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The worldwide decline of coral reefs necessitates targeting management solutions that can sustain reefs
and the livelihoods of the people who depend on them. However, little is known about the context in
which different reef management tools can help to achieve multiple social and ecological goals. Because
of nonlinearities in the likelihood of achieving combined fisheries, ecological function, and biodiversity
goals along a gradient of human pressure, relatively small changes in the context in which management is
implemented could have substantial impacts on whether these goals are likely to be met. Critically,
management can provide substantial conservation benefits to most reefs for fisheries and ecological
function, but not biodiversity goals, given their degraded state and the levels of human pressure they face.

A
t the forefront of ongoing efforts to sus-
tain coral reef ecosystems in the current
period of intense social and environ-
mental change is an increasing need to
simultaneously manage for multiple

goals, including fisheries, ecosystem function-
ing, and biodiversity (1, 2). However, critical
gaps remain in our capacity to effectively im-
plement this type of ecosystem-basedmanage-
ment approach in which multiple goals are
pursued simultaneously (3). In particular, little
is known about the context under which key
goals canbe simultaneouslymet and the degree
to which local management efforts can help to
meet them.
Here, we compiled data from~1800 tropical

reef sites across 41 countries, states, and ter-

ritories to examine the conditions under which
reefs simultaneously support three ecological
metrics reflecting key fisheries, ecological func-
tion, and biodiversity goals (4) (Fig. 1 and tables
S1 and S2). These are, respectively: (i) potential
stocks available for multispecies coral reef
fisheries, calculated as the biomass of fishes
>20 cm in total length (4) (Fig. 1 and table S2);
(ii) scraping potential, reflecting a specialized
ecological function performed by parrotfish
that is critical for the removal of algal biomass
and the provision of bare substrate for coral
settlement (4, 5) (table S2); and (iii) the diver-
sity of species traits (i.e., home range, body size,
diet, diurnal activity, schooling behavior, and
position in thewater column), which can under-
pin aspects of biodiversity such as community
assembly processes, ecosystem productivity, and
stability (6). Wemeasured trait diversity using
a generalization of the Shannon entropy index
accounting for both the dissimilarity of trait
values present in a reef fish community and
the spread of biomass across these trait values
(4, 7) (table S2). Our analysis shows that the
three metrics are not strongly related to each
other (r < 0.54; fig. S1).
To elucidate the capacity of reefs to simulta-

neously support multiple goals, we first devel-
oped reference conditions for each metric to
serve as benchmarks. Reference conditions (also
called reference points) are a key concept in
fisheries and conservation (8, 9) but are nascent
in coral reef science (10). As key reference con-
ditions, we used the top 10% value for each
metric (corrected for sampling) but also in-
cluded additional reference conditions (i.e., the
top 5 and 20%) in the supplementary materials
(4). We then set aspirational targets of 25, 50,
and 75% of reference conditions. When looking

at these aspirational targets across multiple
goals, we found that only 5% of reef sites
simultaneously had fish biomass, parrotfish
scraping, and trait diversity at 75% of reference
conditions (Fig. 1D). These sites, although reason-
ably rare, were geographically spread through
the Indian, Pacific, and Atlantic Ocean basins
(Fig. 1D). We found that 12.5% of sites simul-
taneously met the 50% target, and 29.3% of
sites met the 25% target (Fig. 1D)
To examine the context under which key

