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ABSTRACT

Both  rediscovered  wisdom  and  recent  findings  challenge  long-standing  assumptions  about  corals,
reefs,  and research strategies. Critical issues include:   (1) The "healthy" coral reef community --  our
present concept may be  an anomalous  and unimportant environment on evolutionary time scales;  (2)
The  life  history  and  evolutionary  implications  of  clonality,  sexual  vs.  asexual  reproduction,  and
hybridization, particularly in relation to  adaptation  and acclimation;  (3)  The  potentially wide variety
and  lability  of  coral-algal  symbioses,  and  the  genetic  diversity   of  both  partners;   (4)  Carbonate
Chemistry and the benthos -C02 control of photosynthesis, COS-control of calcification; and (5) The
equivocal role of nutrients in reef development and decline. Items 2 and 3 suggest that reef communi-
ties  may  be far more  plastic  than  previously  thought;  items  4  and  5  require  rethinking  reef biogeo-
chemistry, and new levels of experimental sophistication.  The resulting picture of corals  and reefs  is
substantiauy   different  from   the   traditional   view,   with   major  implications   for  conservation   and
management as well as research.

INTRODUCTION

As the present and probable future extent of human impacts on the natural environment of the planet
become ever clearer and ever more frightening, issues, organisms, and ecosystems queue up for their
turn in  the  conservation  spotlight.    Corals  have  become  the  "doe-eyed  invertebrates"  (C.  M.  Eakin,
pers.  comm.),  and  coral  reefs  are  widely  touted  as  "rainforests  of  the  sea,"  in  emulation  of  the
terrestrial ecosystem best equipped with fan clubs,1obbyists, and websites.

Attention to environmental threats  and to the imperatives for improved understanding, conservation,
and resource management are unquestionably good.   However, with this attention come demands for
popular explanations and for management strategies and tactics that outstrip our understanding of the
system we would save.   Gaps  in scientific understanding combine with ingenuous  anthropocentrism



few mm.   In fact, sea level rise or fall of a cm/yr or more is in fact a much more "normal" envi-
ronment (Fig.  1 in Quinn (1991))--and with this change comes order-of-magnitude variations in
the shallow benthic area in which reefs can develop.   It has been suggested that up to 40%  of
present reef area may be degraded beyond recovery within 20 years  (Wilkinson  1993).   If we
assume that reef area is proportional to benthic surface area within the latitude and depth ranges
of coral reefs, then Figure  1 suggests that reef area will be 2407o less than at present at any sea
level  more  than  about  20  in  below  present  --  conditions  representative  of  >80%  of  the  last
120,OcO years !
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Figure 1 : Sea level fluctuations during the late Quaternary (lower graph) are typical of the last several
million years.   The benthic area available for reef development (0 to -20 in depth range in the 0-30°
plot, upper graph) is no more than 50% of the present value at "average" sea level, and may be as little
as  10% at extreme lowstands.

We may be fixated on reef communities  as big carbonate accumulations because:  I.)  that is what we
see now, although these accumulations result from recent anomalous sea-level history;  and, 2.) that is



what is best-preserved (rather than most representative) in the geologic record.   We suggest that these
may be extraneous and even quasi-pathological features in terms of the biological propagation of spe-
cies and communities over geologic and evolutionary time.   Like obesity; a massive reef accumulation
may be the result of remaining stationary for too long under good conditions. The focus on oceanic
reefs  in  oligotrophic  waters  has  led  to  the  perception  that reefs  closely  associated  with  continental
margins are somehow second rate -- in spite of the fact that it has been postulated that much of the
species  diversity  of corals  is  a consequence  of shelf dynamics  (Potts  1985).    The  "right  places"  to
study the survival and dynamics of reef ecosystems are more likely to be the not-quite-reefs, the sort-
of-reefs, and the used-to-be-reefs.

Wrong Questions
Wrong questions flow naturally from irrelevant contexts (= wrong places).   The erroneous assumption
that  a  specific  reef  type  represents   "health"  leads  to  research  questions  aimed  at  elucidating  the
environmental conditions  that have led to this "optimal" reef development,  but even more dangerous
a)ecause less testable) is the implicit biological assumption built into:  "How are the species that make
up this community co-adapted to enhance or stabilize this optimal assemblage?"    We suggest that the
old argument about whether the "tropics are stable because they are complex" or "tropics can afford to
be complex because they are stable" is wrong on both sides -- reef environments are not stable, and the
important question is:  "What are  all these supposedly co-adapted  organisms  doing  when  the  'optimal
assemblage' isn't around?" (Grigg and Maragos 1974).

