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Marine protected areas (MPAs) are conservation tools that are
increasingly implemented, with growing national commitments
for MPA expansion. Perhaps the greatest challenge to expanded
use of MPAs is the perceived trade-off between protection and
food production. Since MPAs can benefit both conservation and
fisheries in areas experiencing overfishing and since overfishing is
common in many coastal nations, we ask how MPAs can be
designed specifically to improve fisheries yields. We assembled
distribution, life history, and fisheries exploitation data for 1,338
commercially important stocks to derive an optimized network of
MPAs globally. We show that strategically expanding the existing
global MPA network to protect an additional 5% of the ocean
could increase future catch by at least 20% via spillover, generat-
ing 9 to 12 million metric tons more food annually than in a
business-as-usual world with no additional protection. Our results
demonstrate how food provisioning can be a central driver of MPA
design, offering a pathway to strategically conserve ocean areas
while securing seafood for the future.

marine protected areas | marine reserves | food security | sustainable
fisheries | spillover benefits

Overfishing continues to be a significant challenge in many
parts of the ocean, particularly in tropical developing na-

tions, threatening food security, livelihoods, human health, and
biodiversity conservation (1–3). While some countries have
taken bold actions to address overfishing (4), a large fraction of
global fisheries remains poorly managed (1, 5–8).
Marine protected areas (MPAs) are conservation tools that

are increasingly implemented, and many coastal nations have
committed to placing a substantial fraction of their marine areas
in MPAs (9, 10). Although primarily designed to protect and
recover marine biodiversity, MPAs also have implications for
fisheries. While it is unlikely that MPAs can significantly increase
yield in well-managed fisheries, it is widely agreed that strategi-
cally designed MPAs can increase yield in overfished fisheries. In
this sense, well-designed MPAs can actually benefit fisheries
(11–16). Theory suggests that the more overfished a fishery is,
the greater the potential fisheries benefits from MPAs are via
spillover of larvae and adults (17–20). Likewise, the optimal
MPA size should scale in proportion with the level of overfishing
such that larger MPAs will confer greater benefits in more
overfished fisheries (21–23). Therefore, in regions where fish-
eries management is lacking, highly protected MPAs may si-
multaneously improve both fisheries catch and conservation if
designed well (14, 24). Here, we ask how empirically relevant
and geographically extensive such a yield-motivated MPA net-
work could be. To address this question, we derive an optimized
MPA network designed explicitly to improve fisheries catch at a
global scale.
We define food provisioning as the projected change in catch of

finfish and marine invertebrates (hereafter, “fish”) resulting from
implementation of an MPA network, or ΔH = HMPA −HBAU,
where HMPA and HBAU are the future global catches with and
without additional MPAs. To evaluate the effect of protection on
catch, we build a spatially explicit population model of 1,338
commercially exploited fish stocks for which catch data have been

reported and species distributions are available. Spillover is
modeled as a function of a species’ relative mobility, growth, and
carrying capacity at a resolution of ∼55 km × 55 km. MPA effects
on total catch are highly dependent on the management regime in
the unprotected, fished area (25). Under this model and com-
mensurate with previous papers, MPAs tend to increase catch in
overexploited fisheries and tend to decrease catch in well-
managed fisheries and those that are underexploited relative to
maximum sustainable yield (26). Because any given region often
contains stocks with diverse life histories, some of which may be
overexploited and some underexploited, MPAs can have a range
of consequences for overall yield. We account for fishery man-
agement using the spatial delineations of stocks for which as-
sessments exist (27, 28), and we model exploitation rate and catch
responses to MPA siting as a function of the current exploitation
rate and MPA size, assuming a full transfer of fishing effort from
areas designated as MPAs to the remaining fishing areas (see
Materials and Methods). We generate maps of potential food
provisioning by calculating changes in global food provisioning at
1) local scales (i.e., per pixel) that ignore interactions between
protected pixels and 2) a global scale that renders a globally op-
timized MPA network. These two outputs identify specific areas
around the world where MPAs could enhance food production by
fisheries in addition to their conservation benefits.

