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Abstract

The geologic record suggests a diverse array of reef-building corals will survive increasing
CO,, but the relative prevalence of different types will shift and the reefs will become
degraded and eroded. Although many corals may not go extinct, if pH decreases effec-
tively, reef ecosystem services will deteriorate because bioerosion will accelerate and, for
some coral species, net skeletal construction will require more energy when the aragonite
saturation state decreases. A similar pattern of many genera of reef-building scleractinian
corals surviving, but with relatively little reef accretion, was seen through the roughly
140 million years from the Late Jurassic to the late Paleogene when the calcite seas (Mg/Ca
mole ratio <2) and pH <7.8 were unfavorable for aragonitic reef accretion. The geologic
record suggests that the corals most vulnerable to extinction were the fast-growing
branching species because the traits that provide fast growth have tradeoffs with traits
that provide tolerance of stressful environments. Iteroparous animals such as corals are
adapted for survival under stressful conditions at the expense of fecundity. Surveys have
recorded widespread decreases in living coral cover, but the less visible decrease in
fecundity from stress may be more insidious to population recovery. Reduced fecundity
and less dense population distribution can act synergistically to produce Allee effects in
sessile animals such as corals. Natural coral-reef ecosystems give the appearance of
inverted trophic pyramids, but when fished down by about 80 %, recovery has usually
not happened, possibly because the larger individuals in the populations were a major
source of fecundity. Although biomass of eukaryotes appear to be in inverted trophic
pyramids, the turnover and energy is in the form of standard pyramids and although large
individuals in the upper trophic levels are especially sensitive to exploitation, subsistence
economies can be maintained by harvesting the medium-sized individuals. Large
individuals matter more than population biomass because of the distinct roles of large
individuals in ecological processes maintaining coral-reef ecosystems and the relatively
large reproductive potential of big fishes. The functional traits of both the coral-reef
ecosystem and its component animals provide a greater potential for exploitation by
globalization in a service-based economy than with an extractive economy, as exemplified
by Palau.
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12.1 Fecundity and the Loss of Community
Resilience

In 1928, a relatively dense population of pearl oysters
Pinctada margaritifera was found on Pearl and Hermes
Reef in the Northwest Hawaiian Islands. About 150,000
oysters were taken during the next 2 years. A survey was
done the following year, 1930, and again in 1994, 2000, and
2003. Although pearl oysters were still present and
reproducing, the overall population density was still similar
in 2003 to that right after the harvest in 1930 (Keenan
et al. 2006). For species in which the adults are sessile,
fertilization success decreases when the population density
falls below a threshold (Fig. 11.4; Sect. 11.4; Birkeland
et al. 2013). Although fecundity may be at normal levels in
individuals in the population, the reproductive potential of
the population as a whole may become too low to provide
enough successful recruitment beyond the cost of mortality
of larval and juvenile stages to allow the population to
expand and recover to its previous size. Many marine spe-
cies are “boom and bust” (Uthicke et al. 2009) and episodic
abundant recruitment of normally rare species can occasion-
ally allow benthic coral-reef invertebrates such as sponges,
corallimorpharians, didemnid tunicates, and Acanthaster
planci to swamp the usual rates of larval and juvenile mor-
tality and allow the species to recover to the higher level.
Hughes et al. (2000) found that the amount of recruitment to
coral populations on the Great Barrier Reef was not
associated with the number of adult colonies (living coral
cover) but with fecundity of the existing colonies. In corals,
fecundity decreases as the colony is stressed (Sect. 12.2.2)
and the potential of coral communities to provide increased
recruitment that exceeds the normal rates of larval and
juvenile mortality and thereby recover from disturbance
may decrease with stresses and with added energy demands
of climate change, lower ocean pH, and effects of human
activities.

Although fishes are motile and therefore not as vulnerable
to decreased fertilization when their populations decline,
once below a threshold population size, fish are also usually
unable to meet the normal rates of larval and juvenile mor-
tality and many populations show no sign of recovery even
decades after the fishing pressure was removed (Sect. 12.5;
Hutchings and Reynolds 2004). The lower reproductive and
recovery potential of motile fish populations may result from
the selected harvest of the larger individuals. Fecundity
increases exponentially with body size in fish. The fish
associations of coral reefs are characterized in their natural
state as inverted trophic pyramids with the top trophic level,
piscivores, making up four fifth of the biomass (Friedlander
and DeMartini 2002; DeMartini et al. 2008; Sandin
et al. 2008; Fenner 2014). Fishing effort focuses primarily
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on the larger individuals which are especially vulnerable to
modern fishing technology (Fenner 2014). Once the larger
individuals are gone, the fecundity is greatly reduced. There
are “no quick fixes” (Craig 2005) and the inverted trophic
pyramids have generally not reappeared (Sect. 12.5). Many
coral reefs lost these natural characteristics of coral-reef
systems hundreds of years ago (Jackson 1997; Wing and
Wing 2001). In the last half century, most populations of
large fish have not recovered even after the fishing pressure
was removed (Sect. 12.5). Hutchings and Reynolds (2004)
analyzed more than 230 populations of fishes with a median
decrease in population size of 83 % and found that most
exhibit little or no change for at least 15 years after the
collapse.

12.2 Natural Selection Favors Survival over
Reproduction in Corals

12.2.1 Unreliable Recruitment Leads to Multiple
Reproductive Attempts

Lamont C. Cole (1954) explained how age at which repro-
duction begins is one of the most important characteristics
determining the potential of a species to increase rapidly in
abundance. Starting reproduction soon, e.g., within a year,
gives a species a potential for exponentially greater number
of offspring after several years than species that take two or
more years to mature. If the offspring of the species are also
reproducing when the parents would potentially reproduce a
second time, then the selective importance of the parents
would be relatively low after the first reproduction because it
would be just one of a number of progenitors. For example, a
Chinook salmon can produce 15,000 eggs. If it were proba-
ble that one percent of its first batch of offspring survived to
reproduce, the importance of the parent’s contribution to
future generations from a second year’s reproduction
would be only 1/150 of the importance of its first reproduc-
tion. If the offspring carried genes that do not favor future
reproduction and fitness of the elderly, the 150 could have
passed on these genes without selection against them. For a
second example, if human parents often successfully started
families by early to mid-20s, and their offspring were also
generally successful in starting families by their early to
mid-20s, then the selective pressure to maintain fecundity
after their mid-40s or early 50s (i.e., postponing meno-
pause), or avoiding Parkinson’s or Alzheimer’s disease
would not be strong. Natural selection for rapid population
growth strongly favors reproducing successfully as soon as
possible, with little selective pressure towards reproducing
after the next generation is reliably established. In contrast to
species adapted to rapidly expand populations, most of the
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Fig. 12.1 A Porites (cf. lutea) colony in American Samoa. It must be
quite old because Porites mounds grow an order of magnitude slower
than some branching corals and this colony began life at about 14 m
(46 ft) depth with less light than the shallower habitats would allow
(Photo courtesy of Larry Basch)

dominant animals on coral reefs take longer than a year to
mature and then live to reproduce multiple times.

An analysis of data from 251 species of fishes (Longhurst
2002) showed that as recruitment success becomes less
reliable, the traits of late maturity, increased longevity, and
iteroparity substantially increases (Murphy 1967; Schaffer
1974; Jennings et al. 2001). The number of years of repro-
ductive activity typical of a species might indicate the usual
degree of risk of failure to produce successful recruitment
and the length of life and number of reproductive attempts to
accommodate the risk. In complex coral-reef communities
with large standing stocks and relatively low concentrations
of nutrient input, intense and ubiquitous predation and com-
petition make recruitment hazardous and unreliable for
many species. Since many reef-building corals can live for
decades (Fig. 12.1), it seems reasonable that when stressful
or disruptive environmental conditions prevail, committing
resources towards survival until a time in which conditions
for recruitment are more likely to be successful should be
favored by natural selection. Coral-reef fishes are also
exceptionally long-lived, in contrast to larger, faster-
growing, pelagic fishes (Sect. 12.5.3) and the traits of off-
spring (egg size, egg quality, larval size, larval quality,
length of time before dying of starvation) of many species
of coral-reef fishes actually increase with the mother’s age
(Hixon et al. 2013). Perhaps early reproductive success is not
likely, so it is worth “bet-hedging”.

If settling planulae and juvenile corals are just as vulner-
able to stressful conditions as adults, then natural selection
might favor adult corals that survive until favorable
conditions occur and then reproduce many times. The
planulae or juveniles of 1 year may not survive if conditions
are stressful. Immature immune systems (Frank et al. 1997)

and lack of an adequately developed protective microbial
association (Apprill et al. 2009; Sharp et al. 2010) make
juvenile corals especially susceptible to harmful microbes
(Vermeij et al. 2009; Marhaver et al. 2013). Newly settled
coral recruits are especially vulnerable to lower seawater pH
(Webster et al. 2013), lower availability of carbonate ions
(Kleypas et al. 1999a, b; Albright et al. 2008), reduction of
aragonite supersaturation (Cohen and Holcomb 2009), and
greater difficulty for the precipitation of calcium carbonate
skeletons associated with increased CO, (Albright
et al. 2010). Low pH of seawater can especially affect
coral recruits during their first CaCOj3 deposition. For certain
coral species, crustose coralline algae attract recruits (Morse
et al. 1988), but increased CO, also adversely affects crus-
tose coralline algae (Kuffner et al. 2008), thereby adversely
affecting coral recruitment (Doropoulos et al. 2012; Webster
et al. 2013).

In fact, planulae settling near adult colonies of their own
broadcast-spawning species have lower survival because of
harmful microbes that are associated with the adults
(Marhaver et al. 2013). Although elegant experiments in
both field and laboratory have shown that broadcast-
spawning species are vulnerable to microbes associated
with adult colonies of their own species (Marhaver
et al. 2013), brooding corals may have an advantage of
inoculation. The planulae of Heliopora coerulea are brooded
on the surface of the adult colony for 6-14 days (Babcock
1990). During these days, the large (3.7 mm long) bright
white planulae attract several species of butterflyfishes that
prey upon them for extensive periods of time (at least
30 min, Villanueva and Edwards 2010). In the converse of
the Janzen-Connell model in which species diversity is
favored by seeds and seedlings being less favored to survive
near adults of their species because of species-specific
predators and pathogens attracted to adults (Marhaver
et al. 2013), it is the larval Heliopora that attract predators.
The larvae of brooding Pocillopora damicornis have been
seen to successfully settle and live next to adult colonies of
P. damicornis transplanted on a terra cotta brick into heavily
sedimented Ylig Bay, Guam, where the species was not
otherwise found (pers. obs.). Likewise, over three hundred
spat were observed to have settled on a plastic tray to which
a single adult P. damicornis was attached in a water table at
the University of Guam Marine Laboratory. The advantages
in inoculation of brooding larvae over the vulnerabilities of
broadcast-spawning might be analogous to breast-feeding in
humans over feeding infants on formulae in bottles.

12.2.2 Tradeoff Between Survival
and Fecundity

An often accepted definition of coral-reef “resilience” is
“ ..the ability of reefs to absorb recurrent



234

disturbances. . .and rebuild coral-dominated systems”
(Hughes et al. 2007). This definition combines two pro-
cesses, “absorb” (tolerance, acclimatization, adaptation)
and “rebuild” (reproduce, successfully recruit, repair, heal)
that often trade off against each other. For example, the
decrease of available energy because of turbidity and/or
the increased energy expenditure for shedding sedimentation
results in a reduction in gametogenesis (Kojis and Quinn
1984). The expenditure for repair of tissue damage can take
enough energetic resources to prevent gametogenesis for
several years (Lirman 2000). When conditions become
stressful and the adult coral requires additional energy to
survive, gametogenesis is often reduced to provide the extra
energy needed for adult survival (Kojis and Quinn 1985;
Van Veghel and Bak 1994). When corals recover from stress
that caused bleaching, it can be 4 years before they spawn
again (Levitan et al. 2014). The metabolic energy expendi-
ture for recovery of the adult colony from bleaching in
response to warm seawater is also paid for by reduction in
fecundity (Michalek-Wagner and Willis 2001; Ward
et al. 2002), gamete quality (Omori et al. 2001), or gameto-
genesis the following year (Szmant and Gassman 1990).
Likewise, energy spent for survival of the colony in physio-
logical response to elevated levels of nutrients (Ward and
Harrison 1997, 2000) results in fewer larvae or eggs per
colony. Increased ammonium stopped planulation in the
brooding coral Pocillopora damicornis. Planulation resumed
3 months after the ammonium input was halted. Increased
ammonium caused a significant reduction in the size of eggs
spawned by the coral Montipora capitata (Cox and Ward
2002). There is a general reduction in gametogenesis and
larval development along a gradient of increased eutrophi-
cation (Tomascik and Sander 1987; Tomascik 1991; Hunte
and Wittenberg 1992; Wittenberg and Hunte 1992). Kojis
and Quinn (1984) suggested variation in coral fecundity can
be used to monitor environmental stress on corals.

Chronic disturbances brought about by increased CO,,
such as ocean warming, ocean acidification, and lowering of
the aragonite saturation state, have been projected to move
continuously outside the historical bounds at any given site
on Earth by 2069 (+18 years s.d., Mora et al. 2013). This
trend will probably not be reversed for about 1,000 years
after the anthropogenic emissions stop (Archer and Brovkin
2008; Solomon et al. 2009). Ultimately, it is a proper com-
bination of survival and gametogenesis that will be favored
in surviving corals. But selection for survival responds to
current environmental factors that are changing rapidly and
may select against the proper combination of characteristics
needed in the future. The tradeoff of increased survival at a
cost of reduction in fecundity that is frequently observed
these days does not appear to accommodate the general
increase in the chronic nature of disturbances (Chap. 11).
With long term chronic change, survival of adult colonies or
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clones by acclimatization (physiological adjustment of the
colony), does not necessarily enhance adaptation (popula-
tion genetic adjustment).

