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Global mismatch between “shing dependency
and larval supply from marine reserves
Marco Andrello1, François Guilhaumon2, Camille Albouy3,4,5, Valeriano Parravicini6, Joeri Scholtens7,

Philippe Verley8, Manuel Barange9,10, U. Rashid Sumaila11, Stéphanie Manel1 & David Mouillot2,12

Marine reserves are viewed as ”agship tools to protect exploited species and to contribute to

the effective management of coastal “sheries. Yet, the extent to which marine reserves are

globally interconnected and able to effectively seed areas, where “sheries are most critical for

food and livelihood security is largely unknown. Using a hydrodynamic model of larval dis-

persal, we predict that most marine reserves are not interconnected by currents and that their

potential bene“ts to “shing areas are presently limited, since countries with high dependency

on coastal “sheries receive very little larval supply from marine reserves. This global mis-

match could be reversed, however, by placing new marine reserves in areas suf“ciently

remote to minimize social and economic costs but suf“ciently connected through sea cur-

rents to seed the most exploited “sheries and endangered ecosystems.
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Vertébrés, 1919 route de Mende, 34293 Montpellier, France.2 UMR 9190 MARBEC, IRD-CNRS-IFREMER-UM, Universite´ de Montpellier, 34095 Montpellier,
France.3 Landscape Ecology, Institute of Terrestrial Ecosystems, ETH Zu¨ rich, 8092 Zürich, Switzerland.4 Swiss Federal Research Institute WSL, 8903
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Overexploitation of natural resources, climate change and
other anthropogenic stressors are threatening the integ-
rity of coastal marine ecosystems, their biodiversity and

associated services1…4. In many coastal areas, “sheries constitute a
primary source of food, income and labour and make large
contributions to nation•s gross domestic product (GDP)5…7. Thus,
the depletion of “sh stocks may lead to social-ecological traps,
where some dependent human communities increase resource
use to alleviate poverty, with negative consequences for the state
of the resource base8.

Marine protected areas (MPAs), and speci“cally no-take
marine reserves (MRs), which are MPAs classi“ed as strict
nature reserves or wilderness areas9, are widely recognized as
effective conservation tools supporting greater species
biodiversity and biomass than nearby exploited areas10…13. MRs
are also promoted as potential tools to assist the management of
coastal “sheries by securing a portion of “sh stocks and buffering
”uctuations of “sh populations facing overexploitation14.
Moreover, by hosting abundant populations of exploited
species, MRs could, through adult spillover and larval supply,
provide net bene“ts to neighbouring areas and contribute to
rebuilding overexploited “sh stocks15…19.

While adult spillover is limited to few kilometres outside the
reserve15,16, larval dispersal can reach up to hundreds of
kilometres following prevalent sea currents20,21. For instance,
larvae of coral reef groupers can disperse up to 200 km and

effectively contribute to recruitment in distant exploited areas21.
Larval connectivity can thus provide resilience to MPA networks
against species loss, improving the effectiveness of MPAs and
MRs networks for both biodiversity conservation and “sheries
management support22,23, and deliver bene“ts to exploited areas
at large spatial and temporal scales15,21. However, the extent to
which the global system of MPAs is interconnected and able to
seed areas where “sheries are the most critical for food and
livelihood security is unknown. This is partly because of the
inherent dif“culty of tracking larval dispersal over long distances.

