
 
Diversity 2012, 4, 105-160; doi:10.3390/d4010105 

 

diversity 
ISSN 1424-2818 

www.mdpi.com/journal/diversity 
Review 

Challenges for Managing Fisheries on Diverse Coral Reefs 

Douglas Fenner 

Department of Marine & Wildlife Resources, American Samoa Government, P.O. Box 7390,  
Pago Pago, AS 96799, USA; E-Mail: douglasfenner@yahoo.com; Tel.: +1-684-633-4456;  
Fax: +1-684-633-5944 

Received: 14 February 2012 / Accepted: 17 February 2012 / Published: 13 March 2012 
 

Abstract: Widespread coral reef decline has included the decline of reef fish populations, 
and the subsistence and artisanal fisheries that depend on them. Overfishing and destructive 
fishing have been identified as the greatest local threats to coral reefs, but the greatest 
future threats are acidification and increases in mass coral bleaching caused by global 
warming. Some reefs have shifted from dominance by corals to macroalgae, in what are 
called “phase shifts”. Depletion of herbivores including fishes has been identified as a 
contributor to such phase shifts, though nutrients are also involved in complex interactions 
with herbivory and competition. The depletion of herbivorous fishes implies a reduction of 
the resilience of coral reefs to the looming threat of mass coral mortality from bleaching, 
since mass coral deaths are likely to be followed by mass macroalgal blooms on the newly 
exposed dead substrates. Conventional stock assessment of each fish species would be the 
preferred option for understanding the status of the reef fishes, but this is far too expensive 
to be practical because of the high diversity of the fishery and poverty where most reefs are 
located. In addition, stock assessment models and fisheries in general assume density 
dependent populations, but a key prediction that stocks recover from fishing is not always 
confirmed. Catch Per Unit Effort (CPUE) has far too many weaknesses to be a useful 
method. The ratio of catch to stock and the proportion of catch that is mature depend on 
fish catch data, and are heavily biased toward stocks that are in good condition and 
incapable of finding species that are in the worst condition. Near-pristine reefs give us a 
reality check about just how much we have lost. Common fisheries management tools that 
control effort or catch are often prohibitively difficult to enforce for most coral reefs except 
in developed countries. Ecosystem-based management requires management of impacts of 
fishing on the ecosystem, but also vice versa. Marine Protected Areas (MPAs) have been a 
favorite management tool, since they require little information. MPAs are excellent 
conservation and precautionary tools, but address only fishing threats, and may be modest 
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fisheries management tools, which are often chosen because they appear to be the only 
feasible alternative. “Dataless management” is based on qualitative information from 
traditional ecological knowledge and/or science, is sufficient for successful reef fisheries 
management, and is very inexpensive and practical, but requires either customary marine 
tenure or strong governmental leadership. Customary marine tenure has high social 
acceptance and compliance and may work fairly well for fisheries management and 
conservation where it is still strong. 

Keywords: coral reef; fisheries; resilience; herbivores; phase shift; diversity; marine 
protected areas; stock assessment; management 

 

1. Introduction 

Coral reefs have been widely reported to have declined substantially around the world [1–39], and 
recent reports have provided quantitative evidence of that decline (e.g., [40–47], but see [48–50]). So 
far, great efforts have not stopped the decline, though the reefs might have been worse without those 
efforts [22]. Coral reefs are shallow marine ecosystems that build geological structures by depositing 
calcium carbonate produced by corals, algae, and various other organisms. Coral reefs are commonly 
said to be the most diverse marine ecosystem. Coral reefs actually vary widely in diversity, from a high 
in an area of islands near Southeast Asia known as the “Coral Triangle” to lows at the northern, 
southern, and eastern edges of the Indo-Pacific and in Brazil [51]. 

Coral reefs provide important ecosystem services to humans, such as food, shoreline protection, 
tourism, and many others (e.g., [52,53]). The total estimated ecosystem services of coral reefs 
worldwide is considerable, over US$375 billion per year [42], over five times larger than the total 
value of all the world’s marine fisheries (US$70 billion), most of which is not from coral reefs. Around 
the world, about 850 million people live within 100 km of a coral reef and 275 million live within  
10 km of the coast and 30 km of a reef [54], over 91% of the people living within 100 km of a reef are in 
developing countries [55], and many of them are poor and depend on reef fish for their primary source 
of protein. Many of the world’s fisheries are overfished or recovering from overfishing (e.g., [56–67]), 
and the emphasis now is often on rebuilding fisheries (e.g., [68–70]). There are fisheries that are 
overfished, some are fully exploited, some that are not fully exploited, and others are being rebuilt. 
One study reported that 55% of island countries are overfishing their reefs and total landings are 64% 
higher than can be maintained [26]. Pandofi et al. [41] reported that fishing had major effects on coral 
reefs long before other local human effects. “Of the numerous threats to biodiversity, fishing is 
arguably the most pervasive and damaging” [71]. Reefs at Risk Revisited [54] ranked overfishing and 
destructive fishing as the greatest local threat to coral reefs globally, Roberts [72] stated that “By virtue 
of their complexity, reef fisheries are the most difficult in the world to manage,” Sale [18] stated that 
“… most reef fisheries are unmanaged or undermanaged …” and Munro [73] stated that “Reef fisheries 
have a dismal management record.” There is evidence that at least one coral reef fish (bumphead 
parrotfish, Bolbometopon muricatum) has been driven to local extinction by fishing some places [74]. 
The largest giant clam, Tridacna gigas, has been driven to local extinction in many islands of 
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Micronesia, Vanuatu, and probably New Caledonia, and certain reef fish species in parts of Micronesia 
and Polynesia [75]. Local extinction produced by exploitation is a clear management failure. 

Coral reef fisheries lie at the intersection of at least three quite different disciplines, coral reef 
ecology, fisheries science, and social science. Individuals are usually trained in just one of these. 
Projects working on coral reef fisheries need teams that include all three. Fisheries and ecology have 
different values and goals, with conservation the goal of most ecologists, and one kind of ecosystem 
service being the goal of most fisheries scientists. These goals or values are the source of different 
views on many matters, and sometimes leads individuals to accept evidence that is consistent with 
their values less critically than evidence that is not. It is very difficult to remain objective in these 
circumstances, and unstated values often color interpretations of facts. These different values can also 
lead to similar views, so for instance, much of fisheries science is directed towards limiting fishing 
pressure to conserve stocks so that they can continue to provide ecosystem services indefinitely. 

2. Resilience 

This first section is concerned with the possibility of a synergy between the effects of fishing and 
the effects of climate change in degrading coral reefs. Global warming is increasing the frequency and 
severity of mass coral bleaching, which is causing coral mortality. Healthy coral reefs can show 
resilience by recovering rapidly from mass coral deaths, but the loss of herbivores, including fish, may 
allow blooms of macroalgae on newly killed coral surfaces, impeding the recovery of coral communities. 
Thus, overfishing, particularly of the herbivorous fish that eat macroalgae, can exacerbate the effects 
of mass coral bleaching by slowing or stopping recovery. Living coral is better habitat for fish than 
rubble or algae beds, so the loss of living corals eventually leads to reductions of fish populations and 
fish catch, and thus ecosystem services. 

2.1. Climate Change 

Climate change, including mass coral bleaching, and acidification are now often considered the 
greatest future threats to coral reefs worldwide (e.g., [12,31,76,77]). Coral bleaching, where corals 
expel their symbiont dinoflagellate zooxanthellae (Symbiodinium), can be produced by a variety of 
stresses, but is primarily caused by high water temperatures, and mass coral bleaching can be predicted 
quite well with sea surface temperatures [78–83]. Corals can recover from bleaching if it is not too 
intense, but intense bleaching causes coral death. In the El Niño of 1998, 16% of the world’s coral is 
estimated to have died [84], the largest single coral mortality known. Global warming is predicted to 
continue to increase sea surface temperatures globally, and increasing ocean temperatures will mean 
that years when events such as El Niño produce temperatures that are high enough to cause mass coral 
bleaching and mortality will occur more and more often. Within a few decades, bleaching is predicted 
to occur annually and mortality events will have too little time between them for recovery [19,85], 
though if corals can adapt that would be delayed significantly [86]. Annual summer mass bleaching of 
multi-species coral communities has already begun in at least one location [87]. Lower temperatures, 
shading, and water currents [88] may be able to reduce bleaching. Unfortunately, none of these have 
been shown to be practical at anything other than very small scales, leaving managers with no options 
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for directly combating bleaching in local areas. International agreement to reduce greenhouse gas 
emissions sharply is critical to stop climate change and acidification 

 
2.2. Reef Resilience 

The primary tool for battling coral bleaching that managers are left with is to increase reef 
resilience. Resilience is generally defined as the ability of an ecosystem to recover from disturbance, or 
the rate at which the ecosystem recovers (e.g., [89–91]). This can be called “engineering resilience” 
and contrasted with ecological resilience which recognizes tipping points between alternate stable 
states maintained by self-reinforcing mechanisms [92]. Increasing resilience can help buy time while 
the causes of global warming (the emissions of greenhouse gases) are reduced. In general, it is 
presumed that healthy ecosystems will be able to recover from disturbances. Coral reefs have survived 
disturbances such as cyclonic storms for their entire existence. Reefs that are exposed to cyclonic 
storms every few years are likely to have recovered from hundreds such storms in the Holocene, and 
thousands in the entire history of the geological structure. But the typically chronic harmful activities 
of humans can reduce the rate at which reefs recover from natural disturbances. For instance, the  
Great Barrier Reef has been reported to recover more slowly from more recent disturbances such as 
crown-of-thorns outbreaks than earlier disturbances [93,94], and declines in cover have been suggested 
to imply reduced resilience ([48] but see [49,50]). Coral cover has decreased from a mean of 28% to 
22% over 19 years, but decreases were in localized areas, while most reefs did not decline [47]. 
Montastrea annularis colonies in the Caribbean exposed to local stressors had growth slowed for at 
least eight years after a bleaching event, while colonies not exposed to stressors recovered normal 
growth rates in 2–3 years [95], and stressors increase the ability of degree heating weeks to predict 
slowed growth [96]. To maximize resilience, all human activities damaging coral reefs need to be 
reduced and minimized [97]. That includes actions such as overfishing and destructive fishing, 
sedimentation, nutrient runoff, other pollutant runoff, and the myriad of other harmful effects humans 
have on coral reefs. 

Fishing may reduce coral reef resilience in several ways. First, there is now a published report that 
reefs in No-Take Areas (NTAs) have fewer outbreaks of crown-of-thorns starfish (COTS) than outside 
NTAs on the Great Barrier Reef [98]. Crown-of-thorns sea stars kill coral, and surely coral mortality 
from outbreaks make the recovery of a reef from mass coral bleaching even more difficult. A frequently 
cited report that COTS are more common when fishing pressure is lower [99] can also be explained  
by nutrients fueling plankton blooms that provide food for starfish larvae, since population was used  
as a proxy for fishing pressure and populations produce nutrients [100], a hypothesis with strong 
support [101]. Second, Marine Protected Areas (MPAs) in the Philippines have been shown to have 
less coral disease. MPA protection usually increases the number of larger predatory fish, which in turn 
can reduce the number of smaller fish such as butterflyfish. Some butterflyfish eat coral, and 
interestingly, only the density of butterflyfish that eat coral correlates with the abundance of coral 
disease. The butterflyfish are probably transmitting disease from coral to coral by feeding on diseased 
coral and then healthy coral [102]. Third, coral cover declines less rapidly or recovers better inside 
MPAs than outside [103,104]. Fourth, fishing on coral reefs has greatly modified the fish community. 
In particular, on reefs anywhere near humans around the world, most of the largest fishes, such as 
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sharks, humphead wrasse (Cheilinus undulatus), bumphead parrots, and goliath grouper (Epinephelus 
itajara) as well as other megafauna such as sea turtles and monk seals, have been removed, many long 
ago [9,32,42]. 

 
2.3. Apex Predators 

The abundance of apex predators on natural reefs was not appreciated until a series of recent reports 
from remote near-pristine reefs in the Pacific [16,23,30,32,105–109]. The correlation between the 
abundance of the largest fish species and fishing pressure is strong [23,38,110,111]. The largest 
species are at low abundances nearly everywhere people are present [10,32], the acceptance of which 
is an example of “shifting baselines” [112,113]. In Fiji, bumphead parrots filled fish markets on  
some islands when night spearfishing was introduced, and now the species is locally extinct on some 
islands [74]. It is well known in fisheries generally that fishing removes the largest fish first  
(e.g., [68,114–120], Figure 1). “Some of the larger slower growing species can become very 
vulnerable to modern gears and be fished to extinction” [75]. All of the effects of removing the largest 
reef fish species are not yet clear; most of the world’s reefs have had these fish removed, yet major 
effects on those reefs have not been documented. The removal of top predators often produces a chain 
of effects called a “trophic cascade” where the removal of a predator leads to an increase in its prey, 
which in turn produces a decrease in that species’ prey and so on [121–123]. In many cases the results 
are dramatic, but they appear not to be on coral reefs very often. Two cascades are known from the 
Indo-Pacific, one in Kenya where triggerfish eat urchins which eat algae [124] and urchins cause larger 
decreases in crustose coralline algae than fish so that fishing causes increases of urchins which cause 
decreases of both fleshy algae and CCA [124,125] and another on the Great Barrier Reef where a line 
fishery for one species of grouper causes increases in abundance of prey species [126]. Three in the 
Caribbean, one where herbivorous fish and urchins eat algae [127], and another where predators eat 
small parrotfish but not large parrotfish and the large parrotfish eat algae [128] and a third where large 
groupers cause smaller groupers to hide and grow slower, and new recruits of other species have 
higher survival rates, presumably from lower predation by the small groupers [129]. Fishing removes 
medium and small fish as well as large fish, so it may block trophic cascades [130,131]. 

The change from an apex predator-dominated community to a community with few apex predators 
is itself a large phase shift, the most widespread phase shift known on coral reefs by far. Only about 
4% of Caribbean reefs and 1% of Indo-Pacific reefs have high macroalgae cover indicating they have 
undergone a phase shift from coral to algae [132], though the criterion of 50% algae cover in that study 
has been criticized as too high [126]. The apex predator loss also qualifies as ecosystem overfishing, 
which is when fishing changes community composition [115]. 
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Figure 1. Humphead wrasse (C. undulatus) and the fisherman who caught it in American 
Samoa. This fish sold for $120. A similar fish in Guam would now sell for about $2,000. 
Photo by Leslie Whaylen, 2005. 

 

2.4. The Role of Herbivores 

The best studied example of fishing reducing coral reef resilience comes from the removal of 
herbivores. In Jamaica, Hurricane Allen killed large amounts of coral in 1980 [133] and was followed 
in 1983 by the reduction of the population of the sea urchin Diadema antillarum by two orders of 
magnitude by an unknown disease which swept through the entire Caribbean over the course of  
a year [134]. This was followed by a bloom of macroalgae and then further loss of coral [7], which has 
persisted to this day on most of the reefs. This has been called a “phase shift” from corals to algae, 
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since coral cover plummeted as the macroalgae bloomed. Phase shifts have been defined as significant 
changes in community structure and composition (alternate state) [92]. Phase shifts to dominance of 
other organisms have also been documented [135–137], and indeed the loss of mobile megafauna or 
apex predators from coral reefs should be considered a phase shift itself. The reefs of Jamaica had been 
heavily fished for at least 100 years [33,60], and were heavily overfished at that time, with most of the 
few fish to be seen on the reef already in fish traps. This included the herbivorous fish. The sea urchins 
were the last remaining herbivores, and once they were gone and new substrate was opened up, there 
was nothing to restrain the growth of macroalgae [7]. Some have concluded that the loss of herbivores 
led to the growth of macroalgae, which in turn killed the coral. In Jamaica, Hurricane Allen caused 
most of the coral mortality, and across the Caribbean disease killed most of the coral, primarily white 
band disease killing Acropora. Algae then colonized the dead surfaces [131]. Much of the decline in 
coral cover happened before the Diadema dieoff [40]. 

2.5. Nutrients 

Nutrients may have played a role as well [2,138–142], and runoff had a greater effect than herbivores 
reduced by fishing, on macroalgae in a meta-analysis of studies in the Caribbean [143]. Top-down 
control by herbivory has had the most support (e.g., [7,25,144–146]) and indeed is easy to demonstrate. 
If an area of reef is caged off, so herbivores are excluded, dense growths of macroalgae generally 
result, and when the cage is removed, herbivores eat the macroalgae [24,147–149]. Herbivory, nutrients, 
algae and corals are involved in many complicated interactions [142,149–157] which cannot be 
reviewed here, but clearly herbivory is one of the important factors influencing the abundance of algae. 

2.6. Phase Shifts and Herbivores 

Very few coral reefs that have had a phase shift from coral to macroalgae have ever fully  
recovered, though the macroalga that dominated Kaneohe Bay, Hawaii, has greatly decreased [158], 
and there are some signs of Diadema recovery and local decreases of algae and coral recovery in the 
Caribbean [159–162]. Phase shifts that do not revert to the original state may imply that coral reefs can 
have alternate stable states. Phase shifts to alternative stable states are referred to as regime shifts by 
some [92]. Environmental events or pressures may move a reef from one state to another, but once 
there the reef stays there unless conditions push it into the other state [163]. Another idea is that there 
may be hysteresis, positive feedback effects, or a ratchet-like mechanism such that the transition from 
coral to macroalgae occurs at one level of herbivory, while the return to coral requires a higher level of 
herbivory [164–166]. Nyström et al. [92] list eight possible positive feedback effects. For instance, the 
number of herbivores needed to control algae on a reef dominated with coral and little macroalgae 
should be much less than the number of herbivores needed to remove macroalgae from a reef where a 
disturbance like mass bleaching mortality has produced a large area of bare substrate which has been 
colonized by macroalgae, so that there is now low coral cover and orders of magnitude more 
macroalgae than when the reef was dominated by corals. There might even be too much macroalgae 
for a pristine herbivore community to control, let alone remove [13,167–169]. There is experimental 
evidence that supports this idea [170]. Macroalgae do not provide as good habitat for fish as corals, 
and may lead to declines in fish [25,171]. Once corals have died, they will eventually collapse, 
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reducing rugosity and hiding places and leading to further reductions in fish populations [45]. Both the 
increase in macroalgae and the loss of rugosity can further reduce the abundance of herbivorous fish, 
making it harder for the reef to recover. The implication of these ideas is that it may be much easier to 
avoid a phase transition from coral to macroalgae than to reverse it. However, few reefs that have 
undergone phase shifts have had the causative factors removed, so it is not clear whether they would 
recover on their own. One possible example, though, is a protected area in Chagos which lost most of 
its coral cover in the 1998 mass bleaching. It had good fish abundances, and macroalgae was kept low, 
but corals have not returned [172]. There may have been no remaining source of coral larvae, showing 
that if the destruction of coral is widespread, loss of coral recruitment can greatly retard recovery. A 
meta-analysis found that recovery was slower when the nearest reef was farther away. Recovery was 
also faster when coral cover was low after disturbance, faster after COTS or mixed causes than 
bleaching or storm, and differs by ocean area [173]. A model indicated that continuous shifts are more 
likely than discontinuous shifts, and reducing several human stressors at once increases resilience more 
than single stressor reduction [97]. Another model indicated that warming and acidification produced 
by increased CO2 in the atmosphere reduces reef resilience, and overfishing and nutrient loading made 
reefs more subject to the effects of CO2. Further, at future CO2 levels, controlling such impacts will be 
crucial to retaining coral populations [174]. 

Not all herbivores are equal, and in particular, several functional groups of herbivorous fish have 
been distinguished based on their feeding mode. The majority of herbivorous fish eat little or no 
macroalgae. Herbivores may remove newly recruited macroalgae as they scrape or excavate turf [175], 
and the bases of macroalgae which slough off their top portions seasonally [176]. There may be a need 
for a balanced community of herbivores with representation from each of the functional groups to 
control macroalgae, and perform other functions for coral reefs [169]. Turf is eaten primarily by 
smaller herbivorous fish, and the species that control macroalgae tend to be larger, and so more readily 
removed by fishing. Excavators remove dead corals [21] which commonly attract coral recruitment, 
but when the corals eventually collapse, the juvenile corals are left without firm attachments and are 
thus unable to survive. Size is important for the ability of parrotfish to remove algae by excavating and 
scraping, large individuals are able to do more [92]. While the excavator functional group in the 
Pacific consists of several species [177], a few species account for most of the bioerosion, with the 
most often produced by bumphead parrotfish [110]. This species is by far the largest parrotfish, which 
is easily extirpated by night-time spearfishing, since they sleep in schools at the same location each 
night where they can easily be speared [74]. The fish species that keep macroalgal abundances low on 
a healthy coral reef may not be the same species that remove macroalgae once they dominate [37,169]. 
When cages were removed in one experiment, the fish that ate the macroalgae was a species not even 
known to be an herbivore, the batfish Platax pinnatus [148]. In areas where it has been fished out, the 
reef may have reduced resilience, without anyone knowing it, just as Jamaica had reduced resilience 
before the phase shift without anyone realizing it. Even reefs that are not overfished by fisheries 
standards may have reduced resilience due to reduced herbivore populations [14]. Green and  
Bellwood [169] have provided a detailed rationale and methodology for monitoring functional groups 
of herbivores, and indeed it appears that for most monitoring programs the existing fish data can 
simply be categorized by functional groups. Functional categories are not always simple, for instance 
many herbivorous fish are carnivorous as juveniles, detritivores often dominate reef fish biomass yet 



Diversity 2012, 4             
 

 

113 

are often lumped with herbivores [178], some parrotfish feed on corals as well as algae [110,179],  
and some fish take a variety of foods. Several authors have pointed out that studies of function and 
process on reefs are needed in addition to basic monitoring [21,165,169,180]. Phase shifts are an 
example of an ecosystem effect of fishing; the need to manage such effects is now widely 
acknowledged [181] (Section 4.3). Avoiding phase shifts has been proposed to be a prime goal in coral 
reef management [21,92]. 

The loss of living corals and replacement by macroalgae, leads to changes in the structure of reef 
fish communities. The death of living corals primarily impacts corallivores and fish that live in the 
branches of corals, which depend directly on living corals [182–184]. These fish tend to be small and 
so less important for fisheries. Dead branching and plate corals eventually collapse from bioerosion, 
reducing rugosity and hiding places for fish. Loss of structural complexity reduces the carrying capacity 
for fish [185–187]. It can take five years for corals to collapse, so there is a lag before the effects on 
fisheries are likely [188]. This then is more likely to produce reductions in a broader range of fish 
species [189–191], though a few species may increase greatly [189]. Loss of coral can also lead to 
loses in fish diversity [187,191]. In addition, macroalgae is generally a poor habitat for reef fish [46]. 
The replacement of live corals by rubble or macroalgae is likely to lead to reductions in fisheries. Only 
6% of species in reef catch are those that are lost immediately after coral death because most of such 
species are small, while 56% of species caught are those that are lost after habitat loss [192]. 

