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I n the simplest sense, coral reefs are wave-resistant piles of 
limestone and calcareous sediments built by a thin veneer of 
living organisms (Hubbard 1997). But these piles are of great 
ecological and resource significance for their massiveness, ex- 
tremely high biodiversity, and distinct trophic structure and 
primary production. Reefs grow most prolifically in clear, 
warm, shallow, and nutrient-poor waters of the western trop- 
ical Atlantic and Indo-West Pacific, and more poorly in the 
eastem Pacific and eastern Atlantic where upwelling and 
high planktonic productivity inhibit reef development (Adu- 
tuv and Dubinsky 1990). Scleractinian corals, hydrocorals, 
and coralline red algae are the primary framework construc- 
tors of coral reefs, although a host of other algae and inverte- 
brate phyla also contribute to reef mass. 

The scale of reefs is enormous, and they are the largest 
durable bioconstruction projects on earth. The Panama Canal 
is still one of the most significant human construction pro- 
jects, but it is paltry by comparison with the unexceptional 
coral reefs along the Caribbean coast of Panama. Moreover, 
modem reefs are only youngsters-less than 10,000 years 
old-because older reefs were drowned by the rapid Holo- 
cene rise in sea level (Hubbard 1997). Over the longer term of 
millions of years, even small atolls like Enewetak have accu- 
mulated 2- to 3-km-thick piles of limestone, just as Darwin 
(1842) predicted. 

There are two aspects of the scale of reef bioconstruction 
that define the ecological setting for everything else in this 
chapter. First, reefs determine the physical structure of the 
coastline and that of adjacent environments and ecosystems 
(Ogden 1997). Wherever they co-occur, reefs are the protec- 
tive barrier against the sea for seagrass beds (see Williams 
and Heck, Chapter 12, this volume) and mangroves (see Elli- 
son and Farnsworth, Chapter 16, this volume), just as man- 

groves and seagrasses trap and stabilize runoff from the land 
and thereby prevent reefs from being drowned in sediments. 
These linkages can also have negative effects; for example, 
contaminated sediments continued to kill offshore reef corals 
for years after a large oil spill killed the mangroves along the 
central Caribbean shoreline of Panama (Jackson et al. 1989; 
GuzmAn et al. 1994). Thus, in a very real sense the actual habi- 
tats as well as all their inhabitants are alive. 

The second major point about bioconstruction is that the 
apparent physical stability of reefs belies an underlying nat- 
ural turmoil of growth, death, and destruction of calcareous 
organisms (Glynn 1997; Hallock 1997; Hubbard 1997). Much 
like a modern city, reefs are constantly being rebuilt and tom 
down at the same time. Corals are the bricks, broken pieces 
of plant and animal skeletons the sand, and algal crusts and 
chemical cements the mortar. The production, accumulation, 
and cementation of all this calcareous material into solid 
limestone determine reef growth. Destruction is due to storm 
damage and even more to pervasive grazing and excavation 
by organisms. The key point is that even small changes in 
rates of construction or destruction may cause big increases 
or decreases in reef mass. For example, eastern Pacific reefs 
virtually disappeared after the strong El Nifio of 1983 due to 
coral death and intense bioerosion (Glynn and Colgan 1992). 
This fragility also scales up in geological time; the history of 
reefs over the past half billion years is punctuated by long 
episodes of little or very different kinds of reef development 
that were modulated by shifts in oceanographic regimes 
(Hallock 1997; Wood 1999). 

Coral reefs are the most taxonomically diverse of all ma- 
rine ecosystems, but the nature and extent of this diversity is 
known only in the broadest outlines for most groups (Paulay 
1997). Coral reefs probably contain at least a million species, 
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but fewer than 100,000 of these have been described (Reaka- 
Kudla 1997). Our ignorance of the extent of biodiversity on 
coral reefs is not limited to obscure, poorly studied phyla; 
taxonomic uncertainty hinders ecological understanding in 
many corals, sponges, mollusks, and crustaceans (Knowlton 
and Jackson 1994). The widespread occurrence of sibling 
species in groups that have been genetically analyzed (Knowl- 
ton 1993,2000) suggests that much diversity remains to be 
documented. 

One can in many cases ignore this cryptic biodiversity by 
concentrating on "guilds" or functional groups (Jackson 
1977,1979; Steneck and Watling 1982; Steneck and Dethier 
1994; Mumby and Harborne 1999). For example, studies of 
the replacement of corals by macroalgae capture the essence 
of this ecological phenomenon even if the species composi- 
tions of these two groups are ignored. Studies of the repro- 
ductive ecology of reef organisms, on the other hand, are seri- 
ously compromised by ignoring species boundaries, because 
individual organisms recognize such distinctions even if sci- 
entists currently do not. The importance of subtle ecological 
differences between morphologically similar forms is largely 
unknown in most specific cases, although we favor the view 
that overly conservative taxonomy has obscured the extent to 
which species are ecologically specialized and biogeographi- 
cally limited (Knowlton and Jackson 1994). 

With that caveat in mind, we organize this chapter from 
the bottom up, moving from the individual organisms them- 
selves, to the interactions involving competition, consump- 
tion, disease, and to the physical disturbances affecting reef 
organisms. We then consider coral reefs as communities and 
ecosystems, and the Phanerozoic history of coral reef devel- 
opment. We conclude with a discussion of the future of reefs 
in the face of massive anthropogenic impacts. We draw most 
of our examples from the Caribbean and the Great Barrier 
Reef because of our greater familiarity with these systems. 

THE MAJOR PLAYERS ON CORAL REEFS 

Coral Animals 
Two groups of anthozoans are important reef builders: the 
true stony corals (Anthozoa, Scleractinia) and stony hydro- 
zoans (especially the Milleporina). Like other cnidarians, 
members of these groups contain nematocysts, which may be 
used in the capture of prey (zooplankton), as well as in de- 
fense. Many, however, rely nutritionally to varying degrees 
on their symbiotic dinoflagellates. 

Most reef-building corals are clonal, and many form sub- 
stantial colonies consisting of numerous interconnected 
polyps. Clonal organisms are defined by their ability to en- 
gage in asexual as well as sexual reproduction; growth and 
asexual reproduction are often equivalent in these groups 
(Jackson 1977; Jackson and Coates 1985). Asexual reproduc- 
tion can also result in the establishment of genetically identi- 
cal individuals at new locations on a reef. Corals have several 
different modes of asexual propagation (Kramarsky-Winter 

and Loya 1996; Kramarsky-Winter et al. 1997; Richmond 
1997), but the most common form in corals is fragmentation, 
particularly in species with branching growth forms (High- 
smith 1982; Richmond 1997). Fragments may be produced by 
predation, bioerosion or waves, and subsequently dispersed 
by currents or wave action. Many fragments fail to success- 
fully reattach to the bottom, but the probability of survival for 
asexual fragments is much greater than that of sexual pro- 
pagules because the former are so much larger (Hughes 1985). 
Physiologically isolated colonies can also be produced by 
partial mortality and lost by fusion. Together with the more 
conventional processes of sexual recruitment and whole- 
colony death, these various mechanisms of colony creation 
and disappearance lead to complex life history matrices in 
which size and age are decoupled (Figure 15.1) (Hughes and 
Connelll987). 

Most corals also reproduce sexually (Figure 15.2) and, like 
many other groups of marine invertebrates, have an enor- 
mous array of reproductive alternatives (Harrison and Wal- 
lace 1990). These include selfing versus outcrossing, her- 
maphroditism versus separate sexes (gonochorism), brooding 
versus broadcasting of eggs, short versus long reproductive 

Figure 15.1 (A) Aclonal and (B) clonal life histories represented 
schematically in terms of individual size, with the arrows indicating 
all possible transitions among size classes and mortality. (Diagram 
courtesy of T. Hughes.) 
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Figure 15.2 Release of eggsperm bundles by the coral Monfustrueu 
fuveolufu. (Photo courtesy G. J. Gast.) 

seasons, and limited versus wide dispersal of young. These 
different options, together with asexual reproduction, have 
important ecologcal as well as genetic consequences (Knowl- 
ton and Jackson 1993). 

Sexual reproduction involves the union of egg and sperm 
to produce a zygote. Corals release sperm into the water. 
Eggs may also be released, or they may be retained in the 
mother until after fertilization. In either case, success in fertil- 
ization is strongly influenced by the distance between mates. 
For example, percentages of fertilization can be close to zero 
for corals greater than 2 m apart (Morse et al. 1996). These 
data suggest that coral species may be subject to strong Allee 
effects and experience nearly complete reproductive failure 
when they become rare (Levitan 1998). 

Sessile forms rely on close synchronization in their repro- 
ductive output in order to maximize the probability of fertil- 
ization (Oliver and Babcock 1992). However, coral reproduc- 
tion is often synchronized not only within species but also 
between them (Harrison et al. 1984; Richmond 1997). On the 
Great Barrier Reef, where mass spawning was first discov- 
ered, over one hundred species reproduce during a single 
one-week period each year, and slicks of gametes and larvae 
that extend for hundreds of meters can be seen from the air 
after spawning occurs (Oliver and Willis 1987). One of the 
consequences of community-wide mass spawning may be 
the swamping of potential predators on eggs and larvae, al- 
though the phenomenon may simply reflect multispecific 
use of common cues (Levitan 1998). 

Although many coral species release unfertilized eggs or 
zygotes and engage in mass spawning, others brood fertil- 
ized eggs and release them as planula larvae. Most brooders 
do not participate in annual mass spawning events, but re- 
lease their larvae on a lunar cycle. Their reproductive season 
varies in length from a few months to year round. All brood- 
ed larvae contain symbiotic algae from their mother, while 
most eggs and zygotes released in mass spawning species do 
not (Richmond 1997). Brooding is proportionately much more 
common in the Caribbean than in the Indo-Pacific and Red 

Sea, and seems to be associated with a somewhat weedy life- 
style, small colony size, or specialized environmental condi- 
tions (Knowlton and Jackson 1993; Shlesinger et al. 1998). 
These are also the only corals that appear to self-fertilize at 
high rates (Carlon 1999). 

The potential for dispersal of asexual, brooded, and 
broadcast propagules varies widely (Jackson 1986). Typically, 
fragments have the most limited dispersal and small larvae 
produced by broadcast spawners the greatest. It has been ar- 
gued that the zooxanthellae of brooded coral larvae allow 
them to travel long distances. However, brooded offspring of 
most marine invertebrates typically settle very close to their 
parents (eg., Olson 1985), and this is likely for corals as well. 
Nevertheless, rare long-distance dispersal events could be 
important in range expansions and recolonization following 
local extinction. Rafting of recruits attached to floating debris 
also may lead to very long distance movements (Jokiell984). 
Unfortunately, as with most marine organisms, we know al- 
most nothing about the actual distribution of dispersal dis- 
tances for coral reef animals and plants. Such information is 
crucial for determining the extent to which populations on 
different reefs are interconnected ecologically and genetically 
by dispersal (Benzie 1999), and their potential, for example, 
to behave according to the dynamics of metapopulations 
(Stone et al. 1996; Mumby 1999). 

Factors that influence settlement behavior of coral larvae 
on reefs are poorly understood. However, Morse and col- 
leagues (1996) have shown that distantly related corals, in- 
cluding both broadcast spawners and brooders, all require 
crustose coralline red algae for successful metamorphosis 
and settlement. These algae require moderately intense graz- 
ing by herbivorous fishes or limpets to clean their surfaces of 
rapidly growsg fleshy algae. Thus coral recruitment must 
also depend on grazing. Within the coral genus Agaricia, dif- 
ferent species exhibit different degrees of stringency and 
specificity in their settlement cues, which could promote 
niche diversification (Morse et al. 1988). 

Algal Symbionts of Corals 
All multicellular organisms host communities of microbial 
symbionts, but these communities are often ignored when 
discussing the ecology of their hosts. However, one cannot 
understand the ecology of reef-building corals without un- 
derstanding the biology of the mutualistic dinoflagellate 
algae (often referred to as zooxanthellae) that live within 
them (Trench 1987; Muscatine 1990; Falkowski et al. 1993; 
Rowan 1998). Zooxanthellae fix inorganic carbon photosyn- 
thetically and pass some of this fixed carbon to their hosts 
(Muscatine 1990). The nutritional benefits received by the 
corals from their symbiotic algae are responsible for the high 
rates of calcification that underlie the creation of reefs 
(Muller-Parker and DElia 1997). 

For many years, the zooxanthellae in corals and other ma- 
rine invertebrates were all thought to represent a single 
species, Symbiodinium microadriaticum. Perhaps for this rea- 
son, the study of coral-algal symbiosis was typically the 
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province of physiologists and was ignored by ecologists. This 
perspective has changed with the realization that symbiotic 
zooxanthellae exhibit substantial genetic and ecological di- 
versity, not only with respect to the hosts with which they as- 
sociate (Trench 1987; Rowan 1998), but also with respect to 
other ecological factors such as ambient light levels (Rowan 
1998). The discovery that even single coral colonies may host 
multiple types of symbionts has led to the recognition that 
the coral host represents a landscape of differing environ- 
mental conditions over which members of the symbiotic 
community interact (Rowan et al. 1997). 

The landscape ecology of coral-algal symbiosis has been 
studied in greatest detail for the Caribbean species complex 
Montastraea annularis. Each generation, these corals acquire 
their symbionts anew from the environment (eggs and 
sperm lack zooxanthellae), and they can host all of the 
known major groups of zooxanthellae (Rowan et al. 1997; 
Toller et al., in press b). In the shallowest water on offshore 
reefs, the symbiotic community is dominated by genotypes 
that are tolerant of high light (types A and B), whde in deeper 
water, shade-loving symbionts (type C) prevail. At intermedi- 
ate depths, one typically finds light-tolerant symbionts on the 
tops of colonies and shade-loving symbionts on the sides or 
in other low-light microenvironments (Rowan et al. 1997). 
Nearshore reefs also show complex patterns, with a fourth 
type of zoo-xanthella (E) that is rare on offshore reefs being 
relatively abundant (Toller et al., in press b). Several lines of 
evidence indicate that these zonation pattern are maintained 
dynamically. For example, although the daily and seasonal 
pattern of incident illumination that a coral receives is gener- 
ally fairly stable (barring natural toppling or overgrowth by a 
neighbor), experiments altering the orientation of colonies re- 
sult in a shift in the communities of symbionts (Rowan et al. 
1997). Extreme disruption of these symbioses can lead to dra- 
matic changes in types of zooxanthellae present; the unchar- 
acteristic dominance by type A zooxanthellae in corals recov- 
ering from the effects of prolonged experimental darkness 
suggests that type A is an ecological weed (Toller et al., in 
press a). 

Temperature can have profound effects on coral-algal 
symbioses, most vividly seen in the phenomenon known as 
coral bleaching. High water temperature, often in synergy 
with high light, damages the photosynthetic capabilities of 
the algae (Warner et al. 1999) and results in their expulsion or 
death. In a study of bleaching of Montastraea in Panama, it 
was found that only certain genotypes in certain locations 
(Figure 15.3) were severely affected, in particular, the shade- 
loving symbionts at the high-light end of their distributions 
(Rowan et al. 1997). Moreover, another genotype appeared to 
increase in response to the temperature stress, perhaps as a 
consequence of the reduction in numbers of one of its com- 
petitors. Similar associations of the type of zooxanthellae 
with vulnerability to bleaching have also been reported across 
reef corals generally in Belize (McField 1999). Bleaching can 
occur in response to a variety of other stresses (Brown 1997a). 
This breakdown in the coral-algal symbiosis reflects the in- 

Figure 15.3 The coral Montastraeafaveolata exhibiting characteristic 
blotch bleaching due to the presence of more than one type of zoo- 
xanthella in the colony. (Photo courtesy of A. Baker.) 

trinsic instability of many mutualisms (Herre et al. 1999); 
such associations have both costs and benefits, so that when 
one partner is unable to provide the normal level of benefits 
due to stress, the other partner may be better off in the short- 
term by terminating the relationship. 

We have only begun to explore the ecological complexity 
of these symbiotic associations. Some patterns seem to be 
general; for example, in other species of corals capable of 
hosting multiple types of symbionts, types A or B are typical- 
ly shallower than type C, although the actual depth at which 
symbiont type changes varies widely across coral taxa (Ro- 
wan 1998). However, not all coral species host multiple sym- 
bionts (Rowan 1998), and some corals acquire their sym- 
bionts directly from the mother rather than environmentally 
(Trench 1987; Muller-Parker and D'Elia 1997). There are also 
important biogeographic differences in the distributions of 
the major types of symbionts (Baker and Rowan 1997). Thus 
the ecology of coral-algal symbiosis will continue to be a 
fruitful topic of experimental research in the future, and also 
has considerable applied importance in the context of global 
climate change. 

Sessile Organisms 

MARINE INVERTEBRATES. Other sessile marine invertebrates that 
occupy substantial space on reefs include other cnidarians 
[horny corals (Gorgonacea), soft corals (Alcyonacea), zoanthids 
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(Zoanthidea), thorny (e.g., "black") corals (Antipatharia), sea 
anemones (Actinaria) and corallimorphs (Corallimorpharia)], 
as well as sponges, bryozoans, and ascidians. All of these are 
filter feeders, suspension feeders or carnivores, but may also 
host photosynthetic symbionts (Rowan 1998). 

Many of these groups, like corals, have a clonal life history 
and are capable of extensive asexual reproduction, typically 
by fragmentation (Karlson 1986; Wulff 1991). Their patterns 
of sexual reproduction are diverse. Large organisms often 
produce widely dispersing propagules, but most small, en- 
crusting reef animals produce large, nonswimming or weak- 
ly swimming larvae that commonly disperse only a few cen- 
timeters to meters before settlement (Jackson 1986). All 
sessile organisms are potentially vulnerable to Allee effects. 
For example, fertilization success is very low for female gor- 
gonians 4 m from the nearest spawning male (Coma and 
Lasker 1997). Mass spawning events often involve other taxa 
besides corals (reviewed in Levitan 1998). 

MACROALGAE. Algae on coral reefs fall into several functional 
groups (Littler and Littler 1984; Steneck and Watling 1982; 
Steneck and Dethier 1994). Coral reef algae have been com- 
paratively little studied reproductively, although by extrapo- 
lation from other algae it seems likely that all but the weedy, 
ephemeral taxa have fairly limited powers of dispersal (San- 
telices 1990). Mass spawning in green algae has recently been 
documented (Clifton and Clifton 1999), but in contrast to 
mass spawning corals, gametes are negatively buoyant, re- 
productive thalli die following gamete release, and reproduc- 
tion occurs over a several month period. Thus despite super- 
ficial similarities, these two groups are quite distinct in their 
reproductive ecologies. 