Results and Discussion
The 1,338 stocks included in this analysis collectively have a total
global carrying capacity (K) of 680 million metric tons (MMT),
which could generate a maximum sustainable yield (MSY) of
61.4 MMT/yr [compared to K = 980 MMT (29) and MSY= 80 to
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115 MMT/yr (1, 29–31) reported for all global stocks]. In a world
without MPAs, our model forecasts a steady-state global fish
catch of 41.8 MMT, or 68% of our working MSY. This is a
consequence of overfishing on some stocks and underfishing
(relative to MSY) on other stocks. Existing fully or highly pro-
tected MPAs (32), which cover 2.4% of the world’s ocean (33),
are projected to generate an additional 0.6 MMT of food
per year via spillover. Hence, in our business-as-usual scenario
(i.e., only existing MPAs and current fisheries management),
total global fish catch is projected to be HBAU = 42.4 MMT=yr
(69% of MSY). We then ask, How much more food could
strategically sited additional MPAs generate?
The majority of ocean areas produce positive spillover benefits

when MPA effects are evaluated for individual planning units (or
per pixel) (Fig. 1), and pixels within the boundaries of exclusive
economic zones (EEZs) produce an average of 12 times more
biomass via spillover than the high seas (SI Appendix, Fig. S1).
Forecasting the food provisioning potential of new MPA loca-
tions reveals important information about where individual
MPAs could improve fisheries yield. However, scaling protection
based on these values is suboptimal, because it ignores the
nonlinear relationship between the area of a stock’s range pro-
tected and the resulting change in catch. We therefore offer a
solution that derives a global MPA network for food. We find
that the marginal change in the food provisioning benefit (ΔH)
becomes zero only after protecting the optimized 47% of the
ocean (Fig. 2A). Abrupt changes in the spatial prioritization
solution are due to the variation in stock status across different
fisheries management areas. This globally coordinated MPA
network highlights high-priority areas for protection within
EEZs, the high seas, and several areas encompassing EEZ/high
seas borders.
We find that the maximum amount of food provisioning

benefits from an optimized global MPA network, under a con-
servative set of assumptions about future fishing effort and effort
displacement, is 10.4 MMT. Although there are marginal bene-
fits to fisheries catch that accrue up until a large fraction of the
ocean is protected in MPAs, the bulk of these benefits accrue
with a much smaller MPA network. We find that strategic pro-
tection of an additional 5% of the global ocean, beyond the
current fully and highly protected MPAs, will generate 87% of
the maximum possible spillover benefit from additional protec-
tion (i.e., 87% of 10.4 MMT) and produce 9.0 ± 0.3 MMT/yr
(mean ± SD) more food—equivalent to 20 to 22% more
catch—than a world without any additional protection (Fig. 2B,
black solid line). The uncertainty bounds (SD) around our pro-
jections were derived by randomly drawing growth rate (r) and K
values per stock from uniformly distributed ranges of values. As
a result, some stocks are assigned higher productivity values than
average, while others are assigned lower productivity values than

average. The resulting variation in productivity at a stock level
cancels out when we aggregate food provisioning benefits at the
global level, as increased productivity of some stocks compen-
sates for the reduced productivity of other stocks. If we assume
that the unaccounted-for stocks, which have insufficient data to
model directly, have the same characteristics as those included in
the analysis (which is conservative, given that they tend to be
disproportionately poorly managed), we can scale up our esti-
mate by 30%, resulting in a future total catch of 67 MMT/year,
with 12 MMT of food per year generated by additional protec-
tion. Assuming an average fish price of US$1,625/MT (using the
total first sale value of US$130 billion for the 80 MMT global
fish catch in 2016) (2), protecting this additional 5% of the ocean
could generate US$15 to US$19 billion as spillover revenue
annually, which significantly outweighs the US$2 to US$6 billion
cost of managing the additional MPAs each year (34, 35).
The efficient placement of MPAs that cover both EEZ and

