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Sustainably managing ecosystems is challenging, especially for
complex systems such as coral reefs. This study develops critical ref-
erence points for sustainable management by using a large empir-
ical dataset on the coral reefs of the western Indian Ocean to inves-
tigate associations between levels of target fish biomass (as an
indicator of fishing intensity) and eight metrics of ecosystem state.
These eight ecological metrics each exhibited specific thresholds
along a continuum of fishable biomass ranging from heavily fished
sites to old fisheries closures. Three thresholds lay above and five
below a hypothesized window of fishable biomass expected to
produce a maximum multispecies sustainable yield (BMMSY). Evalu-
ating three management systems in nine countries, we found that
unregulated fisheries often operate below the BMMSY, whereas fish-
eries closures and, less frequently, gear-restricted fisheries were
within or above this window. These findings provide tangible man-
agement targets for multispecies coral reef fisheries and highlight
key tradeoffs required to achieve different fisheries and conserva-
tion goals.

human–environment interactions | sustainable fisheries | marine protected
areas | resilience | social–ecological systems

Coral reefs have proven difficult to manage sustainably, in part
because the multispecies nature of reef fisheries, the com-

plexity of trophic interactions, and the times scales on which
processes manifest may allow coral reefs to appear healthy long
after serious degradation has occurred (1, 2). This also means that
signs of degradation may not be readily apparent in the infor-
mation that many managers use to evaluate the condition of reef
systems [metrics such as catch data or coral cover (2)]. In addition,
most reefs are located in developing countries (3) where food
security concerns often take priority over conservation. In the
absence of reference points that signal when further exploitation
may have serious consequences for reef ecosystems, managers are
often unlikely tomake the socially and politically difficult decisions
to restrict fishing activities. A question of critical relevance to
scientists, managers, and resource users alike is whether mean-
ingful limits or reference points can provide effective warning of
conditions beyond which coral reef social–ecological systems incur
a risk of serious degradation and lost value (4, 5).
Here we examine where major changes in coral reef systems

occur along a gradient of fishable biomass, a readily measured
and managed variable, and explore how this can be used to define
key reference points that can help inform management decisions
(4, 6). We compiled information from more than 300 surveys of
shallow coral reefs from nine countries across the Indian Ocean
(Table S1 ). Survey sites spanned some 35° of latitude and 52° of
longitude and were evenly distributed among unregulated, re-
stricted, and fisheries closure management areas (details in SI
Methods). We used a suite of four statistical models (null, linear,
switch-point, and piecewise; SI Methods) to identify whether
broad trend and variance thresholds exist for eight ecological
metrics of benthic cover, herbivory, predation, and diversity along

a gradient of fishable biomass. We define a threshold as a marked
change in the variance or relationship between an ecosystem
driver and associated state variable. The ecosystem metrics as-
sessed here represent key ecological states and processes (Table
1). Although some of these metrics are interrelated, each captures
distinct information in terms of reef accretion, productivity,
and resilience.

Results and Discussion
For the majority of thresholds, the piecewise linear model was
selected (Table S2), whereby the slope of the linear fit became
markedly steeper below a specific fishable biomass. Variance
around the identified threshold points was greatest for macro-
algae cover, followed by the predation index, but was generally
small (Fig. 1 and Table S3), supporting the notion that these are
definitive threshold points for the region. The first, and most
variable, thresholds to be crossed were increases in the variance of
macroalgal cover at fishable biomass levels less than 1,130 kg/ha,
followed by a related increase in variance of the ratio of macro-
algae to living hard coral at 850 kg/ha, above which macroalgae
rarely dominated space over coral cover (Fig. 1). This finding
suggests that the appearance of macroalgal-dominated sites may
become more prevalent as fish biomass falls and that this is the
earliest warning point of change toward reef degradation in the
Indian Ocean. This finding fits with theory and studies of terres-
trial ecosystems where changes in state patchiness can precede
catastrophic shifts among ecosystem states (7, 8). It also supports
findings related to increased variance of fish populations being an
early indicator of instability (9) and other empirical and theo-
retical work suggesting that increased variability is an early in-
dicator of a state change (10). Note, however, that sites having
high coverage of macroalgae (i.e., >30%) were largely found
when fishable biomass was below ≈500 kg/ha. A third threshold
indicated a sharp decline in predation rates on tethered sea
urchins when fishable biomass was less than 640 kg/ha. Thus,
changes in macroalgal cover and a decline in predation of sea
urchins are likely to be the first indicators of fishing affecting
ecosystem processes, occurring with even moderate declines in
fish biomass.
Thresholds for five additional metrics were at fishable biomass