Mobile Organisms 

INVERTEBRATES. The most important mobile marine inverte- 
brates on reefs are polychaete worms, gastropods, crus- 
taceans, and echinoderms (including sea urchins, starfish, 
brittlestars, crinoids, and holothurians). Several species have 
been well studied because of their critical roles as grazers (e.g., 
the sea urchin Diadema) and as coral predators (e.g., the poly- 
chaete Hermodice, the snails Drupella and Coralliophila, and the 
crown-of-thorns starfish Acanthaster), as discussed below. 
Other groups clearly play important roles as micrograzers, 
predators, and deposit feeders, but very little is known ecolog- 
ically about most mobile marine invertebrates on reefs. 

The great majority of mobile marine invertebrates on reefs 
are aclonal, although there are exceptions (e.g., in echino- 
derms, Mladenov 1996). Direct transfer of sperm into the re- 
productive tract of females has evolved in some groups, but 
others spawn eggs and sperm into the water column. Aggre- 
gation is important for high success in fertilization in these 
groups. For example, fertilization of the gregarious urchin 
Diadema antillarum dropped to 7% with only one male per 
square meter (Levitan 1991). On the other hand, more than 
20% of Acanthaster planci eggs were fertilized by a single male 

60 m upstream (Babcock et al. 1994), although the high fertil- 
ization potential of Acanthaster appears to be exceptional. 

FISHES. Coral reef fish occupy a diverse array of trophic nich- 
es on reefs, including herbivores, planktivores, and small and 
large carnivores (Sale 1991a). Like vertebrates generally, coral 
reef fish exhibit much less diversity in ecologically important 
aspects of reproduction than do marine invertebrates. All are 
outcrossing and most have separate sexes. Reproduction typ- 
ically occurs daily to monthly, and offspring are usually capa- 
ble of considerable dispersal, either as the egg and larva, or as 
a larva following the hatching of benthic eggs (Victor 1991; 
Warner 1997). Despite this great potential for dispersal, many 
reef fishes may recruit back to or near their natal reefs (Jones 
et al. 1999; Swearer et al. 1999; Cowen et al. 2000). Moreover, 
the behavioral biology of reef fish reproduction differs wide- 
ly within and among groups. Analysis of this diversity has 
played a critical role in furthering our understanding of, for 
example, the evolution of hermaphroditism and the opera- 
tion of sexual selection (e.g., Warner 1984). 

INTERACTIONS AND DISTURBANCE 

Competition 
Competitive interactions occur frequently on coral reefs. They 
are especially conspicuous among sessile organisms, because 
scleractinian corals, other coelenterates, sponges, ascidians, or 
algae cover much of the available hard substratum. As in 
other habitats, consumers of these different groups may mod- 
ulate the outcome of competitive interactions. 

COMPETITION AMONG SESSILE ORGANISMS. Competition among 
sessile reef invertebrates and algae may be for space, light, or 
food (Jackson 1977; Buss 1979,1986; Stimson 1985). Modes of 
competition are often categorized as being either direct (in- 
volving physical contact) or indirect (occurring at a distance) 
(Connell1973). Because of the enormous diversity of reefs, 
competition is typically more frequent between members of 
different species (interspecific) than between members of the 
same species (intraspecific), and indeed often occurs between 
members of different phyla or kingdoms (Woodin and Jack- 
son 1979). Studies of reef organisms prompted considerable 
interest in the extent to which interactions are transitive (hier- 
archical) or intransitive (nonhierarchical), and the possible 
implications of such patterns of interaction for maintenance 
of species diversity (Jackson and Buss 1975, Buss and Jackson 
1979, Connelll978). 

Competition among scleractinian corals may involve nu- 
merous mechanisms (Lang and Chornesky 1990). Direct 
competition (Figure 15.4) occurs by digestion of tissues, dam- 
age of tissues from contact with tentacles, and even smother- 
ing by mucus. Indirect interactions most often involve shad- 
ing of neighbors, although competition via the release of 
toxic chemicals has also been documented. The latter may be 
of particular importance for the inhibition of settlement near 
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Figure 15.4 Direct competition between two corals. (Photo courtesy 
of H. Moody.) 

adult colonies (Fearon and Cameron 1997). Slowly growing 
colonies often excel at direct competition, but ultimately, in 
the absence of other factors, rapidly growing corals that can 
overtop and shade their neighbors are often competitively 
dominant (Stimson 1985). These corals also inhibit recruit- 
ment by other corals below them, by mechanisms that are 
probably not limited to reduction of light alone (Fisk and 
Harriott 1993). Although competitive interactions are typical- 
ly assumed to have costs in addition to those associated with 
mortality per se, comprehensive studies of the broader fitness 
consequences (eg,  reduction in growth and reproduction) 
for corals engaged in competition are surprisingly limited 
(Rinkevich and Loya 1985; Tanner 1997). 

Other sessile organisms, such as soft corals, sponges, as- 
cidians, bryozoans, and algae, are also abundant on reefs and 
are often competitively dominant over corals (Riitzler and 
Muzik 1993; Bak et al. 1996; Aerts and van %est 1997; Griffith 
1997; Hill 1998). Many have rich biochemical defense mecha- 
nisms and complex allelochemical interactions (Jackson and 
Buss 1975), although simple overgrowth without chemical 
mediation may also result in competitive success (Griffith 
1997). Competitive dominance between neighbors in cryptic 
communities depends on sensitivity to allelochemicals, rela- 
tive rates of growth, interference competition for food, the 
ability to produce specialized overgrowth and defensive 
structures, as well as idiosyncratic aspects of the particular 
interaction, such as angle of attack and colony surface condi- 
tion (Jackson and Buss 1975; Buss 1979,1986; Jackson 1979; 
Palumbi and Jackson 1982; Lidgard and Jackson 1989; McK- 
inney and Jackson 1988). Because species differ in these fea- 
tures and conditions vary, no one species is clearly dominant 
over all others and patterns of overgrowth are typically in- 
transitive (Jackson and Buss 1975; Buss 1986). 

COMPETITION AMONG MOBILE ORGANISMS. Studies Of the Sea 
urchin Diadema anfillarum provide some of the best data for 

intra- and interspecific competition in mobile coral reef or- 
ganisms (Levitan 1989; Robertson 1991; Lessios 1995). Prior 
to catastrophic mortality in the 1980s, population density and 
body size tended to be inversely correlated. This relationship 
suggests substantial intraspecfic competition for food, which 
has been confirmed experimentally (Levitan 1989). Body size 
and gonad volume (but not mortality rates) were highly sen- 
sitive to crowding in the field and the amount of food provid- 
ed in the laboratory. Individual urchins achieved this through 
size regulation - large urchins shrank but small urchins grew 
until all achieved the size appropriate for the amount of food 
available. The regional demise of Diudema provided further 
opportunities to explore the roles of intra- and interspecific 
competition, but the results of this natural experiment have 
been somewhat contradictory. Not all sites show the expect- 
ed increase in body size following enormous decreases in 
density (Lessios 1995). Moreover, although herbivorous sur- 
geonfish increased in abundance (Robertson 1991), the her- 
bivorous sea urchin Eckinomefra viridis did not (Lessios 1995), 
despite the fact that earlier, small-scale experiments suggest- 
ed competition between it and Diadema (Williams 1981). Fur- 
thermore, Lessios (1995) found that recruitment or juvenile 
survivorship of Diadema appeared to be aided by the pres- 
ence of E. viridis, suggesting that the effect of E. viridis on Di- 
a d m  is not negative across all life stages of the latter. 

Studies of interspecific competition among co-occurring 
territorial damselfish (Sfegasfes plunfions, S .  partifus, and 
S. vuriabilis) also reveal complex competitive interactions (Ro- 
bertson 1996). Removal of the larger and more aggressive S. 
planifions resulted in a doubhg of the population sizes of the 
other two species, although these increases did not result in 
as high a level of total biomass as S.  planifions had before its 
removal. Removal ofS. paufifus, on the other hand, had no ef- 
fect on the abundance of the other two species. Competition 
in these damselfishes is thus highly asymmetric in its effects. 

Mutualism 
Positive interactions among sessile reef taxa are probably 
widespread but have received surprisingly little attention by 
ecologists. Positive interactions help to maintain the physical 
integrity of salt marshes (Bertness and Hacker 1994) and 
coral reefs (Wulff and Buss 1979). Positive interactions are es- 
pecially common among reef sponges, perhaps because of 
their extreme homogeneity and flexibility of design (Wulff 
1997a). Sponges protect corals from competitors and excavat- 
ing organisms (Goreau and Hartman 1966), reduce harmful 
effects of predators and physical disturbances (Wulff 1997a), 
and hold together the physical structure of reef rubble until it 
becomes cemented by slower-growing calcareous algal ce- 
ments (Wulff and Buss 1979). 

Positive interactions involving mobile reef invertebrates 
and fishes have received greater attention, but the behaviors 
associated with these interactions are typically far better 
known than the ecological consequences. For example, ex- 
periments designed to assess the benefits associated with 
"cleaning" symbioses between fish and other fish or shrimp 



are surprisingly equivocal (Grutter 1997; Spotte 1998). Simi- 
larly, many mobile organisms receive clear protection from 
predators by sheltering near corals or sea anemones, but the 
benefit to the latter has only occasionally been documented 
(Meyer et al. 1983; Liberman et al. 1995). 

Predation and Herbivory 
Sessile organisms on coral reefs commonly defend them- 
selves against predators or herbivores by a great variety of 
chemical or physical means (Jackson and Buss 1975; Steneck 
1983). Associates of these defended organisms, such as small 
crustaceans living in distasteful algae or sponges, are often 
protected from predation as well (Hay 1997; Sotka et al. 1999). 
As in other ecosystems, however, predators have evolved that 
can overcome these defenses. 

Many reef animals and plants are grazed rather than eaten 
in their entirety, a phenomenon termed partial predation 
(Bak et al. 1977; Palumbi and Jackson 1982; Steneck 1983; 
Jackson and Hughes 1985). Partial predation generally is ac- 
companied by the potential to regenerate. Regeneration varies 
among species, and also as a function of the size, depth, and 
location of the injury. Larger wounds generally require longer 
to repair, and successful establishment of a superior competi- 
tor in the area of predation is consequently more likely. Par- 
tial predation may occur along the edges of an organism, or it 
may divide clonal organisms into physiologically separate 
entities that may remain separate or subsequently be rejoined 
through fusion. 

PREDATION. Numerous studies and reviews (Glynn 1990; Car- 
penter 1997; Hixon 1997) have focused on predators on 
corals. Starfish (Acanfkasfer,  Culcifa), sea urchins (Eucidaris), 
snails (Coralliopkila, Drupella, Jenneria), polychaetes (Her- 
modice), many butterflyfish (Chaetondontidae), some puffer- 
fishes (Tetraodontidae), and some triggerfishes (Balistidae) 
are the predators that have the greatest impact on corals. 
Most of these predators prefer rapidly growing species of 
corals, so they probably contribute in important ways to 
maintaining diversity on reefs. Predators on other sessile in- 
vertebrates are comparatively less studied. 

The crown-of-thorns starfish, Acanfhasfer planci, is the 
most conspicuous and extensively studied predator on coral 
reefs (Moran 1986; Bradbury 1990; Johnson 1992; Carpenter 
1997)(Figure 15.5). The starfish digests away the living tis- 
sues of corals by everting its stomach over their surfaces. The 
large size of the starfish, coupled with a propensity for spec- 
tacular population explosions, can result in massive coral 
mortality. To give but one example, on Green Island in the 
Great Barrier Reef, nearly 90% of the corals were killed over a 
several month period in 1979-1980 by aggregations of star- 
fish whose numbers were estimated at between 350,000 and 
2,000,000 (Moran 1986). Modeling suggests that the popula- 
tion structure of corals before the outbreak is not consistent 
with levels of predation to which reefs are currently subject, 
implying that outbreaks were either less frequent or less in- 
tense in the past (Done 1988). 

7he  Ecolngli qf Cnrd Reefs 401 

Figure 15.5 The crown-of-thorn starfish, Acanthaster planci, with 
nearby recently consumed coral (white skeleton). (Photo courtesy of 
T. Hughes.) 

Other invertebrate predators on corals are smaller and 
often less conspicuous in their effects (Carpenter 1997), and 
some are functionally parasites rather than conventional pre- 
dators (Oren el al. 1998). However, outbreaks of snails in the 
genus Drupella can result in substantial coral mortality (Cum- 
ming 1999). Predation by fishes on corals may be locally in- 
tense, but is generally of minor importance on reefs today, 
perhaps because of overfishing. 

For sponges, in contrast, fishes are now the most impor- 
tant predators on reefs (Wulff 199%; Pawlik 1998; Hill 1998), 
although hawksbill turtles, which are obligate sponge feed- 
ers, were probably more important in the past (Meylan 1988). 
Sponges are more conspicuous on Caribbean reefs than in 
the Indo-West Pacific, and the limited number of fishes that 
feed on sponges in the Caribbean led to the suggestion that 
predation was less intense there than in the Pacific (Wulff 
199%). However, several studies suggest that many Carib- 
bean sponges are restricted to mangrove, grass bed, or cryp- 
tic reef habitats due to predation by angelfishes, filefishes, 
boxfshes, and parrotfishes (Wulff 199%; Pawlik 1998). More- 
over, experimental exclusion of fishes can result in increased 
overgrowth of corals by sponges (Hill 1998). 

HERBIVORY. The most important ecological interactions on 
reefs commonly involve indirect effects of herbivores as me- 
diators of competition between algae and corals (Pennings 
1997). Macroalgae grow much more rapidly than corals un- 
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ga 1998) that were avoided by herbivorous fishes in Morri- 
son's (1988) study The recent proliferation of these distasteful 
algae is presumably due to the demise of the less selective Di- 
udema. A variety of typically smaller polychaetes, molluscs, 
and crustaceans also graze on algae, but their ecological ef- 
fects are not so well known (Carpenter 1997). 

"Herbivores" do not eat only plants (Figure 15.7). When 
urchins become very abundant, their indiscriminant grazing 
also results in consumption of coral (McClanahan and Shafir 
1990). Large "herbivorous" fish, such as the stoplight parrot- 
fish Spurisoma viride, may graze heavily on some corals and 
limit their distributions to primarily non-reef habitats (Miller 
and Hay 1998). Territorial damselfish also kill coral to pro- 
vide surfaces on which to grow their algal gardens (Kaufman 
1977; Hixon 3997). Many herbivores contribute substantially 
to bioersion in the course of their feeding (Bellwood 1995). 

Disease 
Diseases have been documented in a number of tropical ma- 
rine plants, invertebrates and vertebrates, and their effects 
can be severe (Peters 1997; Richardson 1998). Reports of dis- 
eases on reefs, particularly of corals, seagrasses, sponges, and 
sea urchins, have increased dramatically since the early 1970s 
(Richardson 1998; Harvell et al. 1999). Most of these diseases 
are poorly understood, and in many cases even the causative 
agent is unknown. The apparent increase in the incidence of 
diseases over the last 25 years may be a symptom of the gen- 
eral stress on reef ecosystems associated with multiple an- 
thropogenic effects (e.g., global warming, introduction of 
novel pathogens from terrestrial run-off and ballast water, eu- 
trophication, pollution). However, hard evidence to support 
this claim is largely lacking. 

The ecological importance of disease has been particularly 
Figure 15.6 Herbivores on reefs. (A) The massive teeth of a parrot 
fish. (Photo courtesy of D. Bellwood.) (B) Sea urchin showing teeth 
of Aristotle's lantern. (Photo courtesy of R. Steneck.) 

striking in Caribbean, where major changes in reef corn- 
munity structure have occurred following the drastic declines 
of elkhorn and staghorn acroporid corals and the sea urchin 

der most conditions, so that the existence of reefs as coral- 
dominated assemblages often depends on the removal of al- 
gae by grazers (Hay 1997). Hence, understanding herbivory 
is critical to understanding the ecology of reefs. 

The two most important groups of herbivores on reefs are 
sea urchins and fish (Figure 15.6). Herbivorous fishes may 
bite coral reefs at rates of over 150,000 bites/m*/day and ei- 
ther fishes or urchins alone may remove nearly 100% of algal 
production (Hay 1997). Members of these groups are not all 
equivalent in their effects, however. For example, parrotfish 
can be classified as either excavators or scrapers; their distinct 
feeding modes result in very different patterns of algal mor- 
tality and rates of bioerosion (Bellwood and Choat 1990). 
Urchins are generally less selective feeders than fishes, so that 
these two groups of herbivores are also not ecologically 
equivalent (Morrison 1988). Caribbean reefs are now often 
dominated by precisely those groups of algae (Lobophora, Dic- 
tyofa, and HuIirnedu) (Hughes 1994; McClanahan and Muthi- 

Figure 15.7 Damselfish garden in colony of staghorn coral (Acropo- 
ra cervicornis). The coral is killed by the fsh to provide a substrate for 
algal growth. (Photo courtesy of L. Kaufman.1 

. . -- - " .  
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Diadema antillarum. Acropora palmata and A. cervicornis were 
dominant corals at shallow to moderate depths throughout 
the Caribbean in the mid 1970s, but they are now rare through- 
out much of their former range, primarily due to mortality 
from ”white band” disease (Gladfelter 1982; Aronson et al. 
1998). Even more strikingly, an unknown pathogen reduced 
the formerly abundant D. antillarum to less than 2% of its for- 
mer numbers over a one-year period in 1983-1984 (Figure 
15.8a) (Lessios 1988), and populations have largely failed to 
recover (Lessios 1995, but see Aronson and Precht 2000). 
Changes in reef community structure associated with these 
two diseases have been profound. Moreover, Caribbean reefs 
in the 1990s appear to be confronting a new suite of emerging 

Figure 15.8 Effects of disease on reef organisms. (A) Dying 
antillarum. (Photo courtesy of T. Hughes.) (B) Montastraea 
coral showing extensive mortality from disease. (Photo co 
W. Toller.) In both cases the pathogens are unknown. 

;Diadem 
faveolata 
urtesy of 

diseases (Richardson 1998; Harvell et al. 1999), and promi- 
nent among the victims are species of the abundant Montas- 
fraea arznularis complex (e.g., Santavy et al. 1999) (Figure 
15.8B). It is thus conceivable that disease will ultimately play 
a major role in the decline of all the formerly dominant corals 
of the region. 

Physical Disturbance 
Wave energy (Rogers 1993; Connell et al. 1997), lowered 
salinity (Joke1 et al. 1993), extreme temperatures (Porter et al. 
1982; Glynn 1993; Fadlallah et al. 1995), excessive sedimenta- 
tion (Rogers 1990; Reg1 1995), extremely low tides (Fadlallah 
et al. 1995), uplift or destruction by earthquakes, and changes 
in flow patterns (Connell et al. 1997) are among the most 
common natural sources of physical disturbance on reefs. 
Some of these disturbances have increased or may increase in 
the future due to human activities. Extreme disturbances, as 
measured by either their maximum strength or duration, 
happen rarely, by definition. However, events that are rare 
during a human lifetime may be routine for many corals and 
other reef taxa that may live for centuries (Jackson 1991,1992; 
Woodley 1992). Although more extreme events typically pro- 
duce more disturbance, the past history of disturbance can 
influence the relationship between the intensity of an event 
and the amount and kind of destruction that results (Paine et 
al. 1998; Hughes and Connelll999). 