high seas locations provides an opportunity to increase future
global fisheries catch while closing more than 50% of the ocean
to fishing (Fig. 2 B and C). To put this in context, fishing occurs
in between 4% [when calculated at a high resolution (36)] and
55% [at a lower resolution shared by our analysis (37)] of the
global ocean. Taking Amoroso et al.’s (36) 4% number literally,
over 90% of the ocean could be closed without constraining
fishing. While our results suggest that you could close over 50%
of the ocean at no cost to food production, most of the food
benefits can likely be captured by strategically protecting a small

Fig. 1. Individual-pixel change in catch. Colors indicate the spillover benefit
or catch difference (ΔH)made by protecting each individual pixel (the value
of each pixel is estimated independently). Areas in cyan represent current
fully or highly protected marine protected areas. Blue = positive ΔH, red =
negative ΔH, white = zero ΔH. Each pixel is ∼55 km × 55 km.

0 25 50 75100
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Fig. 2. Global food provisioning potential. (A) The globally optimized MPA
network for food. The color ramp indicates the relative importance of each
pixel in an optimal, globally coordinated MPA network. Green indicates
positive marginal change in ΔH, and orange indicates negative marginal
change in ΔH, with white marking the transition from positive to negative
marginal change in ΔH (indicated by an arrow). It can also be interpreted as
the optimal pixels to protect given a global MPA coverage target. The
marginal change in catch as MPA coverage increases becomes negative after
protecting 47% of the global ocean. Areas in cyan represent current fully or
highly protected MPAs. (B) Change in catch (ΔH) as the proportion of the
global ocean in MPAs increases following the optimal order of protection
shown in A (black solid line); dashed and dotted lines display ΔH trajectories
for three additional fisheries exploitation scenarios (brown dotted line =
collapse; magenta dashed line = BAU all stocks; black dot-dashed line =MSY;
see SI Appendix, Figs. S2–S4 for the MPA network maps). The background
shading represents SD from the mean generated from 100 model runs. (C)
Protection within EEZs (dotted line) and high seas (dashed line) areas cor-
responding to the sequence of area protection in A. Each pixel is ∼55 km ×
55 km.
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fraction of the global ocean. At the same time, we show that
large spatial closures are unlikely to result in long-term fisheries
losses, suggesting that substantial global MPA expansion is
possible without compromising fisheries productivity.
In our projections, we adopt the business-as-usual (BAU

“conservation concern”) scenario from Costello et al. (1), where
assessed stocks retain current exploitation rates, unassessed
conservation concern stocks (i.e., currently overfished stocks or
those currently experiencing overfishing) are subject to open-access
fishing dynamics, and unassessed nonconservation concern stocks
have their exploitation rates set to maintain current biomass.
Stocks in the first category tend to be managed around MSY,
stocks in the second category are overfished relative to MSY, and
stocks in the third category are underfished relative to MSY. Thus,
the resulting optimal MPA network primarily benefits unassessed
and often poorly managed fisheries, comprising 66% of our total
MSY. To evaluate the impacts of these assumptions on future fish
catch, we derive MPA networks given three other possible future
fishery scenarios (results shown in Fig. 2B): 1) MSY, where all
stocks are optimally managed at MSY; 2) BAU all stocks (1),
where assessed stocks retain current exploitation rates and all
unassessed stocks experience open-access fishing dynamics; and 3)
collapse, where assessed stocks retain current exploitation rates
and unassessed stocks have exploitation rates that will lead to their
collapse [i.e., biomass set at 10% of its unfished level (6)]. In a
world where all stocks are optimally managed at MSY, we find that
MPAs would reduce global catch (Fig. 2B, black dot-dashed
line)—this is consistent with most of the literature and highlights
the importance of good fisheries management. If all unassessed
stocks were to become overfished in the future, we estimate that
the maximum potential catch benefits from MPAs increases by
70% relative to BAU conservation concern (Fig. 2B, magenta
dashed line). Finally, if all unassessed fish stocks were to collapse in
the future, then the maximum potential catch benefits from MPAs
would increase by 134% relative to BAU conservation concern
(Fig. 2B, brown dotted line). While many fisheries in developed
nations are becoming increasingly better managed, the future of
fisheries in the developing tropics—particularly for small-scale
fisheries on which millions of people depend for food and
livelihoods—remains highly uncertain (7, 8). Generally, the spill-
over benefit from the optimal MPA network decreases as global
fisheries management improves (Fig. 3).
The spillover benefits of currently protected MPAs should be

