environmental Change

i Donald W Kinsey
Great Barrier Reef Marine Park Authority
Townsville, Australia

It is clear that coral bleaching and Greenhouse
now inextricably entwined, at least in the popular
ch of my talk will relate to this relation-
ine the present status of its credibility, and
rtantly will consider the overall status of

On d’nis occasion [ will be concentrating on
presentink the perspective of the agency responsible
for the management of the world’s largest, multi-use,
protected | marine area, not the perspective of a coral
reef scientist which is the role in which many of you
have known me for so long.

Greenhouse:

* Greenhouse is characterised by a greater level
of uncertainty and higher levels of opposed
viewpoints than most global environmental
issues. The more we find out the greater the
uncertainties seem to become.

* Bob Buddemeier (Reef Encounters, 1990) has
suggested that we currently seem to have the
greatest separation between the political and
public push for something to be done, and
technical scepticism about the details and
rcaliti,es.

* Many postulated scenarios for Greenhouse
have become enshrined as hard predictions
which some of us in government planning
have had to live with, simply because there is
nothing more definitive to displace them.

. it was concluded by the Inter-Governmental
Panel pn Climate Change (1990 Overview)
that: “Unequivocal detection of enhanced
Greenhouse is not likely for a decade or
more."|

* The confused situation is typified by the Male
Declarfation (1989) made by policy setters from
small states in which it was concluded that
“smallistates should take adequate measures
to protect vulnerable natural ecosystems such
as coral reefs and mangroves” — I suggest
that there are few measures indeed that can be

~ taken on the basis of our present knowledge
and we certainly do not know the time frame
within which to take them.
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The Great Barrier Reef Marine Park:

The GRBRMPark is not a national park in the
conventional sense. Rather it is a large piece of
submerged territory which is managed by the
Federal Government, assisted by the State of
Queensland, for balanced, sustainable multiple use.
Itis 350,000 km?in extent; includes essentially all of
the eastern continental shelf north of 23°N; contains
nearly 3000 separate reefs, 120 vegetated islands of
reefal origin, and 600 high islands; has the largest
tidal regine of any reef system (spring tidal range
from 3 m to 6 m); has typically strong currents and
wind fields, and the associated frequently rough
conditions; has never been the site for significant
subsistence use by man; and is adjacent to a large
continent and subjected to all its natural and anthro-
pogenic inputs. The GBRMP has a high profile on the
world scene but in actual fact contains only about 3%
of the actual reef area of the world (compare with the
Caribbean which has about 9%).

The commercial value (without multipliers) of
the GBR Region is approximately $1000 million, with
$300-400 million from offshore and island tourism
and recreation, $100-200 million from commercial
fishing, and the majority of the remainder from
onshore tourism.

Management of the GBRMP is primarily by
zoning for preferred patterns of use. This overall
strategy is combined with special management plans
for areas requiring specific attention, and a permit
system for all commercial users. The principal
vehicle for implementation and achieving compli-
ance is education, and the GBRMPAuthority spends
much of its effort and budget in working with user
groups and the general public to achieve this.
However, enforcement is used as a last resort when
clearly necessary.

Environmental Problems in the GBR:

The environmental problems with which the
Authority has to cope, in order of probable long term
significance:

* PERCEPTIONS. Public opinion and the
opinions of specific interest groups almost
certainly pose the greatest “environmental”
problem for the GBRMPA. This situation is
greatly aggravated by the fact that such
perceptions are so often very poorly sup-
ported in fact. The vicarious users (media
exposure only) constitute perhaps the biggest
“lobby” group, and the least balanced in
overall understanding,.

* Nutrient build-up — agricultural practice
and urban development/sewage



» Effects of all forms of fishing
» Crown of thorns starfish
» Effects of tourism

It should be noted particularly that I have not
included either coral bleaching or Greenhouse.

Reef Health:

Are the GBR reefs sick today? Are the world’s
reefs sick today? — are they “running a tempera-
ture”? Are reefs well enough to respond to a rising
Greenhouse sca level? — and what can we do about
it anyway?

There is certainly a growing body of opinion
that reefs are generally showing signs of growing
stress. It is, however, a still a strong tendency of
many scientists to resist these “conclusions.” As it
becomes more fashionable to seek environmental
problems, it is obvious that we will find them —or
more importantly, report them. Thus the search for
“signs” is, by its very nature, self-fulfilling. The
considerable division of opinion on reef health is just
as marked in Australia as elsewhere, with well
established reef scientists covering the whole spec-
trum of opinion.

Probably the most universally invoked stress for
reef systems of the world is nutrient build up in
inshore waters attributable to anthropogenic sources.
This has received considerable attention in the GBR,
Florida, and the Caribbean. Yet it is probably the
most tenuously based of our serious concerns. Such
stress is likely to be even more severe throughout
much of the 50% of the world'’s reefs occurring in SE
Asia but unfortunately the hard evidence is very
poorly documented for that region. Even more
uncertain is the likelihood of Greenhouse enhance-
ment of nutrient build-up. Opinion is extremely
divided on whether significantly increased run-off
will be of other than very localised significance along
tropical coasts.

The Specific Matter of Bleaching:

Particularly because of Peter Glynn’s work with
bleaching in Pacific Panama and elsewhere, it is clear
that bleaching can result from elevated temperature,
and that this may result from el Nifio events. But
does this have anything to do with climate change? Is
bleaching really getting more common or are we just
much more aware of it because of the efforts of such
dedicated information collation networks as that of
Bert Williams? How many of the bleaching events
reported really correlate with elevated temperature?
— and if they do, what reasons do we have to
correlate those particular warm water events with
overall global warming?