To summarize, the main lines of evidence that support the theory that insufficient herbivory 
contributes to phase shifts from coral to algae are a correlation of algae abundance with fishing 
pressure or herbivorous fish abundances [130,193], observations of macroalgae increases following 
herbivore exclusion and decreases following removal of exclusion, and modeling studies. Experiments 
using caging and transplantation have shown that herbivores can both prevent and reverse phase shifts 
in very small areas [193] (and references therein). A model indicates that good fisheries management 
can delay the sustained loss of corals from reefs experiencing periodic mass coral bleaching by  
18–50 years [194]. 

Although the concepts of resilience, phase shifts, and hysteresis appear to be widely supported in 
the coral reef ecology community, problems remain. The loss of corals is widely documented, 
increases in algae reported, and many reefs have not recovered. Still, phase shifts are not as common 
as often thought [132] and resilience is not well enough defined for some. Resilience can’t be 
measured directly, the only sure way of knowing where a threshold is, is to cross it [195] and the 
evidence that there are hysteresis effects is slim. If the original cause of the change in community 
structure has not been removed, the lack of recovery is not good evidence of a hysteresis effect. There 
is confusion in the use of terms. Dudgeon et al. [196] make a cogent argument that phase shifts are 
responses to persistent changes in the environment, regime shifts are the same thing, and phase shifts 
can be small or large changes in the community which are gradual or sudden. A phase shift is the path 
that the community takes from an old equilibrium point to a new equilibrium point. To reverse the 
phase shift it is necessary to reverse the environmental change. In almost all cases on coral reefs 
(including the coral to algae shift in Jamaica and the rest of the Caribbean), either the environment has 
not returned to its previous state or the return of environment has led (often slowly over decades) 
toward the recovery of the community. So, for instance, increases in Diadema populations have led to 
decreases in algae and increases in coral [159–162,196]. Just as fish populations usually recover if 
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fishing stops (but for some species the recovery may be very slow), reefs can recover from phase shifts 
if the causes are removed, such as the lack of urchin herbivory. Alternative stable states occur only if 
the community does not return to the original state when the environmental change is removed. 
Contrary to common views, phase shifts can be hard to reverse if the environmental variable is hard to 
reverse, and alternative stable states need not be hard to switch between if the attraction surface is 
shallow [196]. Dudgeon et al. [196] review seven examples of phase shifts on reefs to examine the 
evidence for alternative stable states, and conclude that only one may be an alternative stable state, 
flattened substrates after ship groundings. Loose rubble beds can also be persistent [197] and might be 
an alternative stable state. Dudgeon et al. [196] did not find evidence of hysteresis. It may be difficult 
to distinguish alternative stable states from very slow recovery. Better ways of testing the concepts of 
resilience, alternative stable states and hysteresis on coral reefs are needed. 

3. Fisheries Stock Assessment and Diversity 

3.1. Conventional Stock Assessment 

Fisheries management, like medicine and car repair, can be considered to consist of four main steps, 
determining if there is a problem, determining the cause of the problem, choosing tools to correct the 
problem, and using the tools to correct the problem. Low fish catches indicate a problem, and low 
abundances of large fish could also suggest a problem. Oceanography could indicate whether low 
productivity contributes to the problem, ecology could indicate whether habitat degradation contributes, 
and other disciplines could contribute as well. The “gold standard” for determining whether too many 
fish are being taken (overfishing) or the fish are depleted (overfished stocks) is “stock assessment”. 
This is based on mathematical models of fish stocks, reproduction, natural mortality, and fishing 
pressure [198]. Fish stocks are similar to populations; they are groups of fish that are largely independent 
from other groups of the same species [198]. So the population of a reef fish species around a 
particular small island that is isolated by large distances from other islands is a fish stock. The fate of 
the fish around that island is almost completely independent in the short to medium term from those 
around other islands. For some species, even individual reefs might have separate stocks. It is commonly 
said that most reef fish have a larval dispersal stage, but rarely noted that elasmobranches which 
compose around 50% of the fish biomass on near-pristine reefs, have no larval dispersal phase.  
Adult reef sharks of some species have larger home ranges than most other reef fish. Note that a stock 
is a subset of a species, but that coral reefs have highly diverse reef fish communities with around  
250–2,000 fish species in an archipelago [199]. Reef fisheries take about 200–300 species in the 
Pacific and about 100 in the Caribbean, but usually fewer than 20 species make up more than 75% of 
the weight of the catch [73]. That might suggest that the fishery is not as complex as it appears [200]. 
However, fish species that are in the worst condition (overfished, ecologically and economically 
extinct and nearly locally biologically extinct) will be so rare they will rarely if ever appear in the fish 
catch, let alone in the 20 most common species in the catch. The most abundant species in the catch are 
unlikely to be overfished, because if they were overfished they would likely not be abundant in the 
catch. Restricting the study to only common species in the catch means the findings will be reliable, 
but it highly biases the findings to only species that are in above average condition, and makes it quite 
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incapable of finding the species in the worst condition. All methods that depend on fish catch data are 
subject to this problem, and are nearly useless for reef fish conservation. Sustainability is often said to 
be the goal of conservation, but it is possible to sustain stocks and catches at low levels [201], and 
shifting baselines can trick us into accepting those low levels. A better goal is rebuilding overfished 
species [68–70]. Species that are rare in the catch cannot be ignored if rebuilding overfished species is 
a goal. Good management includes an element of triage, determining what the greatest problems are 
and setting their correction as the top priority. 

Sometimes all reef fish are considered together as a group, so for instance the total catch of all reef 
fish in an area (e.g., [202–204]), or total biomass (e.g., [205]) is reported. If reef fish species are 
lumped together in management, there are huge risks of overfishing or even local extinction of some 
species [206,207]. Reef fish species have a wide range of attributes in many dimensions. So, for 
instance, in size they range from tiny gobies to giant groupers weighing up to 300 kg. There are a wide 
range of diets. Reproductive potential ranges from bony fish that spawn millions of tiny eggs that 
disperse, to sharks that have a few pups a year and have no larval dispersal stage. Reef fishes have a 
wide range of vulnerability to fishing [208], with the largest reef fish typically having vulnerabilities of 
about 70–80 on a 0 to 100 scale, to small fish with vulnerabilities around 25, and one of the most 
common Pacific reef fish (lined surgeonfish, Ctenochaetus striatus) having a vulnerability of 13 [209]. 
In addition, they vary greatly in their “resilience” or speed with which they can restore their 
populations [209]. 

In the few stock assessments that have been done on reef fish (e.g., [211,212–216]), each fish species 
was found to be in a different condition (Figure 2) and they are different at each location [211–214], 
(Figure 2). Overfishing is defined in fisheries for individual species (actually stocks within species) not 
groups of species, and a statement like “this reef is overfished” is an oversimplification (unless one is 
referring to ecosystem overfishing), as some species may be overfished while others are not. The result 
is that if you lump reef fish together and manage for maximum yield for small species that have low 
vulnerability and high resilience, medium size fish are likely to be overfished and large fish may be 
driven to economic, ecological, or even local biological extinction. Managing for maximum yield of 
the entire fish community as a whole is likely to lead to the same result. On the other hand, if you 
manage for maximum yield for the largest species, you will unduly restrict the catch of medium and 
especially small species, causing great hardship for poor fishers [198]. One can define a Multi-Species 
Maximum Sustainable Yield (MMSY) [205] but the maximum yield produced by managing the group 
of species [75] will be less than that which could be produced by managing each species separately for 
its own Maximum Sustainable Yield (MSY), since if they are managed as a group, many species will 
be either overfished or not fully fished; many or most will not be at MSY. One size does not fit all, and 
there are major risks for managing them all as a single group. MSY is now usually seen as a poor 
target for fisheries, due to uncertainties in calculating it [201], recruitment being highly variable in 
time and space [215], the fact that Maximum Economic Yield (MEY) is well below MSY, and other 
factors. MSY is often “incompatible with economically viable fisheries” [216]. Instead, Optimum 
Yield (OY) is often preferred, which is a point that has a precautionary safety margin built in, and 
which is closer to MEY. In an open-access system, fishers will continue to enter the fishery as long as 
they are able to profit more than in other occupations. The equilibrium point in such a system is at the 
point where each fisher makes no profit after costs are deducted, including opportunity costs of other 
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jobs not pursued. If alternative jobs pay little, that point is pushed far beyond MSY to where catches 
are very small and fish are heavily overfished. In such a situation, which describes a large part of 
world coral reef fisheries, people are pushed by desperation to “Malthusian overfishing” in which 
destructive fishing is often used [217], further reducing fish catch. 

Figure 2. Spawning potential ratio for reef fish for 35 species from Biscayne National 
Park-Florida Keys. Bars that are less than 30% (black bars) indicate overfished species, 
those that are more than 30% (striped bars) are not overfished. Notice the wide variation 
from one species to another. Reproduced from [210], derived from [211]. 

 

MEY in this model (Figure 3) applies to commercial and subsistence fisheries, since profit or catch 
is the motive. For recreational fisheries, fishing is heavily or completely subsidized by the non-fishing 
income of the fishers. Thus, the cost line for recreational fishing is pushed to the right, and may even 
be at zero, and thus in theory could push stocks to biological extinction. However, recreational fishers 
are likely to find not only fishing intrinsically rewarding, but also catching fish, and catching large fish 
more than small fish (taking fish home is also surely rewarding). So they may actually be willing to 
have the take-home catch greatly restricted, in order to be able to catch more fish. Such is the case in 
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“catch and release fisheries,” which do not make any sense for commercial fishing. Catch and release 
fishing can be common in areas with large recreational fisheries, for instance about half of the fish 
caught by recreational fishers in Florida are released [214]. In Florida, the annual catch of the estuarine 
fish called common snook (Centropomus undecimalis) is larger than the total stock, because of catch 
and release [218]. This catch and release is forced by a very narrow slot limit; fish outside the slot 
limits must be released. Recreational fishing on coral reefs can be very large in developed countries. It 
is much larger than commercial fishing in Florida [214] and Hawaii [219]. In Florida, in a two day 
recreational lobster fishing season, more than 50,000 divers remove about 80–90% of the stock each 
year [220,221]. However it is likely to be small in developing countries where only the wealthiest 
citizens could afford it. 

Figure 3. Fixed-price model of a harvest system. The value axis is the cost of fishing 
(including opportunity cost) or the value of the catch and thus proportional to the catch. 
MSY = Maximum Sustainable Yield, MEY = Maximum Economic Yield. Redrawn  
from [217]. 

 

Fisheries models all have assumptions, and the assumptions are rarely tested. One in particular is 
important, that a stock will grow faster when it has been reduced by fishing than when it is unfished 
and abundance is higher [61,198]. This is essentially density-dependence. Not all reef fish or other fish 
have density-dependent populations (e.g., [222]). Fisheries models predict that a stock that is no longer 
fished will recover, but Hutchings [58] has documented 41% of 90 cases where they have not, 
including Canadian cod, a spectacular failure of fisheries model application and management [56,57] 
(but see [59]). There are several examples of pearl oyster populations that were severely depleted  
50–100 years ago which have not recovered [75]. If stocks will not recover in any reasonable time, 
avoiding overfishing becomes even more imperative, like avoiding extinctions. Surplus-production 
fisheries models were designed for apex predators that had no predators preying on them; for other 
species, much of the surplus production is taken by predators [223]. Density dependence may be the rule 
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in model single species systems like bacterial cultures, but in complex ecosystems it is not guaranteed. 
Further problems occur in stock assessment as there is often great uncertainty in variables put into the 
models, leading to arbitrary decisions that are not apparent in the final figures produced [201]. 

The diversity of coral reef fisheries poses great challenges to fisheries stock assessment. Not only is 
the fish community highly diverse, but also there are a variety of invertebrates that are taken in 
fisheries (including coral), there are special sectors of the fishery, some of which are very large and all 
of which have their own problems (such as the live food fish trade [224], the aquarium fish and  
coral trades [225], invertebrate fisheries, cyanide fishing, destructive fishing [226], and spawning 
aggregations [227–230]). There is a wide variety of gear used, and there are tens to hundreds of 
millions of fishers spread through about 100 countries, one of which is the fourth most populous on the 
planet (Indonesia) with over 13,000 islands, and the second largest area of coral reefs of any country, 
just less than Australia [54]. The resources available are no match for the task. Stock assessment 
requires a great deal of biological information for each fish species (some models are now baroque in 
complexity, with hundreds of free parameters [61]), it requires a great deal of expertise, and it is very 
expensive. This includes multispecies virtual population analysis [231]. 

Compare coral reef fisheries with pelagic fisheries. Tuna is a tropical fishery with about 5 species 
around the world, and the fishery is worth about US$1.6 billion dollars a year in the Pacific alone [75]. 
The fishery is largely industrialized, with a single purse seiner capable of carrying about 1,000 tons of 
tuna. The fishery is also concentrated, with relatively few boat owners, few landing sites, and large 
cash flows in relatively few hands. Expensive, expertise-intensive stock assessments are cost effective 
for such a fishery. Contrast that to coral reef fisheries, where hundreds of fish species may be caught in 
any one area, there are millions of fishers spread out along very long coastlines with landings all along 
the coast, most fishing is subsistence or artisanal, very little money changes hands [224] but large 
numbers of very poor people depend on reef fish for their primary protein source [115,224], in  
low-income countries. The importance of reef fisheries is not in the amount of the catch or the cash 
generated, but in feeding tens or hundreds of millions of hungry people [115]. There is a total 
mismatch between the resources available and the task at hand, and it is quite unrealistic to expect 
stock assessments to virtually ever be done on coral reef fish [207]. There have been a few  
exceptions [211–213] (which assessed 25–35 species) however it appears that stock assessments of all 
species in a coral reef fishery have never been carried out at any location, ever. Fisheries models have 
also been used for the management of black corals and gorgonians, but only one or two species at a 
time [232,233]. The Schaefer model only requires catch and effort data to do a stock assessment, and is 
thus less expensive and laborious than other types of stock assessments. However, it assumes that 
Catch Per Unit Effort (CPUE) accurately reflects stocks, and CPUE has major flaws [198], considered 
in Section 3.2. 

Most of the world’s coral reefs are in low-income countries [234]. The global human population is 
growing rapidly, particularly in low-income tropical countries. Hundreds of millions of poor people 
live near coral reefs and depend on reef fishing for their livelihood and nutrition. The fishing pressure 
on most of the world’s reefs is enormous, and there is a great need for information to manage reef 
fisheries so that the fish stocks are neither overfished nor are the people forced to go hungry. Most 
coral reefs have no information available to guide fisheries management [235]. However, a few 
developed countries do have coral reefs, and in fact Australia has the largest coral reef area of any 
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country in the world [54]. Stock assessments are not cost-effective for coral reef fish even in developed 
countries, but developed countries like Australia and the U.S. which have significant reef fisheries 
might be able to gather information on fish stocks in a way that was not as expensive as full stock 
assessments. We do not know the status of over 60% of the managed fish stocks in the U.S., most of 
which are not reef fish [236] and there are no stock assessments for 30 to >70% of major harvested fish 
stocks in developed countries [237], again because assessments are not cost-effective. Managing a 
stock without knowing its condition might be like driving with a windshield blacked out; crashes can 
be expected. 

3.2. Catch per Unit Effort 

An alternative method is often used, CPUE. In this method, catch is recorded and effort is recorded. 
If fish stocks decline, then the amount of catch may decline, but particularly the amount of catch per 
unit effort is likely to decline. Catch can be kept at previous levels when stocks decline by increasing 
effort, but CPUE would decline. There are a couple major problems with this. One is defining effort. 
Effort has to include the gear and methods, not just the number of person-hours worked. If gear and 
methods are changed so that efficiency increases, the ability to catch fish may increase. In many 
fisheries, changes in gear and methods occur all the time, and it is hard to judge how much they 
increase efficiency, but fishers adopt them precisely because they increase efficiency. If efficiency 
increases, CPUE can be kept high as stocks decrease, so CPUE fails to reveal decreasing stocks.  
In addition, fishers may shift from stocks that have been fished down to previously unfished stocks, 
maintaining high CPUE in spite of the serial depletion of stocks [61,62]. Thus, to get good CPUE data, 
it is often necessary to do scientific fishing, where the method is standardized and not changed over the 
years so there is no hidden increase in efficiency or effort. 

Another major problem with CPUE is the problem of shifting baselines. A decrease in CPUE can 
indicate a decrease in stock, but it can not tell you the absolute value of the condition of the stock.  
If catch and effort were recorded from the time an unfished stock was first fished, then it could provide 
a realistic value for the condition of the stock, but that virtually never happens, and certainly not for 
coral reef fish. Assessment by CPUE is highly vulnerable to shifting baselines. A good example comes 
from Guam, where bumphead parrotfish schools were present in the 1960s, were spearfished out in the 
1970s [238], and are now either locally extinct or very close to extinct [74,75,239] (G. Davis reports 
having seen a few recruits in recent years [240]). Data records on reef fish catch and effort go back 
farther in Guam than any other U.S. Pacific area, yet they only go back to the mid-1980s [241]. By 
then, these fish had already been fished out. CPUE also cannot alert the manager to the situation where 
a fish stock is in a highly overfished state, yet fishing continues which can catch few enough fish that 
the small catch is sustained over a long period. CPUE would record no decline in that situation. 

A third and final flaw is that the amount of data available for any one species depends on the 
condition of the stock. Fish species which are overfished, economically and ecologically extinct and on 
the verge of local biological extinction, will have the least data in the fish catch (no data in extreme 
cases) and so any conclusions will be highly uncertain. Plus they cannot be easily distinguished  
from species that are naturally extremely rare. This problem extends to most of the fish catch, because 
of the many different types of gear used in coral reef fishes, such as spearfishing with and without 
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scuba, at night or day, traps, throw nets, gill nets, beach seines, rod and reel, bamboo pole, hand line, 
gleaning, etc. Each type of gear is a different kind of effort, with different sorts of selectivity, such as 
spearfishing being able to take herbivores while baited hooks generally do not. As a sampling 
technique, fishing has many biases in it, not under the control of the scientist, and many may be 
unknown. Every combination of gear type and fish species must be kept separate because they have 
different abilities to catch different fish. Add to that the fact that for recreational, subsistence, and 
artisanal fisheries, the provision of data by fishers is optional and data collection is almost always 
sampling a very small proportion of the catch (which itself is a small sample of the stock), and  
the result is that even for abundant species, there will not be enough data for analysis by species.  
One response to this is to lump together species into families to get enough data, but lumping is  
quite dangerous as explained above. CPUE has too many major flaws to be useful for coral reef 
fisheries management. 

Catch itself is sometimes used to draw conclusions on stocks. Decreasing catches of reef fish could 
indicate that the actual stocks of live fish in the water were decreasing too [26]. That might work 
sometimes, but catch is a product of both stocks and fishing effort. If there is no fishing effort, nothing 
will be caught, but lack of catch does not indicate that the stocks themselves are at low levels. Increasing 
human populations strongly suggests increasing fishing effort, but again that is not necessarily the 
case. In American Samoa, population has increased rapidly, and long term decreases in catch were 
reported to show that stocks had declined [242]. Evidence from Underwater Visual Census (UVC) 
shows stocks have not declined, and creel survey data show that effort has declined [243]. Such 
changes have also occurred in parts of Fiji [184,244]. The key is that increased prosperity has led to a 
shift from fishing to store bought food [243]. Catch alone is not as good as CPUE for inferring stock 
levels, but either catch or CPUE can indicate a possible problem that should be investigated. 

Catch has been used as an indicator of whether reef fish are being fished sustainably or not. The 
hypothesis is that high reef fish catch (expressed in weight per unit area of reef) increases the chance 
that the fish community is being fished unsustainably. In one study, low fish catches were considered 
evidence of either underexploited stocks or overfished stocks, with the decision of which based on 
literature and questioning local scientists and fisheries officers. Catches were acknowledged to be 
higher on actively growing reefs than sand, rock, and other substrates. Fishing effort was presumed to 
be proportional to population, based on published reports [26], but exceptions can occur as in the 
examples given above. In addition, all species were considered together, which is problematic for 
reasons given above. In a second study, a model based on a similar analysis of another data set 
predicted changes in fish body sizes that were likely due to fishing pressure. Catch could also reflect 
the local abundance due to natural factors such as habitat, or anthropogenic factors, so caution in 
interpretation was recommended [245]. 

3.3. Proportion of Stock Caught 

A third alternative would be to measure the proportion of the stock caught per year. This would 
require both fish catch data and fish stock data. For most fisheries, this would require a stock 
assessment. However, coral reefs are relatively shallow, with clear water, and it is possible to count 
fish directly visually, as well as to estimate their size and from that calculate their biomass, something 
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not possible in other fisheries. In general, direct observation and counting of fish should be preferable 
to highly indirect methods such as stock assessment models. However, models can predict the 
maximum amount of sustainable fishing, which the direct observations cannot do. Direct counting is 
done routinely in monitoring programs on coral reefs, in UVC. Those data are already available for 
some locations. The U.S. Magnuson-Stevens Reauthorization Act of 2006 mandated that the regional 
fisheries councils of the U.S. set Annual Catch Limits (ACLs) for all U.S. fisheries by 2011, and the 
Western Regional Fisheries Management Council based in Honolulu decided to use this procedure for 
coral reef fisheries in the U.S. Pacific because they are “data poor” [246]. 

Monitoring programs were not designed to collect data for fish stock assessment, and may have a 
variety of shortcomings if used for that purpose, such as recording fish at only one depth, not getting a 
good sample of nocturnal or cryptic species (though most cryptic species are too small for fisheries), 
undercounting fish that strongly avoid divers [247–250], having a size-selective bias and species-specific 
differences in detectability [251] and over-counting fish that are attracted to the divers. When a UVC 
program is designed for stock assessment, some of these problems can be reduced [252]. For all the 
weaknesses of UVC, it is a direct measure of fish stocks while stock assessment is highly indirect, 
requires a variety of dubious assumptions, and is prohibitively expensive. As John Shepherd once said, 
“counting fish is like counting trees—except they are invisible and they keep moving” [201], but reef 
fish are unusual, they can be seen. In addition, recreational or subsistence catch data is a very small 
sample of a sample (catch) of the population, while UVC data is a direct sample of the population. But 
UVC requires training, scuba gear and often requires a boat. While probably not as expensive as stock 
assessment, it still is a significant expense, low-income countries do not have the financial resources to 
do this, and the coastlines of countries like Indonesia are far too long for this to be a practical 
alternative for them [235]. Because the method depends on fish catch data, it heavily biases the results 
to species that are in good condition, and is incapable of providing reliable results for species in the 
worst condition. In addition, this is a measure of fishing pressure, not stock status, so whether stocks 
are in an overfished condition or not is not revealed by this method. Knowing stock status is vital for 
knowing whether fishing pressure needs to be reduced or can be increased. Different species have quite 
different vulnerabilities and resiliences [209], and thus the reference point in the ratio that corresponds 
to fishing pressure at MSY would be different for each species, and could be widely different between 
species. Such reference points could be calculated, but appear not to be readily available. 