Hurricanes and typhoons are the strongest physical dis- 
turbances to which most reefs are subjected (Figure 15.9). 
Nevertheless, regions with the greatest number of typhoons 
and hurricanes overlap to a substantial extent with areas of 
greatest reef development (Scoffin 1993). Damage caused by 
major storms has been quantified in both the Pacific and the 
Atlantic (Woodley et al. 1981; Harmelin-Vivien and Laboute 
1986; Rogers 1993; Connell et al. 1997). Mortality is typically 
greatest in shallow water, but “avalanches” on steep deeper 
slopes can sometimes result in nearly 100% destruction. In 

Figure 15.9 Field of coral rubble in the Acropora palmata zone of Dis- 
covery Bay, Jamaica, caused by waves from Hurricane Allen. (Photo 
courtesy of L. S. Land.) 
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general, more rapidly growing branching corals are most vul- 
nerable to storm damage, and more slowly growing massive 
corals are least vulnerable. For this reason, sporadic major 
storms often favor species that are competitively subordinate 
during routine conditions, thus promoting the coexistence of 
both types (Rogers 1993). 

THE STRUCTURE AND ASSEMBLY 
OF CORAL REEF COMMUNITIES 
Community structure is determined by processes that bring 
species to the community and the population dynamics and 
species interactions of its members (Roughgarden 1989). Ma- 
rine species with a planktonic larval phase commonly fluctu- 
ate in adult abundance more than species without planktonic 
larvae, suggesting that processes affecting larval survival, 
transport, and settlement are important determinants of pat- 
tern (Thorson 1950; Roughgarden et al. 1988; Grosberg and 
Levitan 1992). Renewed attention to this "supply side" of 
marine ecology is commonly associated with a Gleasonian 
view of density-independent community structure (Connell 
1978; Doherty 1991; Sale 1991b; Williams 1991; Hubbell 1997). 
On a suitably large scale, however, larval recruitment de- 
pends on the abundance, fecundity, and proximity for fertil- 
ization or mutual defense of reproductive adults (positive 
feedback), and the availability of suitable habitat free of com- 
petitors or predators (negative feedback). This density de- 
pendence brings the biology of species and their niches back 
into the equation (Chesson 1997). Indeed, as we have seen, 
corals and other reef organisms may be injured or die from a 
great variety of causes, and their vulnerability to these 
processes vanes greatly among species (Jackson and Hughes 
1985, Knowlton and Jackson 1994). 

Many kinds of biological interactions, physical distur- 
bances, and processes affecting dispersal and recruitment 
have been shown to affect small-scale patterns of community 
structure and assembly on coral reefs (Doherty 1991; Karlson 
and Hurd 1993; Carpenter 1997; Connell et al. 1997; Hay 
1997; Hixon 1997; Peters 1997). However, we do not know the 
relative magnitude of the direct and indirect effects of all 
these different processes, and their synergisms, in more than 
a handful of cases. Two general problems have impeded pro- 
gress. First, basic patterns of distribution and abundance, 
community structure and zonation on coral reefs are poorly 
documented on all but a few reefs (e.g., Goreau 1959; Loya 
1972; Glynn 1976; Done 1982; Liddell and Ohlhurst 1992), so 
that it is difficult to generalize beyond the simplest patterns 
(Done 1983, 1992; Jackson 1991; Wilkinson and Cheshire 
1988). Thus, in the most basic sense, we often do not know 
what we are trying to explain. 

Second, landscape patterns of interactions, disturbance, 
and succession on coral reefs comparable to those document- 
ed for rocky intertidal communities (Paine and Levin 1981; 
Roughgarden et al. 1988) and kelp forests (Dayton et al. 1992, 
1999) can rarely be observed over appropriate spatial and 
temporal scales that characteristically extend beyond the re- 

sources and lifetimes of ecologists. Extreme hurricanes occur 
on decadal to century scales, generation times of dominant 
coral species are commonly measured in decades to cen- 
turies, and pivotal successional events are set and reset by 
fluctuations in sea level measured in tens of thousands of 
years (Jackson 1991,1992). Differences among species in com- 
petitive abilities, resistance to predation, life histones, and the 
resulting patterns of community succession on reefs, can be 
viewed as evolutionary adaptations to characteristic patterns 
of interaction and disturbance (Jackson and Hughes 1985). 
But these hypotheses are not directly testable because the 
longest running study of reef community structure involving 
observations of individual organisms is only 30 years (Con- 
ne11 et al. 1997). In spite of all these problems, real progress 
has been made in a few reef systems that have been studied 
using numerous complementary approaches across a range 
of spatial and temporal scales. 

Recruitment 
Local populations of species with weakly dispersing larvae 
and sessile or sedentary adults are demographically closed; 
they exhibit potentially high levels of inbreeding (Knowlton 
and Jackson 1993) and stability in abundance (Jackson and 
Hughes 1985; Jackson and Kaufmann 1987) compared to 
species with planktonic larvae or highly vagile adults. Many 
small incrusting marine invertebrates and macroalgae have 
larvae that disperse very little. In contrast, virtually all reef 
fishes and about 85 percent of reef coral species have a plank- 
tonic larval stage (Lei 1991; Richmond 1993, so that larval re- 
cruits in these groups may be almost entirely or exclusively de- 
rived from elsewhere. This implies that their local populations 
are demographically open and that their populations cannot 
be regulated by local fecundity (Roughgarden et al. 1988; 
Caley et al. 1996). However, new evidence suggests that poten- 
tially widely dispersed larvae of reef fishes may return to their 
natal population (Jones et al. 1999; Swearer et al. 1999; Cowen 
et al. 200). It is thus especially unfortunate that almost all eco- 
logical studies of reef fishes and corals have been made on the 
small spatial scale of local populations for logistical reasons. 

At a larger scale, however, groups of local populations 
(metapopulations) are effectively closed, with boundaries set 
by limitations to larval dispersal (Caley et al. 1996). It is only 
on this larger scale that relations among adult abundance, fe- 
cundity, and recruitment of species with planktonic larvae 
can be examined (Hughes et al. 2000). Moreover, the evolu- 
tion of life history traits and larval behaviors, such as the se- 
lection of specific habitats for recruitment, can only be under- 
stood at these larger scales (Paine and Levin 1981; Jackson 
1991; Warner 1997). 

CRYPTIC REEF COMMUNITIES. Undersurfaces of plating corals 
and coral rubble, crevices in reef framework, and the walls 
and roofs of caves are dominated by hundreds of species of 
small encrusting bryozoans, colonial ascidians, sponges, and 
calcareous algae (Vasseur 1974; Jackson 1977,1983; Jackson 
and Hughes 1985; Kobluk et al. 1988; Hughes and Jackson 



1992; Harmelin 2000). Recruitment limitation at early stages 
of community development is evident in extremely low rates 
of larval settlement on panels suspended from racks situated 
more than a few meters from a reef (Jackson 1977; Buss and 
Jackson 1981; Winston and Jackson 1984). Recruitment also 
drops off to nearly zero after substrates are entirely encrust- 
ed, except when substrate is bared by injury to established 
colonies (Palumbi and Jackson 1983; Winston and Jackson 
1984; Jackson and Kaufmann 1987). 

REEF CORALS. Connell et al. (1997) observed changes in coral 
populations in fourteen 1-m2 quadrats at four low intertidal 
reef sites at Heron Island over 30 years (Figure 15.10). The 
sites include exposed pools, exposed reef crest, protected reef 
crest, and inner reef flat environments situated from 300 to 
2000 meters apart. Recruitment of corals was measured by 
the first appearance of juveniles observed in photographs 
taken 1 to 4 years apart, thereby comprising some unknown 
but small fraction of the original larval recruits. Recruitment 
was highly concordant among the 2-5 replicate quadrats at a 
site but not among sites. Recruitment varied independently 
from year to year with no obvious temporal pattern over 30 
years. However, recruitment was positively correlated with 
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amount of free space for settlement at three of the four sites; 
the only exception was the protected crest, where free space 
never fell below 25%. Thus, recruitment of juvenile corals into 
the sessile population was strongly density dependent. 

A similar 16-year photographic study of coral populations 
in replicate 1-m2 quadrats in deeper water in Jamaica (Hugh- 
es and Jackson 1985; Hughes 1985,1990; Hughes and Tan- 
ner, 2000) provides a basis for comparison between the 
Caribbean and Indo-West Pacific. Rates of recruitment of ju- 
venile corals visible in photographs (aged 7-12 months) 
were similar to those at Heron Island (Connell et al. 1997), 
even though recruitment rates of very young corals (< 3 
months) in the Caribbean are typically about 1% of those on 
the Great Barrier Reef. Thus survival of juveniles must be 
much higher in the Caribbean than Australia, a relationship 
that is in keeping with the higher proportion of brooding 
coral species in the Caribbean (Richmond 1997). Coral re- 
cruitment in Jamaica was also strongly density dependent, 
as demonstrated by the significant positive correlation of re- 
cruitment rate with percent free space. This result was con- 
firmed experimentally by removal of all corals from 6 
quadrats and measuring the subsequent severalfold increase 
in recruitment (Hughes 1985). 

Figure 15.10 T i e  series of reef communities at 1 rn depth on 
Heron Island, showing changes due to death and recruitment. (A) 
1988. (B) 1992, just after a typhoon. (C) 1998. (Photos courtesy of 
J. Connell.) 
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The most comprehensive analysis of stock-recruitment re- 
lations, involving a variety of spatial scales, is the product of 
a two-year study of coral abundance, fecundity, and larval re- 
cruitment along the entire Great Barrier Reef (Hughes et al. 
1999,2000). Rates of recruitment and total coral abundance 
and cover were measured on the crests of 33 reefs. Sites were 
chosen in a hierarchical sampling design consisting of sectors 
(250-500 km), reefs (10-15 km), sites (0.5-3 km), and repli- 
cates (1-5 m). Recruitment rates for spawning species varied 
more than 25-fold among sectors and more than 200-fold 
among sites and replicates, versus 5-%fold for brooders 
among sectors and 100-fold among sites and replicates. In 
contrast, adult abundance in transects at the same sites did 
not vary significantly among sectors, so that there was no re- 
lationship between adult abundance and recruitment. How- 
ever, proportions of gravid colonies of common species of 
Acropora varied from 15 to 100% among the same sites 10 
days before the predicted mass spawning. When applied to 
the entire Acropora population, coral abundance weighted by 
these variations in fecundity explains 72% of the variation in 
recruitment on the sector scale and no other factors were sig- 
nificant (Figure 15.11). This strong stock-recruitment effect 
was nonlinear, with numbers of recmits'increasing exponen- 
tially towards higher values of fecundity. This suggests a 
threshold density for increases in fertilization success or sati- 
ation of predators, and thus strong positive feedback in the 
stock-recruitment relationship. 

REEF FISHES. Local populations of coral reef fishes may be 
open in the extreme because of the very long planktonic 
phase of larval development that typically lasts from 10 to 
more than 100 days (Leis 1991). Indeed, many species are 
panmictic on the scale of the entire Caribbean or Great Barri- 
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Figure 15.1 1 Relationship between abundance weighted by fecun- 
dity and recruitment for Acropora corals on the Great Barrier Reef. 
(From Hughes et al. 2000.) 

er Reef (Doherty et al. 1995; Shulman and Bermingham 
1995). Most work on fish recruitment has been done on artifi- 
cial or natural patch reefs 1 m2 or smaller (Doherty 1991). 
Large and apparently stochastic variations in recruitment 
into these miniature habitats comprise the primary basis for 
the hypothesis that population sizes and assembly of com- 
munities of reef fishes are mainly determined by insufficient 
and unpredictable larval recruitment (Sale 1977,1991b; Do- 
herty 1991). If recruitment is indeed limiting, then patterns of 
adult abundance in similar environments should be pre- 
dictable on the basis of recruitment statistics alone (Doherty 
and Fowler 1994; Caley et al. 1996). However, if numbers of 
adults are independent of recruitment then recruitment alone 
cannot be limiting. 

The small, common damselfish Pomacentrus rnoluccensis 
exhibits highly variable recruitment on the southern Great 
Barrier Reef (Doherty and Fowler 1994). Rates of recruitment 
measured over 9 years varied consistently by more than an 
order of magnitude among patch reefs in seven lagoons 
across 70 km. The historical average of recruitment explained 
84% of the variance in adult abundance in the different la- 
goons. Moreover, the abundance of fishes in different age 
classes (determined from numbers of rings in their ear bones) 
at the end of the experiment clearly reflected the magnitude 
of recruitment of their year class. Thus the abundance and 
population structure of this species can be explained almost 
entirely by its magnitude of recruitment. In contrast, Robert- 
son (1988a,b,c) showed that densities of adults were not cor- 
related with settlement patterns over 6 years in three species 
of surgeonfishes, a triggerfish and a damselfish in Panama. 
In addition, many studies have demonstrated positive and 
negative density-dependent effects (as well as no effects) of 
the presence of resident adult fishes on the rate of larval re- 
cruitment (Sweatman 1983,1985; Jones 1991); some density- 
dependent effects on recruitment are expressed primarily at 
the earliest stages immediately after settlement (Caselle 1999; 
Schmitt and Holbrook 1999). Remarkably, given the level of 
controversy, large-scale stock-recruitment relations have not 
been studied for any coral reef fish species. 

Post-Recruitment Processes 

CRYPTIC REEF COMMUNITIES. Undersurfaces of platy corals 
support a highly diverse encrusting community of mostly 
sponges, bryozoans, colonial ascidians, and coralline algae 
(Jackson and Buss 1975; Jackson and Winston 1982). Most of 
the undersurface is occupied, so that growth of one organism 
almost inevitably involves partial or complete mortality of a 
neighbor. Grazing by sea urchins and other predators is also 
common in shallow environments but decreases with depth. 
Analyses of weekly photographs under corals in Jamaica 
(Figure 15.12) demonstrate that community composition at 
any fixed point changes rapidly due to grazing and over- 
growth, but other processes appeared unimportant (Jackson 
and Kaufmann 1987). Grazing killed organisms occupying 
one-third of the surface per year prior to the demise of Dia- 



Figure 15.12 Time series of changes for cryptic community under 
coral in Jamaica. (A) June 1983. (B) September 1983. (Photos by J. B. 
C. Jackson.) 

dema, and overgrowth killed another third. Nevertheless, 
community composition was stable across the reef because 
growth and regeneration by dominant species approximately 
equaled their losses. Rates of predation decreased greatly 
after the Diadema died, but community composition changed 
little over two years because Diadema had grazed mostly up- 
on competitively inferior organisms. Slow increases in abun- 
dance of erect animals previously eaten by Diadema suggest 
that they could eventually grow to dominate the community 
the way seaweeds overgrew corals (Hughes 1994), but there 
are no data. 

REEF CORALS. Most mortality of reef corals measured in long- 
term studies in Australia and before the demise of Diadema in 
Jamaica was due to routine processes of competition, preda- 
tion, and sedimentation rather than catastrophic storms or 
outbreaks of predators or disease (Hughes and Jackson 1985; 
Bythell et al. 1993; Connell et al. 1997; Hughes and Connell 
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1999). However, we have little idea of the relative importance 
of different routine causes of mortality, nor their magnitude 
compared with recent outbreaks of disease, crown-of-thorns 
starfish, coral bleaching, and overgrowth of corals by sea- 
weeds in the Caribbean in the 1980s (Hughes 1994; Connell et 
al. 1997; Done 1997,1999; Richardson 1998). For example, 
various species of Acropora form dense, nearly monospecific 
stands at the expense of other species. Rapid growth, clonal 
propagation, resistance to breakage by all but the most severe 
storms, and tall, arborescent colony form allow Acropora to 
overtop and shade out slow growing corals (Kaufman 1977; 
Porter et al. 1981; Stirnson 1985; Jackson 1991; Fisk and Har- 
riott 1993). However, we cannot scale these competitive ef- 
fects relative to those of predators, disease, or routine physi- 
cal disturbances. The same problem affects all other forms of 
competition involving corals, such as digestive dominance, 
although the strong inverse correlation between aggressive 
rank and growth rates suggest that these factors were once 
highly important (Lang 1973; Lang and Chornesky 1990). 

Many studies of effects of predation on corals concern 
small invertebrates and fishes (Kaufman 1977; Knowlton et 
al. 1990). Rates of partial predation may be as high as in cryp- 
tic reef communities, but have not been followed closely. Ef- 
fects of predators may change radically with prey density, as 
in the case of the continued decline of staghorn coral Acropo- 
ra cervicornis due to predation after the coral’s mass mortality 
following a severe hurricane (Knowlton et al. 1981, 1990). 
Concentrations of predators on survivors of a strong El Nifio 
event in the eastern Pacific similarly contributed to the con- 
tinued decline of corals after normal temperatures returned 
(Glynn and Colgan 1992). In contrast, recruitment of benthic 
macroalgae after the mass mortality of Diadem exceeded the 
abilities of o h r  resident herbivores to consume them, result- 
ing in the massive buildup of seaweed populations that have 
overgrown corals throughout the Caribbean (Lessios 1988; 
Hughes 1994). These threshold effects of relative predator 
and prey densities, and other nonlinear interactive effects of 
competition and predation, modulate variations in communi- 
ty structure and may lead to the existence of alternate stable 
or quasi-stable states (Knowlton 1992; Done 1992,1997). 

There has been a major effort in Australia to model the dy- 
namics of outbreaks and dispersal of the crown-of-thorns 
starfish Acunfhaster planci along the Great Barrier Reef using a 
variety of approaches (Bradbury 1990; Johnson 1992; Brad- 
bury and Seymour 1997). The frequency and movement of 
starfish outbreaks, and the patterns of outbreaks relative to 
prevailing hydrodynamic conditions are reasonably well un- 
derstood; less clear are the key issues of shifts between low- 
and high-density populations and stock-recruitment relation- 
ships (McCallum 1992). The dynamics of outbreaks are also 
changing because the proportion of reefs available to host 
major outbreaks is declining (Figure 15.13) (Bradbury and 
Seymour 1997). 

