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Abstract: Considerable empirical evidence supports recovery of reef fish populations with fishery closures. In
countries where full exclusion of people from fishing may be perceived as inequitable, fishing-gear restrictions
on nonselective and destructive gears may offer socially relevant management alternatives to build recovery
of fish biomass. Even so, few researchers have statistically compared the responses of tropical reef fisheries to
alternative management strategies. We tested for the effects of fishery closures and fishing gear restrictions
on tropical reef fish biomass at the community and family level. We conducted 1,396 underwater surveys at
617 unique sites across a spatial hierarchy within 22 global marine ecoregions that represented 5 realms.
We compared total biomass across local fish assemblages and among 20 families of reef fishes inside marine
protected areas (MPAs) with different fishing restrictions: no-take, hook-and-line fishing only, several fishing
gears allowed, and sites open to all fishing gears. We included a further category representing remote sites,
where fishing pressure is low. As expected, full fishery closures, (i.e., no-take zones) most benefited community-
and family-level fish biomass in comparison with restrictions on fishing gears and openly fished sites. Al-
though biomass responses to fishery closures were highly variable across families, some fishery targets (e.g.,
Carcharhinidae and Lutjanidae) responded positively to multiple restrictions on fishing gears (i.e., where gears
other than hook and line were not permitted). Remoteness also positively affected the response of community-
level fish biomass and many fish families. Our findings provide strong support for the role of fishing restrictions
in building recovery of fish biomass and indicate important interactions among fishing-gear types that affect
biomass of a diverse set of reef fish families.

Keywords: adaptive management, conservation planning, fisheries, global ecology

Restricciones en el Equipo de Pesca y las Ganancias de Biomasa para loa Peces de Arrecifes de Coral en Áreas
Marinas Protegidas

Resumen: Hay fuertes evidencias empı́ricas que respaldan la recuperación de las poblaciones de peces de
arrecifes con el cierre de las pesqueŕıas. En los paı́ses en los que la exclusión total de pescadores puede ser
percibida como injusta, las restricciones de equipos de pesca para equipos no selectivos y destructivos pueden
ofrecer alternativas de manejo socialmente relevantes para construir la recuperación de la biomasa de los
peces. Aún aśı, pocos investigadores han comparado estadı́sticamente las respuestas de las pesqueŕıas de
peces tropicales de arrecifes a las estrategias de manejo alternativo. Probamos los efectos de los cierres de las
pesqueŕıas y las restricciones del equipo de pesca sobre la biomasa de peces tropicales a nivel familia y a nivel
comunidad. Realizamos 1,396 censos submarinos en 617 sitios únicos a través de una jerarquı́a espacial
dentro de 22 ecoregiones marinas mundiales que representaron cinco ámbitos. Comparamos la biomasa total
entre los grupos de peces locales y entre 20 familias de peces de arrecife dentro de áreas marinas protegidas
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(AMP) con diferentes restricciones para la pesca: pesca prohibida, pesca de anzuelo y sedal únicamente, varios
equipos de pesca permitidos, y sitios abiertos a todo tipo de equipos de pesca. Incluimos una categoŕıa más
que representó a los sitios remotos, en donde la presión por la pesca es baja. Como se esperaba, el cierre total
de las pesqueŕıas (es decir, zonas de pesca prohibida) benefició más a nivel de la comunidad y de la familia
la biomasa de los peces en comparación con las restricciones para los equipos de pesca y los sitios con pesca
abierta. Aunque las respuestas en la biomasa al cierre de las pesqueŕıas fueron altamente variables entre
familias, algunos objetivos de la pesca (p. ej.: Carcharinidae y Lutjanidae) respondieron positivamente a las
restricciones múltiples para los equipos de pesca (es decir, en donde no estaban permitidos otros equipos
además del sedal y el anzuelo). La lejanı́a también afectó positivamente la respuesta de la biomasa de peces
a nivel de comunidad y de muchas familias. Nuestros resultados proporcionan un fuerte respaldo para el
papel de las restricciones de pesca en la construcción de la recuperación de la biomasa de peces e indican
interacciones importantes entre los tipos de equipos de pesca que afectan a la biomasa de un conjunto diverso
de familias de peces de arrecife.