3.4. Proportion of Catch Reproductive 

A fourth alternative might be to record fish sizes in fish catches, by species, and determine what 
proportion of the stock is over the size at which the species becomes reproductive (Figure 4). This is 
relatively easy and inexpensive. Village fishers can usually identify many of the fishes in their catch, 
and could easily weigh and measure their catch, and the data can be gathered. One possible drawback 
is that the minimum reproductive size is needed. Minimum reproductive sizes can be calculated from 
data in the FishBase life history modeling tool for many reef food fish species, but not for each 
location [253]. A value like a mean of the available values could be used if variation between locations 
is not large; this is better than no evaluation of the species. A standard benchmark would be that at 
least 50% of the catch needs to be over minimum reproductive size. But if minimum reproductive sizes 
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are not available for species of interest, the expertise, time and expense needed to gather the 
information to determine that would be a significant hurdle. Another problem is that some reef fish 
grow quickly initially, but then stop growing and live long after that [254], rather like humans. If 
reproductive maturity is reached after growth stops, size will not be a good indicator of maturity. 
However, it seems likely that maturity will often occur at the time growth stops, as energy is diverted 
from growth to reproduction. Because it depends on fish catch data, the results will be most reliable for 
species in good condition and least for those in the worst condition. This method has been used in 
Micronesia, where for many species over half the catch was immature, and for some 100% are 
immature, leading to the conclusion that those fisheries are unsustainable [255,256]. The percentage of 
the catch that is under minimum reproductive size (L50) depends on not only the condition of the 
stock, but also selectivity of gear. It is most directly a measure of fishing pressure, but also indirectly 
of stock condition. Gear that is highly selective for only the largest individuals could produce a catch 
that would have half under L50 only for a heavily overfished species, and it could easily return false 
negatives. If a gear were selective for small individuals, the data could indicate recruitment overfishing 
occurring. If a gear is non-selective for size, the ratio might well accurately reflect the stock condition. 

Figure 4. Cumulative size-at-capture graph for bumphead parrotfish (B. muricatum) and 
humphead wrasse (C. undulatus) in Yap, redrawn from [256]. The vertical dotted lines are 
the L50 for each species, the median size of first reproduction. Both species were harvested 
below their L50, C. undulatus more than B. muricatum.  

 

3.5. Trophic Level 

A fifth alternative might be to measure the mean trophic level of a reef fish community. This is 
because fishing typically removes large predatory fish first, then the next smaller fish and so on down 
the food chain. This is called “fishing down the food web” [109]. A measure of the mean trophic level 
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of a reef fish community would provide a measure of how far that process had gone, if the mean 
trophic level were available for near-pristine reefs to compare with. Given the great loss of apex 
predators (Section 2.3), most reefs should show significantly lower mean trophic level. However, that 
would not provide information on individual fish species, nor would it indicate whether species were 
overfished. In addition, there would be the expense of gathering and analyzing this information. 

3.6. Virgin Stocks 

A sixth alternative would be to gather information on reef fish stocks and communities on unfished 
control reefs. If UVC data were collected on such reefs, then the stock level below which the stock is 
overfished could be determined, since fisheries models indicate that level (MSY) is at 1/2 or 1/3 of the 
unfished biomass (depending on the model). Note that the fact that a stock is below the biomass of a 
pristine reef does not indicate that it is overfished, it must be below about 1/2 to 1/3 of that of a pristine 
reef. UVC data could be collected at the site of interest, and the stock condition for each species 
determined. In recent years, UVC data has been collected on a variety of remote near-pristine coral 
reefs in the Pacific [16,23,29,32,105–108], so for the first time, such data are potentially available. But 
there are a variety of significant problems with this. For one, the remote reefs will not be the same as 
any reef you wish to evaluate stocks at. The remote islands are always smaller, because they must be 
too small for people to live on or else there would be people living there catching fish. Island sizes can 
cause a wide variety of differences; high islands have more runoff and thus probably have higher 
nutrient levels in reef waters and more plankton and productivity. High islands may only have fringing 
reefs, while tiny islands may be on atolls with lagoons and have habitats that high islands do not have. 
They may be at different latitudes, such as the NW Hawaiian Islands which are high latitude reefs, 
with colder water and fish communities that are different in some ways. The remote islands are likely 
to be long distances from the islands where you wish to study stocks, increasing the chances of 
biogeographical differences in fish assemblages, differences in oceanographic conditions, etc. A study 
that looked at the importance of fishing and habitat on fish populations in Fiji found that decreases of 
fishing pressures in some areas led to increases in picivores and species in the fishery, but picivore 
populations were more strongly influenced by the reduction in prey due to the loss of Acropora habitat. 
The effects of fishing and habitat on individual species were stronger than on functional groups [184]. 
A study that correlated reef fish abundance and biomass with fishing and habitat at 63 sites in  
17 countries and territories across the Pacific found that 20% of the variation was correlated with 
fishing and 30% was correlated with habitat [257]. There is considerable variation in near-pristine 
reefs, with many being atolls with lagoons but the northern end of the Marianas Islands being high 
islands without lagoons. Further, near-pristine reefs have been found in a wide variety of latitudes from 
the equator to some of the highest-latitude reefs known, and in widespread areas of the oceans with 
different oceanic productivity. If a group like apex predators is almost always in high abundance on 
near-pristine reefs and low abundance near people that should be enough under the precautionary 
principle to justify action. Some large fish like giant grouper (Epinephelus lanceolatus) appear to be 
rare everywhere [258,259], so their rarity near people is unlikely to be caused by fishing. A variation 
on this technique is to correlate abundances of a species with fishing pressure. Humphead wrasse  
(C. undulatus) and bumphead parrotfish (B. muricatum) abundances have been shown to be correlated 
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with fishing pressure [111] and human population [110], respectively. Human population may be a 
proxy for fishing pressure, but other things correlate with human population as well. Abundance of 
species at near-pristine reefs can help at fished locations to distinguish naturally rare fish from fish that 
are rare due to fishing. 

In addition, there are many activities other than fishing which people do that affect reefs and thus 
indirectly affect fish populations, by producing sedimentation, nutrient and pollutant runoff, etc. Some 
of these differences can be controlled for by comparing small fish as a group separate from large fish. 
The small fish can serve as a control group for many of these factors, while the large fish will be 
differentially affected by fishing. If large fish have lower biomass near people than at remote reefs 
while small fish have equal biomass at the two, the effects on the large fish are hard to explain by 
anything other than fishing [107]. Indirect effects such as sedimentation and nutrients must have 
demonstrable effects on the reef habitat on the inhabited islands to be viable explanations of differences 
in fish populations. This method is already being used in the “Coral Health Index” [108], there is a 
baseline for herbivorous fishes as a whole [107], and it would be very useful for monitoring functional 
groups of herbivores [169]. However, while this method may be useful for trophic, functional, or size 
groups of species, it may be less helpful with individual species. If a species like grey reef sharks 
(Carcharhinus amblyrhynchos) is abundant on nearly every near-pristine reef, the inference may be 
fairly strong that the natural abundance of them is high. Because this method does not rely on fish 
catches, results are just as reliable for groups or species in poor condition as those in good condition. 

3.7. NTA Control 

A closely related seventh method would be to use an NTA as a control area, and calculate a ratio of 
populations outside the NTA compared to inside the NTA [260]. That ratio would be an indicator of 
the impact of fishing, and it would only require the presence of an NTA and data from inside and 
outside in the form of UVC or standardized scientific fishing. It would be less subject to differences 
between very different reefs and islands that are far away and may be in different oceanic environments. 
It would provide a better control for local conditions and temporal variations in recruitment. The major 
drawback is that it assumes that fish stocks within the NTA have returned to close to that of an unfished 
reef, and doesn’t work well for fish that move over large areas [260]. For coral reefs, the evidence 
indicates that medium size predators within NTAs continue to increase for decades ([261,262], Figure 5), 
and NTAs do not have abundances of the largest fish species such as sharks anywhere close to that of a 
natural unfished reef [23,260]. Most NTAs on coral reefs are far too small and have been established 
for far too short a period to have shark populations anywhere near that of unfished reefs, where they 
compose about half the fish biomass. One exception is large NTSs (over 100 km2) in the western 
Caribbean which have been well enforced for over 10 years. For some of them, biomass and apex 
predators can approach that of near-pristine reefs in the Pacific [130], though it is possible that those 
NTS sites were chosen in part because the fish populations were exceptional before protection (due to 
either lower fishing pressure or other factors). NTA controls might work well for small fish, but then 
they are the least likely to be overfished. 
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Figure 5. Strong evidence of increases in biomass of “large” predatory reef fish (snappers, 
medium groupers, etc.) biomass inside reserves greater than in non-reserve control areas in 
the Philippines. The top graph shows several sites established for different durations with 
data taken at the same time, and the bottom graphs show two sites over time. Reproduced 
from [262] with permission. 

 

3.8. Large Fish Abundances 

Another indicator is the abundances of large fish species, since they are likely to be most affected 
by fishing. This would probably best be done with UVC, which if there are monitoring data available, 
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is relatively easy. If monitoring data are not available, this method would also require a substantial 
expense. This might produce useful information about the overall condition of the reef fish community, 
particularly when coupled with information about what fish communities are like at near-pristine reefs. 
About half of the total biomass is in apex predators at near-pristine reefs, so if the reef of interest has 
much lower levels, fishing appears to have had a substantial impact on that part of the community. 
Without some way of knowing what the natural population of a particular species would be on that 
reef, it is hard to know more about its condition. A variation on this method could be a rule of thumb, 
such that the amount of fishing would be indicated by the largest fish that are abundant [263]. A reef 
dominated by apex predators would be considered pristine, a reef where most of the remaining fish 
were damsels or smaller would be surmised to be almost completely depleted by very heavy fishing. 
Size distributions for the whole fish community tend to be much more stable than for individual 
species [264] and it would take much less effort to get a large enough sample than for species.  
Graham et al. [265] propose a more quantitative way of doing this. For individual species, the size 
distribution could provide information on the condition of the species, so a species with very few large 
individuals may be overfished. But it would be necessary to know what the size distribution was for an 
unfished stock, because large individuals are naturally less common than are small individuals. Such 
data probably exists now for many species. The assessment would depend on having a large data set on 
the species, since the largest individuals are the upper tail of the distribution and thus much less 
reliable than measures of central tendency. Another variation would use the median size and thus 
would not require large data sets. This might not work well with species that stop growing [254].  
A variety of quantitative size-based indicators can be helpful in assessing reef fish stocks, including the 
size spectrum. The slope of the size spectrum can be an indicator of fishing pressure [251]. Changes in 
the slope, like changes in abundance and/or biomass, can indicate whether a fish community or stock is 
increasing or declining. However, it doesn’t reveal the condition of the stock, whether it is overfished 
or not. Using changes over time is subject to shifting baselines, like CPUE. It also requires UVC data 
which is too expensive for poor countries. 

4. Fisheries Management Tools 

4.1. Effort and/or Catch 

In developed countries, many tools have been created for controlling fishing. Common tools are 
effort controls such as fishing seasons and gear limitations, and catch limits such as daily bag limits, 
size limits, and annual catch limits. Most such tools are rarely used in developing countries, where 
most coral reefs are. In most developing countries, compliance with laws adopted by central 
governments is low [266,267]. The government does not have the money to hire enough enforcement 
agents, knowledge of the law by citizens is likely limited, and citizens circumvent many laws. 
(Unpopular laws are very hard to enforce in any democracy, whatever the development status is.)  
In most countries with coral reefs, people must obtain fish to feed their families. Effort and catch are 
very hard to control in low-income countries [268]. Minimum size limits would be most enforceable 
for commercial catches, since the catch would be on public display, but most reef catch is surely 
subsistence. However, gear restrictions, such as banning destructive fishing such as blast and poison 
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fishing, can sometimes be effective, depending on enforcement capabilities [155]. Fishers may actually 
prefer gear restrictions, since they often have several types of gear and can switch to different gear and 
continue to fish. Different types of gear take different proportions of the fish such as herbivores that 
are thought to be needed for resilience. Spear guns and traps take a higher proportion of the species 
needed for resilience, while hook and line takes a lower proportion. Beach seines are the most 
destructive to habitat and take juveniles. Managing with gear regulations requires tradeoffs between 
minimizing gear conflict, reducing overfishing, maintaining profits, and protecting species affected by 
coral losses and important for resilience [192]. A second problem comes from unselective fishing gear 
and the need to manage each species with different regulations, and the very large number of species in 
the fishery. Some types of gear such as hook and line, gill nets or traps are not very selective.  
If the gear is unselective, then fishers cannot avoid catching particular species, and may not be able to 
avoid catching fish that are too large or small. If, however, the fish are still alive when removed from 
the water, they can be released alive, though mortality may still result for some (mean 18%, median 
11% [269]). Spearfishing is potentially highly selective and so the fisher can choose to avoid any 
species or size they choose, though size has to be estimated in a short period of time. However, in 
practice spearfishers may spear anything they see, making it very unselective [270]. In any case, it 
would appear that there would need to be a myriad of regulations [271], because each species would 
have to have different regulations, such as different size limits since all are different sizes, or catch 
limits since the condition of each stock will be different. The catch is mainly concentrated in just a few 
species or species groups, and that might be used to reduce the number of regulations [255,256], but 
that would probably miss most of the species that are overfished. Most of the commercial catch is 
often from spearfishing [255], and spearfishing has the potential to be very selective. Banning night 
spearfishing or SCUBA spearfishing is a significant control on effort. A SCUBA spearfishing ban is 
accepted and appears to have relatively high compliance in American Samoa [272], but a night 
spearfishing ban would be difficult to implement in Pohnpei [255]. 

Minimum mesh size regulations for nets and traps can effectively be minimum size regulations for 
those types of gear. Where traps or nets are the dominant gear used (as are traps in the Caribbean) this 
may be an effective way to institute minimum size limits. However if they are a minor component, it 
may have little effect. Traps also can be very powerful fishing tools, since they fish even when the 
fisher sleeps, and if they become lost they can continue catching and killing fish long after the catch is 
no longer collected by the fisher. This is a particularly wasteful and destructive result, which can be 
countered by requiring traps to be made out of degradable materials. That increases the cost to  
fishers for repair and replacement of traps, but the cost can be reduced by only requiring degradable 
escape hatches. 

4.2. Incentives, Rights-based Management and Individual Transferable Quotas 

Some fisheries scientists (e.g., [198,273]) point out that the incentives in most fisheries are to catch 
the fish before someone else does, a “tragedy of the commons” situation. This leads to the “race for 
fish.” The argument is made that if the incentives were changed, then the behavior of fishers would 
change because people respond to incentives [273,274], which has empirical support [274,275]. Rights 
based management advocates argue they promote conservation, capacity reduction, improved product 
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quality, and maximizing economic efficiency [276]. One way to try to do that is ITQs or Individual 
Transferable Quotas, one of many types of rights-based fisheries systems. Each fisher would own the 
right to catch a certain portion of the total catch that was allowed. There would be no incentive to rush 
to catch the fish first. Individuals could buy or sell ITQs to increase or decrease their catch. ITQs have 
been reported to have positive effects on ecosystems [277]. Critics have pointed out a variety of 
problems with ITQs [278], including leading to negative socio-economic and cultural impacts, increased 
management costs, encouraging concentration of fishing quotas, and producing resource damage [276]. 
Others say that setting up ITQs is privatizing a public good [279–281] and that rights-based systems 
have socio-economic shortcomings that trouble many [282], though ITQs could be auctioned each year 
much as rights to utilize publicly owned timber or rangeland are. ITQs worked for trochus on an atoll 
in the Cook Islands [283]. The problem for most reef fisheries is that the large number of fishers 
spread out along a long coast could make administering this system nearly impossible. 

4.3. Ecosystem Approach 

An ecosystem approach to fisheries (EAF), ecosystem approach to fisheries management (EAFM), 
ecosystem-based fisheries management (EBFM), ecosystem-based management (EBM), or ecosystem 
management (EM) is usually viewed as managing the effects of fisheries on ecosystems [181]. It is not 
incompatible with managing individual fishery species. No one seriously proposes abandoning single 
species management [281], and often it is thought of as adding ecosystem considerations to single 
species management; both are needed and interdisciplinary work is needed [284]. Some say the goal is 
sustaining healthy fish stocks and healthy ecosystems [285] while others say that ecosystems need to 
be rebuilt [281]. Another view is that it means managing for present benefits while preserving the 
option of future generations deriving benefits [286]. EAF requires sustainability in ecological, 
economic, and social spheres [287,288]. EAF recognizes that fishing affects the ecosystem, such as by 
damaging habitat or producing bycatch mortality or by producing trophic cascades or phase shifts, and 
that damaged ecosystems reduce the ability of the ecosystem to support fish stocks and fish catches. 
Focusing only on catches of the target species can be short-sighted, if ecosystem damage ends up 
reducing fish catches. Fisheries can cause major changes in communities of fish and other species, 
reduce diversity, remove keystone species thus causing major ecosystem changes, and cause the loss of 
functional groups and thus function [72]. Destructive fishing such as blast fishing [289] and poison 
fishing (such as cyanide used to catch aquarium fish [290]) are common on coral reefs in some areas, 
damaging habitat and reducing coral diversity [291]. However, bycatch is not a problem on coral reefs. 
All fisheries are multi-species, most with target and bycatch/discard species, while coral reef fisheries 
are very efficient and all of the many species are kept and eaten [224] except for a few poisonous 
species in some cases. “Target” may be a less appropriate term with coral reef fisheries than just “catch,” 
since target implies fisher choice of species, while most reef gear is non-selective and even in spear 
fishing (which is potentially the most selective), fishers may take fish primarily opportunistically, in 
practice very non-selectively [270], and all catch is eaten. There are exceptions, such as fisheries  
that target a specific species such as bumphead parrots [74] or humphead wrasse (in a Guam spear 
fishery [292]) or a limited group of fish as in the live food fish trade [224], or a variety of reef 
invertebrate fisheries (e.g., sea cucumbers, [62,293]). A broader view of EAF or EBFM would be 
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managing the ecosystem as a whole, including fisheries. This is particularly important for coral reefs, 
where other threats such as sediment, nutrients, diseases, bleaching and acidification can have major 
impacts and reduce fish catch by damaging habitat, as well as reduce other ecosystem services. The 
impact of reef fisheries on resilience and the loss of corals which degrades fish habitat, is an example 
of such wider concerns. Understanding and managing ecosystem health [294], ecosystem integrity, or 
state [284] are important along with maintaining ecosystem services, and there are many ecosystem 
services in addition to fishing. Indicators should guide management to avoid unsustainable impacts  
of fishing on ecosystems [286]. Emergent properties of ecosystems could be used as indicators or 
metrics [295] of ecosystem health [263]. Productivity, diversity, and resistance (defined as ability to 
resist a phase shift) [294] have been proposed for ecosystems in general, but those might be hard to 
measure on reefs on a routine basis except for fish diversity, and the standard for that would depend on 
the biogeographic location. Specific proposals for indicators for coral reef health include the biomass 
of large predatory fish relative to that on near-pristine reefs, biomass of herbivorous fish, density of 
microbes [108], different functional groups of herbivores [169], high diversity [289,296], high total 
fish biomass, low disease prevalence, and ability to calcify faster than erosion [296]. It is likely that we 
cannot determine the health of the ecosystem by monitoring any single species [297]. Natural history is 
necessary as well as quantitative ecology to understand ecosystems [298]. Models can be used to 
explore the effects of fisheries on the broader ecosystem and vice versa. For example, a model predicts 
that only small amounts of fishing in Kenya can cause urchin populations to suddenly increase [267]. 
The same model predicted that fishing only piscivores minimized ecosystem impact but provides low 
catches, while fishing herbivores and piscivores increased catch and impacts. MPAs have been 
proposed to be a central tool in EBM [299]. Ecosystem plans, however, have often omitted many of 
the basic principles of EBM, such as being based on science, and including monitoring, adaptive 
management, inclusion of humans, sustainability, and ecosystem health [288]. 

EBM may provide indicators of the status of stocks, such as the virgin stock controls on  
near-pristine reefs (Section 3.5). Although such indicators could easily be used in “dataless 
management” (Section 4.6), managers in developed countries have little precedent for how to integrate 
it into management decisions which conventionally would be based on stock assessment models or 
CPUE. Ways of integrating it need to be developed, especially since stock assessments will virtually 
never ever be available for coral reef fisheries. Distrust of ecological indicators may initially be 
widespread among conventional fisheries managers in developed countries, even though the need for 
EBM is widely acknowledged. 

4.4. Alternative Income 

Economists have pointed out that, in developing countries, most fishers have very limited alternatives 
for their livelihood. There are no other sources of employment that pay better. Desperately hungry 
people will take the last fish they can get [231]. If better paying alternative livelihoods were made 
available, people would move from fishing into those other jobs [300–302]. Poorer fishers are less 
likely to leave a declining fishery due to “poverty traps,” and fishermen that live in households that 
have more alternative income sources are more likely to leave [302]. But providing better paying jobs 
for millions of people in rural areas of low-income countries is a near impossible task. Aid agencies 
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and government agencies have been working to do that for decades, with limited success. Improvements 
in economic conditions are primarily driven by macroeconomic changes, not economic aid, and these 
changes often happen first in cities. However, in American Samoa [243] and parts of Fiji [184,244], 
increased income has led to more purchase of packaged food and less fishing. In the Indian Ocean, reef 
fish biomass decreased strongly with economic development to a minimum point, and then increased 
with further development. There was only a weak correlation with population, and a moderate 
correlation with fish habitat. Economic development can affect the environment in nonlinear and 
sometimes positive ways. The U-shaped function is consistent with the Kuznets curve hypothesis, that 
development first causes more damage to the environment but then less damage with increasing 
affluence as people want a better environment [303]. Though an increase in better paying jobs sometimes 
happens independent of management, this is often not feasible as a way for managers to reduce fishing 
pressure on reefs in low-income countries. 