There has also been considerable progress in modeling re- 
sponses to devastation by Acunfhaster and subsequent suc- 
cessional dynamics of the sessile reef community, compara- 

h 
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Figure 15.13 Changes in the frequency of outbreaks in crown-of-thorns starfish over the 
last two decades. (After Bradbury and Symour 1997.) 
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ble to Paine and Levin's (1981) analyses of the landscape dy- 
namics of temperate rocky intertidal mussel beds. The main 
difficulty is to obtain data on changes in benthic community 
composition on appropriately large spatial and temporal 
scales. Transition-matrix models have been used to project 
periods of recovery of coral populations (Done 1992,1997, 
1999). Recognition of deliberately simplified alternative ses- 
sile communities (algal, colonizing coral, recovering coral, 
old coral, and other) permits observations of the persistence 
of different states and rates of shifts between them. Howev- 
er, a century or more of data may be required to test alterna- 
tive predictions because the relevant time scales are so long 
(Jackson 1991). 

REEF FISHES. The importance of post-settlement processes in 
the assembly and structure of reef fish communities has been 
obscured by the rhetoric of recruitment limitation (Jones 
1991; Williams 1991). Larval habitat selection has also been 
treated as an evolutionary black box (Doherty 1991; Doherty 
and Fowler 1994) without consideration of the natural selec- 
tion (i.e., ecology) necessary to maintain such otherwise cost- 
ly behavior (e.g., Morse and Morse 1996 for corals). However, 
recent work is reviving interest in post-recruitment processes. 
Detailed surveys of 75 reefs around two adjacent islands on 
the southern Great Barrier Reef demonstrate much greater 
predictability in fish distributions among habitats on large, 
contiguous reefs than among small, isolated patch reefs (Ault 
and Johnson 1998). This is important because, as we have 
seen, most of the support for recruitment limitation comes 
from studies of very small patches. In addition, Robertson 
(1996) has demonstrated intense, asymmetric interspecific 
competition among adult damselfish based on removals of 
two common species over many years. The experiments are 
highly unusual in their duration, which exceeds the average 
generation times of the species involved, and in the consider- 

able number of years required to begin to see persistent ef- 
fects (Yodzis 1988). 

ECOSYSTEM STRUCTURE AND FUNCTION 

Reef Ecosystems Today 
Ecosystem ecology concerns the processes that link the physi- 
cal and chemical environment to the resident, interacting as- 
semblage of organisms, and the boundary conditions, physi- 
cal scales, and rate constants that affect the action of these 
processes (Hatcher 1997). The most important ecosystem 
processes on coral reefs are trophic and bioconstructional 
(Done et al. 1997). The outstanding trophic characteristics are 
the (1) overwhelming contribution of endosymbiotic zooxan- 
thellae and benthic algae to primary production, and the cor- 
respondingly minor role of phytoplankton (Hatcher 1988, 
1990; Kinsey 1991); (2) sensitivity of benthic production to nu- 
trient inputs and sedimentation (Hallock and Schlager 1986; 
Birkeland 1987); and (3) large number and high diversity of 
trophic levels in food webs (Figure 15.14, Grigg et al. 1984). 
The outstanding bioconstructional features are the enormous 
biogenic production of limestone and calcareous sediment, 
and the conflicting balance of processes that bind these mate- 
rials together into reef framework versus processes of physical 
and biological destruction and erosion that break down 
framework into sediment (Figure 15.15) (Buddemeier and Ho- 
pley 1988; Hubbard 1988,1997; Glynn and Colgan 1992). 

In essence, what makes a reef a reef is determined by the 
relative amounts of carbon invested in trophic pathways ver- 
sus bioconstruction, and this in turn depends upon the rela- 
tive abundance and production of calcifying versus noncalci- 
fying primary producers. There is an enormous literature on 
the mechanisms and controlling factors of the productive and 
calcifying pathways on coral reefs (Hatcher 1988,1990,1997; 
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Figure 15.1 4 Food web for French Frigate Shoals. (After Grigg et al. 1984.) 

Kinsey 1991; Done et al. 1997; Muller-Parker and DElia 1997), 
the details of which are beyond the scope of this review. Here 
we concentrate on two basic kinds of interactions among pop- 
ulation and ecosystem processes that are of particular rele- 
vance to the recent degradation of coral reef communities. 

The first concerns the balance between calcifying organ- 
isms, noncalcifying organisms, and bioeroders that deter- 

Figure 15.15 Massive bioerosion caused by sea urchins on Carib- 
bean reefs. (Photo from Jackson 1983.) 

mines whether or not reef mass increases or decreases. This 
balance can be shifted by catastrophic mortality of the first 
group, particularly corals, due to hurricanes (Knowlton et al. 
1981,1990; Woodley et al. 1981), coral bleaching (Glynn and 
Colgan 1992), and outbreaks of predators (Done 1992,1997) 
or disease (Richardson 1998). In all these cases, continued 
predation on surviving corals further tips the balance in favor 
of uncalcified benthic animals and fleshy algae that cover the 
substratum and inhibit coral and coralline algal settlement 
and recovery (Knowlton 1992; Done 1992,1999). Patterns of 
carbon flux and structure of food webs change dramatically 
(Kinsey 1988; Johnson et al. 1995). The mass mortality of the 
sea urchin Diudema unfiZlavurn also permitted an explosion in 
growth of fleshy algae that overgrew and killed their coral 
and coralline algal neighbors (Figure 15.16) (Lessios 1988; 
Hughes 1994). This shift from dominance by corals to fleshy 
algae also greatly reduces rates of calcification and increases 
rates of erosion by grazing animals (Glynn 1997). Reef accre- 
tion stops and reef mass decreases in size, further decreasing 
chances of the reestablishment of corals (Buddemeier and 
Hopley 1988; Hubbard 1997). 

Increased nutrient inputs also have deleterious effects on 
coral abundance and reef growth for many reasons (Hallock 
and Schlager 1986; Done et al. 1997). Increased nutrients fer- 
tilize phytoplankton whose increased growth reduces water 
transparency and thus the light available to zooxanthellae at 
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Figure 15.16 Effects of mortality of Diadem antillarum; note the 
lush growth of algae on the bottom. (Photo courtesy of T. Hughes.) 

the bottom. Increased phytoplankton also favors recruitment 
and growth of benthic suspension-feeding animals that over- 
grow or bioerode coral skeletons (Highsmith 1980; Hallock 
and Schlager 1986; Birkeland 1987; Hallock 1988). Finally, in- 
creased nutrients favor growth of benthic fleshy algae that 
overgrow corals. All of these different effects of increased nu- 
trients and the catastrophic disturbances discussed above act 
synergistically to suppress the growth of Caribbean corals 
and coral reefs (although the loss of herbivores appears to 
have had a greater effect than increases in nutrients; Hughes 
et al. 1999; Miller et al. 1999). 

Half a Billion Years of Reef Ecosystems 
Geologists agonize about what and what not to call a reef 
(James 1984; Fagerstrom 1987; Hallock 1997). Their most im- 
portant criteria for "true" coral reef development include (1) 
presence of framework built by colonial metazoans containing 
endosymbionts or by crustose coralline algae, (2) topographi- 
cal relief of the living reef surface above the surrounding sea 
floor, and (3) resistance of the framework to wave action and 
storms. By this definition, large-scale development of true 
reefs occurred during just three episodes of geologic time that 
altogether lasted about one-quarter of the Phanerozoic or 
roughly 125 million years (Wood 1999). Principally tabulate 
corals and stromatoporoid sponges constructed extensive Sil- 
urian and Devonian reef tracts as large as the Great Barrier 
Reef. Highly integrated growth across the colony surface over 
which small polyps were arrayed strongly suggests that tabu- 
lates possessed endosymbionts that contributed to their ex- 
tensive calcification (Coates and Jackson 1987), but there is no 
definitive evidence that stromatoporoids contained endosym- 
bionts. The second and third major phases of extensive and 
geographically widespread framework development occurred 
in the Jurassic and in the mid to late Cenozoic to recent. These 
reefs were built largely by colonial scleractinian corals with 
varying contributions by larger foraminifera, and calcareous 

or coralline algae. Both stable isotopic and morphological 
analyses indicate that scleractinians possessed endosymbionts 
in the Late Triassic or Early Jurassic (Coates and Jackson 1987; 
Swart and Stanley 1989). In all three episodes, the surface area 
of cryptic reef environments within the reef framework great- 
ly exceeded that of open reef surface, and was inhabited by a 
highly characteristic assemblage of calcareous sponges and 
other encrusting animals. 

Regional changes in nutrient levels also have been implicat- 
ed as the controlling factor for turning on or off major episodes 
of reef development over geological time (Hallock and 
Schlager 1986; Edinger and Risk 1994). Patterns of extinction 
selectivity and distribution of endolithic organisms in coral 
skeletons across the Oligocene-Miocene boundary 25 million 
years ago suggest that collapse of extensive Oligocene reef 
tracts and coral diversity in the Caribbean was associated with 
eutrophication. Species diversity of reef corals slowly recov- 
ered until the end of the Pliocene about 2 million years ago, 
when there was another mass extinction of reef corals (Budd 
and Johnson 1997) associated with oceanographic changes and 
intensifying sea level fluctuations Uackson 199413). Throughout 
this period of increasing diversity, large-scale reef buildups 
were absent, and sedimentological evidence suggests that 
water-column productivity remained high. Then, after the sec- 
ond mass extinction, reef development increased dramatically 
with declining productivity (Collins et al. 1996), even though 
coral diversity never recovered. 

In contrast, "reef" development during the remaining 
three-quarters of the Phanerozoic was limited to low-lying 
buildups, or bioherms, of carbonate skeletal debris in a mud 
matrix without any obvious structural framework (Wood 
1999). However, uncalcified sponges may have helped hold 
such structures together just as they hold corals together 
today (Wulff and Buss 1979). The two rnajor groups responsi- 
ble for such buildups were (1) cyanobacteria, calcareous 
algae, and weakly calcified or hexactinellid sponges and (2) 
heterotrophic, mostly solitary animals including corals, bi- 
valve mollusks, brachiopods, bryozoans, and archeocyathids. 
Only one or the other of the two groups was generally abun- 
dant at any time. The most abundant and geologically spec- 
tacular heterotrophs are early Cambrian archeocyath sponges 
(Wood et al. 1993), middle Paleozoic solitary and simple 
colonial rugose corals (Fagerstrom 1987), Permian calcified 
sponges, bryozoans and brachiopods (Wood et al. 1995), and 
Cretaceous rudist bivalves (Ross and Skelton 1993). Animals 
with endosymbionts were apparently rare or absent, and 
cryptic environments were much less developed than in reefs 
with true framework. 

Much of this variation in mode and extent of Phanerozoic 
reef development and taxonomic composition can be ex- 
plained by (1) relations between variations in nutrient avail- 
ability and modes of growth and life histories of dominant 
reef builders, as well as (2)  types and abundance of predators 
(Figure 15.17) (Wood 1999). However, the record of nutrient 
levels and productivity in Phanerozoic seas is still prelimi- 
nary, and their role in reef development is largely inferred 
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Figure 15.17 Geological record of reef development, showing relationships between 
abundance of major reef builders and physical conditions. (From Wood 1995.) 
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from what is known about variations in growth and life his- 
tories of reef dwellers in relation to nutrients in recent seas. 

Factors leading to episodes of reef building by solitary 
heterotrophs can be understood in terms of factors that regu- 
late the relative abundance of solitary and colonial animals 
today (Jackson 1977,1983; Jackson and Coates 1985). Dense 
aggregations of benthic organisms can form by aggregative 
larval recruitment or by indeterminate growth and clonal 
propagation across the substrate. Larval aggregation is most 
common among aclonal, solitary animals like oysters, mus- 
sels, and tube worms that are poor overgrowth competitors 
for space except in very high densities, when they may domi- 
nate the entire community. Clonal propagation is characteris- 
tic of many algae, sponges, and colonial animals like corals 
that are excellent overgrowth competitors. 

Levels of nutrients and primary production in the plank- 
ton modulate the balance of power between aclonal and clon- 
al groups (Littler and Littler 1984; Birkeland 1988; Hallock 
1988). Eutrophic conditions with very high levels of nutrients 
and planktonic productivity favor solitary animals. This is 
because increased food supplies allow enormous production 
of larvae and suppress growth of photoautotrophs and 
mixotrophs like algae and corals. Low productivity favors 
clonal organisms that do not require constantly high recruit- 
ment to maintain high population densities. Significantly, 
fossil reefs built by heterotrophs predominate in mudstones 
that almost certainly reflect high turbidity, nutrients, and 
planktonic productivity (Wood 1999; Ross and Skelton 1993), 
the same conditions that favor aggregations of solitary ani- 
mals like oysters today. 

In contrast, dominance by fleshy algae over corals and 
coralline algae in recent seas is favored by (1) moderate levels 
of nutrients that promote algal growth and (2) low abun- 
dance of grazers that otherwise maintain hard substrates 
clean of fleshy algae (Littler and Littler 1984; Birkeland 1988; 
Hallock 1988). Significantly, the geological first appearance of 
many of the most important grazers immediately precedes or 
follows closely upon the beginning of each of the three major 
episodes of framework reef building (Steneck 1983; Signor 
and Brett 1984; Vermeij 1987). The relative importance of reef 
building by algae in the absence of heterotrophs also falls off 
throughout the Phanerozoic as grazers with more and more 
effective dentition evolved. 

THE LAST Two MILLION YEARS, 

AND THE FORESEEABLE FUTURE 

Pleistocene Perspectives on the Structure 
and Assembly of Reef Communities 
The fossil record is the only source of long-term ecological 
data on time scales that encompass the natural variability of 
coral reef ecosystems (Hubbard 1988; Jackson 1991, 1992; 
Pandolfi 1999). Individual coral skeletons provide a wealth of 
paleoenvironmental data (Dodge and Vaisnys 1977; Fair- 

THE LAST FIVE HUNDRED YEARS, 

banks et al. 1997) that can be used to determine time series of 
major climatic perturbations and their ecological conse- 
quences (Glynn and Colgan 1992), as well as recording past 
biological interactions and physical disturbance (Jackson 
1983). Corals are commonly preserved in life position or with 
minimal transport. Thus, line transects or quadrats laid 
across outcrops of uplifted reefs can be used to record paleo- 
community composition and diversity just as on a living reef 
(Figure 15.18A) (Stemann and Johnson 1992; Pandolfi 1996; 
Pandolfi and Jackson, in press). This method is commonly 
used on Late Pleistocene or Holocene reefs that have been 
uplifted above sea level. Alternatively, cores can be obtained 
or trenches dug into subtidal reef framework to obtain a 
record of more recent events leading up to present-day com- 
munities (Macintyre and Glynn 1976; Fairbanks 1989; Aron- 
son and Precht 1997; Aronson et al. 1998). This approach is 
most useful for the Holocene record of sea level rise over the 
past 10,000-15,000 years. Environments of deposition and 

Figure 15.18 Fossil reefs of New Guinea. (A) Corals in growth posi- 
tion. (8) Reef terraces created by uplift and sea level changes. (Pho- 
tos courtesy of J. Pandolfi.) 



water depths can be determined independently of the corals 
themselves to avoid circularity in interpretation (Pandolfi et 
al., in press). Moreover, comparisons of distributions and 
abundance of live coral and dead coral on recent reefs with 
similar fossil data demonstrate that fossil coral communities 
faithfully record the original living coral community (Green- 
stein et al. 1998a). 

Pandolfi (1996,1999) examined coral community compo- 
sition on nine Late Pleistocene reef terraces on the Huon 
Peninsula of Papua New Guinea that were formed by the in- 
teraction of local tectonic uplift and glacial sea level fluctua- 
tions over 95,000 years (Figure 15.18B). Each uplift event com- 
prised a separate ecological experiment in coral community 
assembly following a major disturbance. Reef crest and reef 
slope assemblages were recognized and sampled separately 
at three sites along 35 km of coast. There were no significant 
differences in community composition or species richness in 
each environment over time (among the nine terraces) but 
there were consistent differences among sites along the shore. 

Community membership over 95,000 years was much 
more stable than expected from a random sample of the habi- 
tat-specific species pools (i.e., only those species known to 
occur in each specific environment rather than all species 
known from the geographic region). Restriction of the analy- 
sis to the habitat-specific species pool is essential because far 
fewer species occur in any local habitat than occur in the re- 
gional species pool. Indeed, this is a basic problem (Westoby 
1998) with the analysis of so-called local versus regional ef- 
fects on coral community structure and diversity (Karlson 
and Cornel1 1998). For example, only 18 species of Acroporu 
occur along the coast of the Huon Peninsula today, out of the 
roughly 125 species of Acropora from the broader West Pacific 
region, and only four of these 18 species are common. These 
same four Acroporu species dominate Pandolfi's Pleistocene 
communities and, in general, both the reef crest and reef 
slope communities were dominated consistently by fewer 
than 25% of the 66-92 species encountered in each environ- 
ment in the Pleistocene and the recent. Moreover, dominant 
species are no more widely distributed than rarer species in 
the same environments. Thus, consistent dominance does 
not appear to result only from superior dispersal ability as 
predicted by Hubbell (1997). 

The New Guinea study was criticized (Aronson and 
Precht 1997) for using only presence or absence of corals. 
However, similar community stability was observed using 
the same methods of analysis with relative abundance data 
from three different reef environments on the 125,000-year- 
old terrace in Curacao (Pandolfi and Jackson 1997, in press). 
Community composition was different among environments 
but not over distances of as much as 40 km within the same 
environments. As in New Guinea, coral communities were 
dominated by only a small percentage of the roughly 30 
species recorded from each paleocommunity, which is similar 
to recent species richness along the same coasts. Dominant 
species were no more widely distributed than rarer species in 
the same habitats. 
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Curaiao is rarely subjected to hurricanes (Pandolfi and 
Jackson, in press). Woodley (1992) suggested that the extreme 
dominance of shallow water Jamaican reefs by Acroporu 
palmafa and Acropora cervicornis was an artifact of infrequent 
damage by hurricanes during the early studies of reef zona- 
tion in Jamaica (Goreau 1959; Kinzie 1973). However, paleoe- 
cological studies in areas strongly affected by hurricanes 
demonstrate apparently uninterrupted dominance by one or 
the other of these Acropora species for thousands of years 
during individual high stands of sea level (Jackson 1992; 
Aronson and Precht 1997; Aronson et al. 1998; Greenstein et 
al. 199813). In general, growth rates of acroporid corals are so 
high that competitive dominance occurs over intervals short- 
er than the average period between major hurricanes at any 
particular site. 

The paleontological data provide an ecological baseline of 
predictable patterns of coral community assembly and mem- 
bership over large spatial and temporal scales before intense 
modern human disturbance (Jackson 1992; Pandolfi and 
Jackson 1997, in press; Pandolfi 1999). The probability ap- 
proaches certainty that the community at any particular reef 
site will be devastated by some form of disturbance over 
decades to millennia (Connelll978; Jackson 1991; Woodley 
1992; Connell et al. 1997; Hughes and Connelll999). Recov- 
ery will be varyingly affected by recruitment limitation, inter- 
actions among established organisms and further distur- 
bance (Done 1992,1997,1999; Connell et al. 1997; Hughes 
and Tanner 2000); and diversity commonly, although not al- 
ways, peaks at intermediate levels of disturbance (Tanner et 
al. 1994) as hypothesized by Connell(l978). Nevertheless, the 
fossil data require that these disturbances are (or were) suffi- 
ciently predictable over large scales of the reefscape for the 
development of predictable coral community composition, 
just as on rocky intertidal shores (Paine and Levin 1981). 