NUTRmNTS --GooD, BAD oR uGL¥

The emphasis on "pristine" oligotrophic conditions as the fl.#e gztcz ;£o# of "healthy"  reef development
has led to  the  generalization that higher nutrient levels  are intrinsically damaging  to  coral  function.
This assertion is made (Muscatine and Porter 1977) in spite of evidence that not only can corals grow
well  at  high  nutrient  levels,  but  also  that  scleractinian  corals  can  persist  in  close  juxtaposition  to
macroalgae  that  are  commonly  regarded  as  superior competitors  in high  nutrient situations  (e.g.  the
Houtman Abrolhos Islands (Smith 1981)).

We  know  that  high-nutrient  environments  can  enhance  bioerosion,  and  in  the  past  seem  to  have
resulted  in  the  inhibition  or  destruction  of reef  and  carbonate  platfom  formations  (Hallock  1988;
Hallock and Schlager 1986) -- but this observation relates primarily to the fate of the reef community
products (carbonate accumulation), not necessarily of the organisms -- if carbonate is a waste product,
the organisms may not care much what happens to it.   We know that elevated nutrients may enhance
the competitive abinty of non-calcifying benthos, resulting in overgrowth or replacement of coral reef
communities (Grigg and Dollar  1990; Smith et al.  1981) -but we also know that this is not inevitable
(Kinsey   1991)).   Nutrient   levels   affect   the   populations   and   physiology   of  the   symbiotic   algae
(Dubinsky et  al  1990),  but  these  studies  have  generally  not  addressed  the  potential  time  scales  and
mechanisms  (e.g.,  algal exchange) involved in acclimation.   We even have available to us  an  ocean-
scale comparison experinent in the form different levels of nutrient adaptation in the Caribbean and
the Indo-Pacific @irkeland 1987; WiHdnson 1987).



The results of our nutrient preoccupation fs have been a succession of disagreements  supported on all
sides  by the results of experiments  that are neither equivalent to  each  other nor representative  of the
actual time scales and organism or community characteristics involved in real nutrient responses.

Wrong places
Short term laboratory or field experiments directly extrapolated to ecosystem scales of space, time, and
complexity (reductionist approaches require a valid model for re-integration of results).

Wrong question(s)
"What is the effect of (ambient water) nutrient concentration rates on ....... " (without regard to loading,

inventory. delivery rates, uptake rates, community structure/function, specification of time scales, etc.
etc.).

LIFE HISTORY, CLONALITY, AND REPRODUCTION

Much  biological  thinking  relative  to  coral  reef animals  comes  from  a  thoroughly  zoological  back-
ground with  emphasis  on physiological,  moxphological  and behavioral  responses  of individuals,  and
on  the  genetics  of sexually reproducing  individuals.   This  ignores  the life  history  and  evolutionary
inplications  of clonality, sexual vs.  asexual reproduction (Fautin  1996),  hybridization  (Veron  1995),
and somatic mutation, particularly in relation to adaptation and acclimation ®uddemeier et al.  1995).

Wrong (conceptual) places
(1 ) Intra-specific sexual reproduction; and
(2) Phylogenetic analysis limited to morphospecies.

It has long been recognized that corals and other reef organisms are colonial, and recent work has es-
tablished that many important reef animals are extensively clonal. These observations clearly point to
the importance of asexual or vegetative reproduction -- typically regarded by anthropoid researchers as
what  animals  resort  to  when  they  can't  have  sex.    In  fact,  these  modes  of  reproduction  and  their
combination with sexual reproduction are probably central determinants of the character of reefs and
reef organisms.  The potential for rapid build-up and transmission of somatic mutations by asexual re-
production provides a mechanism by which selection can operate within the lifetime of the organism
(Fautin  1996) or clone @uddemeier et al.  1995), as is the case with many terrestrial plants  (Gill et al.
1995).

The  process  of sexual  reproduction  has  also  been  found  to  be  much  more  flexible  than  would  be
expected  on  the  basis  of  terrestrial  zoologists'  concepts  of  a  species  as  a  reproductively  isolated
population.   Mass spawning events clearly offer opportunities for hybridization, and a growing body
of experimental evidence confirms the possibility of hybridization (reviewed by (Veron  1995), pp 83-
84).