12.2.3 Chronic Stress Potentially Leads by
Positive Feedback Processes to Decline
in Recruitment and Connectivity

If stressful conditions are chronic, a positive feedback sys-
tem can develop that drives the system into a continuous
decrease in corals (Fig. 11.4, Sect. 11.4). Continuous energy
loss with physiological stress or repair lowers fecundity
which in turn leads to fewer larvae and fewer successful
recruits and thereby fewer adult colonies. Fewer adult
colonies then leads to a self-reinforcing (positive feedback)
sequence because fewer sessile adults diminishes both pop-
ulation fecundity and success in fertilization. The decrease
in fertilization success results from fewer adults because a
lower number of adult colonies most often lowers population
density of adult colonies which, because coral colonies are
sessile, leads to a greater average distance between colonies.
Field observations of a broadcast-spawning species
indicated that if the effective distance between colonies
falls below one spawning colony of a species within
100 m?, the probability for fertilization would be nearly
zero (Levitan et al. 2004). If only 20-30 % of the corals of
a species spawn on a particular night (Levitan et al. 2004),
the lowest absolute population density for successful fertili-
zation would be more like 3 or 4 colonies per 100 m”.
Lower fecundity also leads to less connectivity among
populations (Fig. 12.2). Although many, perhaps the major-
ity, of coral species have potential larval pelagic duration
periods of weeks (Harrigan 1972), some over 200 days
(Harrigan 1972; Graham et al. 2008), most of these same
species show maximum settlement within the first 3 days
(Harrigan 1972). For example, the planulae of Pocillopora
damicornis can survive for at least 212 days, but an average
of 24 % settle within the first 4-8 h and the majority (70 %)
settle within first 24 h (Harrigan 1972). In the near future, the
warming of seawater may further shorten substantially the
pelagic larval duration of coral planulae. Harrigan (1972)
noted the average free-swimming period for P. damicornis
planulae in Palau (26-30 °C) is half of that in Hawaii
(24-27 °C) and Harrigan’s laboratory records provided evi-
dence for shortened pelagic duration in warmer water.
Although coral reefs are not completely self-recruiting,
genetic studies have indicated that a substantial portion of
larvae often recruit back to their population of origin
(Sammarco and Andrews 1989; Swearer et al. 1999, 2002;
Jones et al. 1999, 2005, 2009; Warner and Cowen 2002;
Poulin et al. 2002; Cowen et al. 2000, 2006; Almany
et al. 2007; Gerlach et al. 2007; Planes et al. 2009;
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Fig. 12.2 A large proportion of planulae recruit near their population
of origin. As the fecundity of the population is substantially reduced by
stress or mortality, the absolute number of larvae that are transported
great distances decreases and so stress or mortality also decreases
connectivity (Figure is modified from Steneck 2006). The horizontal
dotted line represents the number or recruits necessary to meet local
mortality, so the source population fecundity must be protected to
sustain local populations. Natural selection favors fidelity to the paren-
tal population, but incidental “leakage” to distant sites, though selected
against, is probably sufficient to spread risks from local disasters among
descendants (Strathmann et al. 2002)

Underwood et al. 2009; Shanks and Shearman 2009;
Harrison et al. 2012; Golbuu et al. 2012; Loépez-Duarte
et al. 2012). In addition to the tendency of planulae to settle
near home, the rates of mortality of coral larvae are espe-
cially high early in life, and so the connectivity at regional
scales is less than assumed (Graham et al. 2008). Further-
more, at least in some cases, the probability of successful
dispersal declines substantially after 1 km (Buston
et al. 2011). The distance of population connectivity is not
as reliably predicted by pelagic larval duration as is usually
assumed (Weersing and Toonen 2009). Even for species
with larvae that have long-pelagic duration, successful
long-distance dispersion is a byproduct of large parental
populations (Fig. 12.2; Strathmann et al. 2002).

Even when planulae succeed in reaching a disturbed area,
survival of coral recruits is severely reduced by
unwelcoming conditions such as sedimentation and preva-
lence of algae (Fabricius 2005). Rates of successful settle-
ment and metamorphosis of corals are nearly zero in areas
with sediment. Macroalgae and filamentous turfs preempt
available space, trap sediment, intercept light, physically
abrade the small coral recruit, transmit coral diseases and
allelopathic chemicals, increase the growth of microbes on
the surface mucus of corals and potentially affect the small
recruits in additional ways (Littler and Littler 1997; Szmant
2002; Nugues et al. 2004; Kuffner and Paul 2004; Fabricius
2005; Smith et al. 2006; Birrell et al. 2008; Kline et al. 2006;
Ritson-Williams et al. 2009). But negative settlement clues
that trump positive settlement cues may be an adaptation to
preempt mortality of coral recruits from sedimentation, algal
dominance, or other fatal factors.
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Coral communities develop quickly and well on flat
basalt with no topographic complexity (Fig. 12.3), a substra-
tum that obviously attracts coral recruits. Roughened
plexiglass sometimes attracts more successful coral recruits
than does the surrounding CaCO; reef surface (pers. obs.
with Birkeland 1977; Birkeland et al. 1981). Pocillopora
damicornis often grows on rope, pilings, cement and other
artificial structures in harbors (pers. obs.) and Jokiel (1990)
found corals attached to pumice and other floating objects. It
may be that planulae are not actually attracted to anthropo-
genic artificial materials or to basalt or pumice. Rather, these
materials lacked negative warning cues associated with
factors on disturbed reefs. In experiments with biofilms
associated with materials from the Great Barrier Reef
(GBR), Prescott et al. (2014) found that Acropora millepora
and Pocillopora damicornis settled significantly more on
untreated laboratory biofilms than on biofilms that had
developed in the presence of particulate organic matter or
sediment on the GBR. Her DNA analysis of the microbial
communities on the surfaces on which the planulae favored
for settlement and those on which they apparently avoided
for settlement and metamorphosis indicated that the patterns
of association were mostly negative, i.e., the negative
associations were strong and determinant while positive
association were weak and apparently trumped by the nega-
tive associations. Signals of dangers might have more imme-
diate and strong selective value than signals of potentially
favorable sites. Passing a potentially favorable site to search
for another might often be favored over death. Corals are
probably not selectively settling on plexiglass, basalt, rope
and pumice, but may be settling because the biofilms are not
of the types associated with negative factors on disturbed
reefs.

The effects of coastal runoff on coral reefs have been
widely studied and clearly have negative impacts on reefs
(see Fabricius 2005; Fabricius et al. 2013 for reviews). These
include documented declines in coral larval settlement and
metamorphosis (Hodgson 1990; Babcock and Davies 1991;
Gilmour 1999; Birrell et al. 2005; Fabricius et al. 2003;
Kuffner et al. 2006). The mechanisms that allow avoidance
of coral larval settlement under poor water quality
conditions are just starting to be investigated. The findings
of Prescott et al. (2014) indicate that the spatial distribution
of A. millepora and P. damicornis larval settlement and
metamorphosis are guided by negative cues rather than
positive settlement cues.

In an array of controlled field and laboratory experiments,
Dixson et al. (2014) determined that coral larvae from three
species of Acropora and larvae from six families of reef
fishes all showed significant recruitment preferences for
water samples from a marine protected area with abundant
coral over water samples from an unprotected area
dominated by macroalgae. The larvae of fishes from all six
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Fig. 12.3 A coral community, mainly composed of Acropora spp.,
rapidly colonized and became established on a 70,000 m? lava flow. A
volcano covered the site with lava on 9 May 1988. These photographs
were taken in November 1994. Tomascik et al. (1996) calculate the

families showed very similar strong preferences for associa-
tion with Acropora over Porites and over Pocillopora.
Whereas Acropora is sensitive to stresses (Sect. 12.3),
Porites is renowned for its relative tolerance of conditions
of stress, and Pocillopora, although also stress-sensitive,
tended to be a rapid colonizer and therefore potentially
indicative of recent disturbance. Dixson et al. (2014)
interpreted larval behavior as selecting Acropora as an indi-
cator of a healthy undisturbed reef community. The fishes
from all six families were also strongly selective for associ-
ation with some genera of benthic algae over others.

12.2.4 Environmental Stress May Facilitate
Reticulate Evolution

The numbers of larvae that potentially self-recruit or recruit
to sites farther away are proportional; the absolute numbers
are based on proportion times the fecundity of the reproduc-
tive source population (Fig. 12.2). The numbers of larvae are
also affected by pelagic larval duration and survival. As
water temperatures increase, the larvae may develop faster
and/or abnormally. During times of environmental stress to
corals, the fecundity of corals tends to decrease

tabulate Acropora colonies must have grown by 30 cm y~' (a radial
extension of 15 cm™"). Acropora spp. have no defense to lava, but they
can recolonize and grow rapidly, becoming the dominant genus of coral

(Sect. 12.2.2) and the fewer larvae tend to replenish only
populations nearer the reproductive source and seed
populations at lesser distances from the source. Along with
climate change, pollution, sedimentation, and other aspects
of environmental stress that reduce fecundity on individual
coral colonies, increased patchiness and distance between
habitats suitable for successful recruitment brought about by
coastal construction and overfishing of herbivores augment
the effect of lower fecundity in decreasing connectivity
among populations of corals (Steneck 2006).

Veron (1995) proposed that this periodic decrease in
connectivity might explain the geographic variations
observed in dominant and widespread species of corals that
form “species complexes” (Fig. 12.4), such as Orbicella spp.
and Acropora spp. Since adult corals are sessile, like plants,
the genetic connectivity depends on dispersion of gametes
and larvae rather than behavioral coming together of adults.
Veron championed the concept of “reticulate evolution” for
“species complexes”. When the environment is favorable to
corals and fecundity is high in areas of strong water currents,
closely related species tend to disperse more widely
(Fig. 12.2) and interbreed, bringing about more uniform,
genetically integrated species. Alternatively, when
conditions are stressful and fecundity is low, populations
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Fig. 12.4 Veron’s (1995) diagram of the blending together through
hybridization and separation by isolation, then further separation by
genetic drift or local selective forces, of closely related coral species
(in a “species complex”) through time in reticulate (“netlike”) evolu-
tion. The blending together might be facilitated by faster large-scale
water currents and/or by more benign conditions favoring high fecun-
dity or, separation might be facilitated by warmer waters causing more
rapid larval development and thereby less time in the water column, by
stressful conditions reducing fecundity (Fig. 12.2) or more stagnant
water conditions (© Australian Institute of Marine Science and CRR
Pty Ltd [2000]. The Australian Institute of Marine Science does not
necessarily endorse any modification to that material)

may tend to become isolated and genetically diverge by
genetic drift or by local selective forces. Isolation can be
further enhanced by habitat deterioration causing patchiness
and reduced pelagic larval development time reducing
connectivity.

Molecular genetic evidence and patterns of natural
hybridization are consistent with the concept of reticulate
evolution (Kenyon 1997; Hatta et al. 1999; Diekmann
et al. 2001; van Oppen et al. 2001; Frank and Makody
2002). However, these studies were on Acropora or
Madracis which were already known to be “species
complexes” so it is not yet known whether metapopulations
of broadcast- spawners become more genetically distinct or
“structured” under stressful conditions when fecundity is
low, appropriate habitat is more patchily separated and
scarce, and planulae spend less time in the water column as
temperatures rise.

12.2.5 Constraints of Biology on Management

Fundamental forces acting against coral reef ecosystems
today, e.g., growth in human populations multiplied by the
per capita burden of increased growth in economic demands
and needs for natural resources, and the resulting global
environmental effects of seawater warming, lowering of
seawater pH, and climate changes seem to be considered
too daunting to address directly. Coral-reef managers almost
always focus actual efforts towards manageable local pro-
cesses, attempting to control overfishing, sedimentation, and
pollution, etc., in hopes that these procedures will increase
the local resilience of corals to global changes. Particular
areas are selected for protection with the thought that fecun-
dity will be substantial in protected areas and so these
populations can replenish downstream disturbed areas.

We cannot rely entirely on improving local situations and
setting aside protected areas, depending on sufficiently
developed resilience to stress and replenishment of
populations by larvae from upstream sources. There are
two basic aspects of coral biology that are not supportive
of large-scale downstream connectivity. First, although
planulae of many coral species can potentially survive for
over 200 days and potentially drift thousands of kilometers,
it is a characteristic of coral biology that a major portion of
the actual surviving larvae replenish local or nearby
populations (Sect. 12.2.3). Second, the areas outside the
protected areas that are disturbed and have undergone
phase shifts can be unfavorable for successful larval recruit-
ment (Sect. 12.2.3; Dixson et al. 2014; Prescott et al. 2014).
We must begin to search for effective ways to directly
address the deteriorating global conditions. As Ove Hoegh-
Guldberg has said, “With all due respect to those
contributing effort and funding towards protecting coral
reefs, the millions of dollars that are being spent will be of
no avail unless there is a concentrated effort to obtain
explicit progress in reducing CO, emissions”.