Larval dispersal can be estimated through various techniques
with different strengths and weaknesses24. Parental genetic and
otolith chemical analyses have been successfully employed to
estimate larval dispersal between MPAs20,21. However, these
methods require the sampling of a large number of individuals as
well as costly and time-consuming analyses. Moreover, these
methods are only effective when differences in genetics or otolith
chemical elements are suf“ciently contrasted between areas. As an
alternative, biophysical dispersal models allow the indirect study
of connectivity patterns at large spatial and temporal scales25,26.
The main disadvantage of such model-based estimation is the
dependence on model parameterization, among which the pelagic
larval duration (PLD) has the largest effect for estimating large
scale connectivity27. While empirical validation of these models
remains challenging28,29, the effects of parameter uncertainty can
be partly addressed using sensitivity analyses30.
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Figure 1 | Global connectivity patterns among marine protected areas and no-take marine reserves based on larval dispersal patterns.(a) Regions with
the largest networks of marine protected areas (MPAs, circles) and marine reserves (MRs, triangles) are enlarged for readability. Networks of connected
MPAs and MRs are coloured according to their size. Unconnected MPAs and MRs are drawn with larger symbols. Histograms represent the distribution of
the number of outgoing (b,d) and incoming (c,e) connections per MPA. In (b) and (c), all MPAs are considered as donors while in (d) and (e) only MRs are
considered as donors.
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Here, we use a hydrodynamic biophysical model to provide
global-scale predictions of larval connectivity among MPAs and
larval supply from MRs to areas open to “shing, particularly in
regions with high economic and livelihood dependency on
“sheries. We show that most MPAs are not interconnected and
that the supply of larvae from MRs towards areas with high
dependency on coastal “sheries is very limited. On the other
hand, we reveal that strong oceanographic currents have the
potential to deliver unexpected long-distance conservation
bene“ts even to countries where MRs are currently absent. This
result demonstrates that, beyond national conservation efforts
and small-scale adult spill-overs, MRs can sustain transnational
bene“ts, provided that their location is planned by explicitly
considering marine connectivity patterns.

Results
Number and coverage of marine protected areas. The World
Database of Protected Areas (WDPA, downloaded in June
2013)31 identi“es a total of 3,061 coastal MPAs of which 695
(23%) are MRs with a total coverage of 0.9% of the world coastal
areas (Supplementary Table 1). MPAs are considered marine
reserves (MRs) if they satisfy at least one of the following criteria:
they are fully no-take zones, they include a no-take zone or they
are classi“ed as strict nature reserves or wilderness areas (that is,
IUCN categories Ia or Ib).

Connectivity between marine protected areas. To estimate the
probability of larval dispersal between pairs of MPAs, we simu-
lated the release of ten thousand virtual larvae from each MPA
four times a year for 6 years. Larvae were let to drift passively over
a period of 30 days, corresponding to the mean pelagic duration
(PLD) of most “sh species32. Connection probabilities are
estimated by recording the position of each individual larva at
the end of the PLD, and used to identify isolated and networked
MPAs. These simulations indicate that MPAs are globally weakly
connected, with only a few large networks that combine up to 582
MPAs in Northern Europe (Fig. 1a). The number of isolated
MPAs is remarkably high: 969 MPAs (32%) are not seeded by any
other MPA (zero incoming connections) and 61 (2%) are
completely isolated (zero incoming and outgoing connections,
larger symbols in Fig. 1a). On average, each MPA receives larvae
from six other MPAs (interquartile range: 0…23) and sends larvae
to 11 other MPAs (interquartile range: 5…21) (Fig. 1b,c). When
only MRs are considered as donors, the number of isolated MPAs
is even higher: 1,636 MPAs (53%) do not receive any larvae
(Fig. 1d,e).

In addition to direct connections, we also quanti“ed the
connectivity within each network of MPAs using two metrics of
centrality. The betweenness centrality (BC) identi“es the MPAs
acting as gateways of connectivity through multi-step connec-
tions, thus measuring their importance for multi-generational
connectivity and gene ”ow30. The eigenvector centrality (EC), on
the other hand, predicts the effects of catastrophic events, as it
ranks single MPAs according to the reduction in metapopulation
size that would result from their local extinctions33. The BC and
EC of MPAs are generally not correlated (Spearman•sr between
BC and ECo 0.7 in 92% of networks), and are also uncorrelated
with the number of connections (r o 0.7 in 65% and 84% of
networks for number of connections and BC and EC,
respectively). Thus, central MPAs (with high BC and/or high
EC) are not necessarily the ones with the highest numbers of
connections. More importantly, central MPAs are not better
protected than non-central ones since BC is not signi“cantly
different between MPAs and MRs (Wilcoxon rank sum test,
W ¼770,810,P¼0.95) while the ECs of MRs are lower than

those of MPAs (one-sided Wilcoxon rank sum test,W ¼733,070,
P¼0.04).