levels below 300 kg/ha, including fish species richness; the pro-
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portion of herbivorous fish in the fishable biomass; sea urchin
biomass; calcifying benthic organisms; and hard coral cover. Al-
though the biomass of herbivorous fish correlates with total
fishable biomass (suggesting that fishable biomass broadly relates
to herbivory), the proportion of herbivore biomass declines rap-

idly at low levels of total fishable biomass, suggesting that the ratio
captures unique, process-related information (Fig. 1E). Typically,
herbivores are one of the last remaining fishery-target groups in
catches of heavily exploited locations (11), as supported by the
proportion of herbivore biomass threshold at very low fishable
biomass levels shown here. The remaining species composition is
mainly microinvertebrate feeding fish, small planktivores, and
other small, nontarget fish species. Thresholds related to calci-
fying organisms, herbivorous fish, sea urchins, and numbers of fish
species are relatively close to the final threshold, coral cover.
Coral cover is highly variable, likely owing to the impact of the
widespread 1998 El Niño Southern Oscillation (ENSO)-driven
coral mortality event (12); however, coral cover declined sub-
stantially at fishable biomass below 90 kg/ha. The fact that coral
cover was the last threshold supports previous assertions that
coral cover is a poor metric of impending ecosystem collapse,
because it may be robust to reductions of underlying key pro-
cesses (2). When this threshold is crossed, we hypothesize that
ecosystem functioning is so altered that feedback mechanisms
may limit recovery on the short time scales relevant to manage-
ment (1, 2, 7, 8).
Ironically, coral cover is one of the most commonly measured

metrics for coral reef condition but was the least sensitive metric
to losses in fishable biomass. There is broad correspondence be-
tween this observed pattern and the documented trajectory of
Caribbean reefs, where severely overfished reefs were dominated
by very high cover of live corals until their sudden shift to domi-
nance by macroalgae following a die-off of the most abundant
grazing sea urchin (1). Together, these studies indicate that reefs
may appear healthy long after fishable biomass has been reduced
to the point that ecosystem function is jeopardized. This em-
phasizes the need for reference points that ensure management
actions are implemented before it is too late.
To examine how our results fit with fisheries management

concepts and to begin exploring whether this combination of
ecosystem and fisheries approaches could inform potential ref-
erence points for managers, we calculated a multispecies exten-
sion of the well-known maximum sustainable yield for single
stocks (13). Setting fisheries targets on the basis of historical
biomass and catch data has been a common approach to defining
reference points in multispecies fisheries (6, 13) and would also be
appropriate for coral reefs. We estimated unfished reef fish bio-
mass (B0) at≈1,200 kg/ha (±110 95% confidence interval; n=47)
by using unfished reference areas and the oldest no-take marine
parks in the region where asymptotes or fishable biomass equi-

Table 1. Ecological indicator metrics and processes represented by each metric

Metric Ecological change

Macroalgae, % cover Greater macrolagal cover indicative of declining palatable algal production and calcification,
declining herbivory, and possibly increased nutrient inputs

Ratio of macroalgae vs. hard coral. Increased macroalgae relative to coral indicative of rates of algal production
and declining calcification

Urchin predation index The metric is indicative of top-down control of processes influenced by sea urchin predators
(e.g., grazing). Lower index indicates lower rates of predation on invertebrates

Fish species richness Reflects changes and loses in functional groups important for ecological redundancy and
maintaining key processes

Sea urchin biomass Increasing biomass suggests increased biological erosion rates of reef substratum, loss of
coralline algae, and reef decay

Herbivorous fish as % of
total fishable biomass

Reduced % suggests declining secondary production available to fisheries and
reduced herbivory processes

Calcifying substrates % (hard
coral and calcifying algae)

Lower % indicative of declining reef accretion and loss of reef complexity and habitat structure

Hard coral substrate, % cover Lower % indicative of declining reef accretion, reef topographic complexity, benthic diversity,
and abundance of coral-dependent species and associated processes, including larval recruitment