12.3 Selection Favors Rapid Growth over
Survival in Acroporids

12.3.1 Fast Growth Favored by Less Complexity

This section starts by documenting the observation that
corals of the genus Acropora have jettisoned their ancestors’
usual mechanisms of defense and tolerance that would have
favored survival, possibly in exchange for rapid growth.
This seems to have also happened at other times in the
Mesozoic, in other scleractinian families (Sect. 12.3.2).
Ancestors of Acropora probably included stress-tolerant
encrusting acroporid corals such as Astreopora that were
capable of surviving the Cretaceous/Paleogene (K-Pg)
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Fig. 12.5 A community of Acropora spp. on Ngederrak Reef in Palau. (a) In 1999, the coral community had been devastated by predation by
Acanthaster planci in 1979. (b) By 2005, the Acropora spp. (mostly Acropora muricata) took over by rapid growth

mass extinction (formerly called the Cretaceous/Tertiary
[K-T] mass extinction), but when environmental conditions
again favored reef production, Acropora may have evolved
by losing the defenses or tolerances typical of most
scleractinians in exchange for rapid growth (Fig. 12.3).

A striking example of the lack of investment in defense
by Acropora spp. is their vulnerability to predation. Despite
the diversity of corallivores (314 species of invertebrates
from 5 phyla or 24 families (Stella et al. 2011) and 128 spe-
cies of fishes from 11 families (Cole et al. 2008)), only 28 of
the genera of reef-building Scleractinia have been recorded
as prey, leaving 83 genera that appear to be entirely avoided
as prey (Stella et al. 2011). Defense against predation
appears to be the norm for corals. Yet nearly all phyla of
corallivores easily prey on Acropora spp., and among the
important groups of corallivores, Acropora is actually pre-
ferred. Acropora species are the preferred prey of the seastar
Acanthaster planci, decapod crustaceans, gastropods such as
Drupella spp. and Coralliophila spp., the polychaete
Hermodice  carunculata, the  polyclad  flatworn
Amakusaplana acroporae (Rawlinson and Stella 2012),
and fishes such as blennies Exallias brevis, damselfish
Stegastes planifrons, and 69 species of butterflyfishes
Chaetodon. Considering the magnitude of the effects of
predation on Acropora (Fig. 12.5a) it is surprising that natu-
ral selection has not favored resistance to predators; but
Acropora can grow back rapidly (Fig. 12.5b).

Acropora spp. are also especially susceptible to diseases
such as the white-band disease which, since the early 1980s,
has substantially reduced the abundance of Acropora
palmata and Acropora cervicornis throughout the greater
Caribbean. Other reef-building scleractinians are affected
by disease, but Acropora spp. are among the most seriously
affected (Aronson and Precht 2001). It is possible that being
favored prey for several phyla of corallivores facilitates
infection by disease and recruitment of bioeroders by
increasing the frequency of tissue penetration and the baring
of skeleton, respectively.

Nearly all genera of corals are susceptible to bleaching
when exposed to extraordinarily warm temperatures, but
Acropora is ranked among the most susceptible (Marshall
and Baird 2000; McClanahan et al. 2007). The hydrocoral
genus Millepora is sometimes the only reef-building genus
that is more susceptible than the scleractinian Acropora
(Marshall and Baird 2000). Acropora was a dominant
genus throughout the Indian Ocean until it suffered major
losses in the 1997/1998 bleaching event (McClanahan
et al. 2007).

The elevated morphology of branching and tabular
Acropora species and their porous skeletons make them
particularly susceptible to the strong waves of hurricanes
or typhoons (Hughes and Connell 1999; Fig. 12.6a), but
they grow back rapidly (Fig. 12.6b). Fast-growing corals
were shown by Comeau et al. (2014) to be more sensitive
to ocean acidification than were slow-calcifiers.

Even the larval stage of Acropora species appears to be
less adapted for survival than the larvae of other coral
genera. Graham et al. (2008) quantified the survival of larvae
from five genera of broadcast- spawning scleractinians.
Although larvae of the representative acroporid Acropora
latistella lived as long as 209 days, the median survival was
4 days. The larvae of the other genera also lived a maximum
of about 200 days, but their median survivals were substan-
tially longer. For example, the larvae of Goniastrea aspera
lived a maximum of 215 days, but the median survival was
138 days.

Denis et al. (2013) found that fast growth was prioritized
in Acropora in a tradeoff against regeneration of tissue. The
energy and biochemical materials saved by not developing
as many effective survival mechanisms against predation,
disease, extraordinarily warm seawater, or hurricanes as do
most scleractinian corals, perhaps allowed Acropora spp. to
allocate more metabolic energy for rapid growth. The tissues
of branching corals such as Acropora and pocilloporids
average less than a third the thickness of the tissue of
massive corals (Loya et al. 2001) and the biomass as
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Fig. 12.6 A community of mostly Acropora hyacinthus with a few A. cytherea and other Acropora spp. on Transect 5 in Fagatele Bay, American
Samoa. Although Acropora colonies are susceptible to hurricanes, rapid growth enables them to quickly become dominant following disturbance

measured by ash-free dry weight of Acropora spp. was lower
than the biomasses of other genera of corals tested
(Thornhill et al. 2011). The Caribbean Acropora spp. show
lower metabolic rates, lower rates of protein turnover, and
less capacity to acclimatize than some mound corals, but are
able to grow substantially more rapidly (Gates and Edmunds
1999). The skeleton of Acropora spp. is extraordinarily
porous (Gladfelter 1982) and grows an order of magnitude
faster than other genera measured (Gladfelter et al. 1978).
Initially, it would be reasonable to surmise that less invest-
ment in tissue biomass and repair may facilitate faster
growth by allocation of more metabolic energy or nutrients
to growth.

Pocillopora spp., to a lesser extent than Acropora spp.,
are also fast-growing, branching corals with thin tissue
(Loya et al. 2001) and substantially lower organic content
of tissue than the other coral general tested (Glynn and
Krupp 1986). Yet Pocillopora spp. are still preferred prey.
How could Acropora and Pocillopora be preferred prey
when their tissues are relatively thin and possibly less nutri-
tious? Glynn and Krupp (1986) found that although
Pocillopora tissue had low organic content, it provided the
highest energetic return to the predator. The tissues of
Acropora and Pocillopora are superficially located on the
skeleton and therefore may be more accessible, and fewer
complex secondary metabolites for defense in the tissue may
cause them to be less metabolically resistant.

But what is the resource involved in the tradeoff between
survival and fast growth? Light and nutrients are critical
resources required by the zooxanthellae that fuel coral
growth and calcification. Nevertheless, there is typically a
superabundant supply of light in shallow water over coral
reefs where Acropora spp. are dominant. Moreover, corals
do not respond to changes in nutrients as immediately and
strongly as do more simple organisms, i.e., organisms that
are less complex physiologically and more distinctly auto-
trophic or heterotrophic. The growth rates of purely

heterotrophic animals, such as mussels, barnacles,
bryozoans, and many sponges, and purely autotrophic
algae, are strongly associated with the amount of food or
nutrients in the water column (Widdows et al. 1979;
Ceccherelli and Rossi 1984; Rose and Risk 1985; Page and
Hubbard 1987). The growth rates of corals do not respond so
quickly and substantially to nutrient input (Kinsey and
Davies 1979; Koop et al. 2001). Although adult coral
colonies can live well in areas of nutrient input such as
upwelling, the recruitment of corals is very difficult in
these areas because the recruits of simple heterotrophic
animals and algae respond more immediately and substan-
tially to nutrient pulses, grow at substantially greater rates,
and can plow away or overgrow recruits of corals which do
not respond as quickly and substantially (Birkeland 1977).
Simplicity may be an important a factor in competition
for space because it facilitates speed of response to either
nutrients or calories from photosynthesis. The symbiotic
system of a holobiont (the combination of coral animal,
dinoflagellates, and prokaryotes) is too complex to respond
as quickly to a pulse of nutrients as do benthic autotrophic
algae and sessile heterotrophic animals. Single-celled algae
in the phytoplankton can rapidly increase with input of
nitrogen and phosphorus, but the density of single-celled
algae in the cells of corals is relatively constant within any
set of environmental conditions associated with depth.
Enhancing the growth rate of zooxanthellae can upset the
complex physiological balance in the symbiosis and the
corals might dampen the response of the system by expelling
the excess zooxanthellae (Muller-Parker and D’Elia 1997).
Simplicity has two aspects. First, complexity requires that
metabolic processes have more regulations and time-
consuming steps. Second, complexity in terms of additional
secondary metabolites requires a greater expense of produc-
tion. Organisms that are less complex morphologically
and/or invest fewer resources into secondary metabolites
for defense are generally able to respond more quickly to
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pulses in resource availability and grow faster than
phylogenetically related species that are more complex.
The structurally simple green alga Ulva curvata responded
to inputs of ammonium with more effective uptake and more
rapid growth than did the more structurally complex green
alga Codium fragile (Ramus and Venable 1987). Algae with
relatively simple morphology generally have higher net pro-
ductivity per unit biomass and a potential for more rapid
response and growth than do algae with more complex
structure (Littler and Littler 1980). Diatoms tend to be
favored as food for many animals and can grow up to three
times as fast as dinoflagellates of the same size under similar
conditions (Banse 1982). Although diatoms can produce
toxins and are motile with microfibrils, dinoflagellates tend
to be more complex, producing secondary compounds that
result in toxic red tides and ciguatera, and likely expend
more energy on motility driven by two large flagellae.
Many dinoflagellates are also more complex because they
are mixotrophic (capable of both autotrophy and heterotro-
phy in the same organism). Mixotrophy requires extra
energy to maintain both trophic processes in the same sys-
tem (Stoeker 1999; Dolan and Pérez 2000). Mixotrophy is
advantageous in nutrient-poor environments where solar
energy is unlimited (such as shallow-water coral reefs), but
organic carbon and dissolved inorganic carbon are limiting
(Hallock 1981, 2001). An increase in dissolved inorganic
nitrogen not only shifts the advantage to more rapidly grow-
ing simple autotrophs and heterotrophs, but it throws the
more complex mixotrophic system out of balance and can
stimulate bleaching in corals (Wooldridge 2009).

Simple systems are normally advantageous in nutrient-
rich environments. In environments with low resource avail-
ability or stressful conditions, plants that are favored have
slow growth rates and major investments in antiherbivore
defenses because they must defend what they already built
at such great cost (Coley et al. 1985). In contrast, when
resources are abundant or environmental conditions are
benevolent, organisms often tend to invest in rapid growth
and increased fecundity at the expense of defense. For
corals, rapid increase in colony surface area and number
of polyps can potentially produce a rapid increase in fecun-
dity and the increased number of early potential progeny
might be favored. So while most corals are adapted to
survive during periods of stress, corals in the genus
Acropora are especially vulnerable to predation, disease,
unusually warm seawater, and hurricanes. Yet they have
often been the dominant corals because of their rapid growth
and elevated morphology (Fig. 12.3). While most corals
invest in survival (tolerance) at the expense of reproduction
(recovery), corals of the genus Acropora invests in rapid
growth (recovery) at the expense of survival (tolerance).
This is consistent throughout the history of scleractinians
since the Triassic.

C. Birkeland

12.3.2 Fast Growth Favored over Survival
in Productive Times

There have been three periods especially favorable for
scleractinian reef-building: the Late Triassic, the Middle
Jurassic, and the Neogene (Kiessling 2009). These periods
of prevalent reef-building are associated with “aragonite
seas” (Sect. 2.7, 2.9.3, 2.9.4, and 2.9.5; Stanley and Hardie
1998) and with the prevalence of relatively rapidly growing
corals. During mass extinctions, rapidly growing corals did
not survive. Survivors were generally massive or mound-
shaped corals. Conversely, about 15 million years after the
Triassic mass extinction and 30 million years after the
Cretaceous-Paleogene mass extinction in aragonite seas, a
large number of new scleractinian genera originated and
reef-building accelerated while the survivors of the mass
extinctions showed substantial rates of elimination. The
conditions favoring increased rates of reef-building were
beneficial for newly evolved fast-growing corals, while
these conditions were detrimental for stress-tolerant,
slower-growing survivors of mass extinctions.

On Late Triassic (Norian and Rhaetian) reefs,
Retiophyllia spp. may have been somewhat ecologically
analogous to Acropora spp. on modern reefs in that it was
a “very speciose branching (phaceloid, see Box 12.1 and
Fig. 12.7) genus” (Caruthers and Stanley 2008) that was one
of the dominant, reef framework-building scleractinians. In
the Late Triassic, “Some branching [phaceloid] corals prob-
ably grew rapidly, and reached over 10 m high, but bore thin
branches only 5-10 mm in diameter” (Wood 1999, p. 104).
Retiophyllia spp. were widespread, found in Japan, central
and northeast Asia, Indonesia, Russia, the Caucasus, the
Alps, Europe, and western North and South America from
Alaska, Yukon, Vancouver Island, Oregon, Idaho, Nevada,,

Box 12.1: Branching Corals

Although erect corals in the Triassic and Jurassic were
mostly “phaceloid” (each branch produced by a single
polyp), or sometimes “dendroid” (single-polyp
branches coming off a common stem), they are some-
times referred to as “branching” or “ramose” corals.
“Branching” corals are presently considered more pre-
cisely as corals with each branch being continuously
covered by a sheet of polyps, i.e., “multiserial erect”.
Branching corals become more prevalent abruptly in
the late Cretaceous (Turonian Age), but Oculina was
the only branching coral that survived the Cretaceous/
Paleogene mass extinction. Acropora, Pocillopora,
and other extant genera of branching corals originated
in the late Paleocene, early Eocene, or more recently.
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branching

Fig. 12.7 The morphology of the predominant erect corals through the
geologic record (Box 12.1)

northern Chile, and Peru (Caruthers and Stanley 2008).
These fast-growing dominant corals fell victim to the mass
extinction at the end of the Triassic.