Palabras Clave: ecoloǵıa global, manejo adaptativo, pesqueŕıas, planeación de la conservación

Introduction

Fishery closures clearly promote the recovery of fish
biomass following exploitation (Russ et al. 2005; MacNeil
et al. 2015). Even so, fishing is an important activity in
many tropical countries, and fishers rely on fishing for
their income and subsistence. Where management insti-
tutions are often weak or missing (Walker et al. 2009),
governments and communities may adopt some inter-
mediate form of fisheries protection between no-take
protected areas and openly fished sites to improve fish-
biomass recovery (McClanahan et al. 2011).

Fishery closures and other restrictions on fishing, in-
cluding periodic closures (Cohen & Alexander 2013),
gear controls (McClanahan et al. 2014), and rights-based
approaches that allocate fisheries to individuals or com-
munities (Aswani 2005), are commonly implemented to-
gether in marine protected areas (MPAs) or may operate
independent of each other. When implemented together,
areas with fishing restrictions nested within MPAs may
achieve both conservation and fisheries goals. Commu-
nity, family and functional-level fish biomass (Gillett &
Moy 2006; McClanahan et al. 2011, 2014) benefit from
the complementary effects of fishery closures and fishing
restrictions, and such protection contributes to improved
fishing yields relative to openly fished areas (McClana-
han & Mangi 2000; McClanahan 2010) and to economic
sustainability of fisheries (Mangi et al. 2007; Little et al.
2010).

Fishing-gear restrictions have substantial effects on the
composition of functional groups (MacNeil et al. 2015)
because gears impose unique and consistent partitioning
of the species and families they target. Generally, hook-
and-line fisheries target large-bodied fishes and piscivores
(Mumby et al. 2014), nets catch a diversity of fishes
(Mangi & Roberts 2007), and spearguns and traps tar-
get herbivores and piscivores (e.g., Hawkins et al. 2007;
Frisch et al. 2012).

Strong evidence exists for the recovery of community-,
family-, and functional-level fish biomass in fishery clo-

sures and where restrictions on destructive gears are
strong (McClanahan et al. 2007; 2011; 2014). Catches of
various fish families have also benefited from restrictions
on fishing gears in areas located close to fishery closures
(McClanahan & Mangi 2000; McClanahan 2010). How-
ever, it is still unclear to what extent such restrictions
may provide intermediate benefits to the recovery of fish
populations, and the level of response that occurs within
and among fish families to various fishing controls is un-
known. Such knowledge could provide more informed
and broadly applicable management decisions regarding
fishing-gear use (Johnson et al. 2013).

We examined the effects of fishing-gear restrictions on
biomass of tropical reef fishes. We predicted that total fish
biomass would respond positively at sites where 3 types
of restrictions on fishing activity (no fishing, line fishing
only, multiple fishing gears) occurred in MPAs relative to
sites outside MPAs, where there were no restrictions on
fishing. We quantified the sensitivity of 20 fish families
to gear restrictions according to whether the family was
primarily targeted for commercial markets, local markets,
or were rarely fished. Our prediction was that more com-
monly targeted families would be relatively responsive to
fishing restrictions.

Methods

Study Region and Survey Methods

From September 2006 to November 2012, 1396 under-
water surveys were conducted at depths from 0.5 m to
22 m (50 × 10 m transects) at sites open to fishing (n =
168), MPAs with gear restrictions (n = 173), and no-
take MPAs (n = 265) in 5 realms (Fig. 1). Fish species,
abundance, and size classes were recorded, using meth-
ods and data-quality control processes described in Edgar
and Stuart-Smith (2014), by professional scientists and
trained volunteer divers. Divers laid a 50-m transect line
and surveyed fishes within duplicate 5-m strips on ei-
ther side of the line (total area surveyed 500 m2). All
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Figure 1. Location of 1,396 surveys at 617 unique sites across 12 countries in tropical waters: (a) 117 surveys with
heavy fishing surveyed in 8 countries and 213 surveys in remote sites with fishing outside marine protected areas
(MPAs) in 2 countries; (b) 92 surveys with several fishing gears surveyed in 3 countries and 287 surveys with line
fishing in MPAs surveyed in 5 countries; (c) 687 surveys with no fishing inside MPAs surveyed in 11 countries.
Biomass was contrasted across different gear categories after accounting for the spatial structure in the data.