We know that reefs in many parts of the world
tolerate very elevated temperatures for considerable
periods of the year without bleaching. eg Arabian
Gulf, 36-39°; One Tree Is. GBR, 33°+ every mid-
summer daytime low tide on the reef flat (in the
same place that also tolerates 16-19° on winter night
low tides). We probably assume that this is because
of adaptation of the species present to these unusual
conditions over very extended time. How abrupt,
and more importantly how patchy or localised will
Greenhouse temperatures be? Jokiel and Coles
suggest that 50 yr or so will not be long enough for
such adaptation. But is 50-yr the time scale for
significant global change?

I suggest that we simply do not know how
patchy temperature increases will be, and we cer-
tainly know too little yet to predict the probability of
generalised coral bleaching resulting from tempera-
ture increase whether or not caused by global
warming.

Is temperature the most common cause of
bleaching? Certainly, the southern GBR has long
experienced bleaching from extreme low tempera-
ture in winter. Low salinity on the inner reef tract in
the GBR resulting from floods from hurricane
deluges causes spectacular bleaching. This bleaching
could easily and mistakenly be attributed to high
temperature a few days later when the flood plume
has cleared and hot, still monsoonal conditions have
reestablished.

Storms and Runoff:

Increased storminess and runoff are one of the
possible changes to be expected during Greenhouse
climate change. The acute effects of these occurrences
are obvious and quite well understood. Also we
know that recovery can be vigorous and rapid in the
best circumstances. But what if this damage occurs
on reefs already “sick” (i.e. subjected to appreciable
chronic anthropogenic stresses such as nutrient
buildup and/or sediment runoff)? We can then
confidently predict a much less optimistic scenario.
Will storms and runoff really increase appreciably in
the tropics during Greenhouse? On the basis of
present prediction, this seems only marginally likely
on a global scale, though it might be considerable in
particular localised areas.

Stress Response:

Itis important always to bear in mind the subtle
and synergistic ways in which stresses affect reef
systems. Chronic stresses may be tolerated for very
long periods of time with little outward sign. Acute
events cause obvious death and destruction but, in
isolation, are likely to be followed by quite rapid
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recovery. However, where an acute event occurs in
the presence of pre-existing and previously tolerated
chronic stresses, there may be an almost complete
failure to recover to the status of a normal reef
ecosystem.

Greenhouse Summary:

Overall itis my personal opinion that reefs will
prove to be “well” enough to cope with Greenhouse
changes, averaged out over the whole of the world’s
reefs. beheve that sea level rise will prove beneficial,
temperature increases will be tolerated and adapted
to, and that storminess will not increase to the level
of becommg intolerable. The totally unanswered, and
perhaps unanswerable, questions concern the extent
to which we may expect local, extreme, and intoler-
able anomalies in the overall climate change pattern.

The Great Barrier Reef Marine Park Authority
Position:

We presently believe that the issue most likely
to prove of greatest consequence to the long term
health of?he GBR in the foreseeable future is that of
nutrient qunld-up This is not because of any total
conﬁdence that there is conclusive evidence, but
because oF the very well established percephon that
there is a problem, and consequently a pressing need
for 1ts resolution. We believe that this stress, if
proven to|be real, is on a time scale which makes
overall climate change of distinctly secondary
significance to the Reef.

What we need to know as soon as possible is:

* What levels of nutrients and resulting
plankton etc are present?

° What are the trends in these levels?

* Are these levels and trends directly anthropo-
gemc’

* What are the likely effects of nutrient input
on reefs?

* Are these effects already in evidence in the
GBR?|

Obviously, there is some knowledge from
Australia and elsewhere about each of these issues.
However, it is hopelessly inadequate. Initiatives are
being taken in Australia and we do see some hope
for our information base in the reasonably near
future:

* Public awareness of a problem has greatly
increased

* The farmmg sector is reacting with positive
concern

* The “Decade of Land Care” is serving as a
very good umbrella
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* The Queensland Dept. of Primary Industries
has initiated coordination of research effort
considering agricultural runoff

¢ There is considerable concern from the
agricultural chemicals industries

¢ The GBRMPA has in place useful but still
inadequate R&M programs

¢ The GBRMPA has effective controls by
permit on direct discharges

What is the Immediate Need?:

There is an immediate and urgent need for the
GBRMPA and the coral reef communities of the
world to initiate comprehensive, long-term programs
of research to consider responses and trends in coral
reefs to all aspects of environmental change and
anthropogenic influence, both long and short term. It
is totally unnecessary, and in fact very unwise to
focus primarily on coral bleaching or long term
climate change.

What we need is:

* MONITORING, AND MORE MONITOR-
ING!

* on all spatial scales
* on all time scales
* and with very long term commitment

In my opinion, the commitment to such moni-
toring programs can only be at a government/
government agency level as no individual scientist or
arguably any university is in a position to consider or
administer such commitment. Notwithstanding the
implied departure from the conventional prmmpal
investigator/peer review system, such global envi-
ronmental monitoring effort must have the support
of the significant scientists in the coral reef sciences.
Ultimately the scientific community as a whole must
benefit from the existence of the resulting long term
data base. There is no other way we can ever expect
really to come to grips with the lmpact of environ-
mental variability, climate change, or, in fact, the
global significance of coral bleaching, than to have
data extensive in time and space.

The Present Miami Workshop:

It is my hope to gain from this meeting a better
perspective of the current global status of reef
problems; information which will be of value to me
in helping to formulate management and research
strategies for the Great Barrier Reef Marine Park; and
a commitment from the participants to the need for
long term, world-wide monitoring programs fo-
cussed on all aspects of coral reefs in the context of
environmental change.