goals can be met, we first developed a series
of Bayesian hierarchical models that quantify
how the three ecological metrics are related
to key socioeconomic drivers of resource exploi-
tation while controlling for environmental con-
ditions and sampling techniques (4, 11, 12) (fig.
S2 and table S3). We then used the posterior
distributions from these models to calculate
how the probability of simultaneously meeting
multiple goals changes along a gradient of
human pressure while holding other covari-
ates constant (4) (Fig. 2 and figs. S3 and S4).
We measured human pressure as the size of
human populations in the surrounding sea-
scape divided by the accessibility (in minutes
of travel time squared) of our reef sites to them,
an adaptation of the economic gravity model
used to measure the “gravitational pull” of
interactions such as trade andmigration (4, 13).
Human pressure displayed the most consistent
negative relationships to our response variables
(fig. S2). The distribution of human pressure
and other key socioeconomic and environ-
mental covariates among our surveyed reefs
closely matched that of reefs globally (fig. S5).
The probability of openly fished reef sites
simultaneously having all threemetrics declined
with our measure of human pressure and the
ambitiousness of the conservation target (Fig.
2A). In other words, on openly fished reefs, it
is extremely unlikely that all three goals will
be simultaneously met where human pressure
is intense but this likelihood increases where
human pressure is low, particularly for the 25
and 50% targets. There was considerable vari-
ability in how the probability of meeting indi-
vidual goals changed along a gradient of human
pressure (Fig. 2, B to D).
A critical gap remains in understanding the

context in which different local management
tools can help to simultaneously achieve key
goals (14, 15). To address this, we first examined
the probability of reef sites in both fully pro-
tected Marine Protected Areas (MPAs) (where
fishing is prohibited) and restricted fishing
areas (where there are limitations on the fish-
ing gear used and who can access the fish-
ing grounds) in achieving key targets for the
individual and combined ecological metrics
(Fig. 2, E to L). We then calculated the con-
servation gains from using these different forms
of management along a gradient of human
pressure (15) (Fig. 2, M to X). By “conservation
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gains,”we refer to the difference in probability
of achieving a specific target (e.g., 25% of ref-
erence condition biomass) when fully protected
MPAs or fishery restrictions are implemented
relative to openly fished areas. This concept
addresses the idea that contexts with maximal
conservation gains highlight the best oppor-
tunities for management to have the biggest
impact; conversely, implementingmanagement
in contexts with minimal conservation gains
(either because goals are already being met or
because they are unlikely to be met regardless
ofmanagement) provides few returns for limited
conservation resources (16).
Critically, we found that both fully protected

MPAs and restricted fishing areas have the
potential to provide conservation gains but

the context under which these gains can be
maximized is highly variable depending on
both the goal and target (Fig. 2, M to X). For
simultaneously meeting fisheries, function,
and biodiversity, maximal conservation gains
are from fully protected MPAs in the lowest
human pressure locations for the most ambi-
tious target (75% of reference conditions) but
as targets become less ambitious, conservation
gains peak where human pressure is more in-
termediate (Fig. 2M). For all three targets, there
are minimal conservation gains in locations
where human pressure is most intense, which
means that in this context, management is
unlikely to help meet these goals. For each
independent goal, the context under which
conservation gains can be maximized varies

considerably (Fig. 2). Trait diversity is the least
responsive to management, with conservation
gains never reaching above 0.4.
We then simulated how the number of our

openly fished sites achieving key conservation
targets would change if a fully protected MPA
(Fig. 3) or fisheries restrictions (Fig S6) were
implemented, given the other conditions at
our reef sites. Our analysis reveals both key
opportunities and constraints in the capacity
for local management to simultaneously meet
multiple goals. For >50% of our fished sites,
the implementation of a fully protected MPA is
predicted to help achieve multiple goals (Fig.
3A). Conversely, <1% of the sites starting below
25% of reference conditions are predicted to
achieve the 75% of reference conditions target,
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Fig. 1. Meeting multiple goals on coral reefs. Shown is the distribution of
(A) the biomass of reef fish >20 cm (n =1798), (B) the parrotfish scraping
potential (n = 1662), and (C) the trait diversity (n = 1662), all in natural log
and corrected for sampling (4). Differences in the number of sites are because
one data provider collected data at the family level, which could not be used in

calculating parrotfish scraping potential or trait diversity. Parrotfishes were not
detected at 31% of our reef sites (fig. S1). (D) Sites that simultaneously have fish
biomass, parrotfish scraping potential, and trait diversity at >75% (purple), 50 to
75% (dark pink), 25 to 50% (light pink), and <25% (black) of reference conditions
(4). Points are jittered to allow for visualization of overlapping reef sites.
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I