fish species present in each survey were identified to
species, and their abundances and sizes were estimated.
Fish lengths were grouped in 2.5-cm bins up to 15 cm,
5-cm bins up to 50 cm, and 12.5-cm bins for fishes >50
cm. Fish biomass (grams per 500 m2) was estimated using
the abundance and sizes of fishes observed and species-
specific length–weight relationships provided in Fish-
Base (http://www.fishbase.org). When length–weight re-
lationships were unknown for a species, we used values
from a similarly shaped congener.

Fishing-Gear Restriction Parameterization

We examined whether fishing-gear restrictions across
22 MPAs influenced fish biomass in comparison with
locations entirely open to fishing. We determined fishing
restrictions in place at each survey site by examining MPA
management plans and zoning maps and through discus-
sions with local MPA practitioners. To identify the exact
location of survey sites in management zoning plans, we
used Google Earth to overlay MPA maps with coordinates

of the 438 unique sites inside MPAs. Sites were catego-
rized as 1 of 5 types of fishing: no fishing, only hook-
and-line fishing (hereafter line fishing); multiple fishing
gears (most commonly various types of nets, spears, and
hook and line); low fishing pressure (>200 km from
densely populated human settlements) (hereafter remote
fishing); and high fishing pressure (nearshore) (hereafter
heavily fished). Inshore sites open to fishing tended to
have human population densities at least an order of
magnitude greater than remote sites (Edgar et al. 2014).
Sites with no fishing, hook-and-line fishing, and multiple
gears were in MPAs, and the other 2 types were outside
MPAs.

Analysis of Summed Biomass

To test for differences in the biomass of local fish
communities, we applied a mixed-effects linear modeling
approach fitted using maximum likelihood (function
lme in the package nlme [Pinheiro et al. 2015]). We
log transformed community-level biomass data for this
analysis, which provided a better fit relative to
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alternatives for modeling overdispersed data, such
as a general linearized model with family equal to
quasi-Poisson and link equal to log. Multimodel inference
produced model-averaged parameter estimates based
on AICc (Akaike information criterion corrected for
small sample sizes) for all fixed effects (gear restrictions
and covariates) included in the global model. The
component model set (Table 1) included models within
a 95% confidence threshold (summed weight based
on AICc [Burnham & Anderson 2002]) calculated with
the package MuMIn (Bartoń 2009) and the function
model.avg (missing coefficients were set to 0).

The fixed effects of survey depth and MPA age were
included as covariates—larger bodied fishes are often
found in deeper waters (Goezte et al. 2011) and long-
term establishment of MPAs can contribute to recovery
and enhancement of fish biomass (Edgar et al. 2014).
Direct positive influences of low human population den-
sities through low fishing pressure may be dampened
over regional scales if driving factors such as market
pressure lead to high exploitation (Cinner et al. 2013).
We therefore measured the distance from our survey sites
to the closest provincial township (distance to market)
under the assumption that shorter distances from fishing
grounds to townships imply greater market access and
greater potential for depletion of fish populations. We
also fitted a polynomial term (site latitudeˆ2) to the rela-
tionship between biomass and latitude because biomass
showed no consistent trend across tropical latitudes but
was lower in higher latitudes.

We aimed to account for biogeographic patterns not
because of a focus on biogeographic patterns, but to
ensure our global estimates of coefficients related to gear
restrictions were not confounded by spatial structuring
of the data. There were multiple site-specific parameters
that differed across the areas surveyed. Some were
possible to estimate (e.g., sea surface temperature),
whereas others could not be measured directly (e.g.,
productivity). A discussion and analysis of parameters
related to physical (chlorophyll and temperature) and
habitat properties (coral cover) across sites is provided in
Supporting Information. Including the spatial structure of
the data as nested random effects on our model intercept
(realm, ecoregion, and site; Spalding et al. 2007) func-
tioned as a blocking factor and controlled for geographic
variation in biomass. The nested spatial structure also
accounted for nonrandom sampling across space in
coefficient estimation (i.e., categories of fishing-gear re-
strictions were not evenly represented across ecoregions
[Fig. 1]). Tables 1 and 2 summarize the model structure
and results.