interpreted as future catches in the presence of those MPAs rel-
ative to a counterfactual where current MPAs are absent. While
most of the large MPAs that are part of the 2.4% of the global
ocean currently in fully or highly protected MPAs have been
placed in remote locations, the possible expansion of global fishing
effort could increase fishing in these isolated areas (38). Fur-
thermore, while unaccounted for in our current model, large and
remote MPAs may protect ecologically important areas that are
vital for certain life history stages of even highly migratory species,
which may result in fisheries benefits for target stocks. For ex-
ample, tuna spawn inside the Phoenix Island Protected Area (39),
and there is an increasing body of evidence demonstrating po-
tential fisheries benefits from MPAs for pelagic populations in the
Chagos Archipelago (40) and the Galápagos Marine Reserve (41).
We estimated K using MSY calculated from both the Food

and Agriculture Organization of the United Nations (FAO) fish
landings data and the RAM Legacy Stock Assessment database
(1, 28, 42). Pauly and Zeller’s catch reconstruction (43) suggests
that catches unreported to FAO constitute an average of 53% of
the reported catch, mostly due to discarded bycatch from in-
dustrial fishing. FAO fish landings data likely also underreport
catches from small-scale and subsistence fisheries, mainly in
developing nations (43, 44). Stocks with a high volume of un-
reported catch tend to be poorly managed in general, and thus,

our estimate of the potential benefits of MPAs is likely
conservative.
Other unaccounted-for factors that contribute to uncertainties

in K include species interactions, food availability regulating
growth, and future environmental impacts affecting habitat
quality. While our computed K per stock implicitly accounts for
current environmental impacts as it is based on actual catch data
and stock assessments (1), it does not account for future impacts
such as habitat destruction or climate change that could reduce
or increase K, nor does it account for improvements in habitat
that could increase K (45, 46). Furthermore, while we implicitly
accounted for some of the constraints that bound the magnitude
and spatial distribution of K by using actual catch data and
modeled native species ranges to create spatial layers of K per
stock, recovery of some species from protection may induce
strong competitive or synergistic interactions with other species
and may limit or enhance food availability for other species.
Beverton and Holt (23) and Hastings and Botsford (24)

demonstrated theoretically that MPAs can have the same effect
as conventional fisheries management that improves fisheries
productivity by regulating fishing effort and that MPAs can im-
prove catch in overfished fisheries through larval and adult
spillover. However, the effect of MPAs for multiple overlapping
species with different biological characteristics and geographic
ranges remains unclear. While the placement of MPAs in
overfished areas can improve food provisioning globally, other
factors can affect food provisioning outcomes, such as the scale
of the fishery and relative MPA placement (i.e., only a fraction of
a species’ range should be protected, given that closing the entire
geographic range of the species would result in zero catch). For
fisheries that are expected to benefit from MPAs (i.e., overfished
fisheries), we find that the median size of the protected area
needed to optimize spillover benefits is 22.4% of the stock range
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Fig. 3. Maximum global catch benefits from MPAs under alternative future
fisheries management scenarios. MPA benefit is highest if mismanagement
of fisheries continues. Future improvements in conventional fisheries man-
agement reduce the potential catch benefit from MPAs. The values on the
horizontal axis that represent management pertain to the MSY-weighted
mean value of the ratio of exploitation rate over exploitation rate at MSY,
with values greater than 1 indicating overfishing. Error bars represent SD
from the mean.
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(mean = 23.0%, see SI Appendix, Fig. S5); less protection does
not fully blunt the effects of overfishing, and more protection
confers biomass benefits but leaves too small an area for fishing
at current rates.
Our model of biomass export from MPAs to fished areas by