With this perspective, distinctions break down between 
equilibrium and nonequilibrium communities, open versus 
closed populations, and Gleasonian versus Eltonian commu- 
nity assembly (Chesson 1997). On the scale of the regional 
landscape, interspecific differences in life histories and niches 
produce predictable patterns of community development 
gackson and Hughes 1985; Jackson 1991; Knowlton and Jack- 
son 1994; Tanner et al. 1994; Hughes 1996; Hughes et al. 
2000). However, none of these conclusions require or imply 
tightly integrated mechanisms of community structure (Jack- 
son 1994a) as has sometimes been assumed by paleoecolo- 
gists (Aronson and Precht 1995; Jablonski and Sepkoski 
1996). 

What Was Natural on Coral Reefs? 
Until the 1980s, most coral reef ecologists assumed that reefs 
they were studying were "natural" (Sheppard 1995), despite 
evidence to the contrary from fisheries (Munro 1983; Hatcher 
et al. 1989) and absence of baseline data before industrializa- 
tion and the modern, exponential rise in human populations 
(Jackson 1995, 1997). Opinions changed, however, with in- 
creasing reports of catastrophic mortality of corals due to out- 
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breaks of disease, predators, bleaching, overgrowth by fleshy 
algae, over-fishing, eutrophication, oil spills, and a host of 
other factors (Hay 1984; Tomascik and Sander 1987; Jackson 
et al. 1989; Ginsburg 1993; Hughes 1994; Brown 1997a, b; 
Done 1997,1999; Peters 1997; Richardson 1998; but see Grigg 
1992). Coral cover declined precipitously and relative abun- 
dance of surviving species changed at sites around the world 
over the last two decades (Wilkinson 1992; Hughes 1994). Ef- 
fects of repeated disturbances appear increasingly severe, 
suggesting that reefs do not entirely recover before new per- 
turbations (Done 1988; Paine et al. 1998; Hughes and Connell 
1999). This negative synergism is equally apparent for natur- 
al disturbances such as hurricanes and anthropogenic im- 
pacts such as oil spills. 

In spite of widespread basis for concern, we cannot quan- 
tify using standard ecological methods how much of this de- 
cline is within the range of natural variability of coral reef 
ecosystems, and how much is due to anthropogenic change 
(Jackson 1992; Sapp 1999). This is not a trivial problem. Well- 
documented, natural variations in other marine ecosystems 
may be extremely large. For example, the order of magni- 
tude, boom-bust cycles in abundance of anchovies and sar- 
dines in the eastern Pacific are driven by climatic fluctuations 
with a periodicity longer than the longest environmental 
time series from the region (Baumgartner et al. 1992; MacCall 
1996; McGowan et al. 1998). There are no comparable obser- 
vational records from any coral reef environment. 

Paleoecological, archeological, and historical data (here- 
after collectively referred to as paleo data) are therefore the 
only means for obtaining the necessary long-term perspective 
(Jackson 1992, in press). Paleo data are necessarily descriptive 
rather than experimental, but they uniquely encompass the 
time scales necessary to distinguish natural from anthro- 
pogenic variation. Moreover, most long-term ecological stud- 
ies of living reefs are also entirely descriptive (Connell et al. 
1997; Hughes and Tanner 2000), and that fact has not hin- 
dered their application to similar ecological problems (Hugh- 
es 1994; Connell et al. 1997). The application of paleo data to 
coral reef ecology is still in its infancy, but there are already 
clear examples of the power of the approach for both corals 
and mobile consumers such as sea urchins, fish, and turtles. 

We have seen how detailed surveys of Pleistocene and 
Holocene reef corals can provide an ecological baseline for 
the apparently low natural variability in coral community 
composition (Pandolfi 1996,1999; Aronson and Precht 1997; 
Aronson et al. 1998; Greenstein et al. 1998a; Pandolfi and 
Jackson, in press). The same studies demonstrate that recent 
dominance of Caribbean shallow-water reefs on exposed 
coasts by comparatively opportunistic, brooding species of 
Aguriciu and Porites instead of Acroporu are unprecedented on 
fossil reefs so far examined extending back for 125,000 years. 
Prehistoric shifts to dominance of reefs by soft-bodied organ- 
isms like fleshy algae (Lessios 1988; Hughes 1994) should be 
detectable by detailed analyses of horizons of extensive bio- 
erosion on fossil reefs, but this has not been attempted. Nev- 
ertheless, there is clearly no paleontological evidence for any- 
thing like the modem situation on Caribbean reefs. 

There also are good historical data showing that the de- 
cline of shallow-water Acroporu in the Caribbean began in 
Barbados as early as the nineteenth century (Lewis 1984). Ex- 
tensive tracts of Acroporu pulmutu persisted around much of 
the island until the 1920s but had disappeared before the first 
modern ecological surveys in the 1950s (Lewis 1960), appar- 
ently due to increased eutrophication and runoff that began 
with the deforestation of the island for sugarcane in the sev- 
enteenth century. This historical discovery helps to explain 
the apparently anomalous difference between the persistence 
of dense stands of Acroporu spp. throughout the past half-mil- 
lion years on Barbados and its earlier reported absence in the 
recent in Barbados (Jackson 1992). 

Paleontological data for mobile reef animals have pro- 
duced less consistent results because of greater problems of 
sampling and reworking of sediments that mix skeletal re- 
mains. For example, the vast amounts of skeletal debris 
formed by the mass mortality of Diadema antillarum in the 
Caribbean were soon mixed unrecognizably into older sedi- 
ments (Greenstein 1989). On the other hand, preservation of 
fossil Diudemu is sufficient to determine that it was the most 
abundant sea urchin on Caribbean reefs 125,000 years ago 
(Gordon and Donovan 1992), long before overfishing began. 
Likewise, we still do not know if outbreaks of crown-of- 
thorns starfish happened in the past, because abundant skele- 
tal remains of the starfish sampled at depth in cores of reef 
sediments may have been reworked (Keesing et al. 1992; Pan- 
dolfi 1992). However, this problem could be easily resolved 
by analysis of Holocene reefs in New Guinea or elsewhere 
that were uplifted before observed outbreaks of starfish be- 
gan. Similar constraints and possibilities apply to fossil 
otoliths of reef fishes that could be used to determine the tax- 
onomic composition and body size of reef fish populations 
and Communities before intensive human exploitation. 

Historical data clearly demonstrate the great magnitude of 
ecological effects of human exploitation on reefs. Large 
predatory fishes and sharks were extremely abundant in the 
Caribbean in the sixteenth and seventeenth centuries (Ovi- 
edo 1526; Dampier 1729). These were fished down to levels 
so low that inhabitants shifted their efforts to smaller and 
smaller carnivores and herbivorous fishes (Munro 1983; Jack- 
son 1997). The net effect on reef environments was to fish 
down the trophic level of reef fish communities, just as has 
been documented for larger commercial fisheries worldwide 
(Pauly et al. 1998). 

The best historical data are for green turtles in the Carib- 
bean because of the enormous importance of these animals in 
the colonial economy of the Caribbean, where populations of 
human slaves were fed on turtles for more than a century 
(Jackson 1997). Historical reports of voyagers describe popula- 
tions so huge that ships could navigate in the fog by the nois- 
es of migrating animals, that could also impede the progress 
of ships that sailed directly into the vast aggregations! Green 
turtles used to crop "turtlegrass" (Thlussiu testudmum) at hun- 
dreds of sites around the Caribbean whose names (e.g., Dry 
Tortugas) refer to the once abundant turtles that are now very 
rarely, if ever, seen. Estimates of adult abundances based on 
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hunting data produce astonishing numbers ranging from ap- 
proximately 16- to 35-million 100-kg adult turtles for the en- 
tire tropical western Atlantic (Jackson 1997; Bjorndal et al. 
2000). Estimates based on experimental data for the carrying 
capacity of turtle grass beds yield numbers up to l(3-20 times 
higher. Even the smallest, conservative estimates exceed the 
biomass of large vertebrates in east Africa today; and there is 
every reason to believe that abundances of other large verte- 
brates including other sea turtles, manatees, and sharks were 
of comparable size. 

Clearly, studying grazing and predation on reefs today is 
like trying to understand the ecology of the Serengeti by 
studying the termites and the locusts while ignoring the 
wildebeest and the elephants. The remaining small fishes and 
invertebrate predators and grazers feed very differently from 
their larger precursors (Figure 15.19) because they nibble at 
rather than break apart their prey and (unlike turtles and 
manatees) cannot digest cellulose. Loss of megavertebrates 
drastically reduced and qualitatively changed grazing and ex- 
cavation of seagrasses, predation on sponges, export of pro- 

duction to adjacent ecosystems, and the structure of food 
chains. Likewise, patterns of carbon flux were changed on the 
Great Barrier Reef after devastation by crown-of-thorns 
starfish (Johnson et al. 1995). It is no accident that the only 
published food web for coral reef environments that includes 
large vertebrates is for the French Frigate Shoals (Figure 15.14) 
(Grigg et al. 1984), thousands of kilometers from any human 
populations. No large vertebrates are even mentioned in 
Sale's (1991a) compendium on the ecology of coral reef fishes. 

Whither Coral Reefs? 
Coral reefs were already greatly altered by human activities 
long before the first coral reef ecologists began to study them. 
Nevertheless, we are beginning to understand the magnitude 
of these changes and their consequences (Done 1992,1997, 
1999; Bradbury 1990; Hughes 1994; Bradbury and Seymour 
1997; Jackson 1997, in press). These insights can be summa- 
rized in two elementary models of the causes and conse- 
quences of outbreaks of crown-of-thorns starfish Acanthus fer 
planci on the Great Barrier Reef and the demise of the sea 
urchin Diadema antillarum in the Caribbean (Figure 15.20). 
Both models ignore for simplicity important spatial questions 
of hydrodynamics and larval dispersal that are essential to 

. 

the metapopulation dynamics of these systems. 
On Caribbean and East African reefs, abundant predatory 

and herbivorous fish once suppressed sea urchin and macro- 
algal abundance, and coral cover was high (Figure 15.20A, 
plane A) (Hughes 1994; McClanahan et al. 1996). Fishing ini- 
tially decreased predatory fish populations, resulting in in- 
creases in sea urchins and small herbivorous fishes that 
grazed on algae, and coral abundance remained high (plane 
E). Eventually, intense subsistence over-fishing also greatly 
reduced herbivorous fish abundance which, after the mass 
mortality of Diadema antillarum in the Caribbean, permitted 
enormous increases in unpalatable macroalgae that are pro- 
gressively overgrowing corals throughout the region (plane 
C). Increased nutrient levels due to agriculture and human 
waste, decreased coral abundance due to hurricanes, in- 
creased sedimentation due to deforestation, and outbreaks of 
disease or coral bleaching have further lowered thresholds 
for macroalgal dominance over corals in all cases (Harvell et 
al. 1999; Jackson, in press). 

More hypothetically on the Great Barrier Reef, high densi- 
ties of fish (and other predators) probably suppressed Acan- 
thaster population growth, so that outbreaks did not occur or 
were very rare (Bradbury and Seymour 1997). Coral cover 
greatly exceeded that of macroalgae, soft corals, or other po- 
tentially dominant sessile taxa (Figure 15.20B, plane A). Re- 
duction of predatory fish populations below some unknown 
threshold density due to moderate fishing contributed to the 
increased frequency of starfish outbreaks, that decimated 
coral cover (plane B) and resulted in presumably unstable 
limit cycles of starfish-coral-macroalgal abundance. Finally, 
we can speculate that increased fishing will further reduce 
abundance Of less preferred herbivorous species. the 
sudden growth of macroalgae following coral mortality due 
to starfish outbreaks would greatly exceed consumption by 

Figure 15.19 (A) A dugong feeding (B) Aerial photo illustrating 
massive disturbance to seagrass beds associated with grazing by 
these large vertebrates. (Photos courtesy of H. Marsh.) 
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Figure 15.20 Models of changes in relative 
abundance of predators, corals and algae as a 
response to fishing and other human interfer- 
ence (A) Caribbean and East Africa: plane A, 
pristine situation prior to fishing, with grazing 
of algae shared among diverse fish and inverte- 
brates, especially sea urchins; plane B, increased 
abundance of Diadema and other invertebrate 
grazers due to overfishing compensates for loss 
of grazing fishes so that the ratio of corals to 
algae remains high; plane C, mass mortality of 
Diadem permits explosive growth of algae that 
overgrow corals. (B) Great Bamer Reef plane A, 
pristine situation prior to fishing, with popula- 
tions of crown-of-thorns starfish held in check 
by predatory fishes and corals dominant across 
the reef; plane B, overfishing permits outbreaks 
of crown-of-thorns starfish, with corals reduced 
and replaced by algae and other uncalcified ses- 
sile organisms on many reefs; plane C, hypothe- 
sized response to further overfishing, with 
chronically high crown-of-thorns populations 
reducing corals to very low levels and domi- 
nance of the reefscape by algae. 

(A) Caribbean 

Fish 

herbivores. This would in turn result in a shift in dominance 
from palatable to unpalatable macroalgal species (plane C) 
that might persist even if herbivore populations subsequent- 
ly increased. This has not occurred in economically prosper- 
ous Australia, but is to be expected in areas of intensive sub- 
sistence overfishing around the Philippines or Indonesia. As 
in the Caribbean, increased nutrients or decreased coral 
abundance due to cyclones, sedimentation, disease or bleach- 
ing should lower thresholds for shifts from dominance by 
corals to macroalgae. 

The value of such simplified models is that they summa- 
rize current knowledge and help focus on processes and hy- 
potheses to falsify. They also overwhelmingly demonstrate 
that almost everything we have learned about coral reef ecol- 
ogy has been based on ecosystems greatly altered by human- 
ity (Bradbury 1990; Hughes 1994; Bradbury and Seymour 
1997; Knowlton 1997; Jackson 1995, in press). They also help 
to understand the time lag between the historically much 
earlier fishing down of consumers (such as manatees, turtles, 
large fishes) and increasing inputs from the land, and the 
much later collapse of the sessile, habitat-structuring corals 
and seagrasses that define the character of these ecosystems 
(Figure 15.21). The initial great decline in large, mobile con- 
sumers and inputs from the land began in the seventeenth 
century in the Caribbean and in the nineteenth century in the 
Indo-West Pacific. Corals and seagrasses were apparently un- 
affected by these initial events, although this could be tested 
by analyses of growth rings and incidence of injuries pre- 
served in ancient corals. These altered reef communities are 
what passed as baseline until the widespread collapse of 
coral and seagrass communities in the 1980s associated with 
extreme subsistence overfishing, increased inputs from the 
land due to exponential human population growth, and dis- 
ease (Jackson 1997, in press; Harvell et al. 1999). 

7 

(B) Great Barrier Reef 

Fish 

Living habitat 
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Figure 15.21 General model of coral reef community collapse due 
to human disturbance. The y-axis is logarithmic to capture the orders 
of magnitude changes in the abundances of large mobile animals 
and living habitat structure such as corals and seagrasses. The time 
axis is deliberately general because onset of major changes depends 
more on the timing of the onset of intensive harvesting or land- 
based activities than on chronological age. Nearelimination of most 
megaherbivores and megapredators defines the first major transition 
(arrow l), which corresponds to the shift from plane A to plane B in 
Figure 15.20. The loss of these large animals preceded ecological in- 
vestigations so that their absence has been uncritically accepted as 
the natural “baseline” condition. The second major transition (arrow 
2) reflects sudden collapse of living habitat structure due to indirect 
effects of overfishing down the food chain and the concurrent expo- 
nential increase in inputs of sediments and nutrients from the land 
due to human population increase. This transition corresponds to 
the shift from plane B to plane C in Figure 15.20. 



The Ecology of Coral Reef:$ 4 17 

LITERATURE CITED 
Achituv, Y. and Z.  Dubinsky 1990. Evolution 

and zoogeography of coral reefs. In Z. Du- 
binsky (ed.), Coral Reefs, pp. 1-9. Ecosystems 
ofthe World Vol. 25. Elsevier, Amsterdam. 

Aerts, L. A. M. and R. W. M. van Soest. 1997. 
Quantification of sponge/coral interactions 
in a physically stressed reef community, NE 
Colombia. Mar. Ecol. Prog. Ser. 148: 125134. 

scape patterns of reef coral diversity: A test 
of the intermediate disturbance hypothesis. 
J. Exp. Mar. Biol. Ecol. 192: 1-14. 

Aronson, R. B. and W. E Precht. 1997. Stasis, 
biological disturbance, and community 
structure of a Holocene coral reef. Paleobiolo- 
gy 23: 326-346. 

bivory and algal dynamics on the coral reef 
at Discovery Bay, Jamaica. Limnol. Oceanogr. 

Aronson, R. 8. and W. F. Precht. 1995. Land- 

Aronson, R. B. and W. E Precht. 2000. Her- 

45: 251-255. 
Aronson, R. B., W. E Precht and I. G. Macin- 

tyre. 1998. Extrinsic control of species re- 
placement on a Holocene reef in Belize: The 
role of coral disease. Coral Reefs 1 7  223-230. 

Ault, T. R. and C. R. Johnson. 1998. Spatially 
and temporally predictable fish communi- 
ties on coral reefs. Ecol. Monogr. 68: 25-50. 

head. 1994. Sperm diffusion models and in 
situ confirmation of long-distance fertiliza- 
tion in the free-spawning asteroid Acan- 
thuster planci. Biol. Bull. 186: 17-28. 

Bak, R. P. M., J. Brouns and E Heys. 1977. Re- 
generation and aspects of spatial competi- 
tion in the scleractinian corals Agaricia 
agaricites and Montastrea annularis. Proc. 3rd 
Int. Coral ReefSymp. 1: 143-148. 

Bak, R. P. M., D. Y. M. Lambrechts, M. Joenje, 
G. Nieuwland and M. L. J. van Veghel. 1996. 
Long-term changes on coral reefs in boom- 
ing populations of a competitive colonial as- 
cidian. Mar. Ecol. Prog. Ser. 133: 303-306. 

Baker, A. C. and R. Rowan. 1997. Diversity of 
symbiotic dinoflagellates (zooxanthellae) in 
scleractinian corals of the Caribbean and 
eastern Pacific. Proc. 8th lnt. Coral ReefSymp. 