Analysis of Family-Level Summed Biomass

Fishery targets can vary substantially among different
countries in the tropics, according to demands from

Table 1. A model-average approach included 3 component models to
produce parameter estimates reported in Table 2. Six fixed effects are
identified as follows: 1 = Fishing restrictions, 2 = Survey depth, 3 =
log10(MPA age + 1), 4 = log10(Distance to market), 5 = Latitude,
and 6 = Latitudeˆ2.

Component modela df AICcb Deltac Weightd

1,2,3,6 16 1458.57 0.00 0.55
1,2,3,4,6 17 1460.17 1.59 0.25
1,2,3,5,6 17 1460.50 1.93 0.21

aSix fixed effects are identified as follows: 1, fishing restrictions; 2,
survey depth; 3, log10(MPA age+1); 4, log10(Distance to market); 5,
latitude; 6, latitudeˆ2.
bThe small-sample-size corrected version of Akaike information cri-
terion (AIC), a statistic used to measure goodness of fit for a model.
cChange in AICc.
dWeight of each model used to calculate the parameter estimates
reported in Table 2.

domestic and export markets and localized human di-
etary preferences. Based on our knowledge of the use
of fish in each country surveyed, we tested the re-
sponses of families commonly fished for commercial
markets (i.e., Carangidae, Carcharhinidae, Lutjanidae, Ser-
ranidae) and local markets (i.e. Acanthuridae, Balistidae,
Caesionidae, Haemulidae, Holocentridae, Kyphosidae,
Lethrinidae, Mullidae, Pomacanthidae, Scarinae, Scor-
paenidae, Siganidae) and of families that are rarely
fished (i.e., Chaetodontidae, Cirrhitidae, Pomacentridae,
Tetraodontidae) to fishing restrictions. For families tar-
geted for export and domestic commercial markets,
we expected a positive response to fishing restrictions,
whereas for the 12 families fished for local markets we
expected a varied response to fishing restrictions because
fishing pressure may vary according to local preferences.
For those families rarely fished, we did not expect high
levels of sensitivity to fishing restrictions.

To test for differences in the summed biomass for each
of 20 common coral reef fish families among each of
the 5 fishing categories, we used a generalized linear
mixed-effects model with a zero-inflation term (fitted as
a constant term across all groups where the zero-count
outcomes are a mixture of structural and sampling zeros)
and a Gaussian distribution with the function glmmadmb
in the package glmmADMB (Skaug et al. 2014). We log
transformed the biomass response data prior to the analy-
sis because this approach offered the best fit to the data.
The nested random effect of (realm or province) was
included as a random effect in each model to account
for geographic differences in family-level biomass and
spatial structuring of the data (as detailed above). The
model structure and results are reported in Supporting
Information.

Back Transformation of Biomass Data to Percent Differences

In all models, coefficients (95% CI) represented
treatment contrasts for each type of fishery-restriction
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Table 2. Average coefficient estimates returned using a linear mixed-effects modeling approach fitted with a zero-inflation term and Gaussian data
distribution to test for the relationship between fishing-gear restriction categories and community-level fish biomass.∗

Fixed effect Estimate SE z p 2.5% CI 97.5% CI

Intercept 4.444 0.091 48.842 <0.001 4.266 4.622
Fishing restrictions
remote fishing 0.250 0.089 2.783 0.005 0.074 0.426
several fishing gears 0.026 0.117 0.223 0.824 −0.204 0.257
line fishing 0.137 0.110 1.246 0.213 −0.079 0.354
no fishing 0.211 0.101 2.090 0.037 0.013 0.408
Covariates
survey depth 0.010 0.003 3.442 <0.001 0.004 0.016
log10(MPA age+1) 0.197 0.084 2.343 0.019 0.032 0.363
log10(Distance to market) 0.023 0.034 0.689 0.491 −0.043 0.090
Latitude −0.001 0.003 0.356 0.721 −0.007 0.005
Latitudeˆ2 −0.001 0.0001 3.858 <0.001 0.001 −0.0003