adult spillover and larval subsidy is simple and deterministic. We
assume a general larval pool model (24, 47) that ignores direc-
tional movement of larvae (48–54) but accounts for density-
dependent movement of adults (19, 25, 55). Information about
local habitat quality and availability—which affect larval settle-
ment, recruitment, and adult movement directionality—is not
available globally and therefore was not included in our analyses.
We do not model larval contributions directly and instead as-
sume that the population growth rate includes the effect of larval
subsidy. All larval production (from MPAs and fished areas) is
homogenized across the geographic range of the stock, and any
biomass buildup in MPAs contributes uniformly to population
growth in the fished area. We recognize that modeling larval
export more explicitly and realistically could decrease the
amount of larvae that end up in fished areas relative to the
common larval pool model we use because of the Gaussian shape
of the dispersal kernel (assuming that the dispersal kernel is
centered inside the MPA) (48). Conversely, modeling larval ex-
port more explicitly could enhance the buildup of biomass inside
MPAs and skew age structures to larger and older individuals,
thus boosting both adult biomass spillover and larval export to
fished areas (56). Tactical models of individual MPA design
should attend to these spatial and dynamic idiosyncrasies.
While empirical studies have demonstrated spillover benefits

for some species (13, 15, 16, 21, 50, 57–59) and provide support
for fisheries benefits of both small (57–59) and large (39–41)
MPAs, the majority of the species considered in our analyses lack
empirical support (one way or the other) for spillover effects.
Furthermore, while we rely only on MPA size as an important
aspect of reserve design (25, 60–62), we recognize that other
factors, such as MPA geometry, spacing, age, and habitat quality,
also affect spillover (14, 63–65). Finally, we assume full com-
pliance with MPA regulations. Nonetheless, our predictions can
inform future studies looking into species-specific and area-
specific spillover benefits from MPAs.
The size of our planning unit (∼55 km × 55 km) is large

compared to the median size of current MPAs of 1.6 km2 (mean
of 1,534 km2) (66). We recognize that few MPAs of this size are
likely to be established in nearshore waters, where a number of
ocean uses that support local economies exist. This is especially
true in communities dominated by small-scale and subsistence
fisheries, where establishing large MPAs in nearshore areas may
have negative socioeconomic impacts on local livelihoods (e.g.,
fishers need to fish farther from their communities). However,
our framework can serve as guidance for potential areas where
protection could generate more food for the future, while a more
strategic and surgical placement of smaller MPAs may be nec-
essary in nearshore areas to avoid or reduce trade-offs with other
ocean uses. Optimizing MPA network design within the high-
priority areas identified by our model can improve the net ben-
efit derived from marine protection, likely with a smaller total
protected area required to maximize benefits to surrounding
fisheries.
For model tractability and application at a global scale, we

report changes to catch following protection as steady-state
forecasted values that are not attached to specific time frames
but note that fishery closures typically result in short-term re-
ductions in catch (67–69) before achieving these benefits. Pre-
vious analyses suggest that stocks will take an average of 10 y to
recover to their premanagement intervention state following
conventional management reform (1) and MPA implementation
(67, 68). It will take 35 y on average to recover a stock to a bi-
ologically healthy level (i.e., the ratio of in-water fish biomass to