Baumgartner, T., A. Soutar and V. Ferreira-Bar- 
trina. 1992. Reconstruction of the history of 
Pacific sardine and northern anchovy popu- 
lations over the past two millennia from 
sediments of the Santa Barbara Basin, Cali- 
fornia. C a l f m i a  Coop. Oceanic Fish Invest. 
Rep. 33: 24-40. 

Bellwood, D. R. 1995. Direct estimate of bioere 
sion by two parrotfish species, Chlorurus gib- 
bus and C. sordidus, on the Great Barrier 
Reef, Australia. Mar. Biol. 121: 419-429. 

Bellwood, D. R. and J. H. Choat. 1990. A func- 
tional analysis of grazing in parrotfishes 
(family Scaridae): The ecological implica- 
tions. Environ. Biol. Fish 28: 189-214. 

Bertness, M. D. and S. D. Hacker. 1994. Physi- 
cal stress and positive associations among 
marsh plants. Amer. Nut. 144.363-372. 

Bernie, J. A. H. 1999. Genetic structure of coral 
reef organisms: Ghosts of dispersal past. 
Amer. Zool. 3 9  131-145. 

Babcock, R. C., C. N. Mundy and D. White- 

2: 1301-1306. 

Birkeland, C.  1987. Nutrient availability as a 
major determinant of differences among 
coastal hard-substratum communities in 
different regions of the tropics. UNESCO 
Reps. Mar. Sci. 46 4.597. 

Birkeland, C. 1988. Geographic comparisons of 
coral-reef community processes. Proc. 6th 
Int. Coral ReefSymp. 1: 211-220. 

Chaloupka. 2000. Green turtle somatic 
growth model Evidence for density depen- 
dence. Ecol. Appl. 10: 269-282. 

Bradbury, R. H. (ed.). 1990. Acanthuster and the 
Coral Reef: A Theoretical Perspective. Lecture 
Notes in Biomathematics 88. Springer- 
Verlag, Berlin. 

Bradbury, R. and R. Seymour. 1997. Waiting 
for COTS. Proc. 8th lnt. Coral ReefSymp. 2 
1357-1362. 

Brown, B. E. 1997a. Coral bleaching: Causes 
and consequences. Coral Ret$l6 (Suppl.): 
S129-5138. 

Brown, B. E. 199%. Disturbances to reefs in re- 
cent times. In C. Birkeland (ed.), Life and 
Death of Coral Reefs, pp. 354-379. Chapman 
& Hall, New York. 

Budd, A. E and K. G. Johnson. 1997. Coral reef 
community dynamics over 8 million years 
of evolutionary time. Proc. 8th Int. Coral Reef 
Symp. 1: 42M28. 

Buddemeier, R. W. and D. Hopley. 1988. Tum- 
ons and turn-offs: Causes and mechanisms 
of initiation and termination of coral reef 
growth. Proc. 6th Int. Coral ReefSymp. 1: 
253-261. 

Buss, L. W. 1979. Bryozoan overgrowth interac- 
tions: The interdependence of competition 
for space and food. Nature 281: 475477. 

Buss, L. W. 1986. Competition and community 
organization on hard surfaces in the sea. In’ T. 
Case and J. Diamond (eds.). Cornmunify Ecolo- 
gy, pp. 517-536. Harper and Row, New York. 

Buss, L. W. and J. 8. C. Jackson. 1979. Competi- 
tive networks: Nontransitive competitive re- 
lationships in cryptic coral reef environ- 
ments. Amer. Nat. 113: 223-234. 

Buss, L. W. and J. B. C. Jackson. 1981. Plank- 
tonic food availability and suspension-feed- 
er abundance: Evidence of in situ depletion. 
J. Exp. Mar. Biol. Ecol. 49:151-161. 

Bythell, J. C., E. H. Gladfelter and M. Bythell. 
1993. Chronic and catastrophic mortality of 
three common Caribbean reef corals. Coral 
Reefs12: 143-152. 

Hughes, G. P. Jones and B. A. Menge. 1996. 
Recruitment and the local dynamics of open 
marine populations. Annu. Rev. Ecol. Syst. 
27 477-500. 

systems in tropical reef corals. Trends Ecol. 
Evol. 14: 491-495. 

Carpenter, R. D. 1997. Invertebrate predators 
and grazers. In C. Birkeland (ed.), Life and 
Death of Coral Reefs, pp. 19P-229. Chapman 
& Hall, New York. 

Casselle, J. E. 1999. Early post-settlement mor- 
tality in a coral reef fish and its effect on 

Bjorndahl, K. A., A. B. Bolten and M. Y. 

Caley, M. J., M. H. Carr, M. A. Hixon, T. P. 

Carlon, D. 8.1999. The evolution of mating 

local population size. Ecol. Monogr. 69: 
177-194. 

Chesson, l? 1997. Diversity maintenance by in- 
tegration of mechanisms over various scales. 
Proc. 8th Int. Coral ReefSymp. 1: 405-410. 

Clifton, K. E. and L. M. Clifton. 1999. The phe- 
nology of sexual reproduction by green 
algae (Bryopsidales) on Caribbean coral 
reefs. J. Phycol. 35: 24-34. 

Coates, A. G. and J. B. C. Jackson. 1987. Clonal 
growth, algal symbiosis and reef formation 
in corals. Paleobiology 13: 36S378. 

1996. Earliest evolution associated with clo- 
sure of the tropical American seaway Proc. 
Natl. Acad. Sci. U S A  93: 6069-6072. 

Coma, R. and H. R. Lasker. 1997. Small-scale 
heterogeneity of fertilization success in a 
broadcast spawning octocoral. J. Exp. Mar. 

Connell, J. H. 1973. Population ecology of reef- 
building corals. In 0. A. Jones and R. En- 
dean (eds.), Biology and Geology of Coral 
Reefs. Vol. I1 Biology I, pp. 205245. Academ- 
ic Press, New York. 

forests and coral reefs. Science 199: 

Collins L. S., A. E Budd and A. G. Coates. 

Biol. E d .  214 107-120. 

Connell, J. H. 1978. Diversity in tropical rain 

1302-1310. 
Connell, J. H., T. P. Hughes and C. C. Wallace. 

1997. A 30-year study of coral abundance, 
recruitment, and disturbance at several 
scales in space and time. Ecol. Monogr. 67 
461-488. 

Cowen, R. K., K. M. M. Lwiza, S. Sponaugle, 
C. B. Paris and D. B. Olson. 2000. Connectiv- 
ity of marine populations: Open or closed? 
Science 287 857-859. 

Cumming, R. L. 1999. Predation on reef-build- 
ing corals: Multiscale variation in the densi- 
ty of three corallivorous gastropods. Coral 
Reefi 18: 147-170. 

Dampier, W. 1729. A New Voyage Around the 
World. Reprinted 1968, Dover, New York. 

Darwin, C. 1842. The Structureand Distribution 
of Coral Reef. University of Arizona Press, 
Tucson. 

Dayton, P. K., M. J. Tegner, P. E. Parnell and l? 
B. Edwards. 1992. Temporal and spatial pat- 
terns of disturbance and recovery in a kelp 
forest community. Ecol. Monogr. 6 2  421445. 

Dayton, l? K., M. J. Tegner, P. B. Edwards and 
K. L. Riser. 1999. Temporal and spatial scales 
of kelp demography: The role of oceano- 
graphic climate. Ecol. Monogr. 69: 219-250. 

Dodge, R. E. and J. R.Vaisnys. 1977. Coral pop- 
ulations and growth patterns: Responses to 
sedimentation and turbidity associated 
with dredging. J. Mar. Res. 35: 715-730. 

Doherty, P. J. 1991. Spatial and temporal pat- 
terns in recruitment. In P. E Sale (ed.), The 
Ecology of Fishes on Coral Reefs, pp. 261-293. 
Academic Press, San Diego. 

Doherty, P. and T. Fowler. 1994. An empirical 
test of recruitment limitation in a coral reef 
fish. Science 263: 935-939. 

Doherty, P. J., S. Planes and P. Mather. 1995. 
Gene flow and larval duration in seven 
species of fish from the Great Barrier Reef. 
Ecology 76 2373-2391. 



‘418 Chapter 15 /Knowlton aizd Jackson 

Done, T. J. 1982. Patterns in the distribution of 
coral communities across the central Great 
Barrier Reef. Coral Reefs 1: 95-107. 

Done, T. J. 1983. Coral zonation: Its nature and 
significance. In D. J. Barnes (ed.), Perspec- 
tives on Coral Reefs, pp. 107-147. Australian 
Institute of Marine Science and Brian Cloos- 
ton, Manuka, ACT, Australia. 

Done, T. J. 1988. Simulation of recovery of pre- 
disturbance size structure in populations of 
Porites spp. damaged by the crown of 
thorns starfish Acanthaster planci. Mar. Biol. 
100.51-61. 

Done, T. 1992. Constancy and change in some 
Great Barrier Reef coral communities: 
1980-1990. A m .  2002.32 655662. 

Done, T. J. 1997. Decadal changes in reef-build- 
ing communities: Implications for reef 
growth and monitoring programs. Proc. 8th 
Int. Coral ReefSymp. 1:411416. 

Done, T. J. 1999. Coral community adaptability 
to environmental change at the scales of re- 
gions, reefs and reef zones. Amer. Zool. 39: 
6G79. 

Done, T. J., J. C. Ogden, W. J. Weibe and B. R. 
Rosen. 1997. Biodiversity and ecosystem 
function of coral reefs. In H. A. Mooney, 
J. H. Cushman, E. Medina, 0. E. Sala and 
E.-D. Schulze (eds.), Functional Roles of Biodi- 
versity: A Global Perspective, pp. 393429. 
John Wiley, Chichester, U.K. 

Edinger, E. N. and M. J. Risk. 1994. 
OligoceneMiocene extinction and geo- 
graphic restriction of Caribbean corals: 
Roles of turbidity, temperature, and nutri- 
ents. Palaios 9: 576-598. 

Fadlallah, Y H., K. W. Allen and R. A. Estudil- 
lo. 1995. Mortality of shallow reef corals in 
the western Arabian Gulf following aerial 
exposure in winter. Coral Reefs 14: 99-107. 

Fagerstrom, J. A. 1987. The Evolution $Reef 
Communities. Wiley, New York. 

Fairbanks, R. G. 1989. A 17,000-year glacio-eu- 
static sea level record: Influence of glacial 
melting rates on the Younger Dryas event 
and deep Ocean circulation. Nature 342: 
637-642. 

Fairbanks, R. G., M. N. Evans, J. L. Ruben- 
stone, R. A. Mortlock, K. Broad, M. D. 
Moore and C. D. Charles. 1997. Evaluating 
climate indices and their geochemical prox- 
ies measured in corals. Coral Re+l6 
(Suppl.): S93-S100. 

Falkowski, P. G., Z. Dubinsky, L. Muscatine 
and L. McCloskey. 1993. Population control 
in symbiotic corals. Bioscience 43: 606611. 

Fearon, R. J. and A. M. Cameron. 1997. Prelim- 
inary evidence supporting the ability of her- 
matypic corals to affect adversely larvae and 
early settlement stages of hard coral com- 
petitors. J. Chem. Ecol. 23: 1769-1780. 

Fiske, D. A. and V. J. Harriott. 1993. Are under- 
storey coral communities recruitment limit- 
ed? Proc. 7’h Intl. Coral Reef Symp. Guam 1: 

Ginsburg, R. N. (compiler). 1993. Proceedings of 
the Colloquium and Forum on Global Aspects o f  
Coral Reefs: Health, Hazards and Histoy. 
Rosenstiel School of Marine and Atmos- 
pheric Sciences, University of Miami, Coral 
Gables, FL. 

517-520. 

Gladfelter, W. 8.1982. White band disease in 
Acropora pulrnatu: Implications for the struc- 
ture and growth of shallow reefs. Bull. Mar. 
Sci. 32: 639-643. 

Glynn, P. W. 1976. Some physical and biologi- 
cal determinants of coral community struc- 
ture in the eastern Pacific. Ecol. Monogr. 46: 
431456. 

Glynn, P. W. 1990. Feeding ecology of selected 
coral-reef macroconsumers: Pattems and ef- 
fects on coral community structure. In Z. 
Dubinsky (ed.), Coral Re+, pp. 365400. 
Ecosystems of the World Vol. 25. Elsevier, Am- 
sterdam. 

Glynn, P. W. 1993. Coral reef bleaching: Eco- 
logical perspectives. Coral Reefs 12: 1-17. 

Glynn, P. W. 1997. Bioerosion and coral-reef 
growth. In C. Birkeland (ed.), Life and Death 
of Coral Reefs, pp. 68-95. Chapman & Hall, 
New York. 

Glynn, P. W. and M. W. Colgan. 1992. Sporadic 
disturbances in fluctuating coral reef envi- 
ronments: El Nfio and coral reef develop- 
ment in the eastern Pacific. Amer. Zwl. 32: 

Gordon, C. M. and S. K. Donovan. 1992. Disar- 
ticulated echinoid ossicles in paleoecology 
and taphonomy: The last interglacial Fal- 
mouth Formation of Jamaica. Palaios 7 

Goreau, T. F. 1959. The zonation of Jamaican 

707-71 8. 

157-166. 

coral reefs. I. Species composition and zona- 
tion. Ecology 4 0  67-90. 

Sponge: Effect on the form of reef corals. 
Nature 151: 343-344. 

Grenstein, B. J. 1989. Mass mortality of the 
West-Indian echinoid Diadema antillarum 
(Echinodermata: Echinoidea): A natural ex- 
periment in taphonomy. Palaios 4: 487492. 

Greenstein, B. J., H. A. Curran and J. M. Pan- 
dolfi. 1998a. Shifting ecological baselines 
and the demise of Acropora cemicomis in the 
western North Atlantic and Caribbean 
Province: A Pleistocene perspective. Coral 
Reefs 17 249-261. 

Greenstein, B. J., J. M. Pandolfi and H. A. Cur- 
ran. 1998b. The completeness of the Pleis- 
tocene fossil record Implications for strati- 
graphic adequacy. In S. K. Donovan (ed.), 
The Adequacy of the Fossil Record, pp. 75-109. 
John Wiley and Sons, London. 

Griffith, J. K. 1997. Occurrence of aggressive 
mechanisms during interactions between 
soft corals (Octocoralha: Alcyoniidae) and 
other corals on the Great Barrier Reef, Aus- 
tralia. Mar. Freshwater Res. 48: 129-135. 

Grigg, R. W. 1992. Coral reef environmental 
science: Truth versus the Cassandra syn- 
drome. Coral Reefs 11: 18&186. 

Grigg, R. W., J. J. Polovina and M. J. Atkinson. 
1984. Model of a coral reef ecosystem. 111. 
Resource limitation, community regulation, 
fisheries yield and resource management. 
Coral Reefs 3: 23-27. 

Grosberg, R. K. and D. R. Levitan. 1992. For 
adults only? Supply-side ecology and the 
history of larval biology. Trends Ecol. Evol. 
7: 130-133. 

Goreau, T. F. and W. D. Hartman. 1966. 

Grutter, A. S. 1997. Effect of the removal of clean- 
er fish on the abundance and species compo- 
sition of reef fish. Oecolop 111: 137-143. 

Guzmin, H. M., K. A. Bums and J. B. C. Jack- 
son. 1994. Injury, regeneration and growth 
of Caribbean reef corals after a major oil 
spill in Panama. I. Exp .  Mur. Biol. Ecol. 105: 

Hallock, P. 1988. The role of nutrient availabili- 
ty in bioerosion: Consequences to carbonate 
buildups. Palueogop. Palaeoclim. Palaeoecol. 
63: 275-291. 

Hallock, P. 1997. Reefs and reef limestones in 
earth history. In C. Birkeland (ed.), Life and 
Death ofcoral Reefs, pp. 1342. Chapman & 
Hall, New York. 

Hallock, P. and W. Schlager. 1986. Nutrient ex- 
cess and the demise of coral reefs and car- 
bonate platforms. Palaios 1: 389-398. 

Harmelin, J.-G. 2000. Ecology of cave and cavi- 
ty dwelling bryozoans. In A. Herrera and J. 
B. C. Jackson (eds.), Proceedings ofthe 12th In- 
ternational B yozoology Association Conference, 
pp. 38-53. Smithsonian Tropical Research 
Institute, Panama. 

Harmelin-Vivien, M. L. and P. Laboute. 1986. 
Catastrophic impact of hurricanes on atoll 
outer reef slopes in the Tuamotu (French 
Polynesia). Coral Reefs 5 5562. 

Harrison, P L. and C. C. Wallace. 1990. Repro- 
duction, dispersal and recruitment of scler- 
actinian corals. In 2. Dubinsky (ed.), Coral 
Reefs, pp. 133-207. Ecosystems ofthe World 
Vol. 25. Elsevier, Amsterdam. 

Harrison, P. L., R. C. Babcock, G. D. Bull, J. K. 
Oliver, C. C. Wallace and B. L. Willis. 1984. 
Mass spawning in tropical reef corals. Sci- 
ence 223: 1186-1189. 

Harvell, C. D. and 12 others. 1999. Emerging 
marine diseases: Climate l i  and anthro- 
pogenic factors. Science 285 1505-1510. 

Hatcher, B. G. 1988. The primary productivity 
of coral reefs: A beggar’s banquet. Trends 
Ecol. Evol. 3: 10G111. 

Hatcher, B. G. 1990. The primary productivity 
of coral reefs: A hierarchy of pattern and 
process. Trends Ecol. Evol. 5 149-155. 

Hatcher, B. G. 1997. Coral reef ecosystems: 
How much greater is the whole than the 
sum of the parts. Coral Reefs 16 (Suppl.): 

Hatcher, B. G., R. E. Johannes and A. I. Robert- 
son. 1989. Review of research relevant to the 
conservation of shallow tropical marine 
ecosystems. Oceanogr. Mar. Biol. Annu. Reu. 
27 337-414. 

grazing on Caribbean reefs: Are previous re- 
sults typical? Ecology 65: 4464.54. 

Hay, M. E. 1997. The ecology and evolution of 
seaweed-herbivore interactions on coral 
reefs. Coral Reefs 16 (Suppl.): S67-576. 

Herre, E. A,, N. KnowIton, U. G. Mueller and 
S. A. Rehner. 1999. The evolution of mutu- 
alisms: Exploring the paths between conflict 
and cooperation. Trends Ecol. Evol. 14: 49-53. 

Highsmith, R. C. 1980. Geographic patterns of 
coral bioerosion: A productivity hypothesis. 
1. Exp.  Mar. Biol. Ecol. 46: 177-196. 

231-241. 

S77-S91. 

Hay, M. E. 1984. Pattems of fish and urchin 



- - 
The Ecology of Coral Rccfs 4 19 

Highsmith, R. C. 1982. Reproduction by frag- 
mentation in corals. Mar. Ecol. Prog. Ser. 7 
207-226. 