∗
Sites with heavy fishing are the intercept - the reference for the contrast treatments. We accounted for 5 covariates that affect total fish biomass

at the community level (Table 1). A model average approach was used, and the component models are reported in Table 1. The standard
deviation explained by the random effects was: realm, 0.08; Ecoregion nested in realm, 0.13; site nested in ecoregion nested in realm, 0.27; and
residual standard deviation, 0.33.

category relative to the reference, heavy fishing sites.
Because our biomass data were log transformed prior
to analyses, the coefficients returned from each model
(Table 2 and Supporting Information) needed to be back
transformed to raw units (grams per 500 m2) and were
subsequently converted into a percent difference (i.e.,
higher or lower) relative to heavy fishing sites (which
were scored as 0). This conversion was completed by
first back transforming the intercept parameter from the
summary table—the estimate for heavy fishing, β1. For
each gear category, we added the intercept parameter to
the appropriate coefficient from the summary table, and
back transformed this value (Gi). The percent difference
is thus 100∗(β1+Gi)/β1. This approach was applied to
each gear category and to the upper and lower 95%
confidence limits.

Results

Analysis of Summed Biomass Across Communities

Community-level fish biomass at sites inside MPAs with
no fishing had significantly higher biomass values rela-
tive to sites open to fishing (62.4% higher; CI, 3.0–155.9;
p = 0.037). At sites inside MPAs with line fishing, the %
biomass increase relative to heavy fishing areas was not
significant (37.2%; CI, −16.6−125.9; p > 0.05). Biomass
in MPAs with several gear restrictions did not differ sig-
nificantly from heavy fishing locations (6.2%; p > 0.05)
(Fig. 2 and Table 2).

Although remote sites (e.g, Coral Sea) had higher
biomass relative to heavy fishing sites (77.7% higher; CI,
18.6–166.7; p = 0.005), the distance to the closest mar-
ket was not a significant covariate affecting community-
level fish biomass (Table 2). Survey depth and MPA age
significantly and positively affected community-level fish
biomass (Table 2).

Figure 2. Percent difference in community-level fish
biomass (95% CI) between heavily fished sites and
sites where 4 different types of fishery management
are applied in tropical waters. Values are back-
transformed; percent biomass difference is relative
to heavy fishing sites. Fishing management categories
(HF, heavy fishing; RF, remote fishing; SFG, several
fishing gears; LF, line fishing; NF, no fishing) were
analyzed with data from 1,066 surveys inside 21 MPAs
and 330 surveys outside MPAs. Estimated treatment
contrasts account for spatial structuring in the data.

Analysis of Summed Biomass across Different Families

For 9 families, biomass in MPAs with no fishing was sig-
nificantly higher than in heavy fishing sites. This also
was the case for 4 families in MPAs with line fishing and
for 5 families at remote fishing sites. However, biomass
was not significantly higher in MPAs with several gear
restrictions than in heavy fishing sites (Fig. 3).

For MPAs with no fishing, percent biomass difference
relative to heavy fishing areas for all 4 commercially
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Figure 3. Percent family-level biomass difference (95% CI) between heavily fished sites and sites where 4 different
types of fishery management are applied in tropical waters (n = 1,396 surveys) (gray, significant difference from
heavily fished sites; black, estimates with confidence intervals that cross zero [0% difference from heavy fishing
sites]). Heavy fishing and remote fishing sites are outside marine protected areas (MPAs), and sites with several
gears, line fishing, and no fishing are inside MPAs (HF, heavy fishing; RF, remote fishing; SFG, several fishing
gears; LF, line fishing; NF, no fishing).
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marketed families was significantly higher: Carangidae,
193% higher, p = 0.012; Carcharhinidae, 359% higher,
p = 0.014; Lutjanidae, 292% higher, p = 0.003; and
Serranidae, 298% higher, p < 0.001. Biomass of 4
of 12 locally marketed fish families was significantly
higher in no-fishing MPAs than in heavy fishing areas:
Balistidae, 274% higher, p < 0.001; Holocentridae, 193%
higher, p < 0.001; Scarinae, 46% higher, p = 0.034;
and Pomacanthidae, 93% higher, p = 0.002. Lethrinid
biomass was 236% higher in no-fishing MPAs than
in heavily fished areas, although this difference was
inconsistent across sites (Fig. 3; Supporting Information).