the biomass that would provide maximum sustainable yield, or B/
BMSY, is greater than 0.8) when implementing fisheries man-
agement reform (1) or to 90% of unfished biomass inside fully
protected MPAs (45). The long timescale necessary to recover
fish stocks and capture fisheries benefits when implementing
fisheries management reform and/or MPAs often creates polit-
ical, social, and economic challenges. These challenges make it
difficult for many communities, particularly those with a high
dependence on fishing for livelihoods and nutrition, to imple-
ment conservation and fisheries management actions. Similar
delayed benefits, however, also occur with other forms of man-
agement reform. While we limit the scope of our analysis to costs
and benefits following protection in terms of fisheries catch,
there are numerous other benefits of protection that we do not
account for, such as tourism benefits from improved ecosystem
health for coastal areas and biodiversity conservation that could
mitigate short-term economic impacts following protection (70).
Our study suggests that when overfishing persists, MPAs can

serve as a substitute for poor fishery management, thereby in-
creasing yields even in the absence of fisheries reform (Fig. 3).
Thus, the current interest expressed by many nations in expanding
their MPAs provides an opportunity to not only protect biodi-
versity but also to improve fisheries productivity. This could help
global efforts to rebuild and manage fish stocks, especially in areas
where conventional fisheries management is challenging to im-
plement but MPAs are feasible. Well-designed MPAs can provide
additional benefits such as 1) buffering fisheries against uncer-
tainty (24); 2) boosting larval production by protecting old and
large individuals within the MPA borders, thus boosting biomass
production in fished areas (56) and facilitating genetic flow (71);
3) reducing bycatch (72); and 4) protecting spawning grounds,
nursery areas, and other biologically sensitive habitats that support
fisheries productivity (73, 74).
Our analyses suggest large potential food benefits from stra-

tegic MPA implementation. Realizing the full spillover benefit
would require that 1) MPAs have strong compliance to allow fish
biomass buildup inside them (22) and 2) adequate habitat is
available in fishing areas for larvae to settle and recruit and
adults to move (14, 75). Achieving the full suite of benefits
reported here will require global coordination, but significant
benefits can also arise from national or regional efforts. Where
rapid and lasting fisheries reform is challenging—often in places
where food security is a major concern—MPAs can substantially
boost fisheries productivity while simultaneously providing other
ecosystem and conservation benefits.

Materials and Methods
We define food provisioning as the ability of marine ecosystems to provide
food for the future. We use changes in total catch due to protection as our
food provisioningmetric. This implies that the effect of a network ofMPAs on
fish catch is evaluated at the stock level, and the sum of the resulting changes
in catch per stock represents the food provisioning potential of a network
of MPAs.

In equation form, the change in total fish catch due to anMPA network (w)
is given by

ΔHw = HMPA − HBAU , [1]

where HMPA = ∑
i
Hw,i and HBAU = ∑

i
Hbau,i are the total global catches with

and without implementing additional MPAs, respectively. Hw,i and Hbau,i

represent catches for stock i.
We model the effect of MPAs on 1,338 stocks as a function of species

growth rate (r), species mobility (m), carrying capacity (K), MPA size (R), and
fisheries management that drives future exploitation rates (E) (76). The
spatial distribution of K for each stock is derived by combining the maximum
sustainable yield estimate per stock reported in Costello et al. (1) and growth
rate per species from Thorson (77), FishBase (78), and SeaLifeBase (79) to
calculate the total K. We distribute the total K in proportion to the relative
probability of the species presence within its modeled native range (80).
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The final equation for the food provisioning potential of a network of
MPAs (w) is

ΔHw = [∑
i

Ew,i(miKi(1 − Rw,i)
Ew,iRw,i +mi

)(1 − Ew,i(1 − Rw,i)mi(Ew,iRw,i +mi)ri)]
−  [∑

i

Ebau,i(miKi(1 − Rbau,i)
Ebau,iRbau,i +mi

)(1 − Ebau,i(1 − Rbau,i)mi(Ebau,iRbau,i +mi)ri)],
[2]

where Rbau represents the fraction of stock K in current fully or highly
protected MPAs (33) (see SI Appendix for full details).

