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Coral Reefs, Climate, and Environmental
Change

Robert W. Buddemeier

Kansas Geological Survey

In order to discuss relationships between
environmental — or climate — change and organism
or ecosystem responses, we need to define some
terms and address issues of scale. Environmental

change is what is experienced at the local level; its
causes may be local and unique, local and part of a
larger pattern of trends ("Global Change" — for
example, large-scale increases in waste dumping or
UVexposure), or the result of large scale systematic
changes (Global Climate Change, or GCC). It is
important to note that local changes resulting from
GCCare not necessarily consistent or monotonic;
some areas may become cooler even in a world that
is warmer on the average.

Many definitions of climate are possible, but for
the purposes of quantitative prediction, climate is
defined in terms of quantitative measurements of
primary physical and chemical variables over multi-
decade and global or large-region averages, with
associated statistics. To be relevant to climate issues,
biological responses must be explainable or cali
brated in these same terms. This is complicated by
scale mismatches — organisms and communities
function at a very local level, while the concept of
"climate" has an intrinsically larger scale, with severe
limitations on deterministic links to short-term or

small-scale observations.

In addition to problems of scale, efforts to use
bioindicators must contend with natural variability
and fundamental uncertainty about models and
predictions. It has been suggested that coral bleach
ing increased substantially in the Caribbean in the
1980s,that this was the result of elevated tempera
tures, and that this in rum might indicate the advent
of the greenhouse effect. Both the definition of
climate and a review of instrumental temperature
records indicate that a decade of regional observa
tions falls far short of the time and space scales
necessary to define or detect a climate trend. Fur
thermore, offshore water temperature data indicate
that any modest warming trend in the shallow water
during the 1980swas superimposed on a 40-year
cooling trend for the region as a whole. Although
climate models predict a modest tropical warming as
a result of the greenhouse effect, paleoclimate data
from past (6 ka, 125 ka) warm periods hint at cooler
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tropics. With judicious choiceof conceptual model,
any temperature trend can be interpreted as evidence
of GCC.

As a factor in globalcarbonbudgets we must
recognizethat coralreefs are insignificanton time
scales relevant to GCC; theirC02 fluxes aretrivial
compared, to anthropogenic releases. However, their
responses to climate change are interesting for
several reasons. Although reefswould appear
particularly vulnerable to climatechange because of
their restriction to warm, shallow marine environ
ments, present community structures and inventories
of organisms appearto have undergonelittlechange
throughthe repeated climateand sealevelcycles of
the Quaternary period. Detailed knowledge on
shorter time scalesis 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 scalesare relevant to the potential use
of reef communities or individual taxa as real-time
indicators of environmental stress. Equally impor
tant is theopportunity touse environmental change
asalarge-scale experimental probe to test hypotheses
aboutorganismand ecosystem responses and their
mechanisms.

Environmental factors that favor or stress reef
ecosystems are well known; Table 1 lists the stres
sors, subdivided according to whether increases in
stressover the next few decadesaremore likely to
result from changing climateor from otheranthropo
genic environmental alterations.

Table 1: Dominant Sources of Near-Term Coral
Reef Stresses

Climate

Sea lev ;1 rise**

COjChmges**

Temperature change*

Visible light

Current/ storm change

(Fresh water)

Other

Ultraviolet light**

Nutrients(*?)

Sedimentation

Turbidity

Toxics

Resource use

(Fresh water)

** global, trends monotonic
* global mean trendsmonotonic, significant spatial/
temporal exceptions

In order to assess relative importance or sensi
tivity, these same stressorsmay be categorizedby
theirprimarypathwayor mechanismof delivery to
the local reef environment. This list is given in Table
2; although not extremely rigorous,it provides a
basis for identifying signalamplification possibilities.

Table 2: Dominant Pathways of Stress Delivery

Atmospheric Hydrographic Hydrobgic

Freshwater

Temperature Sea level Nutrients
UV light Currents Sedimentation
Visible light Storms/waves Toxics
CO2 change Turbidity

From the standpoints of sensitivity, vulnerabil
ity, and monitoring, marginal environments are
particularly sensitive to change because of theirsteep
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 physicalextensions,
enclosed and/or shallow basins or shelf environ
ments. In such locales the hydrologic pathway has a
particularlyhigh signal amplification because
changesareintegrated over very large land areasand
focused (e.g., through runoff) onto the narrow coastal
zone. It is important to note that the stressors
delivered via the hydrologicpathway aregenerally
thosein 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 particularlysensitive (or
vulnerable) to theeffects of environmental change,
but will have a low specificity forclimatic variables.
In the nearterm, the suggestionis strongthat 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
reefsareprobably more sensitive to the truly climatic
component of environmental change and could serve
ascontrol sites for studies in the more complex
nearshore environment.Specific stressresponses
could be investigated on a local basis, but problems
of scale and variability would requireextensive
networks of long-term observations if signal detec
tion or "average" response determination were
desired.