Several families had significantly higher biomass at
MPA sites with line fishing than at heavily fished sites:
Balistidae, 112% higher, p = 0.009; Holocentridae, 214%
higher, p < 0.001; Serranidae, 242% higher, p < 0.006;
Siganidae, 330% higher, p = 0.034; and Pomacentridae,
48% higher, p = 0.046.

The following families displayed significantly higher
biomass in remote fishing sites than in heavily fished
sites: Balistidae, 226% higher, p < 0.005; Holocentridae,
155% higher, p < 0.038; Lethrinidae, 297% higher, p
< 0.038; Lutjanidae, 248% higher, p < 0.042; and Ser-
ranidae, 425% higher, p < 0.001 (Fig. 3; Supporting
Information).

Discussion

Community- and family-level fish biomass differed
substantially from fishery-closure sites and sites where
there were restrictions on multiple fishing gears. This
finding implies that strict fishery closures and controls on
fishing-gear use could benefit reef fisheries. As expected,
complete fishery closures benefited overall fish biomass
more than restrictions on fishing gears, but the higher
biomass of many reef fish families at line-fishing sites
compared with sites fished with multiple gears and
at sites where there were no restrictions on fishing
(i.e., openly fished sites) suggest potentially important
differences in biomass and associated ecological
functions in areas subject to multiple gear restrictions
(McClanahan et al. 2014). We found a positive response
of community-level fish biomass at remote offshore sites
open to fishing, which was generally comparable to
the effect of fishery closures. Isolation is a key feature
of MPAs that exerts a relatively strong influence on
community-level fish biomass (Graham & McClanahan
2013; D’agata et al. 2016).

Although full closures provided the greatest benefit
to overall fish biomass, responses of reef fish families
to fishery closures were highly variable, which likely
reflects the unpredictable and slow recovery rates of
reef fish families, a characteristic that makes them highly
vulnerable to fishing (Russ & Alcala 2004; McClanahan
et al. 2007). Eight reef fish families, 4 of which are

targeted for export, benefited most from full protection.
Of these 8 families, large piscivores in the families
Haemulidae, Lutjanidae, and Serranidae are heavily
targeted by line fishers for export, but they are also
targeted by traps and spears (Mangi & Roberts 2007).
Balistids (triggerfishes) and pomacanthids (angelfishes)
are also caught by nets and targeted by spears (Campbell
& Pardede 2006), generally for local markets. Similarly,
holocentrids (soldierfishes) are targeted by fishers in
some Pacific countries, particularly in locations where
the prevalence of ciguatera among larger fish species
is high. Long-term fishing closures around coral reefs
can benefit many fish families vulnerable to multiple
gears, although recovery can take more than 10 years for
balistids and up to 20 years for slow-growing lethrinids,
lutjanids, and serranids (McClanahan et al. 2007).

Parrotfishes (subfamily Scarinae) also benefited from
full protection. Species-level data showed many species
that benefited were smaller-bodied species that graze
macroalgae and sediments on coral reefs. Recovery of
small- and medium-sized parrotfishes can take from 5 to
10 years (Stockwell et al. 2009), whereas large-bodied
species can take up to 25 years for full recovery (McClana-
han et al. 2007). Our finding that the overall biomass of
parrotfishes at remote sites showed little overall differ-
ence from biomass at heavily fished sites is also consistent
with findings that small- and medium-sized parrotfishes
are relatively resilient to fishing pressure (Bellwood et al.
2012) and that herbivore biomass can be maintained at
intermediate levels of fishing (MacNeil et al. 2015). The
vulnerability and subsequent depletion of large-bodied
bioeroding parrotfishes, in particular by spear fishing
(Bellwood et al. 2012), have elevated the relative effect
small- and medium-sized parrotfishes have on fished
coral reefs through mitigating processes that lead to reef
degradation (Hughes et al. 2010) and their contribution to
the livelihoods of artisanal fishers in the tropics (Hicks &
McClanahan 2012).