Our model requires stock-level estimates of future exploitation rates
under the business-as-usual scenario (Ebau,i) and with an MPA network (Ew,i).
To do this, we first estimate future fisheries with a no-MPA scenario. We
adopt the business-as-usual (BAU conservation concern) future fisheries
scenario of Costello et al. (1), which assumes that assessed stocks retain their
current exploitation rates, unassessed conservation concern stocks (i.e.,
currently overfished stocks or those experiencing overfishing) are subject
to open-access fishing dynamics, and unassessed nonconservation concern
stocks have their exploitation rates set to maintain current biomass. Assessed
stocks are assumed to retain their current exploitation rates because they
are neither poorly managed nor necessarily optimally managed (1, 81). We
use the RAM Legacy Stock Assessment database (28) to derive the most re-
cent exploitation rates of assessed stocks. Applying these conditions gives us
stock-level exploitation rates in the absence of MPAs (Ebase,i).

Establishing MPAs displaces fishing effort from the identified protected
areas to the remaining fishing areas. We assume a full transfer of fishing
effort, resulting in an increase in exploitation rate in the remaining fishing
areas Eout,i( ) as MPA size (Ri) increases:

Eout,i = 1 − (1 − Ebase,i)1=(1−Ri ). [3]

We use Eq. 3 to evaluate both changes in future exploitation rates given the
current 2.4% of the global ocean in MPAs (Ebau,i) and given an expanded

network of MPAs (w), i.e., Ew,i = 1 − (1 − Ebase,i)1=(1−Rw,i ) (SI Appendix, Fig. S6).
This equation comes directly from the fishing effort redistribution model
used by Beverton and Holt (23), Guénette and Pitcher (82), Apostolaki et al.
(83), Walters et al. (84), and Hopf et al. (69), among others, which assumes
that fishing mortality in fishing areas increases proportionally with MPA

size, i.e., Fout = Fbase(1−R), and substitutes the relationship between exploitation

rate and fishing mortality, i.e., 1 − E = e−F. Under this effort redistribution
assumption, the exploitation rate experienced by biomass in fishing areas
increases as the size of the MPA network increases (SI Appendix, Fig. S6). A
huge fraction of global fish catch (96%) is caught within EEZs (85), indicating
that a majority of the commercially important fish stocks reside within EEZs.
The slow increase in fishing effort when 10 to 80% of the global ocean is in
protected areas indicates that high seas areas and areas within EEZs with low
species overlap are being selected for protection (Fig. 2C). We limit the
maximum value of Eout,i to 1 to prevent the case where catch at a given time
exceeds the available biomass in fishing area.

We explore three alternative scenarios for future fisheries that change
Ebase,i: 1) MSY, where all fisheries are managed at MSY (i.e., Ebase,i = 0.5ri); 2)
BAU all stocks (1), which assumes that assessed stocks retain their current
exploitation rates in the future and that unassessed stocks experience open-
access fishing dynamics; and 3) a collapse scenario, where assessed stocks
retain their current exploitation rate in the future and unassessed stocks
collapse. Here, we use Worm et al.’s (6) definition of collapse, i.e., biomass
equals 10% of its unfished level. For the collapse scenario, we derive the
exploitation rate by using SI Appendix, Eq. S6 with B = 0.1K, i.e.,
Ebase,i = 0.9ri. For cases where the current exploitation rate is sufficiently
high to drive a stock to extinction, we cap the exploitation rate to a level
that would drive the biomass to 10% of its unfished level.

For unassessed fisheries under open-access dynamics in Costello et al.’s (1)
BAU scenarios, we set the exploitation rate to a level that will drive the
equilibrium biomass depletion (i.e., B/K) to equal the 2050 values reported in
Costello et al. (1) (SI Appendix, Fig. S7).

Data Availability. All study data are included in the article and SI Appendix.
The code and data used in this paper can be accessed in Github (https://
github.com/rencabral/FoodProvision2019) and have been deposited in the
Dryad Digital Repository (DOI: 10.25349/D9C32R).
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