Hill, M. S. 1998. Spongivory on Caribbean 
reefs releases corals from competition with 
sponges. Oecologia 117: 143-150. 

corals and algae. In C. Birkeland (ed.), Life 
and Death ofcoral Reefs, pp. 230-248. Chap- 
man & Hall, New York. 

Hubbard, D. K. 1988. Controls of fossil and 
modem reef development: Common 
ground for biological and geological re- 
search. Proc. 6th Int. Coral Reef Symp. 1: 
243-252. 

Hubbard, D. K. 1997. Reefs as dynamic sys- 
tems. In C. Birkeland (ed.), Life and Death of 
Coral Reefs, pp. 4937. Chapman & Hall, 
New York. 

Hubbell, S. P. 1997. A unified theory of bio- 
geography and relative species abundance 
and its application to tropical rain forests 
and coral reefs. Coral Reefs 16 (Suppl.): 

Hixon, M. A. 1997. Effects of reef fishes on 

S9-S22. 
Hughes, D. J. and J. B. C. Jackson. 1992. Distri- 

bution and abundance of cheilostome bry- 
ozoans on the Caribbean reefs of central 
Panama. Bull. Mar. Sci. 51: 44-65, 

Hughes, T. P. 1985. Life histories and popula- 
tion dynamics of early successional corals. 
Proc. 5th Iizt. Coral Reef Symp. 5:lOl-106. 

Hughes, T. P. 1990. Recruitment limitation, 
mortality and population regulation in open 
systems: A case study. Ecology 71: 12-20. 

Hughes, T. P. 1994. Catastrophes, phase shifts, 
and large-scale degradation of a Caribbean 
coral reef. Science 265: 1547-1551. 

Hughes, T. P. 1996. Demographic approaches 
to community dynamics: A coral reef exam- 
ple. Ecology 772256-2260. 

Hughes, T. P. and J. H. Connell. 1987. Popula- 
tion dynamics based on size or age? A reef- 
coral analysis. Amer. Nut. 129: 818429. 

Hughes, T. P. and J. H. Connell. 1999. Multiple 
stressors on coral reefs: A long-term per- 
spective. Limnol. Oceanogr. 44: 932-940. 

Hughes, T. P. and J. B. C .  Jackson. 1985. Popu- 
lation dynamics and life histories of folia- 
ceous corals. Ecol. Monogr. 55141-166. 

Hughes, T. P. and J. E. Tanner. 2000. Recruit- 
ment failure, life histories, and long-term 
decline of Caribbean corals. Ecology 81: 
2250-2263. 

Hughes, T. P., A. H. Baird, E. A. Dinsdale, 
N. A. Moltschaniwskyj, M. S. Pratchett, J. E. 
Tanner and B. L. Willis. 1999. Patterns of re- 
cruitment and abundance of corals along 
the Great Barrier Reef. Nature 397 59-63. 

Hughes, T. P., A. H. Baird, E. A. Dinsdale, N. 
A. Moltschaniwskyj, M. S. Pratchett, J. E. 
Tanner and B. L. Willis. 2000. Supply-side 
ecology works both ways: The link between 
benthic adults, fecundity and larval recruits. 
E c o l o ~  81: 2241-2249. 

Hughes, T. P., A. M. Szmant, R. Steneck, 
R. Carpenter and S. Miller. 1999. Algal 
blooms on coral reefs: What are the causes? 
Limnol. Oceanogr. 44: 1583-1586. 

Jablonski, D. and J. J. Sepkoski Jr. 1996. Palec- 
biology, community ecology and scales of 
ecological pattern. Ecology 77: 1367-1378. 

Jackson, J. B. C. 1977. Competition on marine 
hard substrata: The adaptive significance of 
solitary and colonial strategies. Amer. Natur. 
111: 743-767. 

Jackson, J. B. C. 1979. Overgrowth competition 
between encrusting cheilostome ectoprocts 
in a Jamaican cryptic reef environment. 
I. Anim. Ecol. 48: 80.5823. 

Jackson, J. B. C. 1983: Biological determinants 
of present and past sessile animal distribu- 
tions. In M. Tevesz and P. W. McCall (eds.), 
Biotic Interactions in Recent and Fossil Benthic 
Communities, pp. 39-120. Plenum Press, 
New York. 

Jackson, J. 8. C. 1986. Modes of dispersal of 
clonal benthic invertebrates: Consequences 
for species’ distributions and genetic struc- 
ture of local populations. Bull. Mar. Sci. 39: 
588-606. 

Jackson, J. B. C. 1991. Adaptation and diversity 
of reef corals. Bioscience 41: 475482. 

Jackson, J. 8. C. 1992. Pleistocene perspectives 
on coral reef community structure. Amer. 

Jackson, J. 8. C. 1994a. Community unity? Sci- 
ence 264: 1412-1413. 

Jackson, J. B. C. 199413. Constancy and change 
of life in the sea. Philos. Trans. R. SOC. B 344: 
5560. 

coral reef conservation and management. In 
Partnership Building and Frammork Develop- 
ment: Report @the l C N  Workshop, pp. 5 9 .  
Dumaguete City, Philippines, 

Jackson, J. 8. C. 1997. Reefs since Columbus. 
Coral Reefi 16 (Suppl.): S23-532. 

Jackson, J. B. C. In press. What was natural in 
the oceans? Proc. Natl. Acad. Sci. USA. 

Jackson, J. B. C. and L. W. Buss. 1975. Allelopa- 
thy and spatial competition among coral 
reef invertebrates. Proc. Natl. Acad. Sci. 7.2: 
51 60-5163. 

Jackson, J. 8. C. and A. G. Coates. 1985. Life cy- 
cles and evolution of clonal (modular) ani- 
mals. Philos. Trans. R. SOC. Lond. B 313: 7-22. 

Jackson, J. 8. C. and T. P. Hughes. 1985. Adap- 
tive strategies of coral-reef invertebrates. 
Amer. Sci. 73: 265274. 

Jackson, J. B. C. and K. W. Kaufmann. 1987. 
Diudema antillarum was not a keystone 
predator in cryptic reef environments. 
Science 235: 687-689. 

Jackson, J. B. C. and J. E. Winston. 1982. Ecolo- 
gy of cryptic coral reef communities. I. Dis- 
tribution and abundance of major groups of 
encrusting organisms. J. Exp. Mar. Biol. Ecol. 
57: 135147. 

Jackson, J. B. C. and 17 others. 1989. Ecological 
effects of a major oil spill on Panamanian 
coastal marine communities. Science 243: 
3744. 

James, N. P. 1984. Reefs. In P. A. Scholle et al. 
(eds.), Carbonate Depositional Environments, 
pp. 345-440. American Association of Petro- 
leum Geologists Memoir 33. 

Johnson, C. (ed.). 1992. Crun-@-Thorns Starfish 
on the Great Barrier Reef: Reproduction, Re- 
cruitment and Hydrodynamics. CSIRO, Aus- 
tralia. 

Johnson, C., D. Klumpp, J. Field and R. Brad- 
bury. 1995. Carbon flux on coral reefs: Ef- 

Z W ~ .  32: 719-731. 

Jackson, J. B. C. 1995. The role of science in 

fects of large shifts in community structure. 
Mar. Ecol. Prog. Ser. 126 123-143. 

Jokiel, P. L. 1984. Long distance dispersal of 
reef corals by rafting. Coral Regs 3: 113-116. 

Jokiel, P. L., C. L. Hunter, S. Taguchi and L. 
Watarai. 1993. Ecological impact of a fresh- 
water “reef kill” in Kaneohe Bay, Oahu, 
Hawaii. Coral Re@ 12: 177-184. 

Jones, G. P. 1991. Postrecruitment processes in 
the ecology of coral reef fish populations: 
A multifactorial perspective. In P. E Sale 
(ed.), The Ecology @Fishes on Coral Reef, 
pp. 294-328. Academic Press, San Diego. 

Jones, G. I?, M. J. Milicich, M. J. Emslie and 
C. Lunow. 1999. Self-recruitment in a coral 
reef fish population. Nature 402: 802-804. 

Karlson, R. H. 1986. Disturbance, colonial frag- 
mentation, and size-dependent life history 
variation in two coral reef cnidarians. Mar. 
Ecol. Prog. Ser. 28: 245-249. 

Karlson, R. H. and L. E. Hurd. 1993. Distur- 
bance, coral reef communities, and chang- 
ing ecological paradigms. Coral Reefs 12: 

Karlson, R. H. and H. V. Comell. 1998. Scale- 
117-125. 

dependent variation in local vs. regional ef- 
fects on cora1,species richness. Ecol. Monogr. 
6 8  259-274. 

Kaufman, L. 1977. The threespot damselfish 
Effects on benthic biota of Caribbean coral 
reefs. Proc. 3rd Int. Coral Reef Symp. 1: 
559-564. 

Keesing, J. K., R. H. Bradbury, L. M. DeVantier, 
M. J. Riddle and G. De’ath. 1992. Geological 
evidence for recurring outbreaks of the 
crown-of-thorns starfish A reassessment 
from an ecological perspective. Coral Reefs 
11: 7945. 

Kinsey, D. W. 1988. Coral reef system response 
to some natural and anthropogenic stresses. 
Gulaxea 7 113-128. 

Kinsey, D. W. 1991. The coral reef An owner- 
built, high-density, fully-serviced, self-suffi- 
cient housing estate in the desert-r is it? 
Symbiosis 10 1-22. 

Kmie, R. A,, 111.1973. The zonation of West 
Indian gorgonians. Bull. Mar. Sci. 23: 93-155. 

Knowlton, N. 1992. -holds and multiple 
stable states in coral reef community dy- 
namics. Amer. Zwl. 32: 674-682. 

Knowlton, N. 1993. Sibling species in the sea. 
Annu. Rev. Ecol. Syst. 24: 189-216. 

Knowlton, N. 1997. Hard decisions and hard 
science: Research needs for coral reef man- 
agement. In M. E. Hatziolos, A. J. Hooten 
and M. Fodor (eds.), Coral Reefs: Challenges 
and Opportunities for Sustainable 
Management, pp. 183-187. World Bank, 
Washington, DC. 

Knowlton, N. 2000. Molecular genetic analyses 
of species boundaries in the sea. Hydrobiolo- 
giu 420: 73-90. 

breeding and outbreeding in marine inver- 
tebrates. In N. W. Thomhill (ed.), The Natur- 
al History of Inbreeding and Outbreeding: 
Theoretical and Empirical Perspectives, 
pp. 2CO-249. University of Chicago Press, 
Chicago. 

Knowlton, N. and J. B. C. Jackson. 1994. New 
taxonomy and niche partitioning on coral 

Knowlton, N. and J. B. C. Jackson. 1993. In- 



420 Chapter 15 / Kiio7ultoii and Jacksori 

reefs: Jack of all trades or master of some? 
Trends Ecol. Evol. 9: 7-9. 

Knowlton, N., J. C. Lang, M. C. Rooney and 
P. Clifford. 1981. Evidence for delayed mor- 
tality in hurricane-damaged Jamaican 
staghorn corals. Nature 294: 251-252. 

Knowlton, N., J. C. Lang and B. D. Keller. 1990. 
Case study of natural population collapse: 
Post-hurricane predation on Jamaican 
staghorn corals. Smithson. Contr. Mar. Sci. 
31: 1-25. 

Kobluk, D. R., R. J. Cuffey, S. S. Fonda and M. 
A. Lysenko. 1988. Cryptic Bryozoa, leeward 
fringing reef of Ebnaire, Netherlands An- 
tilles, and their paleoecological significance. 
J .  Paleontol. 62 427-439. 

Kramarsky-Winter, E. and Y. Loya. 1996. Re- 
generation versus budding in fungiid 
corals: A trade-off. Mar. Ecol. Prog. Ser. 134: 
179-185. 

Kramarsky-Winter, E., M. Fine and Y. Loya. 
1997. Coral polyp expulsion. Nature 
387 137. 

Lang, J. C. 1973. Interspecific aggression by 
scleractinian corals. 11. Why the race is not 
always to the swift. Bull. Mar. Sci. 23: 
260-279. 

Lang, J. C. and E. A. Chomesky. 1990. Competi- 
tion between scleractinian reef corals: A re- 
view of mechanisms and effects. In 2. Dubin- 
sky (ed.), Coral Reefs, pp. 209-252. Ecosystems 
ofthe World Vol. 25. Elsevier, Amsterdam. 

Leis, J. M. 1991. The pelagic stage of reef fishes: 
The larval biology of coral reef fishes. In P. F. 
Sale (ed.), The Ecology of Fishes on Coral Reefs, 
pp. 183-230. Academic Press, San Diego. 

Lessios, H. A. 1988. Mass mortality of Diadema 
antillarum in the Caribbean: What have we 
learned? Annu. Rev. Ecol. Syst. 1 9  371-393. 

years after mass mortality: Still rare, despite 
help from a competitor. Proc. R. Soc. Lond. 

Levitan, D. R. 1989. Density-dependent size 
regulation in Diadema antillarum: Effects on 
fecundity and survivorship. Ecology 70 
1414-1424. 

Levitan, D. R. 1991. Influence of body size and 
population density on fertilization success 
and reproductive output in a free-spawning 
invertebrate. Biol. Bull. 181: 261-268. 

Levitan, D. R. 1998. Sperm limitation, gamete 
competition, and sexual selection in exter- 
nal fertilizers. In T. R. Birkehead and A. P. 
Moller (eds.), Sperm Competition and Sexual 
Selection, pp. 175-217. Academic Press, San 
Diego. 

Lewis, J. B. 1960. The coral reefs and coral com- 
munities of Barbados, W.I. Cunad. J .  Zwl. 38: 
1133-1145. 

Lewis, J. B. 1984. The Acropora inheritance: A 
reinterpretation of the development of friing- 
ing reefs in Barbados, West Indies. Coral 
Reefs 3: 117-122. 

Liberman, T., A. Genin and Y. Loya. 1995. Ef- 
fects of growth and reproduction of the 
coral Stylophora pistillata by the mutualistic 
damselfish Dascyllus marginatus. Mar. Biol. 

Lessios, H. A. 1995. Diadem antillarum 10 

B 259 331-337. 

121: 741-746. 
Liddell, W. D. and S. L. Ohlhurst. 1992. Ten 

years of disturbance and change on a Ja- 

maican fringing reef. Proc. 7th bzt. Coral Reef 
Syrnp. 1: 144-150. 

Lidgard, S. and J. B. C. Jackson. 1989. Growth 
in encrusting cheilostome bryozoans. I. Evo- 
lutionary trends. Paleobiology 15: 255-282. 

Littler, M. M. and D. S. Littler. 1984. Models of 
tropical reef biogenesis: The contribution of 
algae. Prog. Phycol. Res. 3: 323-364. 

Loya, Y. 1972. Community structure and 
species diversity of hermatypic corals at 
Eilat, Red Sea. Mar. Bid. 13: 100-123. 

MacCall, A. D. 1996. Patterns of low-frequency 
variability in fish populations of the Califor- 
nia Current. Cal. Coop. Oceanic Fish. Invest. 
Rep. 37 100-110. 

Macintyre, I. G. and P. W. Glynn. 1976. Evolu- 
tion of modern Caribbean friiging reef, 
Galeta Point, Panama. Amer. Assoc. Petrol. 
Geol. Bull. 60 1054-1071. 

Stock-recruitment relationships and Acan- 
thaster. In C. Johnson (ed.), Crmon-ofThorns 
Starfish on the Great Barrier Reef: Reproduc- 
tion, Recruitment, and Hydrodynamics, 
pp. 653462. CSIRO, Australia. 

McClanahan, T. R. and N. A. Muthiga. 1998. 
An ecological shift in a remote coral atoll 
of Belize over 25 years. Environ. Consew. 

McClanahan, T. R., A. T. Kamukuru, N. A. 
Muthiga, M. Gilagabher Yebio and D. 
Obura. 1996. Effect of sea urchin reductions 
on algae, coral and fish populations. Con- 
m. Biol. 10: 136-154. 

McClanahan, T. R. and S. H. Shafir. 1990. Caus- 
es and consequences of sea urchin abun- 
dance and diversity in Kenyan coral reef la- 
goons. Oecologia 83: 362-370. 

McField, M. D. 1999. Coral response during 
and after mass bleaching in Belize. Bull. 
Mar. Sci. 64: 155172. 

McGowan, J. A,, D. R. Cayan and L. M. Dor- 
man. 1998. Climate-ocean variability and 
ecosystem response in the northeast Pacific. 
Science 281: 210-217. 

McKinney, F. K. and J. B. C. Jackson. 1988. Bry- 
ozoan Evolution. Unwin Hyman, Boston. 

Meyer, J. Id., E. T. Schultz and G. S. Helfman. 
1983. Fish schools: An asset to corals. Science 

Meylan, A. 1988. Spongivory in hawksbill tur- 
tles: A diet of glass. Science 239 393-395. 

Miller, M. W. and M. E. Hay. 1998. Effects of 
fish predation and seaweed competition on 
the survival and growth of corals. Oecologia 

McCallum, H. 1992. Completing the circle: 

25: 122-130. 

220 1047-1049. 

113: 231-238. 
Miller, M. W., M. E. Hay, S. L. Miller, D. Mal- 

one, E. E. Sotka, and A. M. Szmant. 1999. Ef- 
fects of nutrients versus herbivory on reef 
algae: A new method for manipulating nu- 
trients on coral reefs. Limnol Oceanogr. 44: 

Mladenov, P. V. 1996. Environmental factors 
1847-1861. 

influencing asexual reproductive processes 
in echinoderms. Oceanol. Acta 19: 227-235. 

Moran, P. J. 1986. The Acanthaster phenome- 
non. Oceanogr. Mar. Biol. Ann.  Rev. 24 
379480. 

Morrison, D. 1988. Comparing fish and urchin 
grazing in shallow and deeper coral reef 
algal communities. Ecology 69: 1367-1382. 

Morse, A. N. C. and D. E. Morse. 1996. Flypa- 
pers for coral and other planktonic larvae. 
Bioscience 46: 254-262. 

Morse, A. N. C., K. Iwao, M. Baba, K. Shi- 
moike, T. Hayashibara and M. Omori. 1996. 
An ancient chemosensory mechanism 
brings new life to coral reefs. Biol. Bull. 

Morse, D. E., N. Hooker, A. N. C. Morse and 
R. A. Jensen. 1988. Control of larval meta- 
morphosis and recruitment in sympatric 
agariciid corals. I .  Exp. Mar. Bid. Ecol. 116: 

Muller-Parker, G. and C. E DElia. 1997. Inter- 
actions between corals and their symbiotic 
algae. In C. Birkeland (ed.), Life and Death of 
Coral Reefs, pp. 96-113. Chapman & Hall, 
New York. 

Mumby, P. J. 1999. Can Caribbean coral popu- 
lations be modelled at metapopulation 
scales? Mar. Ecol. Prog. Ser. 180 275-288. 