4.5. Spatial Closures: MPAs and NTAs 

Conventional fisheries management tools in developed countries include spatial closures. Such 
closures are usually temporary and removed once stocks have recovered. MPAs have received a great 
deal of attention in recent years. MPAs provide some level of protection for a specific area for an 
indefinite period. An NTA, no-take marine reserve (NTMR) or fully protected marine reserve is a type 
of MPA where all extractive activities are forbidden, while a Marine Managed Area (MMA) is an area 
where some extractive activities may be forbidden but others allowed. Many other names have been 
used as well [304]. A no-go area is one in which entry is not allowed; no-go areas on the Great Barrier 
Reef had higher shark populations than NTAs [23]. In the western Caribbean, the highest fish biomass 
and apex predator populations are only in the largest MPAs (100 km2 or more) which have been well 
protected for a decade or more [130]. MPAs can have areas within them zoned for different types of 
use or protection, such as the Great Barrier Reef Marine Park [305]. MPAs have many objectives and 
potential benefits, primarily in the areas of conservation and fisheries [305–310]. Research has 
generally shown NTAs to be more effective than areas where some extraction is allowed [305,309] and 
have been shown in over 50 cases to have greater numbers and/or sizes of exploited species or other 
benefits within their boundaries [71,268,302,311–314]. A review of studies reported average increases 
of fish biomass in MPAs of 413% (N = 56 studies), a 200% increase in density (N = 31), an 82% 
increase in size (N = 20) and a 71% increase in diversity (N = 32) [308]. Some studies have reported 
large increases in abundance and biomass over time (e.g., [176,261,262,315]) (Figure 5), but others 
have not [71,268,316]. One study found higher levels only in fished species, only in piscivores and 
herbivores, with increases over time significant only in piscivores [317], patterns supporting the view 
it was due to protection. In another there were higher abundances inside than outside, with the largest 
effects with the largest species and the effect decreasing with size until there was no effect with small 
species [318]. A review of MPAs in the Philippines concluded that a majority of MPAs improved 
fisheries, biodiversity and livelihoods, and that community-based MPAs had fewer conflicts than 
government-run MPAs [319]. One study found that compliance was the strongest variable affecting 
MPA effectiveness [320], which makes sense because compliance reduces fishing pressure. Another 
found that the fishable biomass in the MPA increases as fishing restrictions become more stringent [205]. 
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MPAs are also predicted to produce “spillover” of fish into nearby open areas. The thought is that 
increased abundances of fish within the boundaries will lead to competition for limited resources, and 
some fish will move outside the boundaries where abundances are lower and competition less. 
Although there is evidence of spillover, it has been more difficult to demonstrate than increases inside 
the MPA. Among other things, demonstrating a net spillover effect requires finding that migration out 
of the MPA is greater than migration into the MPA [268]. An analysis of the literature on spillover 
reported that it was found in 14 of 16 studies, in 30 of 35 taxa [321]. Spillover can be indicated by 
fishermen “fishing the line” just outside the boarder of the MPA where spillover would occur. A third 
predicted effect is the “recruitment effect,” “egg subsidy,” or “larval export.” MPAs are predicted to 
allow individual fish to grow larger than outside the boundaries, where they are taken by fishers. 
Fecundity increases much faster than length, such that a larger fish produces orders of magnitude more 
eggs than a smaller fish, plus the eggs and larvae are larger for some long-lived species [322,323]. 
Thus, the larger fish in MPAs are predicted to increase recruitment over an area mostly outside the 
MPA (because of egg and larval dispersal in currents). Several studies have documented increases in 
egg production in MPAs, a study reported higher larvae densities inside an MPA, and another study 
reported higher settlement in a protected area [324], and there are several other studies that have 
documented egg subsidy [312]. Most recently, genetics has been used to find fish far outside MPAs 
whose parents were found inside the MPAs [325]. Large fish may also serve ecosystem functions 
which small fish are unable to, such as eating more algae [128,323]. A modeling study concluded that 
for species that are site-attached and thus there is no spillover, NTAs improve on the performance of 
conventional fisheries management only if undersized individuals are taken in the fishery [326]. 

Although the relative sizes of spillover and egg subsidy effects are not known, it seems possible that 
the egg subsidy effect may be much larger than the spillover effect. Recommendations have been made 
that a minimum of 20% of coral reefs should be in NTAs, and that there should be networks of MPAs 
so larvae from one supports another. The percentage of reef areas in NTAs may best be adjusted to fit 
the purpose and local situation [304]. It is commonly said that MPAs must be complimented by good 
fisheries management outside the MPAs, however, what that good management would be is not often 
specified (perhaps because that is far more difficult). MPAs have been reported to have less  
disease [102], fewer crown-of-thorns starfish outbreaks [98], and less decline of coral cover [103,104]. 
Also, fishing selectively removes the larger individuals, and causes the species to evolve into small, 
early-maturing fish. Modeling indicates that MPAs can stop or reverse that trend [327]. 

It has also been pointed out that MPAs do not protect against everything. They protect against 
overfishing, but they cannot protect from sea temperature rises causing mass bleaching and coral  
death [165,168,189] and in some cases from ensuing phase shift to macroalgae [168], nor from ocean 
acidification or introduced species [328] nor hurricanes and oil spills [329]. Unless the protected area 
is coupled with management on land (“ridge to reef”), it cannot protect against sediment, nutrient, or 
other pollution runoff [330]. If MPAs are opened to fishing periodically, the largest fish are usually 
removed, greatly reducing their ability to provide egg subsidy. Some MPAs have been declared by 
central governments, without any local support, and without the ability to enforce them [331]. Fishers 
and local residents then often ignore them, and they are called “paper parks” since they exist only on 
paper [265,331]. Top-down, command and control policies can lead to feelings that the MPA is 
illegitimate, leading to conflict and low compliance [332]. Ardent opposition from fishers, particularly 
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in developed countries, and the need for intensive work with communities, are drawbacks for MPAs. 
Many MPAs are not enforced adequately or are ineffective [11,54,104,333], with one review of 1,300 
MPA’s with subtidal components reporting that 9% have effective management but 71% have “unknown 
management” [331,334]. Failure rates for MPAs are high. MPAs are not enough [37], they compliment 
other forms of fisheries management instead of replacing them [335], and they are no panacea [308]. 
MPAs can allow for a full age and size range in species, and thus provide a counterweight to the 
evolutionary selection for early maturity and small size that fishing imposes [323], they can keep stocks 
above recruitment limitation levels, and provide insurance against failures of other controls outside the 
MPAs [335,336]. MPAs can provide refuges that replace the refuges that formerly were provided by 
places fishing technology could not reach, but now can [281], such as deeper water [337]. MPAs can 
produce the same yields as effort controls under a broad range of conditions, but offer more 
sustainability [338]. Another study found that MPAs provided greater long-term catches with fewer 
restrictions than either minimum size limits or temporary complete closures [236]. One study argued 
that moving closed areas around could increase benefits. A model projected that stocks depended on 
whether fish in newly closed areas increased faster than they decreased in newly opened areas.  
It assumed that fishing pressure was evenly spread through the open areas [339], but usually fishers 
will heavily fish any newly opened area that has built up fish populations [268], and buildup in a newly 
closed area is slow [261]. It seems likely that in most situations mobile MPAs would not produce 
greater buildup than stationary MPAs. MPAs are particularly good for ecosystem-based management, 
since they protect everything, including things we don’t yet understand [271]. MPAs are one of the 
best tools we have for coral reef conservation. 

One advantage of MPAs is said to be that they require very little information, i.e., no information 
on fish stocks is needed. But information on the habitat could help locate MPAs in areas with better 
than average habitat and thus better than average chances of success. Knowledge of current patterns 
could increase the chance of a network of MPAs supporting recruitment in each other. Knowledge of 
the home range sizes of different fish could help plan MPAs that were of the best size to maximize 
benefits [340]. For fisheries benefits, at least some fish stocks need to be in an overfished state, so 
some knowledge of the condition of fish stocks is important. So while no information is absolutely 
necessary, information may increase the chance of success, if the information can influence the 
location, size and spacing of MPAs. MPAs are also said to be less expensive [318] and also easier to 
enforce that conventional regulations [318], since fishers with gear are prohibited from the area. 

There have been many criticisms of MPAs (e.g., [304,341]) and criticism of research on  
MPAs [268,342]. One criticism is that closing an area simply shifts fishing effort out of the closed area 
into open areas, and further depletes the open areas and can also expose fishers to more dangerous 
conditions for fishing [342]. At the same time the argument is often made that excluding fishing effort 
from the MPAs means that the closure causes a decrease in fish catch, so spillover must more than 
compensate for that decrease in fish catch [18]. However, if fish stocks outside of a newly closed area 
are no lower than inside the area, moving fishing effort outside the MPA should not necessarily lead to 
any decrease in fish catch. With time, if stocks outside the closed area are depleted more by the 
increased effort, total catch could decline. But most coral reef MPAs are so small and separated by 
such great distances, fishing pressure outside MPAs may be increased so little as to make detecting a 
difference difficult. Closing off small areas may not have much effect on total fish catch, the effect on 
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catch increases with increasing the percent of reefs in MPAs [336]. If the fish species outside the MPA 
are not fully exploited, catch may change little, but if fish are overfished there may be some decrease 
in catch; some suggest that concerns about displacement appear to be exaggerated [336]. Spillover did 
not compensate for lost catch in Kenya [343], but it did at Apo Island in the Philippines [344] which 
suggests small MPAs may have a better chance of producing net increases in catch. One model study 
has found that MPAs provide greater long-term catches while being less restrictive than either 
minimum size limits or temporary complete closures [338]. Other model studies differ on whether 
MPAs can produce net benefits [341]. It appears that the question of whether MPAs can, or frequently 
will, produce a net total increase in catch on coral reefs remains open. 

Perhaps an unstated criticism of MPAs is that a closed area in a multispecies fishery is likely to both 
protect species which are overfished and need reduced fishing pressure, but also protect species that 
are not overfished and do not need protection. For fisheries, it is, in a sense, a blunt instrument, which 
is being used because there isn’t a better instrument available. However, even if a species is not 
overfished by fisheries standards (that is, its biomass is not less than that at MSY or OY), the reduced 
stock may increase the risk that the reef has reduced resilience. Such is clearly the case with 
herbivorous fish which keep the ecosystem from shifting from coral to algae, or could shift it back. 
The fact that we do not know all the functions of all the fish, suggests that there is a risk of reduced 
resilience from decreased abundances of any species and the precautionary approach is to protect the 
resource until further information is available [336]. Further, if information is not available showing 
which species are in need of protection and which not, selective protection is not possible. Another 
unrecognized weakness is that MPAs (like conventional stock assessment) assume that unfished stocks 
will recover because they are density-dependent, an assumption that is not always valid [58]. 

MPA research has been criticized for weak evidence. There are more theoretical studies and 
reviews than empirical studies, reviews often cite other reviews, and many models are not checked 
against reality [342]. Objectives and assumptions that seem reasonable have become accepted as  
fact [342]. It has been said that supporters of MPAs have accepted that they enhance fisheries based 
more on faith than on evidence [345]. Most MPA studies have weak designs, and those with good 
controls are relatively rare [268,342] in part because they are difficult to do. In many cases, 
conclusions are based on higher abundances inside MPAs than in control areas outside, but some 
evidence (e.g., [316]) based on inside vs. outside may be due to areas included in MPAs being selected 
for better than average coral and/or fish [346]. Lack of increases over time would suggest that an MPA 
is not having an effect, perhaps because of ineffective protection, small size, etc. Increases over time 
inside the MPA without increases outside the MPA (as in Figure 5) are strong evidence, much stronger 
than just inside higher than outside, at one time or at all times. The evidence for spillover and egg 
subsidy, while there, has been thin until recently. The egg subsidy effect has been difficult to 
demonstrate, because finding ways of following eggs and larvae as they disperse have been near 
impossible, but innovative new ways such as genetics and isotope labeling are now being used to trace 
fish larvae [325], and effects on immobile species outside of MPAs have shown the effect [312]. For 
the spillover effect, if it was a large effect, it would be easy to demonstrate. But it has not been easy to 
demonstrate, in part because it may not be a large effect. MPAs are not favored because they are such 
wonderful fisheries management tools, they are favored because of the lack of viable alternative 
fisheries management tools for coral reefs [268], and because they are good conservation tools. It is 
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easy to say that effort and catch controls are better for some temperate or pelagic fisheries, but for 
coral reef fisheries they are usually not viable options, effort and catch are almost impossible to control 
in low-income countries. There are few if any coral reef fisheries that have been managed well using 
effort and catch controls [22]. 

Criticizing MPAs for not being good fisheries management tools is criticizing them for not doing 
well something that is not their primary function. The primary function of MPAs is conservation, 
protecting the resource in a time when most of the coral reefs of the world have fish species that are 
overfished, and overfishing along with destructive fishing, is the greatest local threat coral reefs face 
worldwide [54]. Even if MPAs are not great fisheries management tools, they are one of the best tools 
for coral reef conservation. They are one of the best tools for trying to restore herbivore abundances to 
the point that coral reef resilience is strengthened enough that reefs do not make phase shifts to 
macroalgae beds when bleaching kills most of the corals in the future. At least one study has reported 
that NTAs led to increases in herbivorous fish faster than carnivorous fish, and to decreases in algae 
over time [176]. Another found that an NTA increased large parrotfish and predatory groupers which 
in turn reduced smaller parrotfish, but the increase in large parrotfish led to decreased algae [128]. 
Further, it has not really been demonstrated that MPAs are poor fisheries management tools on coral 
reefs. Egg subsidy may be a fairly large effect, we don’t really know how large yet. The recommendation 
of a minimum of 20% of coral reefs being in NTAs is based on calculations in which NTAs were 
treated as a spatial tool for making sure that there was sufficient reproductive stock to avoid the whole 
system from being overfished or worse [347]. If they work as predicted, they could be a good fisheries 
tool in that situation, which is probably a quite realistic situation for most of the world’s coral reefs. 

The reason that fisheries enhancement effects of MPAs have been treated as real when the evidence 
was not abundant is that the reality is that there must be local community support to establish  
MPAs [268]. MPAs are most needed where fishing pressure is heavy, yet in developing countries an 
NTA closes off an area to poor fishers that have a vital need to catch fish to feed their families. Local 
community fishers are very unlikely to support an NTA unless they realize some benefit from it, and 
depriving poor fishers of their food source is harsh treatment. Because national governments in many 
low-income countries are unable to enforce local laws without community support [266], community 
support is vital for the success of an NTA. If village fishers support the NTA, they can provide the 
enforcement which national governments are unable to provide. In the Philippines, the best way to 
convince villagers that an NTA is in their best interest is to take the fishermen to Apo Island, the site of 
the oldest continuously operating NTA, and have them talk to the fishers there. The fishers there are 
convinced that they catch more fish more easily, and the visitors usually leave wanting to try it in their 
village. Because they have such an urgent need for food to feed their families, poor reef fishermen will 
agree to most anything that will increase their fish catch. But we need to keep the reality in mind that 
the improvement is likely to be fairly small, and that with the rapidly growing population, the 
enhanced fishery will soon be unable to provide enough food for all the new people. As a fisheries 
tool, at best NTAs are a temporary solution to the food shortage problem, and if population growth 
rates are not reduced, the improvement will soon be lost. But the critical need to have local support 
means that MPAs are almost always sited where a community is willing to try it, not where science 
indicates it will be most successful [348]. MPA acceptance and thus success is likely to depend on 
social factors [331,349,350], particularly the most important goal for the society. If the most important 
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goal is food for very poor fishermen, MPAs are likely to be successful if they improve catches. If food 
for occasional feasts is the most important goal, then brief openings of more temporary closures may 
be preferred over permanently closed MPAs. 

Because community support is critical to the success of MPAs, most MPAs are much smaller  
than they need to be, simply because communities are small and it is not possible to establish larger 
MPAs [348]. Hilborn et al. [351] give guidelines of when MPAs are most likely to be successful, and 
coral reefs fit most of their criteria for MPA success. One of the criteria is that the fish be relatively 
sedentary [312]. In particular, the fish should not have home ranges larger than the MPA. Most coral 
reef fish are relatively sedentary, so even small MPAs, like on Apo Island in the Philippines, can have 
demonstrable benefits. Even MPAs that are small and are based more on opportunity than science, can 
accomplish much [348,352]. However, the largest reef fish species, particularly the sharks, have large 
home ranges. In the case of sharks, home ranges of a few kilometers, or more is not unusual. About 
half of the entire coral reef fish biomass on near-pristine coral reefs is in the form of apex predators, 
primarily sharks [32,107] (and references therein). Small MPAs are unable to protect these fish, which 
swim in and out of the MPA and are thus exposed to fishing for most of the time (since the MPA is a 
small part of their home range) [230]. Small MPAs can’t restore the most damaged part of the fish 
community, the big fish. Small MPAs can, however, protect spawning aggregations effectively, even 
though the fish move significant distances going to and from the site [230]. In places where fishing is 
intense, which is most of the world’s coral reefs, not only are the largest fish species mostly gone, but 
most of the medium size fish (about 30–100 cm length) are also largely gone. In those situations small 
MPAs can work well, since most of the medium size fish may have home ranges smaller than the 
MPA. But we need to take care not to give in to shifting baselines, and remember that restoring 
medium fish is only the first step to restoring coral reefs, and restoring the largest part of the reef 
biomass in the largest species, needs to be a goal also. Small MPAs are also unlikely to be self-seeding 
for many fish, and may not be self-sustaining without help from surrounding reefs [165], so good 
management outside MPAs is also critical. In the Caribbean, the highest fish biomass and large 
predators are in the largest MPAs [130]. MPAs can benefit fisheries if fishing pressure is heavy, the 
fish are relatively sedentary, the MPA is large enough, and it is well enough enforced. However, many 
MPAs are not well designed or effective, just as stock assessments and fisheries regulations can work 
if implemented properly but have often not worked because they have not been properly implemented. 
Many MPAs fail because socioeconomic factors are not incorporated into planning and management. 
Using socioeconomic factors can increase compliance and thus the chance of success in MPAs [353]. 

Fisheries enhancement is not the only possible benefit of an MPA for villagers, and may not even 
be the best. Where dive tourism is available, tourism can easily provide far more economic benefit than 
fishing. Tourism is the world’s largest industry, and reef tourism is very large in some areas [354]. It is 
one of the largest sources of incomes for small islands in the Caribbean. Cozumel, Mexico, which has 
an economy primarily based on dive tourism in the MPA there, is one of the largest foreign exchange 
earning areas for Mexico [355] and has been for about 50 years. In the Great Barrier Reef Marine Park, 
reef tourism was estimated to be about AU$589 million per year while commercial and recreational 
fisheries were about AU$211-331 million per year [356]. Dive tourism is a large part of the economy 
of Palau, with shark diving making up 8% of the gross domestic product, and providing 14% of all 
business tax revenues. A single shark is calculated to be worth US$1.8 million dollars during its 
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lifetime to the dive tourism industry in Palau, compared to just US$10,000 as the total fisheries value 
of all sharks in shark dive tourism there [357]. Sharks, humphead wrasse and bumphead parrots are 
now protected throughout the Palau EEZ (Exclusive Economic Zone). Coral reefs have substantial 
value for recreation [358], and MPAs enhance that by increasing the large fish that attract divers. 
Tourists rate high coral cover, structural complexity, fish abundance, and large fish as factors that 
attract them [186]. The economics of tourism and fisheries may make such systems more viable when 
the MPA is small or fisheries are small [331]. 

Dive tourism is non-extractive, and when properly conducted, can have a relatively small ecological 
footprint [353]. Of course, when improperly conducted, it can have very damaging effects on coral 
reefs. There are many studies documenting the damage divers and snorkelers can do [353] (and 
references therein), and resort construction and resort solid and liquid wastes are a problem, plus 
tourists can increase demand for seafood and thus fishing [75,353]. Dive operators have an incentive to 
minimize the impact of their divers. Reef tourism isn’t available at all locations, and in low-income 
countries with large amounts of coral reef like Indonesia and the Philippines, there isn’t nearly enough 
dive tourism to provide benefits to fishers in most areas. Also, dive tourism need not benefit local 
fishers or the traditional owners of the reefs, the local villagers [307]. Dive operators might hire only 
outside people, and little or no benefits may flow to local fishers. People may feel like the poor and 
powerless have their source of livelihood confiscated without compensation by the rich and powerful 
to use exclusively for their recreation, causing resentment. Changes in resource allocation are common 
side effects of fisheries management tools [359], and equity needs to be a consideration. But dive 
operators can also choose to hire local fishers and if fishers and villagers receive significant benefits, 
they may feel they are treated fairly and support the MPA, increasing compliance. For example, 
several conservation organizations working in Fiji negotiate agreements with fishing villages that if the 
village does not fish in an MPA area, they will hire a certain number of village people to work in the 
dive industry and provide several other benefits such as scholarships, hiring enforcement agents, 
payments of dive taxes into a village bank account, etc. [360,361]. MPAs are attractive to divers since 
they can restore fish populations including the big fish, like the sharks and other large fish that attract 
divers to Palau. Properly designed and implemented, MPAs can benefit reef conservation, fish stocks, 
fishers, villagers, and dive tourism simultaneously, but implementation is not easy. 

4.6. Dataless Management and Traditional Ecological Knowledge (TEK) 

“Dataless management” is the phrase Johannes [235] uses to describe using qualitative information 
about reef fish to guide management. In many traditional societies, village leaders have managed coral 
reefs sustainably for hundreds of years without any scientific data. However, fishers had built up 
knowledge (TEK) of the reefs and the organisms in them that can be superior to the information from 
conventional resource surveys [362] or knowledge that fisheries biologists don’t have [363]. Most but 
not all TEK is supported by science when tested [363]. Including TEK in management, increases local 
support [364]. The leaders use that knowledge to decide on management steps to take, like season and 
spatial closures, taboo species, species that can only be eaten by some people, and so on. One example 
is traditional knowledge of spawning aggregation times and sites. With that knowledge, village leaders 
can announce closures, and protect the resource as well as if there was sophisticated data on how many 
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fish were where and when. Another example is that in the Solomon Islands, some areas are closed 
when reef fish show an increased flight distance, which makes spear fishing more difficult, but also 
may indicate heavier fishing pressure [365]. The qualitative information could come from people with 
traditional knowledge or scientists, and the regulations could be village based or governmental.  
Key informant interviews would be an important step for managers. “The information that is necessary 
to evaluate potential replenishment of marine resources relies not on statistical analyses of surveys of 
the population densities of stock or assessments of the catch-per-unit effort, but on the straightforward 
observation of whether the big ones are still there” [323]. Scientists might have to be more tolerant of 
anecdotal evidence, since that is what TEK is [366]. Another example would be the informal knowledge 
from fishers and observers that documented the fishery for bumphead parrots in Fiji that drove the 
species to low levels or local extinction on some islands [74]. Information from scientists that bumphead 
parrots schools were once present in Guam but spear fishing removed them and now they are very rare 
is another example. That could lead to protection, and knowledge of their movements might lead to 
protection throughout Guam, but has not so far. Lack of political will, and ardent opposition from 
fishers, are apparently the key stumbling blocks. But not protecting these fish does not benefit the 
fishers. If they are nearly extinct the fishers can’t catch any, but if they are restored there could be a 
sustainable catch if catch could be controlled. The knowledge is now sufficient to indicate that most of 
the largest species of reef fish need to be protected everywhere near people [32], and not just in small 
MPAs. Once restored, sustainable fisheries for them could be possible. A co-management system, such 
as a community-based management system with scientist and government assistance, may be able to 
use “dataless management” to achieve surprisingly good management. Community-based MPAs can 
allow communities to regain control of the resources they depend on [367]. This could be supplemented 
with “adaptive management” where management actions could be experimental, and used to find the 
best management methods for a particular area [207]. 