The corals that survived the Triassic/Jurassic mass
extinction were solitary or massive or smaller phaceloid
types and did not appear to be fast-growing or dominant.
Of the 20 genera that passed from the Triassic to the Jurassic,
one (Alakiria) went extinct in the first age that followed
(Hettangian). It may have been what Jablonski (2002) called
a “dead clade walking”. Another genus, Dimorphastraea,
persisted into the Late Cretaceous. The remaining
18 scleractinian genera lived about 15 million years, and
each went extinct when conditions became favorable for
reef-building corals (Lathuiliére and Marchal 2009), begin-
ning in the late Early Jurassic when the Jurassic
scleractinians were becoming diverse, with at least
100 new coral genera having originated by the Middle Juras-
sic (Heckel 1974). The time of greatest rate of origination of
scleractinian genera (Kiessling and Barin-Szabo 2004) and
greatest rate of reef-building (Kiessling 2009) in the Meso-
zoic era was in the latter half of the Jurassic period. Corals
with the physiological capabilities to survive the Triassic
mass extinction were unable to survive in conditions excep-
tionally favorable to newly evolved scleractinians. One pos-
sible explanation is that the usually solitary, massive or
encrusting survivors were crowded out by the relatively
fast-growing Jurassic corals (Fig. 12.8). However, although
competition for space between corals can affect their
distributions and community structure (Cox 1986; Pandolfi
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et al. 2002), I have never documentation of corals driven to
extinction by competition.

Although reef-building corals in the Jurassic grew sub-
stantially slower than modern corals, averaging about a third
the growth rate (Leinfelder 2001), the dominant phaceloid
corals were still relatively fast-growing in their time. A main
reef-builder throughout the Tethys region in the Middle
Jurassic was Thamnastria dendroidea which often formed
dense monospecific thickets. “The growth of branches was
directed upwards, but also frequently sideward, forming an
overtopping morphology. ... Thamnasteria dendroidea 1is
therefore interpreted as an “aggressive coral”... Compared
with other Mesozoic (Late Jurassic) corals . . . its growth rate
is very high” (Helm and Schilke 2000). Leinfelder
et al. (2012) found extensive meadows of erect
Calamophylliopsis  spp. or thickets of Actinastrea
crassoramosa in Late Jurassic coral communities. When
reef construction is active, “aggressive” erect corals seem
to be prevalent.

Near the end of the Jurassic, the increase in volcanism
with more rapid seafloor spreading caused high rates of CO,
emissions while magnesium was taken up in the hot basalt,
lowering the Mg/Ca ratio in the seawater and shifting the
seawater from aragonitic to calcitic (Sect. 2.5, 2.7, Fig. 2.1;
Stanley and Hardie 1998). With the shift to calcite seas, there
was a substantial drop in production of coral reefs for about
140 million years from the later Jurassic throughout the
Cretaceous and through to the early Paleogene.

However, as explained by Kleypas et al. (2001), a diverse
coral community may be performing well ecologically even
while performing poorly geologically (Fig. 12.3). While the
scleractinian fauna in the Cretaceous produced unimpressive
reefs compared to those in aragonitic seas, the rudist
bivalves produced volumes of massive calcium carbonate
relatively rapidly. These three-dimensional hard substrata
above the sediment allowed scleractinian corals to increase
in diversity and maintain widespread distribution throughout
(Gotz 2003). The corals, in turn, helped stabilize the rudists
by binding them together (Gotz 2003). In modern times,
crustose coralline algae (CCA) form algal ridges in areas
of consistent wave action and are an agent of binding of
coral skeletons while in the Cretaceous, scleractinian corals
were more prevalent in areas of consistent wave action and
were an agent of binding and stabilization of rudist shells
(Gotz 2003).

When volcanism decreased and the seafloor spreading
slowed, the Mg built up to Mg/Ca > 2 and the oceans
became aragonitic during the Oligocene, about 30 million
years ago, and reefs began to develop more vigorously.
Although Acropora originated in the Later Paleocene —
Early Eocene, it did not begin dominating reef frameworks
until the Oligocene (Wallace and Rosen 2006) when atmo-
spheric pCO, dropped below 500 ppm and seawater pH rose
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Fig. 12.8 In conditions favorable to growth of coral reefs, the faster growing branching corals sometimes overwhelm the more slowly growing
massive corals. This process affects community structure and local distribution of species, but it is not known whether it ever leads to extinction

to over 8.0 (Pearson and Palmer 200) and reef production
became vigorous.

As with 18 of the 20 scleractinian genera that survived the
Triassic/Jurassic mass extinction but went extinct in the
Middle Jurassic when the scleractinians were greatly
increasing in diversity and major reef construction was
occurring, the family Actinacididae survived the K-Pg
mass extinction and continued for 30—40 million years
until the Oligocene when conditions for vigorous reef
growth and domination by branching species began to
occur, at which time this scleractinian families went extinct.
At least 11 scleractinian genera from several families also
went extinct in the Oligocene and at least 10 genera went
extinct in the Miocene when reef production was increasing
and at least 40 new scleractinian genera were originating
(Fig. 12.9; Wells 1956).

Edinger and Risk (1995) attribute extinctions in the Oli-
gocene and Miocene in the greater Caribbean to be caused
by a major increase in upwelling, and this is may be true, but
some of these genera also went extinct in other oceans at
about the same time. For example, Antiguastrea that
originated in the Jurassic also went extinct in the Miocene
in Australasia, southern Europe and northern Africa (data in
corallosphere.com at the British Museum of Natural His-
tory). Trochoseris that originated in the Cretaceous also
went extinct in the eastern tropical Pacific (Lopez-Pérez
2005). Lamellastraea went extinct in east Asia
(corallosphere.com) and Leptomussa in Italy (Wells 1956).

Actinacis, Siderofungia, Stylangia, Cyathoseris, and
Rhizangia all originated in the Cretaceous and went extinct
in Europe or Asia when reef-building was accelerating and
new genera were originating (Wells 1956). Budd (2000)
listed 21 new genera of scleractinians that appeared in the
Caribbean in the Oligocene to the middle Miocene, while
15 genera went extinct. Another six genera originated in the
late Miocene.

Scleractinians seem to be improving over time in their
abilities to survive mass extinctions in comparison to other
marine invertebrates. In contrast to the poor showing in the
Triassic/Jurassic mass mortality of scleractinian coral genera
(27 % survival, i.e., 20 survived out of 73, Lathuiliére and
Marchal 2009), 70 & 4 % of scleractinian genera and over
half the species survived the K-Pg mass extinction
(Kiessling and Baron-Szabo 2004). The general extinction
of marine genera was about 47 % for both the Triassic/
Jurassic and K-Pg extinctions (Bambach et al. 2004), so
the scleractinians shifted from one of the most vulnerable
groups to among the more resilient. Not only did some of the
massive and encrusting corals that developed in the Creta-
ceous survive the K-Pg mass extinction, but also the
Paleocene-Eocene Thermal Maximum, the Pliocene-Pleisto-
cene accelerated turnover and extinction in the greater
Caribbean (Budd et al. 1996), and they are still prevalent
on contemporary coral reefs (Fig. 12.9). Nine of the
scleractinian genera of corals that prevailed from the Creta-
ceous to the present were previously grouped together in the
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Fig. 12.9 Geologic history
shows that mound or encrusting
corals are more frequently seen to
be the survivors of mass mortality
events, and the dominant, fast-
growing, branching species more
often go extinct with events of
mass extinction, then new genera
of branching corals originate in
the geologic period following the
mass extinction. The data are
mainly from Wells 1956. The
genera in parentheses are from
Ma 1959. Additional genera
mentioned by Veron (1995) and
Paulay (1997) with question
marks are included with question
marks and no parentheses. At
least a dozen extant survivors
from the Cretaceous are not listed
because they are deepwater or
solitary

Massive or
encrusting

Phaceloid
Branching

family Faviidae (Wells 1956; Veron 2000), but these nine
genera have now been distributed among four families by
genetic analyses (Budd et al. 2012). Jackson and McKinney
(1991) documented that corals have become more
“integrated” in colony morphology with time, but the poten-
tial relationship of survival with integrated colonial mor-
phology still needs to be determined. New genera of
solitary (Scolymia, Homophyllia, Heterocyathus, some
fungiids) and phaceloid (Caulastrea, some Galaxea, some
Lobophyllia) corals have originated in the Cenozoic so the
less “integrated” corals keep returning anew.

The 54 scleractinian genera from the Cretaceous that are
briefly described in Wells (1956) are typically solitary, mas-
sive, encrusting, or phaceloid. However, Jackson and
McKinney (1991) reported a sudden increase in branching
corals in the final 10-15 million years of the Cretaceous; a
sudden increase of branching corals to percentages of the
coral community without precedent. Nevertheless, the corals
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Survived Mesozoic

LAZARUS CORALS

Originated Cenozoic

FAUSTIAN CORALS

Stephanocoenia
Madracis
Astreopora
Siderastrea
Dichocoenia
(Dendrogyra)
Cycloseris ?
Astrangia
Hydnophora
Favia
Diploria
Montastraea
Diploastrea
(Favites)
(Goniastrea?)
Leptoria
(Leptastrea)
(Oulastrea)
(Plesiastrea)

Goniopora

(Alveopora)

Porites ?

Heteropsammia ?

Heliopora

Cladocora

Oculina Stylophora  (Paleocene)
Pocillopora  (Eocene)
Acropora (Eocene)
Seriatopora  (Miocene)
Anacropora  (recent)
Palauastrea  (recent)

Paraclavarina (recent)

surviving the K-Pg mass extinction were generally solitary,
massive or encrusting (Fig. 12.9). Oculina might be consid-
ered branching or dendroid and Cladocora might be consid-
ered phaceloid, but neither counts as a good representative of
“aggressive” branching reef-builders and are often without
zooxanthellae (Bernecker and Weidlich 2005).

Some massive or encrusting scleractinians that survived
the Cretaceous-Paleogene mass extinction (Fig. 12.9) are
called “Lazarus taxa” by Wood (1999) and Rosen (2000).
The fast-growing, branching corals that have attributes that
allow them to dominate the scene today, originated after the
mass extinction. They were given the traits that allow them
to dominate and live gloriously, but they are the first to die,
reminding us of the story of Faust. Van Woesik et al. (2012)
noted that dominant and widespread branching corals in the
Caribbean in the Pliocene, Stylophora and Pocillopora,
became extinct in the Pleistocene, indicating that being
abundant and widespread does not protect species from
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extinction. Likewise, Pandolfi et al. (2001) reported on the
extinction of two widespread and dominant corals and the
survival of some of the rare species within the recent
82,000 years.

Ultimately, the best “strategy” for selection would be the
best combination of survival and reproduction. But natural
selection does not act as a “strategy” for the future, but rather
works at the individual colony level, favoring traits that
provide more successful recruitment in the present. Natural
selection on dominant corals during benevolent times seems
to favor the increase in rate of growth at the expense of
defense and/or tolerance because the more rapid increase
in surface area can increase the number of polyps, and
thereby increase fecundity. Tabletop morphology of some
Acropora allows for increase in diameter of up to 30 cm per
year through radial expansion (Tomascik et al. 1996) and the
cylindrical branches of arborescent Acropora allow polyps
over the entire surface in contrast to encrusting or mound
corals can have polyps on only the unattached surface. We
are used to considering competition for space to be a major
selective force in the evolution of corals, but in the case of
Acropora, competitive superiority might be a spinoff of
rapid growth and elevated morphology selected for
increased fecundity, i.e., the rapid production of greater
numbers of potential offspring.

While proximal selection was indirectly successful in
making the Acropora species dominant, the ultimate effect
of reducing investment in defense and tolerance may result
in the dominant species being more susceptible to extinction
with change in climate (Birkeland et al. 2013) as it seems to
have done with erect, dominant corals, in the Mesozoic. On
the other hand, the slower-growing, more tolerant corals that
survived the mass extinctions seem to have sometimes
continued to live for millions of years only to go extinct
when the environment becomes especially favorable for
reef-growth and new genera of scleractinians arise.
Investments in tolerance may have cost them rapid growth
and thereby made them susceptible to being crowded out by
new families of more rapid-growing dominants in times of
major reef growth. The fast-growing dominant corals go
extinct when times are bad (e.g., mass extinctions), while
some of the especially tolerant corals go extinct when times
get especially good for reef production.

Favoring rapid growth at the expense of survival in
Acropora, just as favoring survival at the expense of fecun-
dity in other corals, may have allowed sessile species like
corals to survive when disturbances or stressful conditions
were acute, but brief. But when stressful conditions become
chronic (Chap. 11), as with the influence of overfishing and
coastal construction, sedimentation, pollution and increased
CO,, resulting from the growth of human populations, the
periods of time between successful reproduction and recruit-
ment may become too long for these corals to persist.

C. Birkeland

12.4 We May Keep the Corals but Lose
the Reefs

12.4.1 Many Coral Species May Not Go Extinct

What doesn’t kill you makes you stronger. (Friedrich Nietzsche)

Although coral reefs are likely to continue to deteriorate and
become less topographically complex for the foreseeable
future (Kleypas et al. 1999a, b; Alvarez-Filip et al. 2009;
Fabricius et al. 2011; Kennedy et al. 2013), no longer
providing environmental services such as optimal habitat
for fish and providing protection against wave action as sea
level rises, we need not assume most corals will go extinct.
Many studies document the increased tolerance of corals to
stressful conditions by acclimatization (physiological or
behavioral adjustments of individual colonies) or adaptation
(genetic adjustment of populations). In a series of major
bleaching events in the eastern tropical Pacific (Glynn
et al. 2001; Podesta and Glynn 2001; Jimenez et al. 2001;
Cortes and Jimenez 2003; Zapata and Vargas-Angel 2003),
French Polynesia (Adjeroud et al. 2009), Great Barrier Reef
(Maynard et al. 2008), and Phuket, Thailand (Dunne and
Brown 2001), corals appeared to become more tolerant of
warm temperatures with experience (Brown 1997a, b; Coles
and Brown 2003; Brown and Cossins 2011; Palumbi
et al. 2014; Barshis Chap. 7). Indeed, corals closer to the
equator have higher thermal limits than do populations of the
same species in subtropical parts of their range (Coles and
Jokiel 1978; Oliver and Palumbi 2009, 2011). Berkelmans
(2002) determined stress-response thresholds for bleaching
from 13 sites on the Great Barrier Reefs across 22° of
latitude over 10—12 years and concluded that thermal adap-
tation had taken place over both small (10s of km) and large
(100s—1,000s of km) scales of distance.