Mumby, P. J. and A. R. Harborne. 1999. Devel- 
opment of a systematic classification 
scheme of mapping habitats to facilitate re- 
gional management and mapping of 
Caribbean coral reefs. Bid. Consew. 88: 

Munro, J. L. (ed.). 1983. Caribbean Coral Reef 
Fisheries, 2nd ed. lCLARM Stud. Rev. 7 

191: 149-154. 

193-217. 

155-163. 

1-276. 
Muscatine, L. 1990. The role of symbiotic algae 

in carbon and energy flux in reef corals. In 
Z .  Dubinsky (ed.), Coral Reefs, pp. 75-87. 
Ecosystems ofthe World Vol. 25. Elsevier, Am- 
sterdam. 

the tropical coastal seascape. In C. Birkeland 
(ed.), Lifeand Death ofcoral Re@, pp. 
288-297. Chapman & Hall, New York. 

Oliver, J. and R. Babcock. 1992. Aspects of the 
fertilization ecology of broadcast spawning 

'corals: Sperm dilution effects and in situ 
measurements of fertilization. Bid. Bull. 183 
409417. 

Oliver, J. K. and B. L. Willis. 1987. Coral-spawn 
slicks in the Great Barrier Reef (Australia): 
Preliminary observations. Mar. Bid. 94 

Olson, R. R. 1985. The consequences of short- 
distance larval dispersal in a sessile marine 
invertebrate. Ecology 66: 30-39. 

dent sessile feeding by the corallivore snail 
Coralliophila violacea on coral energy sinks. 
Proc. R. Soc. Lond. B 265 2043-2050. 

Oviedo, G. F. de. 1526. Sumrio de la Historia 
Natural de las Indias. Reprinted 1950, Bib- 
lioteca Americana, Fondo de Cultura Eco- 
nomica, Mexico. 

Paine, R. T. and S. Levin. 1981. Intertidal land- 
scapes: Disturbance and the dynamics of 
pattern. Ecol. Monogr. 51: 145-178. 

Paine, R. T., M. J. Tegner and E. A. Johnson. 
1998. Compounded perturbations yield eco- 
logical surprises. Ecosystems 1: 535-545. 

Palumbi, S. R. and J. B. C. Jackson. 1982. Ecolo- 
gy of cryptic coral reef communities. 11. Re- 
covery from small disturbance events by en- 
crusting Bryozoa: The influence of "host" 
species and lesion size. I .  Exp. Mar. Bid. E d .  
64 103-115. 

Ogden, J. C. 1997. Ecosystem interactions in 

521-530. 

Oren, U., I. Bricher and Y. Loya. 1998. Pru- 



Palumbi, S. R. and J. B. C. Jackson. 1983. Aging 
in modular organisms: Ecology of zooid 
senescence in Steginoporella sp. (Bryozoa: 
Cheilostomata). Biol. Bull. 164: 267-278. 

Pandolfi, J. M. 1992. Apalaeobiological exami- 
nation of the geological evidence for recur- 
ring outbreaks of the crown-of-thorns 
starfish, Acanthuster planci. Coral Reefs 11: 

Pandolfi, J. M. 1996. Limited membership in 
87-93. 

Pleistocene reef coral assemblages from the 
Huon Peninsula, PaDua, New Guinea: Con- 
stancy during global change. Paleobiology 22: 
152-176. 

Pandolfi, J. M. 1999. Response of Pleistocene 
coral reefs to environmental change over 
long temporal scales. Amer. Zwl. 39: 
113-130. 

Pandolfi, J. M. and J. 8. C. Jackson. 1997. The 
maintenance of diversity on coral reefs: Ex- 
amples from the fossil record. Proc. 8th Int. 
Coral RetfSymp. 1: 397404. 

Community structure of Pleistocene coral 
reefs of Curacao, Netherlands Antilles. Ecol. 
Monogr. 

Pandolfi, J. M., G. Llewellyn and J. B. C. Jack- 
son. In press. Interpretation of ancient reef 
environments in paleoecological studies of 
community structure. Coral Ret$. 

Paulay, G. 1997. Diversity and distribution of 
reef organisms. In C. Birkeland (ed.), Life 
and Death ofcoral Reef, pp. 298-353. Chap- 
man & Hall, New York. 

Froese and F. Torres Jr. 1998. Fishing down 
marine food webs. Science 279 860-863. 

predatory fishes affect their distribution? 
Limnol. Oceanogr. 43: 1396-1399. 

Pennings, S. C. 1997. Indirect interactions on 
coral reefs. In C. Birkeland (ed.), Life and 
Death ofcoral Re$, pp. 249-272. Chapman 
& Hall, New York. 

Peters, E. C. 1997. Diseases of coral-reef organ- 
isms. In C. Birkeland (ed.), Life and Death o f  
Coral Reef, pp. 114-139. Chapman &Hall, 
New York. 

Porter, J. W., J. D. Woodley, G. J. Smith, J. E. 
Neigel, J. E Battey and D. G. Dallmeyer. 
1981. Population trends among Jamaican 
reef corals. Nature 294 249-250. 

Porter, J. W., J. F. Battey and G. Jason Smith. 
1982. Perturbation and change in coral reef 
communities. Proc. Natl. Acad. Sci. U S A  79: 
1678-1681. 

Reaka-Kudla, M. L. 1997. The global biodiver- 
sity of coral reefs: A comparison with rain 
forests. In M. L. Reaka-Kudla, D. E. Wilson, 
and E. 0. Wilson (eds.), Biodiversity II, 
pp.83-108. Joseph Henry Press, Washing- 
ton, DC. 

Richardson, L. L. 1998. Coral diseases: What is 
really known? Trends Ecol. Evol. 1 3  438443. 

Richmond, R. H. 1997. Reproduction and re- 
cruitment in corals: Critical links in the per- 
sistence of reefs. In C. Birkeland (ed.), Life 
and Death ofCora1 Reefs, pp. 175-197. Chap- 
man & Hall, New York. 

Pandolfi, J. M. and J. B. C. Jackson. In press. 

Pauly, C., V. Christensen, J. Dalsgaard, R. 

Pawl&, J. R. 1998. Coral reef sponges: Do 

Riegl, B. 1995. Effects of sand deposition on 
scleractinian and alcyonacean corals. Mar. 
Bid. 121: 517-526. 

Rinkevich, B. and Y. Loya. 1985. Intraspecific 
competition in a reef coral Effects on 
growth and reproduction. Oecologia 66 
100-105. 

Robertson, D. R. 1988a. Abundances of sur- 
geonfishes on patch-reefs in Caribbean 
Panama: Due to settlement, or post-settle- 
ment events? Mar. Biol. 97 495-501. 

Robertson, D. R. 1988b. Extreme variation in 
settlement of the Caribbean triggerfish Bal- 
istes vetula in Panama. Copeia 1988: 698-703. 

Robertson, D. R. 1988~. Settlement and popu- 
lation dynamics of Abudefduf saxatilis on 
patch reefs in Caribbean Panama. Proc. 6th 
Int. Coral ReefSymp. 2: 839-843. 

fish populations after mass mortality of the 
sea urchin Diadema antillarum in Panama in- 
dicate food limitation. Mar. Biol. 111: 
437-444. 

Robertson, D. R. 1996. Interspecific competi- 
tion controls abundance and habitat use of 
territorial Caribbean damselfishes. Ecology 
77: 885-899. 

Rogers, C. S. 1990. Responses of coral reefs and 
reef organisms to sedimentation. Mar. Ecol. 
Prog. Ser. 62 185-202. 

Rogers, C. S. 1993. Hurricanes and coral reefs: 
The intermediate disturbance hypothesis re- 
visited. Coral Re$12 127-137. 

Ross, D. J. and P. W. Skelton. 1993. Rudist for- 
mations of the Cretaceous: A paleoecologi- 
cal, sedimentological and stratigraphical re- 
view. In v. P. Wright (ed.), Sedimentology 
Reviezu 1, pp. 73-91. Blackwell Scientific 
Publications, Oxford. 

Roughgarden, J. 1989. The structure and as- 
sembly of communities. In J. Roughgarden, 
R. M. May and S. A. Levin (eds.), Persptc- 
tives in Ecological Theory, pp. 203-226. 
Princeton University Press, Princeton, NJ. 

Roughgarden, J., S. Gaines and H. Possing- 
ham. 1988. Recruitment dynamics in com- 
plex life cycles. Science 241:1460-1466. 

Rowan, R. 1998. Diversity and ecology of zoox- 
anthellae on coral reefs. I. Phycol. 34: 
407417. 

1997. Landscape ecology of algal symbionts 
creates variation in episodes of coral bleach- 
ing. Nature 388: 265-269. 

Riitzler, K. and K. Muzik. 1993. Terpios hoshino- 
tu, a new cyanobacteriosponge threatening 
Pacific reefs. Scientia Marina 57 395-403. 

Sale, P. E 1977. Maintenance of high diversity 
in coral reef fish communities. Amer. Nut. 
111: 337-359. 

Sale, I? E (ed.). 1991a. The Ecology ofFishes on 
Coral Reefs. Academic Press, San Diego. 

Sale, P. E 1991b. Reef fish communities: Open 
nonequilibrium systems. In P. F. Sale (ed.), 
The Ecology ofFishes on Coral Reefs, pp. 
564-598. Academic Press, San Diego. 

Santavy, D. L., E. C. Peters, C. Quirolo, J. W. 
Porter and C. N. Bianchi. 1999. Yellow- 
blotch disease outbreak on reefs of the San 
Blas Islands, Panama. Coral Retfsl8: 97. 

Robertson, D. R. 1991. Increases in surgeon 

Rowan, R., N. Knowlton, A. Baker and J. Jara. 

Thc Ecologj of Coral Rccfi 421 

Santelices, B. 1990. Patterns of reproduction, 
dispersal and recruitment in seaweeds. 
Oceanogr Mar. Biol. Annu. Rev. 28: 177-276. 

Sapp, J. 1999. What is Natural? Coral ReefCyisis. 
Oxford University Press, Oxford. 

Schmitt, R. J. and S. J. Holbrook. 1999. Mortali- 
ty of juvenile damselfish Implications for 
assessing processes that determine abun- 
dance. Ecology 80 35-SO. 

Scoffin, T. P. 1993. The geological effects of hur- 
ricanes on coral reefs and the interpretation 
of storm deposits. Coral Reefs 12: 203-221. 

Sheppard, C. 1995. The shifting baseline syn- 
drome. Mar. Poll. Bull. 30 766-767. 

Shlesinger, Y., T. L. Goulet and Y. Loya. 1998. 
Reproductive patterns of scleractinian corals 
in the northern Red Sea. Mar. Biol. 132: 

Shulman, M. J. and E. Bermingham. 1995. 
691-701. 

Early life histories, ocean currents, and pop- 
ulation genetics of Caribbean reef fishes. 
Evolution 49: 897-910. 

Paleozoic precursor to the Mesozoic marine 
revolution. Paleobiology 1 0  229-245. 

Sotka, E. E., M. E. Hay and J. D. Thomas. 1999. 
Host-plant specialization by a non-herbivo- 
rous amphipod: Advantages for the amphi- 
pod and costs for the seaweed. Oecologia 
118: 471-482. 

Spotte, S. 1998. "Cleaner" shrimps? Helgolander 
wiss Meersunters 52: 59-64. 

Stemann, T. A. and K. G. Johnson. 1992. Coral 
assemblages, biofacies, and ecological zones 
in the mid-Holocene reef deposits of the En- 
riquillo valley, Dominican Republic. Lethuia 

Signor. P. W. and C. W. Brett. 1984. The mid- 

25: 231-241. 
Steneck, R. S. 1983. Escalating herbivory and 

resulting adaptive trends in calcareous algal 
crusts. Paleobiology 9: 44-61. 

Steneck, R. S. and M. N. Dethier. 1994. A func- 
tional group approach to the structure of 
algaldominated communities. Oikos 69: 
47-98, 

Steneck, R. S. and Watling, L. 1982. Feeding ca- 
and limitation of herbivorous mol- 

luscs: A functional group approach. Mar. 
Biol. 68: 299-319. 

Stimson, J. 1985. The effect of shading by the 
table coral Acropora hyacinthus on understo- 
ry corals. Ecology 66 40-53. 

1996. Modelling coral reef biodiversity and 
habitat destruction. Mar. Ecol. Prog. Ser. 134 

Swart, P. K. and G. D. Stanley. 1989. Intraskele- 
tal variations in the carbon and oxygen iso- 
topic composition of a late Triassic coral Toe- 
chustraea major: Implications for the 
development of symbiotic associations in 
scleractinian corals. Geol. SOC. Amer. Abstr. 
Prog. 1 2  Alll .  

Swearer, S. E., J. E. Caselle, D. W. Lea and R. R. 
Warner. 1999. Larval retention and recruit- 
ment in an island population of a coral-reef 
fish. Nature 402 799402. 

specifics on choice of settlement sites by lar- 
vae of two pomacenhid fishes (Dascyllus 
aruanus and D. reticulatus) on coral reefs. 
Mar. Biol. 75: 225-229. 

Stone, L., E. Eilam, A. Abelson and M. Ilan. 

299-302. 

Sweatman, H. I? A. 1983. Influence of con- 



-. - - 
422 Chapfer 15 / Knoiidton and Jackson 

Sweatman, H. P. A. 1985. The influence of 
adults of some coral reef fishes on larval re- 
cruitment. Ecol. Monogr. 55: 469485. 

Tanner, J. E. 1997. Interspecific competition re- 
duces fitness in scleractinian corals. ]. Exp. 
Mar. Biol. Ecol. 214 19-34. 

1994. Species coexistence, keystone species, 
and succession: A sensitivity analysis. Ecolo- 
gy 75: 2204-2219. 

Thorson, G. 1950. Reproduction and larval 
ecology of marine bottom invertebrates. 
Biol. Reu. 25: 1-45. 

Toller, W. W., R. Rowan and N. Knowlton. In 
press a. Repopulation of zooxanthellae in 
the Caribbean corals Montastraea annularis 
and M.faveolnta following experimental and 
disease-associated bleaching. Biol. Bull. 

Toller, W. W., R. Rowan and N. Knowlton. In 
press b. Zooxanthellae of the Montastraea 
annuluris species complex: Patterns of distri- 
bution of four taxa of Symbiodinium on dif- 
ferent reefs and across depths. Biol. Bull. 

Tomascik, T. and E Sander. 1987. Effects of eu- 
trophication on reef-building corals. 11. 
Structure of scleractinian coral communities 
on fringing reefs, Barbados, West Indies. 
Mar. Biol. 94: 3-75. 

Trench, R. K. 1987. Dinoflagellates in non-para- 
sitic symbioses. In E R. J. Taylor (ed.), The 
Biology of Dinofiagellates, pp. 530-570. Black- 
well Scientific, Oxford. 

Vasseur, P. 1974. The overhangs, tunnels and 
dark reef galleries of Tulear (Madagascar) 
and their sessile invertebrate communities. 
Proc. 2nd Int. Coral Reef Syrnp. 2 14,3-159. 

Tanner, J. E., T. P. Hughes and J. H. Connell. 

Vermeij, G. J. 1987. Evolufion nnd Escalation, an 
EcologcaI History of Life. Princeton Universi- 
ty Press, Princeton, NJ. 

Victor, B. C. 1991. Settlement strategies and 
biogeography of reef fishes. In P. E Sale 
(ed.), The Ecology ofFishes on Coral Reefs, 
pp. 231-260. Academic Press, San Diego. 

Warner, M. E., W. K. Fitt and G. W. Schmidt. 
1999. Damage to photosystem I1 in symbiot- 
ic dinoflagellates: A determinant of coral 
bleaching. Proc. Nufl. Acad. Sci. USA 96 
8007-8012. 

Warner, R. R. 1984. Mating systems and her- 
maphroditism in coral reef fish. Amer. Sci. 
72 128-136. 

Warner, R. R. 1997. Evolutionary ecology: HOW 
to reconcile pelagic dispersal with local 
adaptation. Coral Reefs 16 (Suppl.): 
S115-Sl20. 

local and regional diversity: Comment. Ecol- 
ogy 79: 18251827. 

Wilkinson, C. R. 1992. Coral reefs of the world 
are facing widespread devastation: Can we 
prevent this through sustainable manage- 
ment practices? Proc. 7th Int. Coral Reef 
Symp. 1: 11-21. 

Wilkinson, C. R. and A. C. Cheshire. 1988. 
Cross-shelf variations in coral reef structure 
and function: Influences of land and ocean. 
Proc. 6th Inf. Coral ReefSymp. 1: 227-233. 

Williams, A. H. 1981. An analysis of competi- 
tive interactions in a patchy back-reef envi- 
ronment. Ecology 62: 1107-1120. 

Williams, D. McB. 1991. Patterns and processes 
in the distribution of coral reef fishes. In P. F. 
Sale (ed.), The Ecology ofFishes on Coral Reefs 
pp. 437474. Academic Press, San Diego. 

Westoby, M. 1998. The relationship between 

Winston, J. E. and J. B. C. Jackson. 1984. Ecolo- 
gy of cryptic coral reef communities. N. 
Community development and life histones 
of encrusting cheilostome Bryozoa. J. Exp. 
Mar. Biol. Ecol. 76: 1-21. 

Wood, R. 1993. Nutrients, predation, and the 
history of reef-building. Palaios 8: 52G543. 

Wood, R. 1995. The changing biology of reef- 
building. Palaios 1 0  517-529. 

Wood, R. 1999. Reef Evolution. Oxford Univer- 
sity Press, Oxford. 

Woodin, S. A. and J. B. C. Jackson. 1979. Jnter- 
phyletic competition among marine ben- 
thos. Anzer. Zool. 19: 1029-1043. 

Woodley, J. D. 1992. The incidence of hurri- 
canes on the north coast of Jamaica since 
1870 Are the classic reef descriptions atypi- 
cal? Hydrobiologia 247: 133-138. 

Woodley, J. D. and 19 others. 1981. Hurricane 
Allen’s impact on Jamaican coral reefs. Sci- 
ence 214: 749-755. 

Wulff, J. L. 1991. Asexual fragmentation, geno- 
type success, and population dynamics of 
erect branching sponges. J. Exper. Mar. Biol. 

Wulff, J. L. 1997a. Mutualisms among species 
of coral reef sponges. Ecology 78: 146-159. 

Wulff, J. L. 199%. Parrotfish predation on 
cryptic sponges of Caribbean coral reefs. 
Mar. Biol. 129: 41-52. 

Wulff, J. L. and L. W. Buss. 1979. Do sponges 
help hold coral reefs together? Nature 281: 
474475. 

Yodzis, P. 1988. The indeterminacy of ecologi- 
cal interactions as perceived through pertur- 
bation experiments. Ecology 69: 508-515. 

E d .  149:227-247. 