The  existence  of  well-established  mechanisms,  both  sexual  and  asexual,  for  introduction  of  and
selection  on  genetic  diversity  in  corals  seems  at  odds  with  the  apparent  evolutionary  stability  of
scleractinian "species" based on the fossil record (Veron  1995). This apparent conflict is the result of
neglecting the reticulate nature of coral evolution; if introgression is  a common phenomenon,  then  a



species-specific focus will provide misleading results. This is exemplified by the growing realization
that what  was  once  regarded  as  single  species  may  represent  suites  of  "sibling  species"  (Knowlton
1993) -- these closely related populations may represent "evolutionary experiments" in progress, with
outcomes (recombination, extinction, or further divergence) --  and hence their ultimate phylogenetic
significance -- still uncertain (O'Hara 1993).

Why is this important? In tenestrial and temperate aquatic communities, as environmental conditions
rapidly change we see major shifts in species composition that are interpreted as shifts in community
structure and function, and evidence of responsiveness of the system  (Pimm  1991).  On reefs we see
what appear to be the same species, or complexes of species, or even assemblages of species persisting
through repeated major changes  (Jackson et al.  1993;  Pandolfi  1996),  which  is   interpreted as either
extreme stability or inability to respond.

In coral reef ecosystems the tracking of environmental changes may be by survival of some clones (or
hybrids)  over  others.  The  end  result  might  be  a  very  different  genetic  landscape  with  little  or  no
change in  apparent   species composition or relative abundance  -  metrics  we  often use to  gauge reef
health..  As long as environmental variation  stays within the tolerance range of the "extended species,"
the community  will  appear stable to  the  observer of morphospecies.    However,  the  system  may be
ramping up  to  a threshold  (which may not be  noted because  the  shifts  are  occurring  among  clones
within species or among cryptic species) at which the last available clone type can't track changes any
more,  and  a  major  restructuring  event  takes  place  apparently  triggered  by  a  small  environmental
perturbation.  This  provides  a  genetically-based  mechanism  for  catastrophic  transitions  a3uddemeier
and Hopley  1988) in reef communities.   It also raises serious questions about the ability of simple de-
scriptive community monitoring to detect trends in ecosystem health.

The questions we raise cannot be adequately addressed solely by reductionist, laboratory-based studies
of conventionally  defined  morphospecies.    We  therefore  nominate  as  generic  "Wrong  Questions"
anything that results in an answer in any of the following (implicit or explicit) formats:

(1)    By  intensive  study  of  specimens  collected  from  a  well-defined  spatial  and  temporal
regime, we have detemined the characteristics of the species to be..."

(2) "Based on the responses and characteristics of (specimens of) this species, we conclude that
scleractinian corals..."

(3)  `Through  intensive  study  of a  particular process  under  carefully  controlled  experimental
conditions we can say that corals will .... "

CORAL-ALGAL SYMBIOSES AND GENETIC DIVERSITY

Related to the problems assceiated with the extensively clonal nature of many reef organisms is how
these different clades interact with each other. Recent work indicates that there is a complex skein of
associations  between  several  lines  of  zooxantheuae  and  two  cryptic  coral  species   Q`owan  and
Knowlton   1995).  If  this  sort  of  flexibility  in  coral-algal  associations  is  general,  experiments  on
particular sets of coral+alga (termed "ecospecies" by Buddemeier and Fautin (1993)) will not give re-
sults representative of the larger suite of symbiotic associations, or of what might be occurring on reefs
where  the  lability  and  plasticity  of  the  symbiosis  could  be  more  generally  expressed  (Ware  et  al.
1996).



Much effort has been put into determining, often in a very reductionist way, "the" relationship between
algal symbionts and their hosts. The effort put into such studies would be warranted if we were certain
that the entities participating in the symbiotic relationship being studied were stable and representative
of what occurs on reefs. However, in light of the flexibility in the system, the results of these studies,
elegant  as  they  might  be,  must  now  be  viewed  with  caution  verging  on  skepticism.  A  reductionist,
laboratory-based approach to the study of symbiosis is the antithesis of what is needed to understand
the ecological and evolutionary implications of the complex and shifting confederations that may exist
between algal symbionts and invertebrate hosts.

Wrong place
For studies  of characteristics  related  to  the  algal  symbiosis,  any  host-symbiont pair that is  not fully
characterized with respect to present partners, with at least some consideration of the potential for al-
ternative partners.

Wrong questions
Same as for the preceding section (Life History, etc.), but with emphasis on failure to consider the ge-
netic, taxonomic, and functional variability in the algal partner and in host-alga interactions --- both at
one time and through time.