The ability of diverse assemblages of corals to survive
frequent exposures to high water temperatures is common
(Brown 1997a; Berkelmans and Willis 1999). In shallow
pools on the small island of Ofu in American Samoa,
the water temperature can fluctuate by 6.3 °C daily,
reaching 34.5 °C (Craig et al. 2001). Although Millepora
spp., Acropora spp., and some corals of other genera occa-
sionally bleach at Ofu, 85 species of coral seem to generally
thrive in these pools of fluctuating temperatures. The
85-species assemblage in these pools is comparable to the
diversity on the reef front. Coles (1997) observed that a
robust assemblage of 24 species of corals occupying
50-75 % of the substrata seemed to survive daily
fluctuations of 8.2 °C with no signs of stress. Riegl
et al. (2011) documented that in the central region of the
Arabian/Persian Gulf, corals did not bleach until exposed to
temperatures above 34 °C for 8 weeks, with three of the
weeks above 35 °C.
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Some of the presently predominant genera of reef-
building corals that lived in the Cretaceous (Sect. 12.3.2;
Fig. 12.9) probably lived at seawater temperatures 32—-36 °C
(Poulsen et al. 1999, 2001; Wilson et al. 2002; Schouten
et al. 2003; Littler et al. 2011; DeCarlo et al. 2015) or
possibly as high as 42 °C (Bice et al. 2006) and also at
lower pH, often 7.4—7.6 (Pearson and Palmer 2000; Zeebe
2001; Honisch et al. 2012) in calcite seas (Mg/Ca mole ratio
<2). The source of massive CO, input was the extensive and
chronic volcanism that was producing new seafloor and
pushing apart the Americas from Europe and Africa. This
was compounded by the volcanism that was producing the
Deccan Traps at the end of the Cretaceous and the bolide that
hit the Yucatan Peninsula during this time.

Likewise, during the Paleocene and early Eocene, atmo-
spheric pCO, was 2,000-3,500 ppm and sea surface pH was
between 7.4 and 7.6 (Pearson and Palmer 2000) as it was in
the Mesozoic (Honisch et al. 2012). This time, the input of
CO, by volcanism was augmented by the rapid input of
about 2 x 10'? metric tons of C into the atmosphere as
methane which assisted the rapid lowering of pH and mas-
sive dissolution of sea-floor carbonate (Zachos et al. 2005).
Seawater temperatures increased 5 °C in the tropics and but
reached 24-26 °C near the North Pole (Moran et al. 2006).
The increase in seawater temperature was several times
greater in polar latitudes than in the tropics and this brought
about a lesser latitudinal gradient in seawater temperatures.
This suggests that there may be some kind of “ocean ther-
mostat” that puts limits on tropical seawater temperature
rise, at least in some areas (Kleypas et al. 2008). If seawater
in much of the tropics in the Cretaceous was 32-36 °C, then
the future limits to tropical seawater temperatures in large
basins (i.e., oceanic atolls and islands) lie within the range to
which modern corals can adapt (Riegl et al. 2011) .

The two dozen or so genera of reef-building
scleractinians represent about 17 families that have survived
the harsh conditions of the Cretaceous, the Cretaceous-
Paleogene mass extinction, the Paleocene-Eocene Thermal
Maximum and are still predominant on modern reefs. It
seems reasonable to have hope that some descendants will
adapt to the “norm” (diverse scleractinians without reefs)
and not go extinct. This does not apply to fast-growing
species that originate after mass extinctions. They are more
prone to extinction (Sect. 12.3.2).

Montastraea is first found in the Upper Jurassic
(~150 mya), Diploastrea in the Early Cretaceous (Aptian
Age, ~115 mya) (Wells 1956), and Heliopora in the
Cenomanian Cretaceous (~95 mya) (Eguchi 1948). Skeletal
morphology is not a reliable way to categorize coral genera
(Budd et al. 2012), yet they are most likely ancestors to the
genera with their names. For example, although Heliopora
in the Lower Cretaceous is not morphological distinguish-
able from Heliopora coerulea in the present (Eguchi 1948;
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Colgan 1984), it is almost certain that the species has
evolved to the extent that if biochemical data were available
for comparison, they would be considered different species.
Nevertheless, the continuous fossil record indicates that
representatives of a number of genera of reef-building
scleractinians survived a long history of extensive stressful
times and mass extinctions (Wells 1956) and so it seems
reasonable to hope that some will survive the present trajec-
tory because their genome may contain substantial relics
from their ancestors. This would not necessarily apply to
those genera that shed defenses and tolerances when they
originated in favorable times (Sect. 12.3.2).

Since corals previously experiencing stress often accli-
matize or adapt to become more tolerant (Palumbi
et al. 2014), Steve Palumbi and his lab are planning to
transplant selected coral colonies that have adjusted to
higher temperatures or other stresses to set up “designer
reefs”, groups of experienced colonies that are likely to
survive where the ordinary corals might not (Mascarelli
2014; van Oppen et al. 2015). Likewise, Hernandez-Delgado
and Suleiman-Ramos (2014) have also been maintaining a
community-based program of coral farming and outplanting
for reef rehabilitation in Puerto Rico. Transplanting colonies
bypasses the problems of connectivity, i.e., reduced fecun-
dity, reduced fertilization of gametes from sessile adults as
disturbance thins their population densities, shortening of
development time in warmer water, early and local settle-
ment behavior of many larvae despite potential for long
pelagic duration, and reduced acceptability of disturbed
habitats for successful recruitment (Sect. 12.2.3). However,
paleontology indicates that although corals can adapt physi-
ologically to the effects of CO, (such as temperature) and
survive, they have not been able to adapt the relative rates of
bioerosion and calcification to the effects of low pH and
Mg/Ca mole ratio <2 so it seems likely that many genera of
corals will survive, but reefs will deteriorate.

12.4.2 Reef Structure Will Deteriorate, as in
the Cretaceous and Paleogene

Like obesity, a massive reef accumulation may be the result of
remaining stationary for too long under good conditions.
(RW Buddemeier and RA Kinzie III (in Kleypas et al. 2001))

If the temperatures of tropical seas become warmer and the
pH of shallow seawater becomes lower, most corals may not
go extinct in the near future (Sect. 12.4.1), but bioerosion
will certainly increase (Chap. 4), accretion by some corals
may decrease, and the topographic complexity will decline
(Alvarez-Filip et al. 2009; Fabricius et al. 2011), causing
many reef ecosystem services to deteriorate. Glynn and
Manzello (Chap. 4) explain that coral reefs are in a dynamic
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and delicate balance between CaCOj; deposition and
bioerosion and dissolution. With increased atmospheric
pCO,, the uptake of CO, by the ocean lowers the pH of
seawater and accelerates bioerosion while sometimes also
reducing the rate of calcification. With decreased pH, rates
of bioerosion do increase in low-nutrient waters (Wisshak
et al. 2012), but in high-nutrient waters (>1 pM nitrate),
bioerosion increases tenfold (DeCarlo et al. 2015). Lower
pH decreases the saturation state of aragonite, i.e., decreases
the ease by which corals secrete calcium carbonate. Models
predict that calcification rates of corals will decrease by
30418 % in 30-50 years (Kleypas et al. 1999a, b). No matter
how successful we will be in abruptly halting local problems
such as overfishing, sedimentation, pollution, etc., the
increased rates of bioerosion with possibly reduced rates of
calcification will lead to severely reduced structural habitat
complexity, and ecosystem services of coral reefs. Adapting
to ocean acidification by itself is facing an indifferent
non-responsive physical factor, but adapting to bioeroders
is coevolving in an arms race. There has already been a
Caribbean region-wide substantial loss of topographic com-
plexity in the past four decades (Alvarez-Filip et al. 2009),
and so although no corals have gone extinct in the Carib-
bean, the reefs are becoming substantially degraded and less
functional ecologically.

Are coral reefs now returning to a “normal” situation in
which reef-building is negligible (Kleypas et al. 2001)? The
past interglacial period was extraordinarily favorable for
scleractinian reefs, and not typical of the 224 million years
of scleractinian existence (Hay et al. 1997; Buddemeier and
Kinzie 1998; Pearson and Palmer 2000; Berner and
Kothavala 2001; Kleypas et al. 2001). The late Jurassic
through the late Paleogene was roughly 140 million years
in which the Mg/Ca mole ratio of seawater was below
2 (Stanley and Hardie 1998), and so bioerosion increased
tremendously (Vermeij 1987) and accretion of coral (arago-
nite) reefs became reduced (Stanley and Hardie 1998;
Kiessling 2009). Although the diversity of reef-building
genera of scleractinians increased (Sepkoski 2002; Kiessling
and Szabo 2004), atmospheric concentrations of CO, were
higher than today (may have ranged between 600 and
2,400 ppm), seawater temperatures may have ranged
between 32 and 36 °C and seawater pH was usually between
7.4 and 7.6 (Pearson and Palmer 2000), so conditions were
not favorable for substantial reef accretion. In the present, as
the pH in warm surface ocean waters is likely to drop,
bioerosion will certainly increase while accretion of reefs
by corals may become more costly energetically.

Kleypas et al. (2001) emphasize that there is not a corre-
lation between how well a coral community is performing
biologically and how well it is performing geologically
(building reefs). In the calcite seas of the Cretaceous, other
creatures such as rudist bivalves provided three-dimensional
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substrata that corals could use (G6tz 2003). Sepkoski (2002)
and Kiessling and Baron-Szabo (2004) found scleractinian
diversity to be high in the Cretaceous, and even if there were
sources of error in Sepkoski’s compilations, the general
pattern of diverse scleractinians with eroded minor reefs
was the situation during most of the existence of
scleractinians. Now as the atmosphere, and then the oceans,
take up more CO,, corals may return to the “norm” of
diverse assemblages of scleractinian corals on eroded reefs
with minor rates of accretion. The basic message is that we
have just been through about 10,000 years of abnormally
prolific reef-building, but scleractinians may now return to
the pattern in the later Mesozoic. Although a drop in Mg/Ca
mole ratio to less than 2 and a drop in pH are very different
chemical processes, they may have the same effects of
accelerating bioerosion while reducing scleractinian reef
accretion.

Corals do quite well without reefs (Fig. 12.3). Corals
recruiting to basalt, plexiglass, pumice and many other
substrata do as well, and sometimes better, than recruits to
coral reefs (Sect. 12.2.3). The past few thousand years have
been extraordinarily favorable for reef accretion and preser-
vation (Kleypas et al. 2001) and this favorable period is
representative of only 10 % of the past few million years
(Hay et al. 1997). Since the origin of scleractinian corals
about 224 million years ago, there have been only three
periods of major reef construction (Kiessling 2009). How-
ever, the greatest diversity of scleractinian corals developed
during a time in the later Cretaceous when most of the
calcium carbonate structures were being formed by bivalve
molluscs (rudists). Reefs are not an extended phenotype of
corals like nests are of birds or dams are of beavers (Dawkins
1982), but are a byproduct of long period of good conditions
(Buddemeier and Kinzie 1998).

12.5 Importance and Vulnerability of Big

Fishes on Coral Reefs

12.5.1 Previous Stocks and Their Failure
to Recover

Undisturbed coral reefs can appear to be characterized by
inverted trophic biomass pyramids with up to 80 %
(DeMartini et al. 2008) or 85 % (Sandin et al. 2008) of the
fish biomass in the top level of piscivores and with fishes in
all lower trophic levels pooled together constituting only
15-20 %. Although there is controversy as to whether
inverted trophic biomass pyramids actually exist (Sect.
1.1), the disparate array of methods for surveying fishes all
converge (Rizzari et al. 2014) on the same conclusions that
population densities of large fishes are inversely related to
the population densities of humans (Friedlander and
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DeMartini 2002; DeMartini et al. 2008; Sandin et al. 2008;
Nadon et al. 2012; Fenner 2014). The apex predators are the
initial focus of the fishing activities and the larger fishes are
especially vulnerable to modern fishing technology
(reviewed in Fenner 2012, 2014). A few fishermen are able
to change the trophic structure of a coral-reef ecosystem in
very little time with modest effort (Fenner 2014), but the
return of large fishes and the recovery of the inverted trophic
pyramid usually takes decades if it happens at all (Hutchings
and Reynolds 2004; Abesamis et al. 2014). Even subsistence
fishing significantly reduced the upper trophic levels and
total vertebrate biomass on coral reefs in the Caribbean at
least 1,300 years ago (Wing and Wing 2001). By the 1800s,
there had been a major decrease in large coral reef and
seagrass-associated vertebrates and by the 1950s, the preda-
tory and herbivorous coral-reef fishes of the greater Carib-
bean were mostly of small size (Jackson 1997).