4.7. Customary Marine Tenure (CMT) 

CMT or Customary Sea Tenure (CST) is the traditional village tenure system of some societies, 
which was successful at managing fisheries for hundreds or even thousands of years. CMT depends on 
TEK. CMT is a communal ownership pattern that is inherited [363] but can’t be transferred [368] 
except to offspring or kin [276], a system of rules about who can take what, when and how, plus 
taboos. Spatial closures are almost always temporary, unlike MPAs, and gear bans have included gill 
nets, spear guns, cyanide, and root poisons. Catch restrictions are to only take what you need, and  
not waste any [369]. It is primarily a system of asserting exclusive rights to utilize resources by  
groups such as villages, clans or families, and while most who study it view its purpose as not 
conservation [276,370], it often results in conservation, though there are many cases where indigenous 
peoples have over-exploited resources [369]. Tenure is more like jurisdiction than ownership, it is power 
to control, but not to buy, sell or trade [368]; it is a communal form of rights-based management [276]. 
CMT varies greatly from one place to another, and it is unwritten, flexible [368], and constantly 
evolves [368,369] probably because of the small size of the group making decisions [371]. It can be 
stronger in some locations than others, with some groups being able to exclude others, but other groups 
not able to [363]. Places with strong CMT had more conflicts, fewer immigrants from other areas, 
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were farther from markets, and more dependent on fishing [371]. It is a cost-effective management 
system [363] because it involves no extra cost; enforcement is local like in community-based MPAs in 
the Philippines [371]. Compliance is often high, and has been shown in some cases to be higher than in 
MPAs or community-based management. It has been recommended as an alternative to MPAs, since 
MPAs have a low success rate [369]. CMT and community-based management both require enabling 
legislation from central governments [372]. If the state does not recognize CMT there can be conflicts 
since some people will challenge the right to exclude others [371]. Periodic opening of closed areas 
(often for feasts) may not be as effective as permanently closed MPAs in conservation [365] or 
increasing fish catches, but in one study controlled periodic harvests produced increases in abundance 
and biomass of fished species over control areas [373]. The Vanuatu government recommends that 
trochus be closed until stocks reach target levels before harvest [373] which is similar to conventional 
fisheries closures. Fish sizes and biomass were reported in another study to be greater in a temporarily 
closed area, but it seems unlikely that could be due to the closure since it was only for 6 months [365]. 
If periodic harvest is uncontrolled and too intense, periodically harvested areas may not show  
benefits [374]. Modeling studies indicate that rotational openings or periodic harvesting may be able to 
provide benefits in some circumstances [339,375,376]. However, for sea cucumbers, one proposal is to 
have the fishery closed most of the time, and then opened briefly for pulse fishing. Stocks would be 
surveyed before and after pulse fishing to guide management [293]. If they were protected well enough 
during closure and stocks were low enough to risk Allee effects, the few remaining individuals of these 
sedentary species could be gathered together to increase fertilization success, to jump start recovery, 
and the same could be done with Diadema in the Caribbean. The complexities of CMT can make 
development projects difficult [369]. CMT needs to be maintained where it still exists, since there are 
so few effective alternatives. If it is weak, then co-management [377] or community-based management 
should be used. Local control often works much better than central control [377]. Hybrid systems such 
as MPAs plus CMT or community-based plus CMT or species and gear restrictions plus CMT are 
increasingly common [369]. Setting up MPAs within CMT systems strengthens the MPAs, while setting 
up MPAs in conflict with CMT system can doom them to failure [276]; MPAs need to work with local 
culture not against it [353]. Unfortunately, in many places outside pressures such as Western  
open-access law and market pressures [369] have reduced the ability of this system to sustainably 
manage fisheries, and in some of the countries with the most reefs, traces of the system are hard to find 
in some areas [371,367]. High market value can cause serial depletions in CMT areas. Western 
components of CMT can reduce flexibility, and if CMT is not followed there can be conflicts [369]. 
Where CMT exists, traditionally managed reserves may do better than co-managed reserves or national 
park MPAs [378]. Reconstructing successful management practices of the past may help us to build a 
better future [68]. After a period of decline, community-based and CMT management systems have 
expanded in recent years [372]. 

5. Conclusions 

Coral reefs face formidable challenges from climate change, and from the difficulties in managing 
highly diverse reef fisheries. Fishing is one of the greatest of many proximal causes of reef decline, 
while the ultimate causes appear to be rapid population growth [22,131,245] and economic 
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development [245]. Solving these problems will not be easy. We must solve these challenges, because 
the survival of coral reefs as we know them depends on it, and hundreds of millions of people depend 
on coral reefs for food, shoreline protection, income, and other ecosystem services. We must do a 
much better job of managing reef fisheries if we are to restore overfished and nearly extinct fish 
species, maintain and rebuild ecosystem services, and build reef health and resilience to meet the 
looming challenges of climate change on coral reefs. 

Acknowledgments 

I thank Charles Birkeland, Janet Ley, Ray Berkelmans, and three anonymous reviewers for comments 
which improved the manuscript. I thank Tafito Aitaoto for drawing Figures 2 and 4. Support was 
provided by a NOAA Coral Reef Conservation Program monitoring grant. 

References 

1. Brown, B.E. Worldwide death of corals: Natural cyclic events or man-made pollution?  
Mar. Pollut. Bull. 1987, 18, 9–13. 

2. Goreau, T. Bleaching and reef community change in Jamaica, 1951–1991. Am. Zool. 1992, 32, 
683–695. 

3. Salvat, B. Coral reefs—A challenging ecosystem for human societies. Glob. Enviro. Change 
1992, 2, 12–18. 

4. Wilkinson, C.R. Coral reefs of the world are facing widespread devastation: can we prevent this 
through sustainable management practices? In Proceedings of the 7th International Coral Reef 
Symposium, Guam, Micronesia, 22–27 June 1992; Volume 1, pp. 11–21. 

5. Richmond, R.H. Coral reefs: Present problems and future concerns resulting from anthropogenic 
disturbance. Am. Zool. 1993, 33, 524–536. 

6. Grigg, R.W. Effects of sewage discharge, fishing pressure, and habitat complexity on coral 
ecosystems and reef fishes in Hawaii. Mar. Ecol. Prog. Ser. 1994, 103, 25–34. 

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

8. Sebins, K. Biodiversity of coral reefs: What we are loosing and why? Am. Zool. 1994, 34,  
115–133. 

9. Jackson, J.B.C. Reefs since Columbus. Coral Reefs 1997, 16, S23–S32. 
10. Hodgson, G. A global assessment of human effects on coral reefs. Mar. Pollut. Bull. 1999, 38, 

345–355. 
11. Risk, M.J. Paradise lost: How marine science failed the world’s coral reefs. Mar. Freshw. Res. 

1999, 50, 831–837. 
12. Wilkinson, C. Global and local threats to coral reef functioning and existence: Review and 

predictions. Mar. Freshw. Res. 1999, 50, 867–878. 
13. Birkeland, C. The future of coral reefs. Galaxea JCRS 2000, 2, 12–16. 
14. Barber, R.T.; Hilting, A.K.; Hayes, M.L. The changing health of coral reefs. Hum. Ecol. Risk 

Assess. 2001, 7, 1255–1270. 
15. Knowlton, N. The future of coral reefs. Proc. Natl. Acad. Sci. USA 2001, 98, 5419–5425. 



Diversity 2012, 4             
 

 

140 

16. Friedlander, A.M.; DeMartini, E.E. Contrasts in density, size, and biomass of reef fishes between 
the northwestern and main Hawaiian Islands: The effects of fishing down apex predators. Mar. 
Ecol. Prog. Ser. 2002, 230, 253–264. 

17. McClanahan, T.R. The near future of coral reefs. Environ. Conserv. 2002, 29, 460–483. 
18. Sale, P.F. The science we need to develop for more effective management. In Coral Reef 

Fisheries, Dynamics and Diversity in a Complex Ecosystem, Sale, P.F., Ed.; Academic Press: 
London, UK, 2002; pp. 361–376. 

19. Sheppard, C.R.C. Predicted recurrences of mass coral mortality in the Indian Ocean. Nature 
2003, 425, 294–297. 

20. Hughes, T.P.; Baird, A.H.; Bellwood, D.R.; Card, M.; Connolly, S.R.; Floke, C.; Grosberg, R.; 
Hoegh-Guldberg, O.; Jackson, J.B.C.; Kleypas, J.; et al. Climate change, human impacts, and the 
resilience of coral reefs. Science 2003, 301, 929–933. 

21. Bellwood, D.R.; Hughes, T.P.; Folke, C.; Nystrom, M. Confronting the coral reef crisis. Nature 
2004, 429, 827–833. 

22. Birkeland, C. Ratcheting down the coral reefs. Bioscience 2004, 54, 1021–1027. 
23. Robbins, W.D.; Hisano, M.; Connolly, S.R.; Choat, J.H. Ongoing collapse of coral-reef shark 

populations. Curr. Biol. 2006, 16, 2314–2319. 
24. Wilkinson, C. Status of coral reefs of the world: Summary of threats and remedial action.  

In Coral Reef Conservation, Côté, I.M., Reynolds, J.D., Eds.; Cambridge University Press: 
Cambridge, UK, 2006; pp. 3–39. 

25. Hughes, T.P.; Rodrigues, M.J.; Bellwood, D.R.; Ceccarelli, D.; Hoegh-Guldberg, O.; McCook, L.; 
Moltschaniwskyj, N.; Pratchett, M.G.; Steneck, R.S.; Willis, B. Phase shifts, herbivory, and the 
resilience of coral reefs to climate change. Curr. Biol. 2007, 17, 1–6. 

26. Newton, K.; Côté, I.M.; Pilling, G.M.; Jennings, S.; Dulvy, N.K. Current and future 
sustainability of island coral reef fisheries. Curr. Biol. 2007, 17, 655–658. 

27. Carpenter, K.E.; Abrar, M.; Aeby, G.; Aronson, R.; Banks, S.; Bruckner, A.; Chirboga, A.; 
Cortés, J.; Delbeek, C.; DeVantier, L.; et al. One third of reef building corals face elevated 
extinction risk from climate change and local impacts. Science 2008, 321, 560–563. 

28. Jackson, J.B.C. Ecological extinction and evolution in the brave new ocean. Proc. Natl. Acad. 
Sci. USA 2008, 105, 11458–11465. 

29. Knowlton, N.; Jackson, J.B.C. Shifting baselines, local impacts, and global change on coral reefs. 
PLoS Biol. 2008, 6, doi:10.1371/journal.pbio.0060054. 

30. Lough, J.M. 10th Anniversary review: A changing climate for coral reefs. J. Environ. Monit. 
2008, 10, 21–29. 

31. Veron, J.E.N. A Reef in Time; Belknap Press of Harvard University Press: Cambridge, UK, 2008; 
p. 289. 

32. Fenner, D. The largest reef fish species were gone most places in the world even before scientists 
knew about it. 2009. Available online: http://independent.academia.edu/DouglasFenner (accessed 
on 7 March 2012). 

33. Hardt, M.J. Lessons from the past: The collapse of Jamaican coral reefs. Fish Fish. 2009, 10, 
143–158. 



Diversity 2012, 4             
 

 

141 

34. McClenachan, L. Documenting loss of large trophy fish from the Florida Keys with historical 
photographs. Conserv. Biol. 2009, 23, 636–643. 

35. Riegl, B.; Bruckner, A.; Coles, S.L.; Renaud, P.; Dodge, R.E. Coral reefs: Threats and 
conservation in an era of global change. Ann. N. Y. Acad. Sci. 2009, 1162, 136–186. 

36. Graham, N.A.J.; Spalding, N.D.; Sheppard, C.R.C. Reef shark declines in remote atolls highlight 
the need for multi-faceted conservation action. Aquat. Conserv. Mar. Fresh. Ecosyst. 2010, 20, 
543–548. 

37. Hay, M.E.; Rasher, D.B. Corals in crisis, marine protected areas reduce coral loss, but they are 
not enough. Scientist 2010, 24, 42–50. 

38. Ward-Paige, C.A.; Mora, C.; Lotze, H.K.; Pattengill-Semmens, C.; McClenachan, L.;  
Arias-Castro, E.; Myers, R.A. Large-scale absence of sharks on reefs in the greater-Caribbean: A 
footprint of human pressures. PLoS One 2010, 5, doi:10.1371/journal.pone.0011968. 

39. Mora, C.; Aburto-Oropeza, O.; Bocos, A.A.; Ayotte, P.M.; Banks, S.; Bauman, A.G.;  
Beger, M.; Bessudo, S.; Booth, D.J.; Brokovich, E.; et al. Global human footprint on the  
linkage between biodiversity and ecosystem functioning in reef fishes. PLoS Biol. 2011, 9, 
doi:10.1371/journal.pbio.1000606. 

40. Gardner, T.A.; Côté, I.M.; Gill, J.A.; Grant, A.; Watkinson, A.R. Long-term region-wide 
declines in Caribbean corals. Science 2003, 301, 958–960. 

41. Pandolfi, J.M.; Bradbury, R.H.; Sala, E.; Hughes, T.P.; Bjorndal, K.A.; Cooke, R.G.; McArdle, D.; 
McClenchan, L.; Newman, M.J.H.; Paredes, G.; et al. Global trajectories of the long-term decline 
of coral reef ecosystems. Science 2003, 301, 955–957. 

42. Pandolfi, J.M.; Jackson, J.B.C.; Baron, N.; Bradbury, R.H.; Guzman, H.M.; Hughes, T.P.; 
Kappel, C.V.; Micheli, F.; Ogden, J.C.; Possingham, H.P.; et al. Are U.S. coral reefs on the 
slippery slope to slime? Science 2005, 307, 1725–1726. 

43. Côté, I.M.; Gardner, T.A.; Gill, J.A.; Hutchinson, D.J.; Watkinson, A.R. New approaches to 
estimating recent ecological changes on coral reefs. In Coral Reef Conservation; Côté, I.M.; 
Reynolds, J.D., Eds.; Cambridge University Press: Cambridge, UK, 2006; pp. 293–313. 

44. Bruno, J.F.; Selig, E.R. Regional decline of coral cover in the Indo-Pacific: Timing, extent, and 
subregional comparisons. PLoS One 2007, 2, doi:10.1371/journal.pone.0000711. 

45. Alvarez-Filip, L.; Dulvy, N.K.; Gill, J.A.; Côté, I.M.; Watkinson, A.R. Flattening of Caribbean 
coral reefs: Region-wide declines in architectural complexity. Proc. R. Soc. Lond. B 2009, 276, 
3019–3025. 

46. Paddack, M.J.; Reynolds, J.D.; Aguilar, C.; Appeldoorn, R.S.; Beets, J.; Burkett, E.W.;  
Chittaro, P.M.; Clarke, K.; Esteves, R.; Fonesca, A.C.; et al. Recent region-wide declines in 
Caribbean reef fish abundance. Curr. Biol. 2009, 19, 590–596. 

47. Sweatman, H.; Delean, S.; Syms, C. Assessing loss of coral cover on Australia’s Great Barrier 
Reef over two decades, with implications for longer term-trends. Coral Reefs 2011, 30, 521–531. 

48. Hughes, T.P.; Bellwood, D.R.; Baird, A.H.; Brodie, J.; Bruno, J.F.; Pandolfi, J.M. Shifting 
baselines, declining coral cover, and the erosion of reef resilience: Comment on Sweatman et al. 
(2011). Coral Reefs 2011, 30, 653–660. 

49. Sweatman, H.; Syms, C. Assessing loss of coral cover on the Great Barrier Reef: A response to 
Hughes et al. (2011). Coral Reefs 2011, 30, 661–664. 



Diversity 2012, 4             
 

 

142 

50. Ridd, P.V. A critique of a method to determine long-term declines of coral reef ecosystems. 
Energy Environ. 2007, 18, 783–796. 

51. Veron, J.E.N. Corals of the World; Australian Institute of Marine Science: Townsville, Australia, 
2000; Volumes 1–3. 

52. Birkeland, C. Value of reefs. In Life and Death of Coral Reefs; Birkeland, C., Ed.; Chapman and 
Hall: New York, NY, USA, 1997; pp. 2–6. 

53. Moberg, F.; Folke, C. Ecological goods and services of coral reef ecosystems. Ecol. Econ. 1999, 
29, 215–233. 

54. Burke, L.; Reytar, K.; Spalding, M.; Perry, A. Reefs at Risk Revisited; World Resources Institute: 
Washington, DC, USA, 2011. 

55. Donner, S.D.; Potere, D. The inequity of the global threat to coral reefs. Bioscience 2007, 57, 
214–215. 

56. Hutchings, J.A. Spatial and temporal variation in the density of northern cod and a review of 
hypotheses for the stock’s collapse. Can. J. Fish. Aquat. Sci. 1996, 53, 943–962. 

57. Myers, R.A.; Hutchings, J.A.; Barrowman, N.J. Why do fish stocks collapse? The example of 
cod in Atlantic Canada. Ecol. Appl. 1997, 7, 91–106. 

58. Hutchings, J.A. Collapse and recovery of marine fishes. Nature 2000, 406, 882–885. 
59. Mace, P.M. In defense of fishery scientists, single-species models and other scapegoats: 

Confronting the real problems. Mar. Ecol. Prog. Ser. 2004, 274, 285–291. 
60. Jackson, J.B.C.; Kirby, M.X.; Berger, W.H.; Bjorndal, K.A.; Bostford, L.W.; Bourque, B.J.; 

Bradbury, R.H.; Cooke, R.; Erlandson, J.; Estes, J.A.; et al. Historical overfishing and the recent 
collapse of coastal ecosystems. Science 2001, 293, 629–637. 

61. Pauly, D.; Christensen, V.; Guénette, S.; Pitcher, T.J.; Sumaila, U.R.; Walters, C.J.; Watson, R.; 
Zeller, D. Towards sustainability in world fisheries. Nature 2002, 418, 689–695. 

62. Anderson, S.C.; Flemming, J.M.; Watson, R.; Lotze, H.K. Serial depletion of global sea 
cucumber fisheries. Fish Fish. 2011, 12, 317–339. 

63. Myers, R.A.; Worm, B. Rapid worldwide depletion of predatory fish communities. Nature 2003, 
423, 280–283. 

64. Rosenberg, A.A. Managing to the margins: The overexploitation of fisheries. Front. Ecol. 
Environ. 2003, 1, 102–106. 

65. Gewin, V. Troubled waters: The future of global fisheries. PLoS Biol. 2004, 2, 
doi:10.1371/journal.pbio.0020113. 

66. Worm, B.; Barbier, E.B.; Beaumont, N.; Duffy, E.J.; Folke, C.; Halpern, B.S.; Jackson, J.B.C.; 
Lotze, H.K.; Micheli, F.; Palumbi, S.R.; et al. Impacts of biodiversity loss on ocean ecosystem 
services. Science 2006, 314, 787–790. 

67. Hilborn, R. Reinterpreting the state of fisheries and their management. Ecosystems 2007, 10, 
1362–1369. 

68. Pitcher, T.J. Fisheries managed to rebuild ecosystems? Reconstructing the past to salvage the 
future. Ecol. Appl. 2001, 11, 601–617. 

69. Rosenberg, A.A.; Swasey, J.H.; Bowman, M. Rebuilding US fisheries: Progress and problems. 
Front. Ecol. Environ. 2006, 4, 303–308. 



Diversity 2012, 4             
 

 

143 

70. Worm, B.; Hilborn, R.; Baum, J.K.; Branch, T.A.; Collie, J.S.; Costello, C.; Fogarty, M.J.;  
Fulton, E.A.; Hutchings, J.A.; Jennings, S.; et al. Rebuilding global fisheries. Science 2009, 325, 
578–585. 

71. Molloy, P.P.; McLean, I.B.; Côté, I.M. Effects of marine reserve age on fish populations: A 
global meta-analysis. J. Appl. Ecol. 2009, 46, 743–751. 

72. Roberts, C.M. Effects of fishing on the ecosystem structure of coral reefs. Conserv. Biol. 1995, 9, 
988–995. 

73. Munro, J.L. The scope of tropical reef fisheries and their management. In Reef Fisheries;  
Polunin, N.V.C., Roberts, C.M., Eds.; Chapman & Hall: London, UK, 1996; pp. 1–14. 

74. Dulvy, N.K.; Polunin, N.V.C. Using informal knowledge to infer human-induced rarity of a 
conspicuous reef fish. Anim. Conserv. 2004, 7, 365–374. 

75. Dalzell, P.; Adams, T.J.H.; Polunin, N.V.C. Coastal fisheries in the Pacific Islands. Oceanogr. 
Mar. Biol. Ann. Rev. 1996, 34, 395–531. 

76. Hoegh-Guldberg, O. Climate change, coral bleaching and the future of the world’s coral reefs. 
Mar. Freshw. Res. 1999, 50, 839–866. 

77. Veron, J.E.N.; Hoegh-Guldberg, O.; Lenton, T.M.; Lough, J.M.; Obura, D.O.; Pearce-Kelly, P.; 
Sheppard, C.R.C.; Spalding, M.; Stafford-Smith, M.G.; Rogers, A.D. The coral reef crisis, the 
critical importance of <350 ppm CO2. Mar. Pollut. Bull. 2009, 58, 1428–1436. 