As connections with low probabilities may be too weak to
in”uence population dynamics across MPAs34,35, we assess the
sensitivity of network connectivity using different thresholds in
larval connection strength. When connectivity metrics are
recalculated considering only connections above the “rst or the
second tertile of the connectivity probability distribution, the
number of networks and isolated MPAs is higher, but the median
network size remains similar (Supplementary Fig. 1,
Supplementary Table 2).

Larval supply from marine reserves. Larval dispersal is not only
a mechanism to strengthen networks of MPAs through a spatial
insurance, but a potentially effective process to seed “shing areas
and thus to provide bene“ts to coastal “sheries. We de“ned the
coastal “shing area of each country as the portion of the coastal
Exclusive Economic Zone (EEZ) open to “shing. To account for
differences in “sh biomass between MRs, which ultimately drives
the amount of released larvae, we predicted “sh biomass per unit
of area in each MR using a statistical model “tted on a reduced
number of MRs with known values10 and a set of environmental
and socio-economic predictors (Supplementary Table 3 and
Supplementary Data 1). Given the accuracy of the model
(R2¼80%), the predicted “sh biomass in all MRs was used to
weight the larval release potential of each MR and then to
calculate the number of larvae dispersing to each EEZ. At the
global scale, we observed that 37% of EEZs (n¼109) do not
receive larvae from MRs (Fig. 2a). Many African countries are in
this category, particularly those bordering the Red Sea and the
Eastern Mediterranean (Egypt and Sudan), along the West
African coast, but also in South America (for example, Peru).
Many isolated coastal areas are also unseeded, notably the
Mascarene region, including Mauritius and La Re´union, in the
Indian Ocean, the Azores and Cape Verde in the Atlantic Ocean,
and many islands and archipelagos across the Paci“c Ocean (for
example, the Marshall Islands, Kiribati and Vanuatu). Conversely,
the highest densities of larvae seeded from MRs are found in
coastal areas of Australia, some remote islands (South Georgia
and the South Sandwich Islands, Svalbard) and in the Caribbean
(Belize, Costa Rica and Honduras).

Global patterns of larval supply from MRs are driven by several
factors. First, the relative short pelagic larval duration (30 days)
results in many larvae remaining within country boundaries; the
median percentage of larvae recruiting in the EEZ where they
originate is 86% (mean: 70%), compared to 14% (mean: 30%)
dispersing to other EEZs (Supplementary Fig. 2 and
Supplementary Data 2). Second, some countries have fewer
and/or smaller MRs than others so a more limited seeding
capacity. For example, 175 EEZs (61%) have no MRs (Fig. 2b).
However, there is a weak relationship between the percentage of
coastal area covered by MRs and larval supply at the EEZ level
(Fig. 2c, linear regression on log-transformed values,Po 0.001,
R2¼7%). Some EEZs receive very low larval densities despite
considerable conservation efforts within their boundaries (for
example, the Heard and McDonald Islands or the Line Group),
whereas some EEZs with a very limited coastal surface area in
MRs receive high densities of larvae (for example, Costa Rica).
Indeed, for many EEZs, larval supply can be provided entirely by
other countries (Supplementary Data 2), especially in regions
where EEZs are small and clustered. For example, in the
Caribbean, the Turks and Caicos Islands have no MRs but
receive larvae from the Silver banks MR located in the Dominican
Republic (Fig. 3a). In the Coral Triangle region, East Timor
receives all its larval supply from MRs located in other countries,
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