The Nassau grouper Epinephelus striatus was historically
one of the most important food fishes in the western tropical
Atlantic. It served as a main source of food and income for
shore communities throughout the greater Caribbean
(Sadovy 1993). Spawning aggregations consisted of as
many as 100,000 individuals (Smith 1972). Now, in the
greater Caribbean, some spawning aggregations have
disappeared. In Bermuda, the catch of Nassau grouper
declined by 93 % in 14 years (Sadovy 1993). Nassau
groupers used to reach a weight of 22.7 kg (50 Ibs) or
more, but now most are taken as juveniles. The World
Conservation Union (JUCN) considers the Nassau grouper
endangered.

Despite the loss of larger individuals in Caribbean coral-
reef fish stocks, as recently as the early 1980s the biomasses
of populations of coral-reef fishes were still estimated to be
as high as 160-200 metric tons km 2 in the Atlantic (Randall
1963; Munro 1983) and as high as 93-237 metric tons km 2
in the Pacific (Goldman and Talbot 1976; Williams and
Hatcher 1983). The mean harvests on reefs of a couple of
small islands in the central Philippines over a 5-year period
were found to be 11.4 and 16.5 metric tons km 2 year '
(Alcala and Luchavez 1982). The shoreline fishery of Amer-
ican Samoa has yielded up to 26.6 metric tons km ™~ year '
(Wass 1982). Despite the reduction in stocks of larger fishes
on coral reefs, the standing stocks of coral-reef fishes are still
about 30—40 times greater than standing stocks on demersal
fishing grounds in Southeast Asia, the Mediterranean, or
other temperate regions (Russ 1984).

Although the biomasses of fish populations on coral-reefs
three or four decades ago remained high in many places,
coral-reef fish stocks in many locations dropped by 70-80 %
and have remained low since the 1980s. The development of
fishing technology made catching fishes easier, so the catch-
per-unit-effort (CPUE) often underestimates the actual
decrease of reef fish populations in the past three decades.
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The CPUE of the shoreline fishery of American Samoa
dropped 70 % between 1979 and 1994 while the number of
common fishes decreased by 75 % and the relative
abundances among fishes changed drastically, with a
decrease in commercially preferred fishes (Craig
et al. 1995). Likewise, in fisheries monitored over a 4-year
period in the Philippines, the numbers of adult fishes
dropped 80 % and the number of species known to reach
adulthood dropped 33 % (McManus et al. 1992). The CPUE
on a bank south of Jamaica also declined by 82 % over a
15-year period (Koslow et al. 1988). The Guam nearshore
fisheries CPUE decreased 78 % between 1985 and 1997
(Birkeland 1997). Data in Sandin et al. (2008) show that
the biomass of reef fishes at Tabuaeran dropped by 68 % and
at Kiritimati dropped 75 % in the past two decades. The
stocks of coral-reef fishes in the main Hawaiian Islands are
at most 20-25 % of what they were a century ago (Shomura
1987; Harman and Katekaru 1988; Smith 1993).

Once the drop in the range of about 80 % in standing
stocks of reef fishes occur, the recovery may take decades if
at all (Abesamis et al. 2014). The Bolbometopon muricatus
were spectacular on Guam in the mid-1970s, but were essen-
tially eliminated by overfishing in the late 1970s and still
almost none are found 34 years later. The scenario is similar
in American Samoa. Craig (2005) noted that corals recover
from hurricanes, Acanthaster, and bleaching, but the fish
populations are not recovering. A visiting marine ecologist
commented that American Samoan reefs were like a lovely
mansion of corals, but the mansion was empty. Where are
the fishes? Like many coral reefs around the world, there are
actually still many colorful small fishes; it is the big fishes
that are gone. Craig (2005) noted there is “no quick fix” and
that what we see today is “a shadow of former population
abundances”. This pattern is not unique to coral reefs.
Hutchings and Reynolds (2004) analyzed data from more
than 230 fish populations that had a median breeding popu-
lation reduction of 83 % from known historical levels and
found little or no change in abundance for at least 15 years.

The diverse stocks of fishes on coral reefs are impressive,
especially the stocks in relatively untouched areas that
appear to have an inverted trophic biomass structure. This
unfortunately encourages the investment into fishery-based
economies. A journal The Economist stated that commercial
trade in large coral-reef fish is a “gold rush”, a boom and
bust, “...an extractive industry that eventually exhausts the
resource it exploits” (Anonymous 2000).

12.5.2 Influence of Large Fishes on Community
Structure

Coral reefs operate differently than do large-scale pelagic
current systems in which concentrated pulses of nutrient
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input from upwelling act as physical oceanographic drivers
of the foodweb. If the pelagic fishes are overharvested, it
does not necessarily cause long-term fundamental changes
in the system and the populations can replenish themselves
with the next upwelling. The relatively low diversity system
(two trophic levels between primary production and humans
Sect. 1.1) of pelagic fisheries in eastern oceans is relatively
simply based on nutrient input from upwelling and are
relatively unstable because of the dependency on nutrient
input. When there is a major El Nifio Southern Oscillation
(ENSO) which dampens upwelling, there is a failure of the
anchoveta and tuna fisheries, hundreds of thousands of
seabirds and at least hundreds of sea lions and seals die,
but the system is resilient and recovers with the return of
nutrient input from upwelling. Although the pelagic system
is unstable because of its dependence on nutrient input, it is
resilient because it does not depend on species interactions
to prevent shifting to alternative states.

In the more complex and diverse coral-reef ecosystems,
internal biological interactions such as grazing, predation,
and competition have dominant roles in community struc-
ture. This may provide the communities of coral reefs with
general stability because herbivores can potentially control
the algae and predators can potentially control outbreaks of
herbivores or corallivores. But diverse systems are less resil-
ient because they can fall into alternative stable states. If
herbivores are overfished, algae can take over and dominate
when a disturbance decreases the cover of living coral and
the algal dominance can persist by the effects of algae on
coral recruitment (Sect. 12.2.3). There is no alternative
steady state in most simple systems. Since coral-reef systems
are complex, with species interactions that can maintain the
stability of the system, they are less resilient to overfishing
or severe disturbances because it is these species interactions
that prevent the system from shifting to alternative states.

Long-term studies by McClanahan (2014) on the coast of
Kenya found that the piscivores regained their biomass after
about 20 years of protection, but the biomass of herbivorous
fishes was slow to recover and the functional groups in the
coral-reef system had still not fully recovered after 35 years
of protection. Even if the biomass of herbivores is recovered,
the “functional groups” may not recover unless the large
individuals are present. Even at lower trophic levels, the
size of the individual fish is of key importance. Parrotfishes
below 15-20 cm in length nibble at algae to feed themselves,
but those above 15-20 cm in length scape or excavate the
substratum, removing algae and creating bare substrata
appropriate for successful coral larval recruitment
(Bruggemann et al. 1996; Bonaldo and Bellwood 2008;
Lokrantz et al. 2008; Ong and Holland 2010).

Hunting the largest individuals not only affects the coral-
reef ecosystem, but also has direct and indirect effects on the
other fishes associated with targeted fish. Reducing the size
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and abundance of the predatory fishes led to the fishes at
lower trophic levels to increase in average size and longevity
(Ruttenberg et al. 2011), and to be in generally better condi-
tion. Sex change for protogynous species occurred at a larger
body size when there were fewer apex predators (DeMartini
et al. 2005). For a given body length, fishes at lower trophic
levels had greater body mass, greater liver mass, and more
energy reserves on reefs in which the predators at upper
trophic levels were less common (Walsh et al. 2012).

The reason for the lower energy reserves and lower body
and liver mass per unit length in coral-reef fishes on reefs
where the top predators are in their natural abundances is
likely to be the high risk of predation restricting the time and
distance the potential prey species forages for food away
from refuges from predation. Thus the removal of top
predators potentially affects the benthic community by
allowing the herbivores to forage greater distances from
shelter and thereby increasing the distances that barren
grounds or haloes separate reefs from seagrass (Randall
1965). Although herbivorous fishes become more predomi-
nant where the higher trophic levels have been fished down,
this does not mean that the herbivores have higher biomass.
The herbivores might also be fished down, but not to the
extent of the top predators (Friedlander and DeMartini
2002).

Natural, undisturbed coral reefs are typically
characterized by what appears to be an inverted trophic
biomass pyramid, where upper trophic levels consist of
large predators with relatively slow turnover, and the
populations of fishes at lower trophic levels of herbivorous
and planktivorous fishes consist of fewer and smaller fishes
(DeMartini et al. 2008). The inverse pyramid is sustained
because top predators have relatively slow turnover and the
lower trophic levels (prey) have relatively rapid turnover.
But this makes the system especially vulnerable to
overharvesting of the slow-growing species in the upper
trophic levels. It is the diversity of consumers and the large
number of trophic levels that provide the mechanisms
behind the unique structure of coral reefs of large gross
primary production and mediocre net production or fisheries
yield (Fig. 1.1; Sect. 1.1).

12.5.3 Importance of Large Fishes
to Population Sustainability

The number of years of reproductive activity typical of a
species indicates the usual degree of risk of failure to pro-
duce successful recruitment (Sect. 12.2.1). Analyses of data
from 251 species of fishes showed that as recruitment suc-
cess became more variable, the traits of late maturity,
increased longevity, and iteroparity substantially increased
(Longhurst 2002). Recruitment to complex coral reefs is
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hazardous for larval or juvenile fishes. Planktivorous fishes
form a “wall of mouths” during the day (Hamner et al. 1988)
and scleractinian corals, zoanthids, and anemones form a
“wall of mouths” at night (Fabricius and Metzner 2004).
There have been many studies of the effects of predation
by resident fishes on the survival of newly arrived juveniles
(Hixon 1991; Hixon and Beets 1993; Hixon and Carr 1997,
Holbrook and Schmitt 2002; Hoey and McCormick 2004;
Dixson 2011) and on the effects of competition among the
recruits (Holt 1984, 1987; Jones 1997; Hixon 1991;
Holbrook and Schmitt 2002). The proportion of successfully
settled Haemulon favolineatum surviving through the first
year was determined to be 0.008 (Ogden 1997). The survival
of successfully settled Acanthurus lineatus through their first
year has been found to be 0.007 (Craig 1995), but once
established as an adult, it can live 42 years (Choat and
Robertson 2002).

The hazardous and unreliable successful recruitment on
coral reefs is probably the reason that coral-reef fishes are
adapted to live long enough to attempt reproduction many
times (Sect. 12.2.1). Acanthurids often live to 30 or 40 years
(Choat and Robertson 2002) as do some lutjanids (Newman
et al. 1996). Individuals of the genera of groupers
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Fig. 12.10 Fecundity increases exponentially with body length in fish.
One 61-cm female red snapper (lutjanid) produces the same number of
eggs as 212 females at 42 cm each, or 12.5 kg of large snapper produces
the equivalent number of eggs as 233 kg of medium-sized snappers.

(Serranidae) such as Epinephalus, Mycteroperca and
Cephalopholis live 30-50 years, 33 years and 26 years,
respectively. The relatively short-lived Plectropomus spp.
still live over a decade (Ferreira and Russ 1994). The
holocentrid Myripristis amaena becomes mature after
6 years and lives at least 14 years (Dee and Parrish 1994).
Even damselfishes and parrotfishes have lifespans generally
between 5 and 20 years, with Stegastes acapulcoensis hav-
ing a maximum age of 32 years (Meekan et al. 2001).
Bolbometopon muricatum takes about 7-8 years to reach
sexual maturity at about 60 cm length, with a lifespan of
about 40 years (Hamilton et al. 2008; Hamilton and Choat
2012).

The larger individuals among coral-reef fishes are partic-
ularly important, not only for maintaining ecosystem struc-
ture, but for sustaining their own populations. The fecundity
of fishes increases exponentially with body size (Fig. 12.10);
and so in natural populations where recruitment is sparse and
uncertain and small fishes are at risk of being consumed by
predators, the selective pressure strongly favors large body
size, long life, and multiple reproductions. When the species
that formerly had a refuge in size is now the prey of humans,
however, the probability of living long enough to reproduce

Each smaller snapper is 69 % the length of the larger one (Bohnsack
1998). The reproductive potential of a population is disproportionately
affected when fishermen target large individuals. This is especially true
for protandrous species
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Fig. 12.11 There is a strong selective advantage for a top predator to
grow large because fecundity increases exponentially with body size.
When the top predator becomes prey to humans, selection turns to
favoring early reproduction. Effective reserves protect the intraspecific
genetic diversity of populations (Bohnsack 1998)

at a large size becomes small (Fig. 12.11); and selective
pressure can shift to favoring rapid growth, early reproduc-
tion, and smaller size.

In contrast, recruitment to fisheries in pelagic systems is
relatively reliable with the exception of periods of ENSO
every few years and so lifespans of less than a decade should
allow the adult fish populations to reproduce relatively reli-
ably in abundance during non-ENSO years. Pelagic fishes
such as mahimahi (Coryphaena hippuros) often live 2 years
and grow to 14 kg (31 1b) on the In contrast, recruitment to
fisheries in pelagic systems is relatively reliable with the
exception of periods of ENSO every few years and so
lifespans of less than a decade should allow the adult fish
populations to reproduce relatively reliably in abundance
during non-ENSO years. Pelagic fishes such as mahimahi
(Coryphaena hippuros) often live 2 years and grow to 14 kg
(31 Ib) on the average, and can live a maximum of 4 or
5 years and grow to a maximum of 39.5 kg (87 1b). The
pelagic Thunnus albacares (yellowfin tuna) has a lifespan of
up to 6.5 years (Lehodey and Leroy 1999) and can grow to
over 181 kg (almost 400 1b).