78. Goreau, T.J.; Hayes, R.L. Coral bleaching and ocean “Hot Spots”. Ambio 1994, 23, 176–180. 
79. Goreau, T.J.; Hayes, R.L.; Strong, A.C. 1997, Tracking South Pacific coral reef bleaching by 

satellite and field observations. In Proceedings of the 8th International Coral Reef Symposium, 
Panama, 24–29 June 1997; Volume 2, pp. 1491–1494. 

80. Berkelmans, R. Time-integrated thermal bleaching thresholds of reefs and their variation on the 
Great Barrier Reef. Mar. Ecol. Prog. Ser. 2002, 229, 73–82. 

81. Liu, G.; Strong, A.E.; Skirving, W. Remote sensing of sea surface temperatures during 2002 
Barrier Reef coral bleaching. EOS Trans. 2003, 84, 137–141. 

82. Goreau, T.J.; Hayes, R.L. Global coral reef bleaching and sea surface temperature trends from 
satellite-derived Hotspot analysis. World Resour. Rev. 2005, 17, 254–293. 

83. Manzello, D.P.; Berkelmans, R.; Hendee, J.C. Coral bleaching indices and thresholds for the 
Florida Reef Tract, Bahamas, and St. Croix, US Virgin Islands. Mar. Pollut. Bull. 2007, 54, 
1923–1931. 

84. Wilkinson, C.; Linden, O.; Cesar, H.; Hodgson, G.; Rubens, J.; Strong, A.E. Ecological and 
socioeconomic impacts of 1998 coral mortality in the Indian Ocean: An ENSO impact and a 
warning of future change? Ambio 1999, 28, 188–196. 

85. Donner, S.D.; Skirving, W.J.; Little, C.M.; Oppenheimer, M.; Hoegh-Guldberg, O. Global 
assessment of coral bleaching and required rates of adaptation under climate change. Glob. 
Change Biol. 2005, 11, 2251–2265. 

86. Donner, S.D. Coping with commitment: Projected thermal stress on coral reefs under future 
scenarios. PLoS One 2009, 4, doi:10.1371/journal.pone.0005712. 

87. Fenner, D.; Heron, S. Annual summer mass bleaching of a multi-species coral community in 
American Samoa. In Proceedings of the 11th International Coral Reef Symposium,  
Ft. Lauderdale, FL, USA, 7–11 July 2008; pp. 1289–1293. 



Diversity 2012, 4             
 

 

144 

88. Nakamura, T.; van Woesik, R. Water-flow rates and passive diffusion partially explain differential 
survival of corals during the 1998 bleaching event. Mar. Ecol. Prog. Ser. 2001, 212, 301–304. 

89. Gunderson, L.H. Resilience in theory and practice. Ann. Rev. Ecol. Syst. 2000, 31, 425–439. 
90. West, J.M.; Salm, R.V. Resistance and resilience to coral bleaching: Implications for coral reef 

conservation and management. Conserv. Biol. 2003, 17, 956–968. 
91. Marshall, P.; Schuttenberg, H. A Reef Manager’s Guide to Coral Bleaching; Great Barrier Reef 

Marine Park Authority: Townsville, Australia, 2006. 
92. Nyström, M.; Graham, N.A.J.; Lokrantz, J.; Norström, A.V. Capturing the cornerstones of coral 

reef resilience: Linking theory to practice. Coral Reefs 2008, 27, 795–809. 
93. Seymour, R.M.; Bradbury, R.H. Lengthening reef recovery times from crown-of-thorns outbreaks 

signal systemic degradation of the Great Barrier Reef. Mar. Ecol. Prog. Ser. 1999, 176, 1–10. 
94. Done, T.J.; de Vantier, L.M.; Turak, E.; Fisk, D.A.; Wakeford, M.; van Woesik, R. Coral growth 

on three reefs: Development of recovery benchmarks using a space for time approach. Coral 
Reefs 2010, 29, 815–833. 

95. Carilli, J.E.; Norris, R.D.; Black, B.A.; Walsh, S.M.; McField, M. Local stressors reduce coral 
resilience to bleaching. PLoS One 2009, 4, doi:10.1371/journal.pone.0006324. 

96. Carilli, J.E.; Norris, R.D.; Black, B.; Walsh, S.M.; McField, M. Century-scale records of coral 
growth rates indicate that local stressors reduce coral thermal tolerance threshold. Glob. Change 
Biol. 2010, 16, 1247–1257. 

97. Fung, T.; Seymour, R.M.; Johnson, C.R. Alternative stable states and phase shifts in coral reefs 
under anthropogenic stress. Ecology 2011, 92, 967–982. 

98. Sweatman, H. No-take reserves protect coral reefs from predatory starfish. Curr. Biol. 2008, 18, 
598–599. 

99. Dulvy, N.K.; Feckleton, R.P.; Polunin, N.V.C. Coral reef cascades and the indirect effects of 
predator removal by exploitation. Ecol. Lett. 2004, 7, 410–416. 

100. Birkeland, C. Personal Communication. Honolulu, HI, USA, 2011. 
101. Brodie, J.; Fabricius, K.; De'ath, G.; Okaji, K. Are increased nutrient inputs responsible for more 

outbreaks of crown-of-thorns starfish? An appraisal of the evidence. Mar. Pollut. Bull. 2005, 51, 
266–278. 

102. Raymundo, L.J.; Halford, A.R.; Maypa, A.P.; Kerr, A.M. Functionally diverse reef-fish 
communities ameliorate coral disease. Proc. Natl. Acad. Sci. USA 2009, 106, 17067–17070. 

103. Mumby, P.J.; Harborne, A.R. Marine reserves enhance the recovery of corals on Caribbean reefs. 
PLoS One 2010, 5, doi:10.1371/journal.pone.0008657. 

104. Selig, E.R.; Bruno, J.F. A global analysis of the effectiveness of marine protected areas in 
preventing coral loss. PLoS One 2010, 5, doi:10.1371/journal.pone.0009278. 

105. Stevenson, C.; Katz, L.S.; Micheli, L.F.; Block, B.; Heiman, K.W.; Perle, C.; Weng, K.;  
Dunbar, R.; Witting, J. High apex predator biomass on remote Pacific Islands. Coral Reefs 2006, 
26, 47–51. 

106. Sandin, S.A.; Smith, J.E.; DeMaartini, E.E.; Dinsdale, E.A.; Donner, S.D.; Friedlander, A.M.; 
Konotchik, T.; Malay, M.; Maragos, J.E.; Obura, D.; et al. Baselines and degradation of coral 
reefs in the Northern Line Islands. PLoS One 2008, 3, doi:10.1371/journal.pone.0001548. 



Diversity 2012, 4             
 

 

145 

107. Williams, I.D.; Richards, B.L.; Sandin, S.A.; Baum, J.K.; Schroeder, R.E.; Nadon, M.O.; 
Zgliczynski, B.; Craig, P.; McIlwain, J.L.; Brainard, R.E. Differences in reef fish assemblages 
between populated and remote reefs spanning multiple archipelagos across the Central and 
Western Pacific. J. Mar. Biol. 2010, 2011, 1–14. 

108. Kaufman, L.; Obura, D.; Rohwer, F.; Sala, E.; Sandin, S.; Tschirky, J. Coral Health Index (CHI): 
Measuring Coral Community Health; Science and Knowledge Division, Conservation 
International: Arlington, VA, USA, 2011. 

109. Pauly, D.; Christensen, V.; Dalsgaard, J.; Froese, R.; Torres, F. Fishing down marine food webs. 
Science 1998, 279, 860–863. 

110. Bellwood, D.R.; Hoey, A.S.; Choat, J.H. Limited functional redundancy in high diversity 
systems: Resilience and ecosystem function on coral reefs. Ecol. Lett. 2003, 6, 281–285. 

111. Sadovy, Y.; Kulbicki, M.; Labrosse, P.; Letourneur, Y.; Lokani, P.; Donaldson, T.J. The 
humphead wrasse, Cheilinus undulatus: Synopsis of a threatened and poorly known giant coral 
reef fish. Rev. Fish Biol. Fish. 2003, 13, 327–364. 

112. Pauly, D. Anecdotes and the shifting baseline syndrome of fisheries. Trend. Ecol. Evol. 1995,  
10, 430. 

113. Sheppard, C. The shifting baseline syndrome. Mar. Pollut. Bull. 1995, 30, 766–767. 
114. Ricker, W.E. Production and utilization of fish populations. Ecol. Monogr. 1946, 16, 373–391. 
115. Russ, G.R. Coral reef fisheries: Effects and yields. In The Ecology of Fishes on Coral Reefs,  

Sale, P.F., Ed.; Academic Press: New York, NY, USA, 1991; pp. 601–635. 
116. Jennings, S.; Kaiser, M.J. The effects of fishing on marine ecosystems. Adv. Mar. Biol. 1998, 34, 

201–352. 
117. Jennings, S.; Reynolds, J.D.; Polunin, N.V.C. Predicting the vulnerability of tropical reef fishes 

to exploitation with phylogenies and life histories. Conserv. Biol. 1999, 13, 1466–1475. 
118. Dulvy, N.K.; Polunin, N.V.C.; Mill, A.C.; Graham, N.A.J. Size structure change in lightly 

exploited coral reef fish communities: Evidence for weak indirect effects. Can. J. Fish. Aquat. 
Sci. 2004, 61, 466–475. 

119. Heino, M.; Godo, O.R. Fisheries-induced selection pressures in the context of sustainable 
fisheries. Bull. Mar. Sci. 2002, 70, 639–656. 

120. Clua, E.; Legendre, P. Shifting dominance among Scarid species on reefs representing a gradient 
of fishing pressure. Aquat. Living Res. 2008, 21, 339–348. 

121. Scheffer, M.; Carpenter, S.; de Young, B. Cascading effects of overfishing marine systems. 
Trends Ecol. Evol. 2005, 20, 579–581. 

122. Heithaus, M.R.; Frid, A.; Wirsing, A.J.; Worm, B. Predicting ecological consequences of marine 
top predator declines. Trends Ecol. Evol. 2007, 23, 202–210. 

123. Estes, J.A.; Terborgh, J.; Brashares, J.S.; Power, M.E.; Berger, J.; Bond, W.J.; Carpenter, S.R.; 
Essington, T.E.; Holt, R.D.; Jackson, J.B.C.; et al. Trophic downgrading of planet earth. Science 
2011, 333, 301–306. 

124. McClanahan, T.R.; Shafir, S.H. Causes and consequences of sea urchin abundance and diversity 
in Kenyan coral reef lagoons. Oecologia 1990, 83, 32–370. 

125. O’Leary, J.K.; McClanahan, T.R. Trophic cascades result in large-scale coralline algae loss 
through differential grazer loss. Ecology 2010, 91, 3584–3597. 



Diversity 2012, 4             
 

 

146 

126. Graham, N.A.J.; Evans, R.D.; Russ, G.R. The effects of marine reserve protection on the trophic 
relationships of reef fishes on the Great Barrier Reef. Envir. Conserv. 2003, 30, 200–208. 

127. Pinnegar, J.K.; Polunin, N.V.C.; Francour, P.; Badalamenti, F.; Chemello, R.;  
Harmelin-Vivian, M.-L.; Hereu, B.; Milazzo, M.; Zabala, M.; D’anna, G.; et al. Trophic cascades 
in benthic marine ecosystems: Lessons for fisheries and protected-area management. Environ. 
Conserv. 2000, 27, 179–200. 

128. Mumby, P.J.; Dahlgren, C.P.; Harborne, A.R.; Kappel, C.V.; Micheli, F.; Brumbaugh, D.R.; 
Holmes, K.E.; Mendes, J.M.; Broad, K.; Sanchirico, J.N.; et al. Fishing, trophic cascades, and the 
process of grazing on coral reefs. Science 2006, 311, 98–101. 

129. Stallings, C.D. Indirect effects of an exploited predator on recruitment of coral-reef fishes. 
Ecology 2008, 89, 2090–2095. 

130. Newman, M.J.H.; Paredes, G.A.; Sala, E.; Jackson, J.B.C. Structure of Caribbean coral reef 
communities across a large gradient of fish biomass. Ecol. Lett. 2006, 9, 1216–1227. 

131. Aronson, R.B.; Precht, W.F. Conservation, precaution, and Caribbean reefs. Coral Reefs 2006, 
25, 441–450. 

132. Bruno, J.F.; Sweatman, H.; Precut, W.F.; Selig, E.R.; Schutte, V.G.W. Assessing evidence of 
phase shifts from coral to macroalgal dominance on coral reefs. Ecology 2009, 90, 1478–1484. 

133. Woodley, J.D.; Chornesky, E.A.; Clifford, P.A.; Jackson, J.B.C.; Kaufman, L.S.; Knowlton, N.; 
Lang, J.C.; Pearson, M.P.; Porter, J.W.; Rooney, M.C.; et al. Hurricane Allen’s impact on 
Jamaican coral reefs. Science 1981, 214, 749–755. 

134. Lessios, H.A.; Robertson, D.R.; Cubit, D.J. Spread of Diadema mass mortality through the 
Caribbean. Science 1984, 226, 335–337. 

135. Norström, A.V.; Nyström, M.; Lokrantz, J.; Folke, C. Alternative states on coral reefs: Beyond 
coral-macroalgal phase shifts. Mar. Ecol. Prog. Ser. 2009, 376, 295–306. 

136. Vargas-Ángel, B.; Asher, J.; Godwin, L.S.; Brainard, R.E. Invasive didemnid tunicate spreading 
across coral reefs at remote Swains Island, American Samoa. Coral Reefs 2009, 28, 53. 

137. Aronson, R.B.; MacIntyre, I.G.; Wapnick, C.M.; O’Neill, M.W. Phase shifts, alternative states, 
and the unprecedented convergence of two reef systems. Ecology 2004, 85, 1876–1891. 

138. Pastorok, R.A.; Bilyard, G.R. Effects of sewage pollution on coral-reef communities. Mar. Ecol. 
Prog. Ser. 1985, 21, 175–189. 

139. Lapointe, B.E. Nutrient thresholds for bottom-up control of macroalgal blooms on coral reefs in 
Jamaica and southeast Florida. Limnol. Oceanogr. 1997, 42, 1119–1131. 

140. Hunter, C.L.; Evans, C.W. Coral reefs in Kaneohe Bay, Hawaii: Two centuries of western 
influence and two decades of data. Bull. Mar. Sci. 1995, 57, 501–515. 

141. De Georges, A.; Goreau, T.J.; Reilly, B. Land-sourced pollution with an emphasis on domestic 
sewage: Lessons from the Caribbean and implications for coastal development on Indian Ocean 
and Pacific coral reefs. Sustainability 2010, 2, 2919–2949. 

142. Smith, J.E.; Hunter, C.L.; Smith, C.M. The effects of top-down versus bottom-up control on 
benthic coral reef community structure. Oecologia 2010, 163, 497–507. 

143. Mora, C. A clear human footprint in the coral reefs of the Caribbean. Proc. Roy. Soc. B 2008, 
275, 767–773. 



Diversity 2012, 4             
 

 

147 

144. Szmant, A.M. Nutrient enrichment on coral reefs: Is it a major cause of coral reef decline? 
Estuaries 2002, 25, 743–766. 

145. Heck, K.L.; Valentine, J.F. The primacy of top-down effects in shallow benthic ecosystems. 
Estuaries Coasts 2007, 30, 371–381. 

146. Renken, H.; Mumby, P.J. Modeling the dynamics of coral reef macroalgae using a Bayesian 
belief network approach. Ecol. Mod. 2009, 220, 1305–1314. 

147. Sammarco, P.W. Echinoid grazing as a structuring force in coral communities: Whole reef 
manipulations. J. Exp. Mar. Biol. Ecol. 1982, 61, 31–55. 

148. Bellwood, D.R.; Hughes, T.P.; Hoey, A.S. Sleeping functional group drives coral-reef recovery. 
Curr. Biol. 2006, 16, 2434–2439. 

149. Mörk, E.; Sjöö, G.L.; Kautsky, N.; McClanahan, T.R. Top-down and bottom-up regulation of 
macroalgal community structure on a Kenyan reef. Estuar. Coast. Shelf Sci. 2009, 84, 331–336. 

150. Littler, M.M.; Littler, D.S.; Brooks, B.L. Harmful algae on tropical coral reefs: Bottom-up 
eutrophication and top-down herbivory. Harmful Algae 2006, 5, 565–585. 

151. McCook, L.J.; Jompa, J.; Diaz-Pulido, G. Competition between corals and algae on coral reefs: A 
review of evidence and mechanisms. Coral Reefs 2001, 19, 400–417. 

152. Birrell, C.L.; McCook, L.J.; Willis, B.L.; Diaz-Pulido, G.A. Effects of benthic algae on the 
replenishment of corals and the implications for the resilience of coral reefs. Oceanogr. Mar. 
Biol. Ann. Rev. 2008, 46, 25–63. 

153. Burkepile, D.E.; Hay, M.E. Herbivore vs. nutrient control of marine primary producers:  
Context-dependent effects. Ecology 2006, 87, 3128–3139. 

154. McManus, J.W.; Polsenberg, J.F. Coral-algal phase shifts on coral reefs: Ecological and 
environmental aspects. Prog. Oceanogr. 2004, 60, 263–279. 

155. Sheppard, C.R.C.; Davy, S.K.; Pilling, G.M. The Biology of Coral Reefs; Oxford University 
Press: Oxford, UK, 2009; p. 339. 

156. Walsh, S.M. Ecosystem-scale effects of nutrients and fishing on coral reefs. J. Mar. Biol. 2011, 
2011, 187248:1–187248:13. 

157. Smith, J.E.; Smith, C.M.; Hunter, C.L. An experimental analysis of the effects of herbivory and 
nutrient enrichment on benthic community dynamics on a Hawaiian reef. Coral Reefs 2001, 19, 
332–342. 

158. Stimson, J.; Conklin, E. Potential reversal of a phase shift: The rapid decrease in the cover of the 
invasive green macroalga Dictyosphaeria cavernosa Forsskål on coral reefs in Kāne‘ohe Bay, 
Oahu, Hawai‘i. Coral Reefs 2008, 27, 717–726. 

159. Hunte, W.; Younglao, D. Recruitment and population recovery of Diadema antillarum 
(Echinodermata; Echinoidea) in Barbados. Mar. Ecol. Prog. Ser. 1988, 45, 109–119. 

160. Carpenter, R.C.; Edmunds, P.J. Local and regional scale recovery of Diadema promotes 
recruitment of scleractinian corals. Ecol. Lett. 2006, 9, 271–280. 

161. Idjadi, J.A.; Lee, S.C.; Bruno, J.F.; Precht, W.F.; Allen-Requa, L.; Edmunds, P.J. Rapid  
phase-shift reversal on a Jamaican coral reef. Coral Reefs 2006, 25, 209–211. 

162. Myhre, S.; Acevedo-Gutierrez, A. Recovery of sea urchin Diadema antillarum populations is 
correlated to increased coral and reduced macroalgal cover. Mar. Ecol Prog. Ser. 2007, 309, 
205–210. 



Diversity 2012, 4             
 

 

148 

163. Knowlton, N. Thresholds and multiple states in coral reef dynamics. Am. Zool. 1992, 32, 674–682. 
164. Mumby, P.J. Phase shifts and the stability of macroalgal communities on Caribbean coral reefs. 

Coral Reefs 2009, 28, 761–773. 
165. Hughes, T.P.; Graham, N.A.J.; Jackson, J.B.C.; Mumby, P.J.; Steneck, R.S. Rising to the 

challenge of sustaining coral reef resilience. Trends Ecol. Evol. 2010, 25, 633–642. 
166. Mumby, P.J.; Hastings, A.; Edwards, H.J. Thresholds and the resilience of Caribbean coral reefs. 

Nature 2007, 450, 98–101. 
167. Williams, I.D.; Polunin, N.V.C.; Hendrick, V.I. Limits to grazing by herbivorous fishes and the 

impact of low coral cover on macroalgal abundance on a coral reef in Belize. Mar. Ecol. Prog. 
Ser. 2001, 222, 187–196. 

168. Ledlie, M.H.; Graham, N.A.J.; Bythell, J.C.; Wilson, S.K.; Jennings, S.; Polunin, N.V.C.; 
Hardcastle, J. Phase shifts and the role of herbivory in the resilience of coral reefs. Coral Reefs 
2007, 26, 641–653. 

169. Green, A.L.; Bellwood, D.R. Monitoring Functional Groups of Herbivorous Reef Fishes as 
Indicators of Coral Reef Resilience—A Practical Guide for Coral Reef Managers in the Asia 
Pacific Region; IUCN working group on Climate Change and Coral Reefs, IUCN: Gland, 
Switzerland, 2009. 

170. Williams, I.; Polunin, N.V.C.; Hendrick, V.J. Limits to grazing by herbivorous fishes and the 
impact of low coral cover on macroalgal abundance on a coral reef in Belize. Mar. Ecol. Prog. 
Ser. 2001, 222, 187–196. 

171. McClanahan, T.R.; Hendrick, V.; Rodrigues, M.J.; Polunin, N.V.C. Varying responses of 
herbivorous and invertebrate feeding fishes to macroalgal reduction on a coral reef. Coral Reefs 
1999, 18, 195–203. 

172. Sheppard, C.R.C.; Spalding, M.; Bradshaw, C.; Wilson, S. Erosion vs. recovery of coral reefs 
after 1998 El Niño: Chagos reefs, Indian Ocean. Ambio 2002, 31, 40–48. 

173. Graham, N.A.J.; Nash, K.L.; Kool, J.T. Coral reef recovery dynamics in a changing world. Coral 
Reefs 2011, 30, 283–394. 

174. Anthony, K.R.N.; Maynard, J.A.; Diaz-Pulido, G.; Mumby, P.J.; Marshall, P.A.; Cao, L.;  
Hoegh-Guldberg, O. Ocean acidification and warming will lower coral reef resilience. Glob. 
Change Biol. 2011, 17, 1798–1808. 

175. Paddack, M.J.; Cown, R.K.; Sponaugle, S. Grazing pressure of herbivorous coral reef fishes on 
low coral-cover reefs. Coral Reefs 2006, 25, 461–472. 

176. Stockwell, B.; Jadloc, C.R.L.; Abesamis, R.A.; Alcala, A.C.; Russ, G.R. Trophic and benthic 
responses to no-take marine reserve protection in the Philippines. Mar. Ecol. Prog Ser. 2009, 
389, 1–15. 

177. Bellwood, D.R.; Choat, J.H. A functional analysis of grazing in parrotfishes (family Scaridae): 
The ecological implications. Environ. Biol. Fishes 1990, 28, 189–214. 

178. Clements, K.D.; Raubenheimer, D.; Choat, J.H. Nutritional ecology of marine herbivorous 
fishes: Ten years on. Funct. Ecol. 2009, 23, 79–92. 