45



Coral Bleaching: A Cell Biological Perspective

Leonard Muscatine
Department ofBiology
University ofCalifornia
Los Angeles, CA90024

From a cellbiologicalperspective, 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 areexposed 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 to 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 AustralianPerspective on

Environmental Change

Donald WKinsey
Great Barrier ReefMarine Park Authority

Townsville, Australia

It is

are now

media. Much

ship, examine
more

reef health

i:learthat coralbleaching and Greenhouse
i lextricably entwined, at least in thepopular

* of my talk will relate to this relation-
thepresent statusofitscredibility, and

importantly will consider theoverall status of

On

presenting
for the

protected
reef scientist
have known

this ioccasion I will beconcentrating on
theperspective oftheagency responsible

management of the world's largest, multi-use,
marinearea, not the perspective of a coral

which is therolein which many ofyou
me for so long.

Greenhouse:

• Greenhouse ischaracterised bya greater level
pfunt ertainty and higher levels ofopposed
viewpoints than mostglobalenvironmental
issues. Themore wefind out thegreater the
uncer ainties 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 forsomething tobedone,and
technicalscepticismabout the details and
realities.

• Many postulated scenarios for Greenhouse
have become enshrined as hardpredictions
which some ofusingovernment planning
have had to live with, simply because there is
nothing more definitive todisplace them.

• It wasconcluded by the Inter-Governmental
Panelpn ClimateChange(1990 Overview)
that: "Unequivocaldetection of enhanced
Greenhouse isnot likely fora decade or
more/]

• The confused situation is typified by the Male
Declaration (1989) made bypolicy setters from
small states in which it was concluded that
"small states should takeadequate measures
to protectvulnerable natural ecosystems such
ascoral reefs andmangroves" —Isuggest
that there are few measures indeed that can be
taken onthe basis ofourpresent knowledge
and we certainly do not know the time frame
within which to take them.

The Great Barrier Reef Marine Park:

TheGRBRMPark is nota national parkin the
conventional sense.Rather it is a large pieceof
submerged territory which is managed by the
Federal Government, assisted by theState of
Queensland, for balanced, sustainable multiple use.
It is350,000 km2 in extent; includes essentially allof
the eastern continental shelf north of 23°N;contains
nearly3000 separatereefs, 120 vegetated islands of
reefal origin, and600 high islands; has the largest
tidal regine ofanyreef system (spring tidal range
from 3 mto6m); has typically strong currents and
wind fields, andthe associated frequently rough
conditions; hasnever been the site for significant
subsistence use byman; andisadjacent toa large
continent and subjected to all its natural and anthro
pogenic inputs.TheGBRMP hasa highprofile on the
world scene but in actual fact contains onlyabout3%
oftheactual reef area of theworld (compare with the
Caribbean which has about 9%).

The commercial value (without multipliers) of
theGBR Region isapproximately $1000 million, with
$300-400 million from offshore and island tourism
and recreation, $100-200 million from commercial
fishing, and the majorityof the remainderfrom
onshore tourism.

Management of theGBRMP is primarily by
zoning for preferred patterns of use. This overall
strategy iscombined with special management plans
for areas requiring specific attention, and a permit
system for allcommercial users. The principal
vehicle for implementation and achieving compli
ance iseducation, and the GBRMPAuthority spends
much of itseffort and budgetin working withuser
groups and the general public to achieve this.
However, enforcement is used as a last resort when
clearly necessary.

Environmental Problems in the GBR:

Theenvironmental problemswith whichthe
Authority has tocope, inorder ofprobable long term
significance:

• PERCEPTIONS. Publicopinion and the
opinionsof specific interestgroups almost
certainly pose the greatest "environmental"
problem for the GBRMPA. This situation is
greatlyaggravatedby the fact that such
perceptions are so oftenverypoorlysup
ported in fact. The vicarious users (media
exposure only) constituteperhaps thebiggest
"lobby" group, and the least balanced in
overall understanding.

• Nutrientbuild-up—agricultural practice
and urban development/sewage
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• 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 sea level? — and what can we do about
it anyway?

There is certainly a growingbody of opinion
that reefsare generally showing signs of growing
stress. It is, however, a still a strong tendency of
many scientists to resistthese"conclusions." As it
becomes more fashionable to seek environmental
problems, it is obvious that we will find them — or
moreimportantly,reportthem.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 universallyinvoked 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 tenuouslybased of our serious concerns. Such
stressis likely to be even more severe throughout
much of the 50% of the world's reefs occurring in SE
Asiabut unfortunately the hard evidence is very
poorly documented for thatregion. Evenmore
uncertain is the likelihood ofGreenhouse enhance

ment of nutrient build-up. Opinion is extremely
divided on whether significantly increasedrun-off
will be of other than very localised significance along
tropical coasts.