CARB0NATE CHENISTRY AND THE BENTHOS

It bas long been known that light- (or symbiotically-) enhanced calcification is a reality in terms of the
geology and biogeography of reef-forming organisms.   It has also long been recognized that calcifica-
tion consumes carbonate ions  and is therefore  (in the bicarbonate-dominated marine environment)  a
source of carbon dioxide (Morse and Mackenzie 1990).  It has been suspected (Smith and Buddemeier
1992;  Smith  and  Pesret  1974)  that  carbonate  saturation  state  is  a  control  on  both  organism  and
community calcification; experimental evidence confiming that is now accumulating (Agegian  1985;
Marubini and Atkinson, in prep.; Bourge et al.  1996). In spite of abundant quantitative evidence based
on past and present chemical budgets and experinents, contemporary reef researchers find it conven-
ient to ignore the critical role played by calcification and the inorganic chemistry of carbon.

Although  we  may  have  uncertain  definitions  of  reef  bealth,  we  are  reasonably  confident  that  the
transition from a calcification-dominated system to a system primarily describable in terms of organic
carbon budgets represents a major deterioration -- and probably collapse -- of   a coral reef ecosystem
(e.g.. Hughes (1994)).   Efforts to portray reefs as carbon dioxide sinks (Kayanne et al.  1995) have the
potential  to  define  as  normal  or  desirable  some  of  the  most  critical  symptoms  of  reef  decline
@uddemeier 1996).

Similarly, revisionism focused on the role of calcification (Marshall 1996) in the coral-algal symbiosis
and community structure and function has the potential to distract attention from a critical and poorly
understood environmental control on reef function  (saturation state)  that  almost certainly undergoes
significant variation on a variety  of time scales  as  a result of both natural  (Mackenzie  and Agegian
1989; Sanyal et al.  1995) and anthropogenic (Smith and Buddemeier 1992) climate change.



Wrong place(s)
Studies of symbiotic organisms that do not calcify] or that do calcify but in which no attention is paid
to the rates, mechanisms, or patterns  of calcification;  short-term community level studies  that do  not
define the system under study or scale up to community-relevant scales of space and time.

Wrong question(s)
Any questions that address (skeletal) growth or calcification rate without quantitative consideration of
the carbonate-system chemistry of the water.  Any questions that ignore the effects of either carbonate
or carbon dioxide uptake on the other component of the coral-algal carbon cycle.  Those that address a
question (e.g., climatic or geologic source-sink relationships) at an inappropriate scale (e.g., short-term
fluxes or metabolism).

SUMRARY

Phylogenetic  trees  have  been  likened  to  cartographic  maps  (O'Hara  1993)  in  that  no  single  scale,
projection,  or selection of attributes is  uniquely  true  or --  more importantly --  useful for all applica-
tions.    We  suggest that use  of coral  alpha taxonomy  based  on  host  morphology  for  addressing  the
larger issues of evolution, symbiotic  interactions,  and biogeography is  like using  a collection of city
street  maps  to  navigate  across  a  largely  non-urban  continent.    The  detail  is  so  disconnected  and
irrelevant that we end up proceeding by dead reckoning -- but we continue to cite the street maps be-
cause they are our only published authorities I

The  evidence  suggests  that  both  organisms  and  reef  communities  may  be  far  more  plastic  than
previously thought.  We suggest that the answers to how reefs and corals survive and develop is better
found by studying the range of intermediate states rather than end-members in a continuum, and that it
is  important to  recognize  that  the  environmental  conditions  we  consider  "normal"  are  in  fact  end-
members in the geological, cumatological, and evolutionary scheme of things.

It is time to rethink reef biogeochemistry, and to integrate our fragmented view of N, P, and especially
C  metabolism  over  time  and  space  scales  relevant  to  real  reef communities  and  to  organisms  not
isolated in laboratory containers. New levels of experimental sophistication are required, but this needs
to be integrative and large-scale sophistication to qualify, explain, and apply the findings of reduction-
ist science that are conventionally assumed to represent "sophistication."

There  already  exists   a  broad-brush,  "top-down"  picture  of  corals  and  reefs  that  is  substantially
different from the view based on ``bottom-up" assembly of the bits  and pieces  of individual research.
We  consider  it  an  urgent  challenge  to  develop  the  broader  view  into  an  effective  tool  for  both
conceptualization and quantitative hypothesis development, as it has major implications for conserva-
tion and management as well as research.



Figure 2:  Gullible human scientists  are easily fooled by  the distraction  displays  of cunning  inverte-
brates.
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