Pelagic fishes possibly grow faster in part because they
continually search for dense concentrations of food and
sometimes have the opportunity to consume food much
more intensely than do coral-reef predatory fishes. When
tuna find a mass of fish, they devour their prey intensely,
consuming as much as 25 % of their body weight in one day,
which partially explains their rapid growth. Coral-reef fishes
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cannot find prey in such concentrations because the topo-
graphic complexity provides refugia for their prey and so
they feed on an occasional individual prey that wanders too
far from their shelter. The introduced predatory reef fish
Cephalopholis argus on the island of Hawaii, where it
grows faster than in its native range, is found to consume
on the average 0.8 % of its body weight per day (Dierking
2007). Groupers generally grow slowly, rarely over 0.5 kg
per year. Yellowfin tuna can average 28 kg per year or
56 times faster growth than coral-reef groupers. When we
compare the rate of growth and found to consume on the
average 0.8 % of its body weight per day (Dierking 2007).
Groupers generally grow slowly, rarely over 0.5 kg per year.
Yellowfin tuna can average 28 kg per year or 56 times faster
growth than coral-reef groupers. When we compare the rate
of growth and potential longevity of coral-reef fishes such as
Acanthurus lineatus that can live 42 years (Choat and
Robertson 2002) to grow to a maximum size of 2.7 1b
(1.24 kg), we can perceive how the ratio of fisheries yield
per unit gross primary productivity for the Peruvian upwell-
ing can be about 20—60 times greater than is this ratio for
coral reefs (Fig. 1.1; Nixon 1982). There are some
exceptions. The larger marlin and bluefin tuna can live
25 and 40 years, respectively. Bluefin tuna take several
years to reach maturity and, like large coral-reef fishes, are
more vulnerable to overfishing and most populations have
decreased over 90 %.

Even the larger individuals of smaller species on coral
reefs are important for fecundity. For example, the
yellowstripe goatfish Mulloides flavolineatus is a schooling
predator of small, soft-bodied invertebrates in the sand. It
reaches sexual maturity within 1 year after hatching and has
a long period of repeated spawnings each year. The local
fishermen on Guam probably do not realize that fishing
pressure has been drastically reducing the reproductive
potential of the goatfish each year. By 1991, the reproductive
potential of M. flavolineatus was only 5 % of its unfished
potential (Davis 1992). By harvesting the larger individuals
of even the smaller, more rapidly maturing fishes, a greater
portion of the breeding stock is taken than is perceived by
fishermen.

Although the importance of larger individuals may have
been taken into account by Pacific islanders who knew the
natural history of their fishes centuries ago, in modern times
this is a particular problem because state fishing regulations
are often not based on the natural histories of the fishes
concerned and therefore allow the taking of important spe-
cies such as parrotfishes before they have a chance to repro-
duce for the first time (Howard 2008). Important additional
components of this loss of sustainability are the development
of technologies such as refrigeration that allowed the switch
from local subsistence to a global market economy. New
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Fig. 12.12 One night’s catch of Bolbometopon muricatum at Tetapare Island in the Solomon Islands (Photo courtesy of Richard J. Hamilton)

technologies such as scuba and underwater lights provided
the means to overharvest large species such as
Bolbometopon muricatum while they sleep, eliminating pre-
vious natural refuges for breeding stock (Fig. 12.12;
Hamilton and Choat 2012).

Westerners’ tendencies to focus harvesting on the largest
individuals is as deleterious as the elimination of natural
refuges and the switch to a global market. This can reduce
the potential for population replenishment by drastically
lowering fecundity, shortening the reproductive season,
thus preventing the “bet-hedging” that allow some of the
larvae to encounter favorable conditions, and in some cases
reducing the average growth rate and endurance strength of
larvae (Berkeley et al. 2004a, b; Bobko and Berkely 2004;
Hixon et al. 2013). Overharvesting of larger individuals can
also lead to the loss of genetic heterogeneity, potentially
leading to reduced adaptability (Hauser et al. 2002). In
recent decades, selective fishing pressure on the larger
(older) individuals has caused a rapid evolution of smaller
body size and lower fecundity in some harvested populations
(Handford et al. 1977; Ricker 1981; Olsen et al. 2004).

12.5.4 What Does This Mean for Management
Practices?

Isolated peoples can be in situations in which they must
exploit coral reefs for subsistence. How should fish be
taken while still maintaining the integrity of coral reef
systems? Fish should be exploited with two forms of
moderation: the use of slot limits on sizes taken and shift
the focus from harvesting the capital to harvesting the

interest or yield (Fig. 12.13). Slot limits guide the taking of
intermediate size classes of a species, but leaving the largest
individuals as highly fecund brood stock and leaving the
juveniles to manifest their potential for rapid growth.

The yellow tang Zebrasoma flavescens is the economi-
cally most important aquarium fish in Hawaii and it is
compelling to surmise that its spectacular success may be
facilitated by effective slot limits. Well over 200,000 yellow
tang are taken from the Kona Coast of Hawaii each year by
the aquarium trade (280,125 in 2013 [William Walsh
unpubl. data]). About 89,000 are taken as prey by roi
(Dierking 2007), the introduced predatory grouper,
Cephalopholis argus. This is an approximate total of
370,000 taken in 2013. Of course, this is an approximation
and it must vary from year to year, but it does indicate that
the population of yellow tang has been sustaining itself well.
On a 217-km continuous reef, the take would be over 1,700
yellow tang per km of coastline per year.

This sustainability has certainly been aided by the estab-
lishment of zones in which some of the brood stock of
aquarium fishes cannot be taken and there also must be
habitat and oceanographic conditions favorable for recruit-
ment. But the yellow tang still stands out as more productive
than the other species in these environmental conditions
taken for the aquarium trade and taken by predatory fishes.
Part of the reason for the sustainability and extremely pro-
ductive success of this system might be because both roi, the
introduced predator, and the aquarium industry favor
medium-sized individuals over the larger and the smaller
individuals. Meyer and Dierking (2011) documented that
Cephalopholis argus on the Kona Coast fed mainly on
prey between 3 and 15 cm length (n = 135), while yellow
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Fig. 12.13 Traditionally, the optimal harvest was considered to be to
the left of the maximum sustainable yield (MSY). Overfishing has
sometimes been defined by fishery councils under the MSA as
spawning biomass reduced to 20 % of its unfished level. The fishery
would be more stable if the same yield is taken from the right of the
maximum sustainable yield (Courtesy of Joan Roughgarden. Modified
and redrawn from Roughgarden and Smith 1996 with permission
Copyright (1996) National Academy of Sciences, USA)

tang grow to 20 cm (Randall 2007). The aquarium trade also
finds medium-sized yellow tang (8—15 cm) more marketable
for household aquariums than older larger individuals
(15-20 cm). By leaving the larger individuals which have
the exponentially greater fecundity, and also leaving the
smaller individuals which have the greatest proportional
growth rates, harvesting the intermediate size classes is the
most sustainable (Fig. 12.10).

Of 117 definitions of “overfishing” reviewed by an inter-
national panel of experts for the National Marine Fisheries
Service, essentially all of them allowed fishing to reduce the
stock well below the point of maximum sustainable yield
(Darcy and Matlock 1999). For fishery councils operating
under the Magnusen-Stevens Act (MSA), it is not uncom-
mon for overfishing to be considered to begin when the
spawning biomass is reduced to 20 % of its unfished level.
This might not be appropriate for coral-reef fisheries
because, as indicated by the longevity and multiple years
of spawning typical of reef fishes (Sect. 12.2.1), successful
replenishment of the fisheries catch may not be as reliable
for coral-reef fisheries as for the target stocks on which
theory is based. Roughgarden and Smith (1996) pointed
out that when the limits to fishing down the population to
the left of MSY (maximum sustainable yield), there is lower
reproductive stock and theory indicates that this leads to a
very unstable ecological equilibrium, “as difficult to main-
tain as balancing a marble on top of a dome”. A coral-reef
fisheries should be managed to promote stability because of
the unreliability of successful recruitment. If the take is
limited to the right of MSY, where the reproduction is
affected by crowding, the fishery is “as easy to maintain as
keeping a marble near the base of a bowl”. Figure 12.13
illustrates how the fisheries yield is potentially the same on
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either side of MSY, but if we harvest the capital (line A) as in
most commercial fisheries, the system is very unstable and
difficult to manage. If we harvest the interest (line B) as in
many indigenous subsistence fishers, the system is stable
with “natural insurance” (Roughgarden and Smith 1996). A
caveat for any fisheries theory that refers to MSY is that it is
a moving target that is difficult to observe. A quantitative
estimate of MSY requires a lot of data repeatedly because it
changes frequently. Indigenous subsistence fishers did not
need a quantitative estimate of MSY. They could observe if
the larger individuals were still present.

Bob Johannes (1998) once pointed out that data-less
resource management was the most effective approach to
the complex and unpredictable interactions of resource man-
agement. For example, to adequately survey Indonesia for
fish abundance or biomass would require over 400 man-years
and the system being surveyed would change before the
survey was complete. Are the quantitative values of abun-
dance or biomass relevant? A hundred kilograms of small
goatfish may have an order of magnitude lower fecundity
than the same biomass of fewer larger goatfish. A hundred
kilograms of parrotfishes <20 cm in length would have
relatively little effect on the benthos while the same biomass
of fewer larger parrotfishes would be removing algae and
clearing substrata for coral recruitment. The information that
is necessary to evaluate potential replenishment of marine
resources should rely not on statistical analyses of surveys of
biomass or population densities of stock or assessments of
CPUE, but rather on the straightforward observation of
whether the big ones are still there.

12.5.5 Coral Reef Ecosystems Are Not
for Export, but Rather for a Service
Economy

Although coral reefs have the greatest gross productivity of
any ecosystem in the tropical seas, the sustainable fisheries
yield and net system productivity are relatively low
(Fig. 1.1). Far less than 1 % of the gross primary productivity
of a natural coral reef is converted to production that is
meaningful for human consumption (Hatcher 1997). The
ratio of fisheries yield per unit gross primary productivity
for the Peruvian upwelling is about 20-60 times greater than
is this ratio for coral reefs (Fig. 1.1; Nixon 1982). The
average ratio of gross productivity (P) to respiration (R) is
close to 1 (P/R = 1) and the positive excess production,
or potential yield from the system, is very close to zero
(Sect. 1.1).

The number of trophic levels in food-webs decreases as
nutrient input increases. Hallock (1987) explains
mechanisms by which chronically low-levels of nutrient
input leads to habitat and species diversity. Ryther (1969)
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assigned one or two steps between phytoplankton and man to
upwelling systems and acknowledged that the upwelling
regions of the world have the shortest food-webs. Grigg
et al. (1984) assigned six trophic levels to coral reefs, proba-
bly the most complex of marine systems. Much of the
assimilated energy is lost in respiration at each step in the
food-web so that it is understandable that there would be less
excess production in a system with six trophic levels than in
a system with two.

There was a widespread concern in Bermuda that the
coral reefs were deteriorating because of commercial fish-
ing, even though the fisheries economy and number of peo-
ple employed in extractive fisheries was small compared
with tourism. Tourism and recreation related in Bermuda
grossed more than $9 million in 1988. The hotel owners,
charter-boat fishermen, dive and tour-boat operators and
other businesses felt the incomes of many were threatened
by the activities of a few fishermen. In 1990, considering
evidence that the catches were declining substantially and
the reef communities were deteriorating, the Government of
Bermuda offered payment of up to $75,000 per fishermen, in
addition to compensating them for hardware such as pots and
winches, in order to close the coral reefs of Bermuda to pot
fishing (Butler et al. 1993). This was not popular with com-
mercial fishermen and was considered by some to be draco-
nian. But with the establishment of a number of offshore fish-
aggregation devices, some fishermen found alternative
livelihoods with recreational charter fishing, offshore
longlining for pelagic fishes, and deep-water trapping for
crabs and prawns. Unlike fishing on coral reefs which is
naturally subsidized by alternative species when the preferred
species become scarce, the alternative fisheries each targeted
certain types of fish and therefore was relatively self-limiting,
requiring healthy stocks in order to have a viable fishery.

The money exchanged in world tourism in 1992 was 1.9
trillion, over 27 times the 70 billion of the world marine
fisheries revenue (Weber 1993). In 2012, international tour-
ism alone grossed 1.3 trillion, about 16 times the world
marine fisheries which grossed 80 billion. To participate
in the world economy, the islands of Oceania can be
highly competitive for the high spenders in tourism, while
geography (transportation costs for export fishery products),
ecology (low sustainable yield and effects of overfishing on
ecosystem processes), and biology (life-history characteris-
tics of the species) work against commercial export fisheries
from coral reefs. The infrastructure for commercial fisheries
(processing, refrigeration, transportation) is more expensive
and risky than the commitment to ecotourism. The cost of
airfares are paid by the tourists themselves and create local
employment, in contrast to the subtraction of air transport
costs from the profit on exported fish sales. Analogous to the
great diversity and biomass of species supported by reefs in
regions of low rates of nutrient input, a greater number of
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people and jobs can be supported sustainably by coral reefs
if economies are based on the natural attributes of the species
and ecosystem.

I have been told by fisheries scientists that once a fish is
dead, it does not matter whether it is used for subsistence or
commercial export. But it takes at least an order of magni-
tude more fish to support a few commercial fishermen than it
does to support a population by subsistence because most of
the proceeds from the sale of fishes goes to supporting the
marketing and transportation infrastructure. Coral-reef
resources can sustain a much greater number of people or
careers in the world economy if used in nonexportive
enterprises. The nonexportive, service-oriented approaches
of Bermuda and Palau (Sect. 12.6.3) are compatible with the
attributes of coral-reef ecosystems and species, and with the
demands of the growing human populations, growing
economies, and urbanization.