The Specific Matter of Bleaching:

Particularly becauseof Peter Glynn's work with
bleaching in Pacific Panama and elsewhere,it is clear
that bleachingcan result from elevated temperature,
and that this may result from el Nifto events. But
does this have anything to do with climate change?Is
bleachingreallygetting more common or arewe just
much more aware of it because of the efforts of such
dedicated information collation networks as that of

BertWilliams? How many of the bleaching events
reported really correlate with elevatedtemperature?
— 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 elevatedtemperatures for considerable
periods of theyear withoutbleaching, eg'Arabian
Gulf, 36-39°; One Tree Is. GBR, 33°+ every mid
summerdaytime low tide on the reef flat (in the
same place that also tolerates 16-19° on winter night
low tides).We probablyassume that this is because
of adaptation of thespecies present to these unusual
conditionsover very extended time. How abrupt,
and more importantly how patchy orlocalised will
Greenhouse temperatures be?Jokiel andColes
suggest that 50yrorsowillnotbe longenough for
suchadaptation. But is 50-yrthe time scale for
significant global change?

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

Is temperature the most commoncauseof
bleaching? Certainly, the southernGBR has long
experienced bleaching from extremelow tempera
ture in winter. Low salinityon the inner reef tract in
the GBRresulting from floods from hurricane
deluges causes spectacular bleaching. Thisbleaching
couldeasilyand mistakenly be attributed to high
temperature a fewdays 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 tobeexpected duringGreenhouse
climatechange. The acuteeffects of these occurrences
areobviousand quite well understood. Also we
know thatrecovery canbe vigorousand rapid in the
best circumstances. But what if this damage occurs
onreefs already "sick" (i.e. subjected to appreciable
chronic anthropogenic stressessuch as nutrient
buildup and/or sedimentrunoff)? We canthen
confidentlypredict a much lessoptimisticscenario.
Will storms and runoff really increaseappreciablyin
the tropics during Greenhouse? On the basis of
present prediction, thisseems only marginally likely
ona global scale, though it mightbeconsiderable in
particularlocalised areas.

Stress Response:

It is important always to bearin mind the subtle
andsynergistic ways in whichstresses affect reef
systems. Chronic stresses maybe tolerated for very
long periodsof 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 previouslytolerated
chronic stresses, theremay beanalmostcomplete
failure to recover to the status of a normal reef
ecosystem.

Greenhouse Summary:

Overall, it is my personal opinion thatreefswill
provetobe "well" enough to cope with Greenhouse
changes,averaged out over the whole of the world's
reefs. I believethat sea levelrisewill provebeneficial,
temperatureincreases will be tolerated and adapted
to, and that storminess will not increase to the level
of becomingintolerable. The totallyunanswered, and
perhapsunanswerable, questions concern the extent
to which y*e may expect local, extreme, and intoler
able anomalies in theoverall climate change pattern.

The Great Barrier Reef Marine Park Authority
Position:

We presently believe that the issue most likely
to proveof greatest consequence to the long term
health of the GBR in the foreseeable future is that of
nutrientbuild-up.This is not because of any total
confidence that there is conclusive evidence,but
because of theverywell established perception that
there isa problem, and consequently a pressing need
forits 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 weneed toknowassoon as possible is:
• What levels of nutrients and resulting
planktonetc are present?

• What are the trends in these levels?

• Arethese levels and trends directly anthropo
genic?

• What are thelikely effects of nutrient input
on reefs?

• 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 haseffectivecontrols 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-termprograms
of researchto consider responses and trends in coral
reefsto allaspects of environmentalchangeand
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 programscan only be at a government/
government agency level as no individual scientist or
arguablyany university is in a position to consideror
administer suchcommitment. Notwithstanding the
implied departure from theconventional principal
investigator/peer reviewsystem, suchglobal envi
ronmental monitoring effortmust havethesupport
of the significant scientists in the coral reef sciences.
Ultimately the scientific community asa whole must
benefit from the existence of the resulting longterm
data base. There is nootherway we can everexpect
really to come to grips with the impactof environ
mentalvariability, climatechange, 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 helpingto formulate managementand research
strategies for the Great BarrierReef 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.

• Are

GBR?
these effects already in evidence in the

Obviously, there issome knowledge from
Australia and elsewhere about each of these issues.
However,it is hopelessly inadequate. Initiatives are
being taken in Australia and wedosee some hope
for ourinformation base in thereasonably near
future:

i

• Public awareness of a problem has greatly
increased

• The farming sector isreacting with positive
concern

• The "Decade of Land Care" isserving asa
very good umbrella
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