Fig. 2. Estimated probability of reef sites having 25, 50, and 75% of reference
conditions (light, medium, and dark purple, respectively). Shown are the combi-
nation of fish biomass (>20 cm), parrotfish scraping potential, and trait diversity
(A) and each metric (B to D, respectively) for openly fished sites along a gradient of
human pressure (gravity). Separate estimates are provided for reef sites in fully pro-
tected MPAs, where fishing is prohibited (E to H), and with restricted fishing (I to
L). To highlight how the potential benefits of management change along a gradient of

human pressure (gravity), we extracted the difference in the probability of achieving each
target between MPAs and openly fished sites (M to P), restricted and openly fished
areas (Q to T), andMPAs and restricted areas (U toX). We plotted the partial effect of the
relationship between gravity and each target by setting all other continuous covariates
to 0 (because they were all standardized) and all categorical covariates to their most
common category (i.e., 4 to 10 m for depth, slope for habitat, standard belt transect
for census method). Gravity (x axis) is standardized, with an average of 0.
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highlighting how the broader seascape context
may stunt MPA potential in degraded reefs
(15). Indeed, more than half of the 87.4% of
openly fished reefs starting at <25% of refe-
rence conditions are predicted to remain in
that same category (Fig. 3A). Additionally,
our analysis showed that even where fishable
biomass is very low, scraping potential and trait
diversity are often >25% of reference condi-
tions (Fig. 3, B to D), a finding supported by
previous research showing that herbivores and
a diversity of traits can still persist on degraded
reefs (17).
In situations in which fishing prohibitions

are in direct conflict with achieving certain
fisheries goals, other forms of management
may be necessary (18). We found that fisheries
restrictions provide a similar, but typically lower
magnitude, pattern of conservation gains than
fully protectedMPAs, particularly for achieving
the combined goal and fisheries goal (Fig. 2, Q
to X, and fig S6). For parrotfish scraping po-
tential, fishing restrictions provide the same
conservation gains as MPAs, providing multiple
ways to achieve that specific goal (Fig. 2W).
Our findings provide guidance on what can

be realistically achieved with various forms
of local management regarding key fisheries,
ecological function, and biodiversity goals on
coral reefs. We highlight key pros and cons of
placingmanagement in different areas by dem-
onstrating how potential conservation gains
not only vary by goal, but are also strongly
dependent on both the ambitiousness of the
target and the context (Fig. 2 and figs. S3 and
S4). In particular, the potential for localmanage-

ment to help inmeeting goals is strongly related
to the amount of human pressure in the sur-
rounding seascape (Fig. 2 andS2). A key finding
is that conservation gains tend to change non-
linearly with human pressure, which means
that relatively small changes in the context in
whichmanagement is implemented could have
big impacts on whether key goals are likely to
be met (Fig. 2, M to X). This not only has im-
portant implications for the placement of new
MPAs, but is also relevant to how future socio-
economic changes such as infrastructure de-
velopment and population growth may affect
the efficacy of reef conservation. However, the
impacts of these changes could potentially be
buffered by making management more effec-
tive, for example, by leveraging insights about
using social norms and cognitive biases to im-
prove compliance (19, 20) and learning lessons
about key practices and processes from loca-
tions that have defied expectations of global
reef degradation (12, 21). Our global analysis
makes clear the limitations of local manage-
ment, especially in promoting certain aspects
of biodiversity such as trait diversity. Although
international action on climate change will
be crucial for ensuring a future for coral-
dominated reefs (1, 2), effective management
will also be crucial for sustaining reefs and the
millions of livelihoods that depend on them.
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Fig. 3. Conservation target outcomes from simulating the implementation of
fully protected MPAs in openly fished sites. Alluvial plots show the change in the
number of sites expected to achieve key conservation targets if MPAs were
implemented in our openly fished sites for (A) simultaneously meeting fish biomass,

parrotfish scraping potential, and trait diversity and (B to D) each goal, respectively.
The left side of each plot shows the current conditions and the right side shows
the expected conditions if MPAs were implemented. Black, <25%; light pink, 25 to
50%; dark pink, 50 to 75%; and purple, >75% of reference conditions.
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