The positive effect of full protection identified for
Carangidae (jacks) is also consistent with global findings
that jacks are not dependent on isolation and age for
recovery but receive considerable protection from
fishing mortality within large, well-enforced, no-take
MPAs (Edgar et al. 2014). The high biomass of sharks we
found inside fishing closures was consistent with global
findings that these fishes receive considerable protection
from fishing mortality within large, well-enforced, and
old no-take MPAs (Edgar et al. 2014; Salinas de León et al.
2016) and was somewhat contrary to concerns that the
mobility of large pelagic species impedes recovery in
fully protected MPAs (Gruss et al. 2011). Both families
are highly targeted for commercial export and domestic
markets, and our findings imply that fishing-gear and
size restrictions and quotas to limit fishing effort
could be key strategies to building sustainable fishing
practices.
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Community-level fish biomass at remote fishing sites
was generally comparable to that at sites closed to fish-
ing, presumably because distance to human population
centers reduces fishing pressure at remote sites (Graham
& McClanahan 2013). The fishes that contributed to the
elevated community-level biomass at remote locations
included highly targeted and commercially exported lut-
janid, lethrinid, and serranid piscivores, whose small
home ranges make them sensitive to human fishing pres-
sure (Mellin et al. 2016). These fishes apparently benefit
from low fishing pressure (MacNeil et al. 2015) associated
with remoteness, where their vulnerability to fishing is
reduced (Estes et al. 2011; D’agata et al. 2016). Consistent
with these findings, although the effect was not signifi-
cant due to high local-scale variability, community-level
fish biomass was lowest in proximity to provincial towns,
indicating a negative effect of market access on fisheries
(Cinner et al. 2013). This result is also consistent with
findings that travel time from markets is a strong predic-
tor of fish biomass on coral reefs; protection of coral reef
areas near markets is weak compared with protection of
reefs more distant from markets or in areas where de facto
protection occurs due to isolation (Maire et al. 2016).

The benefits afforded the biomass of 5 reef fish families
from exclusive line fishing was most likely due to the re-
moval of fishing gears used to target specific fish families.
Prohibitions on nets that commonly select for siganids
(rabbitfishes) (Russ & Alcala 1998) is a likely contributing
factor explaining their higher biomass, whereas controls
on spear guns would benefit balistids (triggerfishes) and
serranids (groupers), which are selectively targeted by
spear fishers (Campbell & Pardede 2006). For the highly
valued groupers, which are generally targeted by spears
but are vulnerable to nonselective fishing with other
gears including line fishing, the benefits of exclusive
line fishing implies that targeted gear restrictions may
provide a more sustainable method of fishing relative to
uncontrolled use of spears, nets, and other gears. Such
strategies, if suitably targeted, could take advantage (e.g.,
through spillover processes) of the elevated piscivore
biomass in no-take areas globally (this study; Edgar et al.
2014; MacNeil et al. 2015).

The large variation in caesionid (fusiliers) biomass at
sites only fished with lines also suggests that prohibi-
tions on gears such as nets, which target planktivores
(Russ & Alcala 1998), may in some places benefit this
emergent fishery in the tropics. Our findings support
recent evidence that planktivore biomass can rise rapidly
when restrictions on fishing are in place (MacNeil et al.
2015). The lower biomass of caesionids in no-take zones
in MPAs than in areas where line fishing was permitted
may be a consequence of cascading ecological interac-
tions. Members of this family are important prey for reef
predators such as carangid jacks and carcharhinid reef
sharks, which appeared to be depressed in all sites except
MPAs closed to fishing. Partial protection may therefore

benefit prey species that may otherwise also be fished
heavily in areas with no fishing restrictions.

We suggest that appropriate fishing restrictions, such
as removing all fishing pressure other than line fishing,
can support fish biomass at levels higher than in openly
fished sites. Although there was marked variability across
locations in the response of biomass to gear restrictions
that led to a lack of general statistical significance,
some families and locations may retain high biomass
when fished with lines only. Similarly, bans on fishing
nets have protected a range of functional groups and
increase fish catches especially when located close to
fishery closures (McClanahan 2010), and spearfishing
controls improve parrotfish and serranid abundance
(Gillett & Moy 2006; Frisch et al. 2012; Yulianto et al.
2015). Modifications to traps can increase catch yields
and reduce the catch of immature lethrinid and siganid
species (Hicks & McClanahan 2012).