Based on coral reef ecological studies (20–25) (SI Methods).
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Fig. 1. State of eight ecological indicator metrics among closed (red circles),
fishing-restricted (orange triangles), and unregulated (green circles) loca-
tions along a gradient of fishable biomass for reefs in the Indian Ocean. (A)
Percentage cover of macroalgae; (B) ratio of macroalgae to coral; (C) urchin
predation index; (D) numbers of fish species; (E) proportion of herbivorous
fish in total fishable biomass; (F) urchin biomass (kg/ha); (G) percentage
cover of calcifying substrates; (H) percentage cover of hard coral. Blue lines
represent the best-fit model, based on DIC (Methods), and solid black lines
indicate the thresholds (with 95% confidence intervals as dotted black lines)
predicted by the Bayesian models.
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libriums were known to have occurred (14) (SI Methods). From
this, we hypothesized a window of biomass-based multispecies
maximum sustainable yield (BMMSY) as ≈0.25–0.50 B0 (300 ± 28
to 600 ± 54 kg/ha) (6, 13). At the upper end, this heuristic window
matches the inflection of a logistic biomass model within a given
system (0.5 B0) and at the lower end matches length-based esti-
mates of optimal yield in stock-recruitment models (0.25 B0; SI
Methods). A broad window of BMMSY also acknowledges our
current uncertainty, particularly because tropical coral reef fish-
eries are likely to differ from lower diversity temperate fisheries.
We then compared our BMMSY window with the threshold

values for various ecosystem attributes (Fig. 2A). A key finding
from this study is that the lower end of the BMMSY window occurs
at biomass levels just above the five thresholds that occur in rapid
succession. Thus, at or below the lower limits of BMMSY, small
decreases in biomass may trigger a sequence of events leading to
declines in key ecosystem processes. Avoiding the associated
losses of ecosystem services requires monitoring of fishable bio-
mass and implementing fisheries restrictions to reduce effort
before biomass falls below ≈300 kg/ha and crosses the remaining
thresholds. One possible interpretation of these results is that the
three thresholds that fell above the BMMSY window could be
considered “warning points” of ecosystem decline, whereas the
five that fell below generate cause for alarm (Fig. 2A).
Despite the strong inferential power of this framework, using

one of the most readily measured and managed coral reef varia-
bles (fishable biomass), maintaining reef fisheries above desired
fishable biomass levels may be challenging. Many of the fisheries
management methods used in Western and industrialized fish-
eries, such as limiting fishing effort, have seldom succeeded in
tropical fisheries (4, 15). In contrast, gear restrictions and tem-
porary or small closures are more common and tend to be more
acceptable in the socioeconomic context of many tropical coun-
tries (16). As expected, pooling biomass data into the dominant
forms of tropical fisheries management by country—closures,

gear-restricted, and unregulated fished areas—shows that fishable
biomass generally increases as fishing restrictions become more
stringent (Fig. 2B). The dominant pattern is best represented at
the national scale by Kenyan reefs. Here biomass is above BMMSY
in moderately sized permanent fisheries closures, falls within the
BMMSY limits when fishing is restricted by gear, and below BMMSY
in unregulated fisheries.
Overall, fisheries closures tend to have fishable biomass levels

at or above the BMMSY window and most of the thresholds.
Among countries, conditions in both unregulated and gear-
restricted fisheries displayed high variability and in some coun-
tries have crossed many key thresholds. Restrictions on gear had
variable outcomes, but in several countries these management
systems operate at or below the BMMSY window. Very few gear-
restricted and unregulated fisheries were above the upper BMMSY
fishery target and urchin predation threshold. Deviations from
these ecological patterns are due to well-known effects, such as
low compliance with fisheries restrictions (Mauritius and Re-
union) and low fishing pressure (Madagascar, Maldives, and
Mayotte). For example, Maldivian fishable biomass was above all
thresholds, likely reflecting the large reef area and small human
populations, the traditional focus on pelagic tuna fisheries, and a
national priority for marine ecotourism (17).
Tradeoffs between fish yield, employment, and biodiversity are

common in fisheries (4, 6). However, in multispecies artisanal
fisheries, such as those on coral reefs, defining these tradeoffs is
particularly challenging. Our results provide some insight into
how different management options result in important socioeco-
nomic and ecological tradeoffs. We found that nonextractive uses,
as often found in protected areas, generally maintain reef systems
dominated by high calcification, with high predation and species
diversity. Such management systems may maximize benefits to
tourism markets and potentially provide benefits to fishers from
spillover and recruitment (18), but they also have high man-
agement costs that can result in conflict and displacement (4, 19).