179. Bonaldo, R.M.; Bellwood, D.R. Parrotfish predation on massive Porites on the Great Barrier 
Reef. Coral Reefs 2011, 30, 259–269. 



Diversity 2012, 4             
 

 

149 

180. Van Woesik, R. Corals’ prolonged struggle against unfavorable conditions. Galaxea JCRS 2009, 
11, 53–58. 

181. Ruckelshaus, M.; Klinger, T.; Knowlton, N.; DeMaster, D.P. Marine ecosystem-based 
management in practice: Scientific and governance challenges. Bioscience 2008, 58, 53–63. 

182. Munday, P.L.; Jones, G.P.; Pratchett, M.S.; Williams, A.J. Climate change and the future for 
coral reef fishes. Fish Fish. 2008, 9, 261–285. 

183. Bellwood, D.R.; Hoey, A.S.; Ackerman, J.L.; Depczynski, M. Coral bleaching, reef fish 
community phase shifts and the resilience of coral reefs. Glob. Change Biol. 2006, 12, 1587–1594. 

184. Wilson, S.K.; Fisher, R.; Pratchett, M.S.; Graham, N.A.; Dulvy, N.K.; Turner, R.A.; Cakacaka, A.; 
Polunin, N.V.C. Exploitation and habitat degradation as agents of change within coral reef fish 
communities. Glob. Change Biol. 2008, 14, 2796–2809. 

185. Sano, M.; Shimizu, M.; Nose, Y. Long-term effects of destruction of hermatypic corals by 
Acanthaster planci infestation on reef fish communities at Iriomote Island, Japan. Mar. Ecol. 
Prog. Ser. 1987, 37, 191–199. 

186. Roberts, C.M.; Reynolds, D.; Côté, I.M.; Hawkins, J.P. Redesigning coral reef conservation.  
In Coral Reef Conservation; Côté, I.M.; Reynolds, J.D., Eds.; Cambridge University Press: 
Cambridge, UK, 2006; pp. 515–537. 

187. Graham, N.A.J.; Wilson, S.K.; Jennings, S.; Polunin, N.V.C.; Bijoux, J.P. Dynamic fragility of 
oceanic coral reef ecosystems. Proc. Natl. Acad. Sci. USA 2006, 103, 8425–8429. 

188. Graham, N.A.J.; Wilson, S.K.; Jennings, S.; Polunin, N.V.C.; Robinson, J.; Bijoux, J.P.;  
Daw, T.M. Lag effects in the impacts of mass bleaching on coral reef fish, fisheries, and 
ecosystems. Conserv. Biol. 2007, 21, 1291–1300. 

189. Jones, G.P.; McCormick, M.I.; Srinivasan, M.; Eagle, J.V. Coral decline threatens fish 
biodiversity in marine reserves. Proc. Natl. Acad. Sci. USA 2004, 101, 8251–8253. 

190. Pratchett, M.S.; Hoey, A.S.; Wilson, S.K.; Messmer, V.; Graham, N.A.J. Changes in biodiversity 
and functioning of reef fish assemblages following coral bleaching and coral loss. Diversity 
2011, 3, 424–454. 

191. Wilson, S.K.; Graham, N.A.J.; Pratchett, M.S.; Jones, G.P.; Polunin, N.V.C. Multiple disturbances 
and the global degradation of coral reefs: Are reef fishes at risk or resilient? Glob. Change Biol. 
2006, 12, 2220–2234. 

192. Cinner, J.E.; McClanahan, T.R.; Graham, N.A.J.; Pratchett, M.S.; Wilson, S.K.; Raina, J.-B. 
Gear-based fisheries management as a potential adaptive response to climate change and coral 
mortality. J. Appl. Ecol. 2009, 46, 724–732. 

193. Cheal, A.J.; MacNeil, M.A.; Cripps, E.; Emslie, M.J.; Jonker, M.; Schaffelke, B.; Sweatman, H. 
Coral-macroalgal phase shifts or reef resilience: Links with diversity and functional roles of 
herbivorous fishes on the Great Barrier Reef. Coral Reefs 2010, 29, 1005–1015. 

194. Edwards, H.J.; Elliott, I.A.; Eakin, C.M.; Irikawa, A.; Madin, J.S.; McField, M.; Morgan, J.A.; 
van Woesik, R.; Mumby, P.J. How much time can herbivore protection buy for coral reefs under 
realistic regimes of hurricanes and coral bleaching? Glob. Change Biol. 2011, 17, 2033–2048. 

195. Thrush, S.F.; Hewitt, J.E.; Dayton, P.E.; Coco, G.; Lohrer, A.M.; Norkko, A.; Norkko, J.; 
Chiantore, M. Forecasting the limits of resilience: Integrating empirical research with theory. 
Proc. R. Soc. B 2009, 276, 3209–3217. 



Diversity 2012, 4             
 

 

150 

196. Dudgeon, S.R.; Aronson, R.B.; Bruno, J.F.; Precht, W.F. Phase shifts and stable states on coral 
reefs. Mar. Ecol. Prog. Ser. 2010, 413, 201–216. 

197. Fox, H.E.; Pet, J.S.; Dahuri, R.; Caldwell, R.L. Recovery in rubble fields: Long-term impacts of 
blast fishing. Mar. Pollut. Bull. 2003, 46, 1024–1031. 

198. Jennings, S.; Kaiser, M.J.; Reynolds, J.D. Marine Fisheries Ecology; Blackwell Science: Oxford, 
UK, 2001. 

199. Allen, G.R. Reef fishes of Milne Bay Province, Papua New Guinea. In A Rapid Marine 
Biodiversity Assessment of Milne Bay Province, Papua New Guinea- Survey II; Allen, G.R.; 
Kinche, J.P.; McKenna, S.A.; Seeto, P. Eds.; RAP Bulletin of Biological Assessment 
Conservation International: Washington, DC, USA, 2003; Volume 29, pp. 46–55. 

200. Polunin, N.V.C.; Roberts, C.M.; Pauly, D. Developments in Tropical Reef Fisheries Science and 
Management. In Reef Fisheries; Polunin, N.V.C.; Roberts, C.M., Eds.; Chapman & Hall: 
London, UK, 1996; pp. 361–377. 

201. Hilborn, R. The dark side of reference points. Bull. Mar. Sci. 2002, 70, 403–408. 
202. Dalzell, P. Catch Rates, Selectivity and Yields of Reef Fishing. In Reef Fisheries; Polunin, N.V.C.; 

Roberts; C.M., Eds.; Chapman & Hall: London, UK, 1996; pp. 161–192. 
203. Adams, T.; Dalzell, P.; Farman, R. Status of Pacific Island Coral Reef Fisheries. In Proceedings 

of the 8th International Coral Reef Symposium, Panama, 24–29 June 1997; Volume 2,  
pp. 1977–1980. 

204. Dalzell, P.; Adams, T.J.H. Sustainability and Management of Reef Fisheries in the Pacific 
Islands. In Proceedings of the 8th International Coral Reef Symposium, Panama, 24–29 June 
1997; Volume 2, pp. 2027–2032. 

205. McClanahan, T.R.; Graham, N.A.J.; MacNeil, M.A.; Muthiga, N.A.; Cinner, J.E.;  
Bruggemann, J.H.; Wilson, S.K. Critical thresholds and tangible targets for ecosystem-based 
management of coral reef fisheries. Proc. Natl. Acad. Sci. USA 2011, 104, 17230–17233. 

206. Donaldson, T.J. Phylogeny, reef fish conservation biology, and the live reef fish trade. Fish. Sci. 
2002, 68, 143–147. 

207. Medley, P.A.; Gaudian, G.; Wells, S. Coral reef fisheries stock assessment. Rev. Fish Biol. Fish. 
1993, 3, 242–285. 

208. Cheung, W.W.L.; Watson, R.; Morato, T.; Pitcher, T.J.; Pauly, D. Intrinsic vulnerability in the 
global fish catch. Mar. Ecol. Prog. Ser. 2007, 333, 1–12. 

209. Froese, R.; Pauly, D. FishBase. World Wide Web Electronic Publication; Academia Sinica: 
Taipei, Taiwan, 2010. Available online: http://www.fishbase.org (accessed on 2 March 2012). 

210. Andrews, K.; Nall, L.; Jeffrey, C.; Pittman, S.; Banks, K.; sBeaver, C.; Bohnsack, J.;  
Dodge, R.E.; Gilliam, D.; Jaap, W.; et al. The state of coral reef ecosystems of Florida. In The 
State of Coral Reef Ecosystems of the United States and Pacific Freely Associated States: 2005; 
Waddell, J., Ed.; NOAA Technical Memorandum NOS NCCOS 11. NOAA/NCCOS Center for 
Coastal Monitoring and Assessment’s Biogeography Team: Silver Spring, MD, USA, 2005;  
pp. 150–200. 

211. Ault, J.S.; Smith, S.G.; Meester, G.A.; Luo, J.; Bohnsack, J.A. Site characterization for Biscayne 
National Park: Assessment of fisheries resources and habitats. NOAA Technical Memorandum 
NMFS-SEFSC-468, Miami, FL, USA, 2001; pp. 1–185. 



Diversity 2012, 4             
 

 

151 

212. Ault, J.S.; Smith, S.G.; Bohnsack, J.A. Evaluation of average length as an estimator of exploitation 
status for the Florida coral-reef fish community. ICES J. Mar. Sci. 2005, 62, 417–423. 

213. Ault, J.S.; Smith, S.G.; Luo, J.; Monaco, M.E.; Appeldoorn, R.S. Length-based assessment of 
sustainability benchmarks for coral reef fishes in Puerto Rico. Environ. Conserv. 2008, 35, 1–11. 

214. Donahue, S.; Acosta, A.; Akins, L.; Ault, J.; Bohnsack, J.; Boyer, J.; Callahan, M.; Causey, B.; 
Cox, C.; Delaney, J.; et al. The state of coral reef ecosystems of the Florida Keys. In The State of 
Coral Reef Ecosystems of the United States and Pacific Freely Associated States: 2008;  
Waddell, J.E.; Clarke, A.M., Eds.; NOAA Technical Memorandum NOS NCCOS 73. 
NOAA/NCCOS Center for Coastal Monitoring and Assessment’s Biogeography Team: Silver 
Spring, MD, USA, 2008; pp. 161–187. 

215. Doherty, P.J. Variable replenishment and the dynamics of reef fish populations. In Coral Reef 
Fisheries, Dynamics and Diversity in a Complex Ecosystem; Sale, P.F., Ed.; Academic Press: 
London, UK, 2002; pp. 327–355. 

216. Hilborn, R. Ecosystem-based fisheries management: The carrot or the stick? Mar. Ecol. Prog. 
Ser. 2004, 274, 275–278. 

217. McManus, J.W. Social and economic aspects of reef fisheries and their management.  
In Reef Fisheries; Polunin, N.V.C., Roberts, C.M., Eds.; Chapman & Hall: London, UK, 1996; 
pp. 249–281. 

218. Ley, J. Personal Communication. St. Petersburgh, FL, USA, 2011. 
219. Friedlander, A.; Aeby, G.; Brainard, R.; Brown, E.; Chaston, K.; Clark, A.; McGowan, P.; 

Montgomery, T.; Walsh, W.; Williams, I.; et al. The state of the coral reef ecosystems of the 
main Hawaiian Islands. In The State of Coral Reef Ecosystems of the United States and Pacific 
Freely Associated States: 2008; Waddell, J.E.; Clarke, A.M., Eds.; NOAA Technical 
Memorandum NOS NCCOS 73. NOAA/NCCOS Center for Coastal Monitoring and 
Assessment’s Biogeography Team: Silver Spring, MD, USA, 2008; pp. 219–261. 

220. Eggleston, D.B.; Johnson, E.G.; Kellison, G.T.; Nadeau, D.A. Intense removal and non-saturating 
functional responses by recreational divers on spiny lobster Panulirus argus. Mar. Ecol. Prog. 
Ser. 2003, 257, 197–207. 

221. Eggleston, D.B.; Parsons, D.M.; Kellison, G.T.; Plaia, G.R.; Johnson, E.G. Functional response 
of sport divers to lobsters with application to fisheries management. Ecol. Appl. 2008, 18,  
258–272. 

222. Hixon, M.A.; Webster, M.S. Density dependence in reef fish populations. In Coral Reef 
Fisheries, Dynamics and Diversity in a Complex Ecosystem; Sale, P.F., Ed.; Academic Press: 
London, UK, 2002; pp. 303–325. 

223. Appledorn, R.S. Model and method in reef fishery assessment. In Reef Fisheries;  
Polunin, N.V.C.; Roberts, C.M., Eds.; Chapman & Hall: London, UK, 1996; pp. 219–248. 

224. Sadovy, Y. Trouble on the reef: The imperative of managing vulnerable and valuable fisheries. 
Fish Fish. 2005, 6, 167–185. 

225. Knittweis, L.; Wolff, M. Live coral trade impacts on the mushroom coral Heliofungia actiniformis 
in Indonesia: Potential future management approaches. Biol. Conserv. 2010, 143, 2722–2729. 

226. McManus, J.W.; Reyes, R.B., Jr.; Mañola, C.L., Jr. Effects of some destructive fishing methods 
on coral cover and potential rates of recovery. Environ. Manag. 1997, 21, 69–78. 



Diversity 2012, 4             
 

 

152 

227. Claydon, J. Spawning aggregations of coral reef fishes: Characteristics, hypotheses, threats, and 
management. Oceanogr. Mar. Biol. Ann. Rev. 2004, 42, 265–302. 

228. Sadovy, Y.; Domeier, M. Are aggregation-fisheries sustainable? Reef fish fisheries as a case 
study. Coral Reefs 2005, 24, 254–262. 

229. DeMitcheson, Y.S.; Sadovy, Y.; Cornish, A.; Domeier, M.; Colin, P.L.; Russell, M.;  
Lindeman, K.C. A global baseline for spawning aggregations of reef fishes. Conserv. Biol. 2008, 
22, 1233–1244. 

230. Hamilton, R.J.; Potuku, T.; Montambault, J.R. Community-based conservation results in the 
recovery of reef fish spawning aggregations in the Coral Triangle. Biol. Conserv. 2011, 144, 
1850–1858. 

231. Christiansen, V.; Pauly, D. Coral reef and other tropical fisheries. In. Encyclopedia of Ocean 
Sciences; Steele, J.A., Thorpe, S.A., Turekian, K.K., Eds.; Academic Press: San Diego, CA, 
USA, 2001; Volume 1, pp. 534–538. 

232. Grigg, R.W. Resource management of precious corals: A review and application to shallow 
water reef building corals. PSZNI Mar. Ecol. 1984, 5, 57–74. 

233. Goffredo, S.; Lasker, H.R. An adaptive management approach to an octocoral fishery based on 
the Beverton-Holt model. Coral Reefs 2008, 27, 751–761. 

234. Burke, L.; Selig, E.; Spalding, M. Reefs at Risk in Southeast Asia; World Resources Institute: 
Washington, DC, USA, 2002. 

235. Johannes, R.E. The case for data-less marine resource management: Examples from tropical 
nearshore fisheries. Trends Ecol. Evol. 1998, 13, 243–246. 

236. Nowlis, J.S. Short- and long-term effects of three fishery management tools on depleted fisheries. 
Bull. Mar. Sci. 2000, 66, 651–662. 

237. Beddington, J.R.; Agnew, D.J.; Clark, C.W. Current problems in the management of marine 
fisheries. Science 2007, 316, 1713–1716. 

238. Birkeland, C.; Davis G. Personal Communication. Honolulu, HI, USA, 2010. 
239. Hensley, R.A.; Sherwood, T.S. An overview of Guam’s inshore fisheries. Mar. Fish. Rev. 1993, 

55, 129–138. 
240. Davis, G. Personal Communication. Honolulu, HI, USA, 2011. 
241. Hawhee, J.M. Western Pacific Coral Reef Ecosystem Report; Western Pacific Regional Fishery 

Management Council: Honolulu, HI, USA, 2006. 
242. Zeller, D.; Booth, G.; Craig, P.; Pauly, D. Reconstruction of coral reef fisheries catches in 

American Samoa, 1950–2002. Coral Reefs 2007, 25, 144–152. 
243. Sabater, M.G.; Carroll, B.P. Trends in reef fish population and associated fishery after three 

millennia of resource utilization and a century of socio-economic changes in American Samoa. 
Rev. Fish. Sci. 2009, 17, 318–335. 

244. Turner, R.A.; Cakacaka, A.; Graham, N.A.J.; Polunin, N.V.C.; Pratchett, M.S.; Stead, S.M.; 
Wilson, S.K. Declining reliance on marine resources in remote South Pacific societies: 
Ecological versus socio-economic drivers. Coral Reefs 2007, 26, 997–1008. 

245. Kronen, M.; Magron, F.; McArdle, B.; Vunisea, A. Reef finfishing pressure risk model for 
Pacific Island countries and territories. Fish. Res., 2010, 101, 1–10. 



Diversity 2012, 4             
 

 

153 

246. Luck, D.; Dalzell, P. Western Pacific Region Reef Fish Trends, a Compendium of Ecological  
and Fisheries Statistics for Reef Fishes in American Samoa, Hawai’i, and the Mariana  
Archipelago, in Support of Annual Catch Limit (ACL) Implementation; Report to the Western 
Pacific Regional Fishery Management Council, Honolulu, HI, USA, 2010. Available online: 
http://www.wpcouncil.org/library.html (accessed on 2 March 2012). 

247. Jennings, S.; Polunin, N.V.C. Biased underwater visual census biomass estimates for target-species 
in tropical reef fisheries. J. Fish Biol. 1995, 47, 733–736. 

248. Edgar, G.J.; Barrett, N.S.; Morton, J.S. Biases associated with the use of underwater visual 
census techniques to quantify the density and size-structure of fish populations. J. Exp. Mar. 
Biol. Ecol. 2004, 30, 269–290. 

249. Bozec, Y.-M.; Kulbicki, M.; Laloë, F.; Mou-Tham, G.; Gascuel, D. Factors affecting the 
detection distances of reef fish: Implications for visual counts. Mar. Biol. 2011, 158, 969–981.  

250. Minte-Vera, C.V.; de Moura, R.L.; Francini-Filho, R.B. Nested sampling: An improved  
visual-census technique for studying reef fish assemblages. Mar. Ecol. Prog. Ser. 2008, 267, 
283–293. 

251. Karnauskas, M.; McClellan, D.B.; Wiener, J.W.; Miller, M.W.; Babcock, E.A. Inferring trends in 
a small-scale, data-limited tropical fishery based on fishery-independent data. Fish. Res. 2011, 
111, 40–52. 

252. Smith, S.G.; Ault, J.S.; Bohnsack, J.A.; Harper, D.E.; Luo, J.; McClellan, D.B. Multispecies 
survey design for assessing reef-fish stocks, spatially explicit management performance, and 
ecosystem condition. Fish. Res. 2011, 109, 25–41. 

253. Houk, P. Personal Communication. Saipan, Commonwealth of the Northern Marianas Islands, 
USA, 2011. 

254. Choat, J.H.; Robertson, D.R. Age-based studies. In Coral Reef Fisheries, Dynamics and 
Diversity in a Complex Ecosystem; Sale, P.F., Ed.; Academic Press: London, UK, 2002;  
pp. 57–101. 

255. Rhodes, K.L.; Tupper, M.H. A preliminary market-based analysis of the Pohnpei, Micronesia, 
grouper (Serranidae: Epinephelinae) fishery reveals unsustainable fishing practices. Coral Reefs 
2007, 26, 335–344. 

256. Houk, P.; Rhodes, K.; Cuetos-Bueno, J.; Lindfield, S.; Fread, V.; McIlwain, J.L. Commercial 
coral-reef fisheries across Micronesia: A need for improving management. Coral Reefs 2011, 31, 
13–26. 

257. Pinca, S.; Kronen, M.; Magron, F.; McArdle, B.; Vigliola, L.; Kulbicki, M.; Andréfouët, S. 
Relative importance of habitat and fishing in influencing reef fish communities across seventeen 
Pacific Island Countries and Territories. Fish Fish. 2011, doi:10.1111/j.1467-2979.2011.00425.x. 

258. Lieske, E.; Myers, R. Coral Reef Fishes, Indo-Pacific and Caribbean, Revised Edition; Princeton 
University Press: Princeton, NJ, USA, 2001. 

259. Allen, G. Personal Communication. Perth, Australia, 2010. 
260. Babcock, E.A.; MacCall, A.D. How useful is the ratio of the fish density outside versus inside 

no-take marine reserves as a metric for fishery management control rules? Can. J. Fish. Aquat. 
Sci. 2011, 68, 343–359. 



Diversity 2012, 4             
 

 

154 

261. Russ, G.R.; Alcala, A.C. Marine reserves: Long-term protection is required for full recovery of 
predatory fish populations. Oecologia 2004, 138, 622–627. 

262. Russ, G.R.; Stockwell, B.; Alcala, A.C. Inferring versus measuring rates of recovery in no-take 
marine reserves. Mar. Ecol. Prog. Ser. 2005, 292, 1–12. 

263. McManus, J.W.; Meñez, L.A.B.; Kesner-Reyes, K.N.; Vergara, S.G.; Ablan, M.C. Coral reef 
fishing and coral-algal phase shifts: Implications for global reef status. ICES J. Mar. Sci. 2000, 
57, 572–578. 

264. Hall, S.J.; Mainprize, B. Towards ecosystem-based fisheries management. Fish Fish. 2004, 5,  
1–20. 

265. Graham, N.A.J.; Dulvy, N.K.; Jennings, S.; Polunin, N.V.C. Size-spectra as indicators of the 
effects of fishing on coral reef assemblages. Coral Reefs 2005, 24, 118–124. 

266. Latin, H. Why conservation by legal fiat does not work. In Proceedings of the Colloquium on 
Global Aspects of Coral Reefs: Health, Hazards, and History, 1993; Ginsburgh, R.N., Ed.; 
Rosenstiel School of Marine and Atmospheric Science, University of Miami: Miami, FL, USA, 
1994; pp. 113–119. 

267. McClanahan, T. Challenges and accomplishments towards sustainable reef fisheries. In Coral 
Reef Conservation; Côté, I.M.; Reynolds, J.D., Eds.; Cambridge University Press: Cambridge, 
UK, 2006; pp. 147–182. 

268. Russ, G.R. Yet another review of marine reserves as reef fishery management tools. In Coral 
Reef Fishes: Dynamics and Diversity in a Complex Ecosystem; Sale, P.F., Ed.; Academic Press: 
San Diego, CA, USA, 2002; pp. 421–443. 

269. Bartholomew, A.; Bohnsack, J.A. A review of catch-and-release angling mortality with 
implications for no-take reserves. Rev. Fish Biol. Fish. 2005, 15, 129–154. 