Much of the great increases in marine fisheries of the
world in the 1950s and 1960s came from the shift in empha-
sis in fisheries from the predatory fishes to the more plentiful
fishes lower in the food-web. The catch of anchoveta
(Engraulis ringens) in the Peru upwelling increased from
about 200,000 metric tons in 1955 to 12 million tons in 1970,
a 60-fold increase (Larkin 1978). In view of these successes,
Grigg et al. (1984) suggested a series of important principles
of resource management of coral reefs, in which the first was
“To maximize efficiency, harvest at levels of sustained yield
as low on the food chain as possible. Cropping predators
would increase potential yield.” Likewise, at a UNESCO
meeting in Sri Lanka, I heard that local fishermen would
prefer not having coral reefs because the slower growth of
the resident fishes provided less turnover and therefore less
sustainable yield, the higher diversity made harvesting and
processing less efficient, the residency made replenishment
less reliable, and the reefs themselves were a hazard to
navigation. If our objective is to feed the growing human
population, coral-reef fisheries are too easily overharvested,
are too diverse for economically efficient processing, and
unlike the pelagic fisheries, overfishing can affect the eco-
system. Although the Palauans and Bermudans agree that
coral reefs are susceptible to overfishing and do not provide
for a sustainable export economy, they had a rational view
that coral reefs actually provide a solid economic basis for
globalization with a service-based economy.

12.5.6 Palau, an Exemplary Case of Coral-Reef
Management

I believe the evolution of a social system that was built around
knowledge has been the true treasure of Palauans. This, in my
opinion, is also why Palau has had such great leaders and will
continue to benefit for many years to come. (Gerald W. Davis)
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Palauans display a more successful insight than any other
people of which I am aware into adapting their solid under-
standing of the natural history of their resources to the
changing conditions imposed by globalization of economics.
Their policies of resource use appear to be developed by a
society with knowledge of how ecosystem processes of coral
reefs (Sect. 1.1) and life-history characteristics of animals in
coral-reef communities (Sect. 12.5.3) are more sustainable
and profitable with a subsistence and service —based econ-
omy (tourism) than with an export-based economy. On only
a few hundred meters of reef at Blue Corner and nearby
Ngemelis Dropoff, Palau earned about $7,000 per day on the
average and up to $14,000 per day in peak season from
diving tours back in 1992 (C. Cook, The Nature Conser-
vancy — Palau Office, pers. comm.). A major contribution
towards these earnings was a large humphead wrasse that
allowed tourist photographers to approach closely. The
Palauans were aware that this fish was much more profitable
economically as a continuous tourist draw at thousands of
dollars per day than it would be as a one-time fisheries yield,
and so shooting this individual wrasse for sale in the fish
market would have been socially unacceptable. Even
dog-tooth tuna and grey reef sharks came close to
photographers at Blue Corner. Diving activities by tourists
brought in over $12 million to Palau in 1992 (not counting
additional expenditures such as hotels, meals, and transpor-
tation). In 2010, scuba tourism brought $85 million to Palau
(Vianna et al. 2010), and at least 50 % of tourists are scuba
divers and close to 90 % go snorkeling or swimming
(N. Singeo — Palau Visitors Authority, pers. comm.)
(Figs. 12.14 and 12.15).

With its Shark Haven Act of 2009, Palau had the remark-
able insight to set up the first major sanctuary for sharks,
banning all fishing for sharks throughout its 600,000 km?
exclusive economic zone (EEZ). A study by the Australian
Institute of Marine Biology found that 39 % of Palau’s gross
domestic product ($218 million) was from scuba-tourism
($85 million) and 21 % ($17.9 million) of diving tourists
said their primary purpose for choosing Palau was specifi-
cally to see sharks. Vianna et al. (2010) estimated that the
main tourist dive sites hosted approximately 100 sharks.
Therefore, they concluded an individual live shark brings
in about $179,000 in revenue per year in the tourist industry,
or a lifetime value of about $1.9 million, compared to $108
as a fisheries catch. The tax revenues to Palau from scuba-
diving activity during which the observation of sharks was
the major objective was 24 times higher than the total
revenues from the fishing industry (Vianna et al. 2010).

Because of their economic and biological insight in
developing a service-based economy rather than an
extraction-based economy for coral reefs, Palau was given
the prestigious Future Policy Award of 2012 for the best
ocean policy of all nations. Palau’s intelligent practice of
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Fig. 12.14 “Tame” Cheilinus undulatus humphead wrasse that allows
tourists to photograph it at Blue Corner, Palau (Photo courtesy of David
Burdick)

bringing in substantially more revenue with relatively little
capital investment, as well as the understanding that the life-
history of sharks makes them especially vulnerable to har-
vest, encouraged similar actions by other nations. In 2010,
the year following Palau’s Shark Haven Act, the Maldives
established their 90,000 km? EEZ as a shark sanctuary and
Hawaii became the first state in the US to prohibit the sale of
shark fins. In 2011, the rest of Micronesia (the Marshalls,
Kosrae, Pohnpei, Chuuk, Yap, the Commonwealth of the
Northern Marianas, and Guam), Tokelau, Honduras, and the
Bahamas established shark sanctuaries throughout their
EEZs. French Polynesia (4.7 million km?) and the Cook
islands (1.9 million kmz) followed suit in 2012 and the
British Virgin Islands in 2014. The Bahamas now advertises
itself to tourists as the shark-diving capital of the world.
Scuba-diving and snorkeling on coral reefs form a major
base of the economies of a several countries. Over 31,000
tourists observe the reefs of Bonaire with scuba annually and
the revenue from scuba-related tourism brings in about $23
million each year, about half their gross domestic product.
The annual expenditure in reef protection by Bonaire is
$0.67 million per year (NOAA Coral Reef Valuation Data-
base), so the return on investment is substantially better than
it would be for extractive fisheries. Service-based economies
are not only substantially more profitable both in total
income and in the ratio of profit to investment, but they are
more sustainable for coral reefs because of the life-history
characteristics of coral-reef species (Sect. 12.5.3).
Charter-boat sport-fishing of offshore pelagic fishes
brings in considerably more money per fish than direct
sales of fish. I knew a person who moved to Guam from
Florida in hopes of making a living as a commercial fisher-
man. The expense of ice, diesel fuel, marketing, upkeep of
the boat, docking fees, and the cost of living on Guam made
it too difficult to compete with fishers in the Philippines who
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Fig. 12.15 Carcharinus amblyrhynchos (grey reef sharks) and Caranx sexfasciatus (bigeye trevally) at a popular tourist dive site Siaes Corner,
Palau (Photos courtesy of David Burdick)

could live and operate on substantially less. Philippine
fishers could undersell fishers on Guam despite the added
daily cost of air-freighting their fish to the market. There-
fore, the person I knew supported his goal of occasionally
being a commercial fisherman by actually making his
income by chartering his boat for offshore sport-fishing.

In 1980, Japan AID contributed 11 diesel fishing boats
and other fishing gear to Palau to promote export of reef
fishes. After a year, thousands of dollars were being
exchanged in the marketing of reef fishes, but after expenses
in operating the boats, marketing and processing the fish, the
fishermen were netting only US$ 0.20 per fish. In the export
business, fishermen would have to sell about 5 kg of reef fish
to purchase 0.2 kg of canned tuna at the supermarket. It was
clear that exporting fishes was far less profitable, and well as
being in competition with subsistence fishing, recreational
fishing, tourism, and selling fishes to local restaurants and
hotels.

In view of the more sustainable economic use of
resources in subsistence and tourism than in export of bio-
mass, the Government of Palau has passed legislation called
the “Marine Protection Act of 1994” to gradually phase out
the export of coral-reef fishes. “The purpose of this Act is to
promote sustainability and develop marine resources of the
Republic while also preserving the livelihood of the com-
mercial fishermen of the Republic.” At this time, commer-
cial export of reef-fishes from Palau is illegal during the
months of March through July which are the spawning
seasons for important reef-fish species. The local fishermen
are encouraged to switch completely to other forms of
endeavor, e.g., chartering for sport fishing or selling fish
locally to hotels and restaurants. The money stays in Palau
when the fish are sold locally, the fisherman can make a lot
more money per fish by cutting the costs of shipping and

middlemen, and the quality of fish in the local hotels and
restaurants is greater when they do not have to compete with
the export market.

Palau has a strong tradition of a marine tenure system.
Resource management regulations may still be put in place
by traditional chiefs in each state. A traditional closure is
called a “bul”. In support of this tradition, the constitution of
the Government of Palau recognizes that each state has the
responsibility to manage all activities within their lagoons,
inshore areas, and reefs extending 12 nautical miles seaward
of the shore. The national government holds an advisory role
to the state on all matters of resource management. Access to
fish within a state is granted by the traditional leader’s
authority.

When a local community establishes restrictions, this
helps the Government understand what policies are needed
by the local communities. In 1988, before the banning of
exports of coral-reef invertebrates (other than those pro-
duced by aquaculture) and reef-fishes during their breeding
seasons, a “bul” on the export of sea cucumbers was pro-
moted by groups of women who collected them for subsis-
tence (Gerald Davis, pers. comm.). Sea cucumbers are a very
popular and commercially valuable food in Asian countries.
An Asian entrepreneur came to Palau and began exporting
the more valuable species. This quickly depleted the stocks.
Women who glean the reefs for subsistence realized how
these commercial exports were substantially reducing their
abilities to take food home. Their lobbying for a “bul” on the
exportation of sea cucumbers made the Government of Palau
aware of the need for regulations in cooperation with the
local communities (Gerald Davis, pers. comm.). The Marine
Protection Act of 1994 was thereby developed from a
responsible tradition of cultural regulation of local
resources.
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Communication between villages and the Government of
Palau has been remarkably two-way. Just as the Government
pays attention to a local “bul”, the people pay attention to
their leaders. The seawater warming of 1997-1998 caused
substantial coral mortality. The coral was replaced by algae
which inhibited coral recruitment. Tommy Remengesau, Jr.,
then Vice President of Palau, published advice in the local
newspaper to avoid taking herbivorous fishes for food, but
rather take predators or omnivores, because the herbivores
can control algae and this should facilitate coral recruitment.
He also asked people not to step on living corals because in
doing so they would damage the brood stock needed for
recovery of coral populations. The reefs recovered substan-
tially, so perhaps his advice was heeded. He also initiated the
Micronesia Challenge in which Palau and the other nations
of Micronesia all pledge to conserve effectively at least 30 %
of their nearshore marine resources and 20 % of their terres-
trial resources by 2020. In 2014, the President of Palau
announced his intention to establish the first nation-wide
marine sanctuary that fully protects more than 80 % of its
EEZ. Remengesau, now President of Palau, was winner of
the Champions of the Earth award by the United Nations for
the policies of Palau that promise to sustain economic resil-
ience while maintaining natural resources.

There has also been a two-way communication between
Palauan cultural knowledge of the natural history of the
coral-reef resources and western science. Bob Johannes
(1981) championed the knowledge of Micronesian
fishermen and quoted other scientists as well who noted
that local fishermen know more about the natural history of
their resources than is known in science. The Palauans have
special talents to combine traditional culture and economics
with science and natural history to get the best results. They
accept technical support with an open mind. For example,
Noah Idechong received an education in economics, but he
grew up knowing Palauan fisheries and was awarded a Pew
Fellowship in 1997 to work on marine conservation.
National Marine Fisheries Service awarded him a grant to
develop a sustainable sport fishery that provided the best use
of the inshore fishery resources of Palau.

Noah led the founding of the Palau Conservation Society
(PCS), a nongovernmental organization with the goal of
solidifying the local communities’ capacities for stewarding
their natural resources. PCS takes the comprehensive
(marine and terrestrial) ecosystem approach and helped to
develop the Protected Areas Network (PAN) in cooperation
with the local communities and the national government of
Palau. PAN sites are the Palauan commitment towards the
Micronesia Challenge. The Palauan Government established
a Green Fee, a fee that is paid by anyone leaving Palau.
Diving tourists are nearly always happy to pay a coral-reef
resource management tax as long as it is directly used for the
stated purpose rather than to general government account.
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The Green Fees of Palau are restricted to a PAN Fund.
States, communities or private protected areas may apply
for support to develop and manage a PAN site. PCS worked
with the government, states and the NOAA Pacific Islands
Fisheries Science Center to develop criteria for management
plans and monitoring protocols.

The other peoples of the Caroline Islands (Yap, Chuuk,
Pohnpei, Kosrae and their numerous associated atolls) also
have solid knowledge of their resources. In Yap, they
directly manage their terrestrial resources by planting vege-
tation or raising livestock or poultry to replace what is
harvested, but they manage their harvesting of marine
resources indirectly by managing their fishing practices
because they know they must depend on the whims of
natural processes to replace what they harvest. Traditional
social organizations of marine tenure, rights of harvest,
control of fishing methods vary among the many islands
and atolls. However, Palau stands out as leading in adapting
management of resources to the changing global economy.

The most important value of coral reefs in the lives of
local people is usually not recognized by outsiders. This is
the stabilizing effects of reefs on social structure. Fishing is
often a cooperative activity in which each of the family
members has a clearly recognized role. It has been discerned
from interviews of fishermen in Palau that fishing activities
help solidify the roles and importance of members of the
family. It has been said that reefs may be more important in
providing the opportunity for fishing activities than in
providing the catch. Fishing and reef-gleaning are often
perceived as fun and wholesome. In cases where large
developments such as resorts or military bases obstruct
access of local people to traditional fishing or reef-gleaning
areas, the effects cannot be overcome simply with jobs
providing wages by which food can be purchased. As social
structure deteriorates, the numbers of suicides and criminal
acts increase. The economic costs of such societal maladies
are rarely taken into account in the evaluation of coral reefs,
but these costs of the deterioration of coral reefs are ulti-
mately paid by all of us.
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