In some of the MPAs we studied, areas with fishing-
gear restrictions were near areas closed to fishing, and
higher biomass inside areas with multiple fishing restric-
tions may have occurred because of the so-called spillover
effect, in which movement of fish to adjacent areas leads
to increased fish biomass (Russ et al. 2005) and fish
catches (McClanahan & Mangi 2000). Most tropical reef
fisheries are now regarded as overfished, but substantial
net catch gains are possible through reduction in fishing
effort (Costello et al. 2012). Models suggest that the si-
multaneous use of fishery closures and fishing controls
on total allowable catch, facilitated through individual
transferable quotas, may result in higher biomass and net
economic returns compared with restrictions on fishing
effort and fishery closures (Little et al. 2010). Irrespective
of the mechanisms that led to biomass enhancement in
areas fished only by lines, our findings imply that across
tropical latitudes restrictions on fishing gears can have a
positive influence on biomass of targeted reef fishes.

Of the families rarely fished or infrequently fished for
local consumption, Pomacentridae and Tetraodontidae
had higher biomass in fishery closures, suggesting that
they may be affected by netting and illegal fishing with
dynamite in some locations. Pomacentrids can benefit
globally from large MPAs (Edgar et al. 2014), which,
although an unexpected result because they are not
directly fished, is consistent with our findings that fishing
restrictions afforded protection to their overall biomass.
Two families that are rarely fished and 3 families fished
for local consumption were not affected by any fishing-
restriction categories. Hence, we did not detect any
indirect depletion in their biomass from fishery closures
due to size and species-specific predatory controls.

The positive effect we found for MPA age on
community-level fish biomass parallels findings of
biomass buildup in older, well-enforced fishing closures
(Graham & McClanahan 2013; Edgar et al. 2014) and
in areas with restrictions on fishing gear (McClanahan
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et al. 2011). At the same time, the positive effect of
depth (included as a covariate) supports the notion that
shallow waters are more vulnerable to exploitation from
overfishing (Tyler et al. 2009) because gear availability
may limit the ability of artisanal fishers to fish depths
>15 m (Brokovich et al. 2008; Goezte et al. 2011).

Adopting culturally and socially appropriate fishing-
gear regulations in space (e.g., depth) and time may pro-
vide gains in biomass and associated ecological functions
if opportunity for fishery closures in MPAs are few or
enforcement potential is limited or likely to fail. In our
study, the weak or nonexistent responses of fish biomass
recovery to multiple fishing restrictions for some families
could potentially be due to factors driving large varia-
tions in compliance with fisheries controls. For young
and low-compliance fishery closures, bans on destruc-
tive and exploitative gears can potentially increase fish
biomass on reefs (McClanahan et al. 2014) and total catch
overall (Costello et al. 2012) and provide a first step to
demonstrating to fishing communities benefits from gear
restrictions before more targeted or nuanced fishing re-
strictions are achievable (Campbell et al. 2012).

Although areas with strict fishery closures had the
highest reef fish biomass at community and family levels,
restrictions on fishing gear use may also benefit some
targeted reef fish families, including those traded in in-
ternational and domestic markets. A priority for future
research is to assess whether controls on certain fishing
gears lead to increased fishing effort with permitted gears
and subsequent potential impacts on targeted fisheries.
Our findings support recent evidence that wilderness
areas support unique ecological values compared with
well-managed marine protected areas and may provide
the last refuges for vulnerable functional roles of fish
populations (D’agata et al. 2016). When interpreted in
the context of recent findings on the impacts of human
behavior on reef fisheries, we suggest that, although no-
fishing zones with high compliance provide the best
conservation outcomes, useful policies also include those
aimed at limiting and regulating human fishing pressures
through socially appropriate and practical fishery clo-
sures and fishing restrictions. These could be coupled
with combinations of appropriately tailored catch limits
and rights-based fisheries approaches that aim to improve
economic incentives and fishery outcomes for fishers
(Worm et al. 2009; Barner et al. 2015). We suggest that
such approaches would assist fisheries managers to over-
come some of the complexity inherent in multispecies
fisheries management and improve the chances of build-
ing food security in densely populated tropical countries.
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