270. Rhodes, K.L.; Tupper, M.H.; Wichilmel, C.B. Characterization and management of the 
commercial sector of the Pohnpei coral reef fishery, Micronesia. Coral Reefs 2008, 27, 443–454. 

271. Palumbi, S.R. Marine Reserves: A Tool for Ecosystem Management and Conservation; Pew 
Oceans Commission: Arlington, VA, USA, 2002. 

272. Fenner, D. unpublished observations. Pago Pago, American Samoa, 2011. 
273. Hilborn, R.; Punt, A.E.; Orensanz, J. Beyond band-aids in fisheries management: Fixing world 

fisheries. Bull. Mar. Sci. 2004, 74, 493–507. 
274. Guteirrez, N.L.; Hilborn, R.; Defeo, O. Leadership, social capital and incentives promote 

successful fisheries. Nature 2011, 470, 386–389. 
275. Costello, C.; Gaines, S.D.; Lynham, J. Can catch shares prevent fisheries collapse? Science 2008, 

321, 1678–1681. 
276. Aswani, S. Customary sea tenure in Oceania as a case of rights-based fishery management: Does 

it work? Rev. Fish Biol. Fish. 2005, 15, 285–307. 
277. Branch, T.A. How do individual transferable quotas affect marine ecosystems? Fish Fish. 2009, 

10, 39–57. 
278. Smith, T.; Gibbs, M.; Smith, D. Fishing for more effective incentives. Science 2009, 323,  

337–338. 
279. Turnipseed, M.; Crowder, L.B.; Sagarin, R.D.; Roady, S.E. Legal bedrock for rebuilding 

America’s ocean resources. Science 2009, 324, 183–184. 



Diversity 2012, 4             
 

 

155 

280. Pauly, D. Beyond duplicity and ignorance in global fisheries. Sci. Mar. 2009, 73, 215–224. 
281. Zeller, D.; Pauly, D. The future of fisheries: From ‘exclusive’ resource policy to ‘inclusive’ 

public policy. Mar. Ecol. Prog. Ser. 2004, 274, 295–298. 
282. St. Martin, K.; McCay, B.J.; Murray, G.D.; Johnson, T.R.; Oles, B. Communities, knowledge, 

and fisheries of the future. Int. J. Glob. Environ. Issues 2007, 7, 221–239. 
283. Adams, T.J.H. The interface between traditional and modern methods of fishery management in 

the Pacific Islands. Ocean Coast. Manag. 1998, 40, 127–142. 
284. Link, J.S. What does ecosystem-based fisheries management mean? Fisheries 2002, 27, 18–21. 
285. Pikitch, E.K.; Santora, C.; Babcock, E.A.; Bakun, A.; Bonfil, R.; Conover, D.O.; Dayton, P.; 

Doukakis, P.; Fluharty, D.; Heneman, B.; et al. Ecosystem-based fishery management. Science 
2004, 305, 346–347. 

286. Jennings, S. Indicators to support an ecosystem approach to fisheries. Fish Fish. 2005, 6,  
212–232. 

287. Rice, J. Managing fisheries well: Delivering the promises of an ecosystem approach. Fish Fish. 
2011, 12, 209–231. 

288. Arkema, K.K.; Abramson, S.C.; Dewsbury, B.M. Marine ecosystem-based management: From 
characterization to implementation. Front. Ecol. Environ. 2006, 4, 525–532. 

289. Saila, S.B.; Kocic, V.L.; McManus, J.W. Modeling the effects of destructive fishing practices on 
tropical coral reefs. Mar. Ecol. Prog. Ser. 1993, 94, 51–60. 

290. Jones, R.J.; Steven, A.L. Effects of cyanide on corals in relation to cyanide fishing on reefs.  
Mar. Freshw. Res. 1997, 48, 517–522. 

291. Edinger, E.N.; Jompa, J.; Limmon, G.V.; Widjatmoko, W.; Risk, M.J. Reef degradation and 
coral biodiversity in Indonesia: Effects of land-based pollution, destructive fishing practices, and 
changes over time. Mar. Pollut. Bull. 1998, 36, 617–630. 

292. D. Fenner, unpublished observations. Guam, 2011. 
293. Friedman, K.; Eriksson, H.; Tardy, E.; Pakoa, K. Management of sea cucumber stocks; patterns of 

vulnerability and recovery of sea cucumber stocks impacted by fishing. Fish Fish. 2011, 12, 75–93. 
294. Rapport, D.J.; Costanza, R.; McMichael, A.J. Assessing ecosystem health. Trend. Ecol. Evol. 

1998, 13, 397–402. 
295. Brodziak, J.; Link, J. Ecosystem-based fishery management: What is it, and how can we do it? 

Bull. Mar. Sci. 2002, 70, 589–611. 
296. Vroom, P.S. “Coral dominance”: A dangerous ecosystem misnomer? J. Mar. Biol. 2011, 2011, 

doi:10.1155/2011/164127. 
297. Mangel, M. Trade-offs between fish habitat and fishing mortality and the role of reserves.  

Bull Mar. Sci. 2000, 66, 663–674. 
298. Birkeland, C. Important roles of natural history in ecology. Galaxea JCRS 2009, 11, 59–66. 
299. Browman, H.I.; Stergiou, K.I. Marine protected areas as a central element of ecosystem-based 

management: Defining their location, size, and number. Mar. Ecol. Prog. Ser. 2004, 274,  
271–272. 

300. McManus, J.W. Tropical marine fisheries and the future of coral reefs: A brief review with 
emphasis on Southeast Asia. In Proceedings of the 8th International Coral Reef Symposium, 
Panama, 24–29 June 1997; Volume 1, pp. 129–134. 



Diversity 2012, 4             
 

 

156 

301. Liese, C. Fishery management for artisanal reef fisheries in developing countries: A holistic 
economic approach. In Proceedings of the 11th International Coral Reef Symposium,  
Ft. Lauderdale, FL, USA, 7–11 July 2008; pp. 1116–1120. 

302. Cinner, J.E. Socioeconomic factors that affect artisanal fishers’ readiness to exit a declining 
fishery. Conserv. Biol. 2008, 23, 124–130. 

303. Cinner, J.E.; McClanahan, T.R.; Daw, T.W.; Graham, N.A.J.; Maina, J.; Wilson, S.K.;  
Hughes, T.P. Linking social and ecological systems to sustain coral reef fisheries. Curr. Biol. 
2009, 19, 206–212. 

304. Agardy, T.; Bridgewater, T.; Crosby, M.P.; Day, J.; Dayton, P.K.; Kenchington, R.; Laffoley, D.; 
McConney, P.; Murray, P.A.; Parks, J.E.; et al. Dangerous targets? Unresolved issues and 
ideological clashes around marine protected areas. Aquat. Conserv. Mar. Freshw. Ecosyst. 2003, 
13, 353–367. 

305. Agardy, T. Opportunities and constraints for using marine protected areas to conserve reef 
ecosystems. In Proceedings of the 9th International Coral Reef Symposium, Bali, Indonesia,  
23–27 October 2000; Volume 2, pp. 601–607. 

306. Bohnsac, J. Maintenance and recovery of reef fishery productivity. In Reef Fisheries;  
Polunin, N.V.C., Roberts, C.M., Eds.; Chapman & Hall: London, UK, 1996; pp. 283–313. 

307. Williams, M.J. Do fisheries and marine protected areas need each other? Parks 1998, 8, 47–53. 
308. Sobel, J.; Dahlgren, C. Marine Reserves, a Guide to Science, Design, and Use; Island Press: 

Washington, DC, USA, 2004. 
309. Lester, S.E.; Halpern, B.S. Biological responses in marine no-take reserves versus partially 

protected areas. Mar. Ecol. Prog. Ser. 2008, 367, 49–56. 
310. Dayton, P.K.; Sala, E.; Tegner, M.J.; Thrush, S. Marine reserves: Parks, baselines, and fisheries 

enhancements. Bull. Mar. Sci. 2000, 66, 617–634. 
311. Roberts, C.M.; Bohnsack, J.A.; Gell, F.; Hawkins, J.P.; Goodridge, R. Effects of marine reserves 

on adjacent fisheries. Science 2001, 294, 1920–1923. 
312. Gell, F.R.; Roberts, C.M. Benefits beyond boundaries: The fishery effects of marine reserves. 

Trends Ecol. Evol. 2003, 18, 448–455. 
313. Halpern, B.S. The impact of marine reserves: Do reserves work and does reserve size matter? 

Ecol. Appl. 2003, 13, S117–S137. 
314. Palumbi, S.R.; Gaines, S.D.; Leslie, H.; Warner, R.R. New wave: High-tech tools to help marine 

reserve research. Front. Ecol. Environ. 2003, 1, 73–79. 
315. Aburto-Oropeza, O.; Erisman, B.; Galland, G.R.; Mascareñas-Osorio, I.; Sala, E.; Ezcurra, E. 

Large recovery of fish biomass in a no-take marine reserve. PLoS One 2011, 6, 
doi:10.1371/journal.pone.0023601. 

316. Halpern, B.S.; Warner, R.R. Marine reserves have rapid and lasting effects. Ecol. Lett. 2002, 5, 
361–366. 

317. Micheli, F.; Halpern, B.S.; Botsford, L.W.; Warner, R.R. Trajectories and correlates of community 
change in no-take marine reserves. Ecol. Appl. 2004, 14, 1709–1723. 

318. Mosqueira, I.; Cote, I.M.; Jennings, S.; Reynolds, J.D. Conservation benefits of marine reserves 
for fish populations. Anim. Conserv. 2000, 3, 321–332. 



Diversity 2012, 4             
 

 

157 

319. Alcala, A.C.; Russ, G.R.; Nillos, P. Collaborative and community-based conservation of coral 
reefs, with reference to marine reserves in the Philippines. In Coral Reef Conservation; 
Cambridge University Press: New York, NY, USA, 2006; pp. 392–418. 

320. McClanahan, T.R.; Graham, A.J.; Wilson, A.K.; Letourneur, Y.; Fisher, R. Effects of fishery 
closure size, age, and history of compliance on coral reef fish communities in the western Indian 
Ocean. Mar. Ecol. Prog. Ser. 2009, 396, 99–109. 

321. Halpern, B.S.; Lester, S.E.; Kellner, J.B. Spillover from marine reserves and the replenishment of 
fished stocks. Environ. Conserv. 2010, 36, 268–276. 

322. Birkeland, C.; Friedlander, A.M. The Importance of Refuges for Reef Fish Replenishment in 
Hawai’i; Hawaii Audubon Society: Honolulu, HI, USA, 2001. 

323. Birkeland, C.; Dayton, P.K. The importance in fishery management of leaving the big ones. 
Trends Ecol. Evol. 2005, 20, 356–358. 

324. Palumbi, S.R. Marine reserves and ocean neighborhoods: The spatial scale of marine 
neighborhoods and their management. Annu. Rev. Environ. Resour. 2004, 29, 31–68. 

325. Christie, M.R.; Tissot, B.M.; Albins, M.A.; Beets, J.P.; Jia, Y.; Ortiz, D.M.; Thompson, S.E.; 
Hixon, M.A. Larval connectivity in an effective network of marine protected areas. PLoS One 
2010, 5, doi:10.1371/journal.pone.0015715. 

326. Le Quesne, W.J.F.; Hawkins, S.J.; Shepherd, J.G. A comparison of no-take zones and traditional 
fishery management tools for managing site-attached species with a mixed larval pool. Fish Fish. 
2007, 8, 181–195. 

327. Trexler, J.C.; Travis, J. Can marine protected areas restore and conserve stock attributes of reef 
fishes? Bull. Mar. Sci. 2000, 66, 853–873. 

328. Simberloff, D. No reserve is an island: Marine reserves and nonindigenous species. Bull. Mar. 
Sci. 2000, 66, 567–580. 

329. Allison, G.W.; Gaines, S.D.; Lubchenko, J.; Possingham, H.P. Ensuring persistence of marine 
reserves: Catastrophes require adopting an insurance factor. Ecol. Appl. 2003, 13, S8–S24. 

330. Allison, G.W.; Lubchenco, J.; Carr, M.H. Marine reserves are necessary but not sufficient for 
marine conservation. Ecol. Appl. 1998, 8, S79–S92. 

331. McClanahan, T.R. Is there a future for coral reef parks in poor tropical countries? Coral Reefs 
1999, 18, 321–325. 

332. Sutinin, J.G.; Kuperan, K. A socio-economic theory of regulatory compliance. Int. J. Soc. Econ. 
1999, 26, 173–191. 

333. Mora, C.; Andréfouët, S.; Costello, M.J.; Kranenberg, C.; Rollo, A.; Veron, J.; Gaston, K.J.; 
Myers, R.A. Coral reefs and the global network of marine protected areas. Science 2006, 312, 
1750–1751. 

334. Kelleher, G.; Bleakley, C.; Wells, S. A Global Representative System of Marine Protected Areas; 
The World Bank: Washington, DC, USA, 1996. 

335. Roberts, C.; Hawkins, J.P.; Gell, F.R. The role of marine reserves in achieving sustainable 
fisheries. Phil. Trans. R. Soc. B 2005, 360, 123–132. 

336. Bohnsack, J.A. A comparison of the short-term impacts of no-take reserves and minimum size 
limits. Bull. Mar. Sci. 2000, 66, 635–650. 



Diversity 2012, 4             
 

 

158 

337. Tyler, E.H.M.; Speight, M.R.; Henderson, P.; Manica, A. Evidence for a depth refuge effect in 
artisanal coral reef fisheries. Biol. Conserv. 2009, 142, 652–667. 

338. Hastings, A.; Botsford, L.W. Equivalence in yield from marine reserves and traditional fisheries 
management. Science 1999, 284, 1537–1538. 

339. Game, E.T.; Bode, M.; McDonald-Madden, E.; Grantham, H.S.; Possingham, H.P. Dynamic 
marine protected areas can improve the resilience of coral reef systems. Ecol. Lett. 2009, 12, 
1336–1346. 

340. Kramer, D.L.; Chapman, M.R. Implications of fish home range size and relocation for marine 
reserve function. Environ. Biol. Fishes 1999, 55, 65–79. 

341. Agardy, T.; Notarbartolo di Sciara, G.; Christie, P. Mind the gap: Addressing the shortcomings 
of marine protected areas through large scale marine spatial planning. Mar. Policy 2011, 35, 
226–232. 

342. Willis, T.J.; Millar, R.B.; Babcock, R.C.; Tolimieri, N. Burdens of evidence and the benefits of 
marine reserves: Putting Descartes before des horse? Environ. Conserv. 2003, 30, 97–103. 

343. McClanahan, T.R.; Kaundaara, R. Fishery recovery in a coral reef marine park and its effect on 
the adjacent fishery. Conserv. Biol. 1996, 10, 1187–1199. 

344. Russ, G.R.; Alcala, A.C. Marine reserves- rates and patterns of recovery and decline of large 
predatory fish. Ecol. Appl. 1996, 6, 947–961. 

345. Hilborn, R. Faith-based fisheries. Fisheries 2006, 31, 554–555. 
346. Edgar, G.J.; Bustamante, R.H.; Farina, J.M.; Calvopina, M.; Martinez, C.; Toral-Granda, M.V. 

Bias in evaluating the effects of marine protected areas: The importance of baseline data for the 
Galapagos Marine Reserve. Environ. Conserv. 2004, 31, 212–218. 

347. Bohnsack, J.A.; Causey, B.; Crosby, M.P.; Griffis, R.B.; Hixon, M.A.; Hourigan, T.F.;  
Koltes, K.H.; Maragos, J.E.; Simons, A.; Tilmant, J.T. A Rationale for minimum 20–30%  
no-take protection. In Proceedings of the 9th International Coral Reef Symposium, Bali, 
Indonesia, 23–27 October 2000; Volume 2, pp. 615–619. 

348. Roberts, C.M. Selecting marine reserve locations: Optimality versus opportunism. Bull. Mar. Sci. 
2000, 66, 581–592. 

349. Foale, S.; Manele, B. Social and political barriers to the use of marine protected areas for 
conservation and fishery management in Melanesia. Asia Pac. View. 2004, 45, 373–386. 

350. Crawford, B.; Kasmidi, M.; Korompis, F.; Pollnac, R.B. Factors influencing progress in 
establishing community-based marine protected areas in Indonesia. Coast. Manag. 2006, 34,  
39–64. 

351. Hilborn, R.; Stokes, K.; Maguire, J.J.; Smith, T.; Botsford, L.W.; Mangel, M.; Orensanz, J.; 
Parma, A.; Rice, J.; Bell, J.; et al. When can marine reserves improve fisheries management? 
Ocean Coast. Manag. 2004, 47, 195–295. 

352. Game, E.T.; Lipsett-Moore, G.; Hamilton, R.J.; Peterson, N.; Kereseka, J.; Atu, W.; Watts, M.; 
Possingham, H.P. Informed opportunism for conservation planning in the Solomon Islands. 
Conserv. Lett. 2011, 4, 38–46. 

353. Cinner, J.E. Designing marine reserves to reflect local socioeconomic conditions: Lessons from 
long-enduring customary management systems. Coral Reefs 2007, 26, 1035–1045. 



Diversity 2012, 4             
 

 

159 

354. Jobbins, G. Tourism and coral-reef-based conservation: Can they coexist? In Coral Reef 
Conservation; Côté, I.M.; Reynolds, J.D., Eds.; Cambridge University Press: Cambridge, UK, 
2006; pp. 237–263. 

355. Fenner, D. A healthy Caribbean coral reef assisted by diving tourism. Reef Encount. 2001, 30, 
27–28. 

356. Hand, T. An Economic and Social Evaluation of Implementing the Representative areas Program 
by Rezoning the Great Barrier Reef Marine Park; Great Barrier Reef Marine Park Authority: 
Townsville, Australia, 2003. 

357. Vianna, G.M.S.; Meekan, M.G.; Pannell, D.; Marsh, S.; Meeuwig, J. Wanted Dead or Alive? The 
Relative Value of Reef Sharks as a Fishery and an Ecotourism Asset in Palau; Australian 
Institute of Marine Science, University of Western Australia: Perth, Australia, 2010. 

358. Brander, L.M.; van Beukering, P.; Cesar, H.S.J. The recreational value of coral reefs: A  
meta-analysis. Ecol. Econ. 2007, 63, 209–218. 

359. Mascia, M.B.; Claus, A. A property rights approach to understanding human displacement from 
protected areas: The case of marine protected areas. Conserv. Biol. 2008, 23, 16–23. 

360. Sykes, H.; Reddy, C. “Sacred Water”; 10 years of community managed marine protection 
supported by ecotourism-based income generation at Waitabu Marine Park, Fiji Islands.  
In Proceedings of the 11th Pacific Intersicience Congress (PSI 2009), Tahiti, French Polynesia,  
2–6 March 2009. 

361. Brunnschweiler, J.M. The Shark Reef Marine reserve: A marine tourism project in Fiji involving 
local communities. J. Sustain. Tour. 2010, 18, 29–42. 

362. Johannes, R.E. Traditional conservation methods and protected marine areas in Oceania. Ambio 
1982, 11, 258–261. 

363. Aswani, S.; Hamilton, R.J. Integrating indigenous ecological knowledge and customary sea 
tenure with marine and social science in the Rovianna Lagoon, Solomon Islands. Environ. 
Conserv. 2004, 31, 69–83. 

364. Drew, J.A. Use of traditional ecological knowledge in marine conservation. Conserv. Biol. 2005, 
19, 1286–1293. 

365. Cinner, J.; Marnane, M.J.; McClanahan, T.R.; Almany, G.R. Periodic closures as adaptive  
coral reef management in the Indo-Pacific. Ecol. Soc. 2005, 11, Article 31. Available online: 
http://www.ecologyandsociety.org/vol11/iss1/art31/ (accessed 2 March 2012). 

366. Johannes, R.E.; Freeman, M.M.R.; Hamilton, R.J. Ignore fishers’ knowledge and miss the boat. 
Fish Fish. 2000, 1, 257–271. 

367. Christie, P.; White, A.T. Best practices for improved governance of coral reef marine protected 
areas. Coral Reefs 2007, 26, 1047–1056. 

368. Hviding, E. Traditional institutions and their role in the contemporary coastal resource 
management in the Pacific Islands. Naga ICLARM Q. 1991, 14, 3–6. 

369. Cinner, J.E.; Aswani, S. Integrating customary management into marine conservation. Biol. 
Conserv. 2007, 140, 201–216. 

370. Foale, S.; Cohen, P.; Januchowski-Hartley, S.; Wenger, A.; Macintyre, M. Tenure and taboos: 
Origins and implications for fisheries in the Pacific. Fish Fish. 2011, 12, 357–369. 



Diversity 2012, 4             
 

 

160 

371. Cinner, J.E. Socioeconomic factors influencing customary marine tenure in the Indo-Pacific. 
Ecol. Soc. 2005, 10, 1–14. 

372. Johannes, R.E. The renaissance of community-based marine resource management in Oceania. 
Annu. Rev. Ecol. Syst. 2002, 33, 317–340. 

373. Bartlett, C.Y.; Manua, C.; Cinner, J.; Sutton, S.; Jimmy, R.; South, R.; Nilsson, J.; Raina, J. 
Comparison of outcomes of permanently closed and periodically harvested coral reef reserves. 
Conserv. Biol. 2009, 23, 1475–1484. 

374. Williams, I. D.; Walsh, W.J.; Miyasaka, A.; Friedlander, A.M. Effects of rotational closure on 
coral reef fishes in Waikiki-Diamond head fishery management area, Oahu, Hawaii. Mar. Ecol. 
Prog. Ser. 2006, 310, 139–149. 

375. Gerber, L. R.; Botsford, LW.; Hastings, A.; Possingham, H.P.; Gaines, S.D.; Palumbi, S.R.; 
Andelman, S. Population models for marine reserve design: A retrospective and prospective 
synthesis. Ecol. Appl. 2003, 13, S47–S64. 

376. Valderrama, D.; Anderson, J.L. Improving utilization of the Atlantic Sea Scallop resource: An 
analysis of rotational management of fishing grounds. Land Econ. 2007, 83, 86–103. 

377. Ruddle, K. Traditional management of reef fishing. In Reef Fisheries; Polunin, N.V.C.;  
Roberts, C.M., Eds.; Chapman & Hall: London, UK, 1996; pp. 315–335. 

378. McClanahan, T.R.; Marnane, M.J.; Cinner, J.E.; Kiene, W.J. A comparison of marine protected 
areas and alternative approaches to coral-reef management. Curr. Biol. 2006, 15, 1406–1413. 

© 2012 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