Fig. 2. Linking ecological thresholds to fisheries manage-
ment. (A) Estimated fishable biomass thresholds (±SE) among
Indian Ocean (IO) reefs. Filled circles are posterior mean esti-
mates, and vertical lines are 95% confidence intervals. Hori-
zontal dotted lines define the boundaries of the hypothesized
0.25–0.5 BMMSY window. (B) Mean (±95% confidence inter-
vals) biomass of reef fishes by country and fisheries manage-
ment, for the studied regions based on sites. Countries on the
x axis are ordered by the log of national population per ki-
lometer of coastline, increasing from left to right.
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Additionally, in the western Indian Ocean, reef fisheries closures
are frequently small, surrounded by heavily fished areas, can have
limited compliance, and their rapid expansion and adoption will
be challenged by social and political realities. Unregulated and
gear-restricted fisheries tend to favor maximum employment
policies, but often with ecological impacts leading to losses in
critical ecosystem services. Where fishing is intense, biomass may
be reduced below critical thresholds, resulting in severe degra-
dation. Therefore, appropriate gear-based management, and ef-
fort and catch controls tailored to the local socioeconomic con-
text are required to complement closures and contribute to the
maintenance of reef ecosystems throughout the broader seascape.
Spatial environmental variation, time lags, nonequilibrium dy-

namics, and food web complexity contribute to the observed var-
iation among these study sites, and this adds to the challenge of
predicting the responses of management actions. For example,
feedbacks and time lags among reef ecosystem processes are
thought to slow the return time from sea urchin and macroalgal
states to dominance by calcifying coral and algae, even if stressors
are reduced (20, 21). Fish catch derived from nearshore fisheries
often come from multiple habitats, including seagrass, sand, and
pelagic areas. This adds to the difficulty of determining reference
points from fish catch—the most commonly collected metric in
fisheries. Consequently, ecological field studies and simple di-
agnostic metrics are needed to provide information about the state
of the ecosystem and to assist management decisions. The thresh-
olds we found integrate much ecological complexity across pro-
cesses that influence resource productivity—a critical advance-
ment in theory and practice. For managers charged with
maintaining desirable ecosystems, simple empirical information
based on the hypothetical–deductive scientific process is needed to
make decisions. The results in this study help inform tangible
targets for managers and provide new direction for further re-
search on the sustainability of coral reef fisheries.
It is not clear how appropriate the specific fisheries reference

points and thresholds we identified for the Indian Ocean are for
other coral reef regions. Given the similarity of dominant reef
species, functional groups, and food-web structure between the
Pacific and Indian oceans, it is likely that our findings have some
general applicability in the Pacific; however, the effects of variable
productivity and diversity may change relationships and shift the
biomass thresholds (22). The Caribbean and Indo-Pacific reefs
are different; Caribbean reefs are less productive and lack good

historical and contemporary reference points (23), and it is
therefore expected that BMSSY and ecological thresholds will re-
flect these differences. Importantly, the data and techniques we
present here provide one of the first frameworks for ecosystem-
based fisheries management of coral reefs that can be developed
and tested in other locations. Such development may include al-
ternate, context-specific, ecosystem state variables and processes.
Finally, our framework, where harvesting yields and ecological
threshold estimates are combined, should be applicable to eco-
system management beyond coral reefs.

Methods
Details are provided in SI Methods.

Data. Coral reef benthic habitat and associatedmobile faunawere surveyed at
157 individual sites across nine countries in the Indian Ocean, spanning ≈35°
latitude and ≈52° longitude. Data were collected from 1988 to 2009, resulting
in a database of 335 site–time combinations (Table S1). Of the 335 individual
surveys, 109 were in no-take fisheries closures, 109 were in areas with re-
strictions on gear use, and 117 were in areas fully open to all fishing gears.

Eight typesofecological datawere collectedandevaluated; biomass of reef
fish (kg/ha); species richness of reef fish (number per 500 m2); biomass of
herbivorous reef fish (scarids, acanthurids, and siganids; kg/ha); biomass of
reef fish capable of preying on sea urchins (balistids and labrids >30 cm; kg/
ha); sea urchin biomass (kg/ha); a predation index based on tethered sea
urchin assays (proportion of urchins preyed upon); cover of macroalgae (%);
hard coral cover (%); and cover of all calcifying organisms (hard corals, cor-
alline, and calcareous algae; %). These were used to calculate eight metrics
that were indicative of key reef states and processes. Bo was calculated from
surveys of marine parks and unfished reefs in the region (14).

Analysis. To identify and quantify the presence of potential thresholds in the
relationship between fishable biomass and each of the ecological metrics, we
compared four candidate linear models: a null model, linear model, switch-
point model, and piecewise linear model (Table S2). All models were run in a
Bayesian framework, and relative model support was assessed using the de-
viance information criterion (DIC), whereby lower-valued DIC scores provided
support for one model over another.
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