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Abstract:

Marine protected areas (MPAs) are key to averting continued loss of species and ecosystem
services in our oceans, but concerns around economic trade-offs hamper progress. Here we
provide optimized planning scenarios for global MPA networks that secure species habitat while
minimizing impacts on fisheries revenues. We found that MPA coverage requirements differ
vastly among nations, and that two-thirds of nations benefit economically from a collaborative
approach. Immediate global protection of marine biodiversity habitat comes with losses of ~19%
of total fisheries revenues, but international cooperation in concert with high seas protection
improves economic losses for most countries, safeguards all species, and could save ~5B USD

annually worldwide. Nations and fishery economies both share benefits from a coordinated
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approach to conserving marine biodiversity, with direct relevance to current international

policies.

Main Text:

Nearly 40 years after the United Nations Convention on the Law of the Seas (UNCLOS)
established the global ocean governance system, marine biodiversity is experiencing immense
anthropogenic pressures (/—4). Fishing, climate change, pollution, coastal development,
extractive industries and other human activities have been driving shifts in species ranges,
changes in growth and reproduction (J5), alteration of biological communities (6, 7), as well as
loss of biomass (8), and ecosystem functions and services (3, 9).

Marine protected areas (MPAs) are a key scalable management mechanism to mitigate
these human impacts (/0), but coverage of the current MPA network is small and sporadic (<8%
of the global ocean (/7)), and varies dramatically within national waters, resulting in inadequate
(12) and inefficient biodiversity representation (/3). These shortcomings have led to calls for
ambitious conservation targets, such as the Half-Earth Project’s recommendation that 50% of
land and sea be under some form of long-term protection (/4), and more recently a 30%
protection target by 2030 (15, /6) now provisionally included under the Convention on
Biological Diversity’s post-2020 Global Biodiversity Framework (/7). The spatial conservation
planning community has responded by highlighting conservation gaps and opportunity areas for
marine species (/2, 18, 19), and by performing spatial optimization to identify biodiversity
priorities (15, 19—21) and multi-objective optimization for food security and carbon sequestration

(22).
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Yet for an international MPA network to be operationalizable and effective, we must also
provide assessments of trade-offs with alternative uses (/6). Fishing industries provide direct
means of livelihood to an estimated 59.5 million people — producing upwards of 158 million
tonnes of fish for global consumption in 2018 (23) — and contribute 192B USD to the global
economy annually' (24). Addressing the opportunity costs of foregoing profit from fishing is
critical for framing MPAs as an economically viable and sustainable ocean conservation strategy
(16), and a joint assessment of effectiveness and costs of future MPAs is urgently needed to
support national policy commitments.

Here we identify these trade-offs and resulting opportunities for MPA expansion. We
address key questions about jurisdictional responsibility, placement, and the economic impacts
of marine protections on fisheries. We developed a spatial optimization framework to identify
biodiversity priority areas (those that sufficiently represent marine mammals and fishes) for three
different strategies: by adding additional protection to 1) areas only within national jurisdictions
(“Exclusive Economic Zones”, “EEZs”); i1) areas only beyond national jurisdiction (“high
seas”); and iii) globally including both national waters and the high seas (“global ocean”). We
optimized each strategy with two distinct socioeconomic objectives: minimizing costs related to
area (MinArea) and minimizing the annual revenue loss to fisheries (MinCost, averaged 2007—
2016), under the baseline assumption that fishing pressure is removed with area-based
conservation. We used the most up-to-date and comprehensive fisheries catch data (25) coupled
with global marine ex-vessel fish price datasets (26) to quantify economic cost, and used existing

MPAs (/1) and anthropogenic impacts on marine ecosystems (/) in our assessments (Fig. S1).

' Real 2010 USD value of total global landed value averaged 2007-2016 and adjusted to 2021.

-
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Under the EEZs and global-ocean strategies we found large gains in species coverage
could be made with small additions to existing MPAs, regardless of the conservation objective.
For example, the number of current species meeting area-based representation targets could be
doubled by protecting just an additional 3% of strategically-placed ocean area (Fig. 1A). In
contrast, as the high seas has lower species richness and more wide-ranging species, more area is
needed to meet species’ targets. Specifically, the high-seas strategy was only able to sufficiently
protect 46% of all study species and 50% of species found in the high seas under either objective,
largely via prioritization of high sea biodiversity hotspots (e.g., seamounts) that border EEZs

(Fig. 2B, Fig. S2) and are already recognized for their conservation importance (27).
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Fig. 1. Accumulation curves illustrating the most efficient trajectory to optimality for each
conservation strategy and cost objective. (A) The number of species with a sufficient amount of
protected habitat as MPAs are added by priority rank. The grey dashed line represents all study
species (n = 13046). (B) Number of species protected vs. loss in annual landed value of fisheries

(averaged 2007-2016). (C) Loss in landed value of fisheries as MPAs are added.

The MinArea objective always resulted in more spatially efficient results. Under the
EEZs strategy 13.1% of the ocean was required to meet the conservation targets for 91.1% of
study species, with an expected annual 33.5B USD loss in revenue to the fishing industry (Fig.
1B,C). The global-ocean strategy closed the species protection gap, meeting 100% species
representation over slightly less area, but resulted in an additional $5B expected revenue loss.

The MinCost objective, by contrast, required more area to meet the same levels of species
representation regardless of the strategy (Fig. 1A; Fig. 2A). After rapid early gains offered by
initial high-priority locations, minimizing loss of fisheries revenue protected the same number of
species while preventing on average $9 billion in lost annual revenue compared to the MinArea
objective for both the EEZs-only and all-oceans strategies. Regardless of objective, the high
seas-only strategy resulted in marginal revenue loss to fisheries (<1%) (Fig. 1C) but secured

minimal conservation gains beyond the current MPA network.
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A EEZs

Objective
MinArea  MinCost

Area needed 13.1% 15.4%
Revenue lost 23.9% 18.1%

Gap species 8.9% 8.7%

O MinArea E both
O MinCost B MPA

B High seas

Objective
MinArea  MinCost

Area needed 11.2% 17.1%
Revenue lost 08%  051% N

Gap species 50.5%  50.2%

O MinArea O both
O MinCost EH MPA

C Global ocean

Objective
MinArea  MinCost

Area needed:
- EEZs 11% 12.4% o
- high seas 2.1% 8.3% )
- total 131%  20.8% Vg

Revenue lost 24.3% 18.7% /3

Gap species 0% 0%

O MinArea O both
O MinCost E MPA

Fig. 2. Priority conservation areas for three conservation strategies, focused on (A) areas only
within national jurisdictions, (B) areas only beyond national jurisdiction, and (C) globally,
including both national waters and the high seas. Each strategy identifies priority areas for
species representation across two conservation objectives: minimizing area or revenue loss (cost)

to fisheries. Areas selected with both objectives shown in green and current MPAs in dark blue.
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These comparisons between objectives offer at least two critical insights. First, strategic
protection of the ocean is not inherently incompatible with the socioeconomic objectives of
fisheries. The safeguarding of marine species could be achieved through strategic protection of
20.8% of the global ocean — of which 7.1% is already established or proposed as protected —
while retaining 81.3% of current global fisheries revenues. This area is distributed across 12.4%
of EEZ waters and 8.3% of the high seas, a large portion of which is relatively unexploited
marine mammal habitat in the Southern Ocean and areas with lower human impacts such as the
Arctic Ocean and Bering Sea (Fig. 2C), and these numbers are consistent with other
prioritization results (22). Second, it is only through a coordinated global-ocean strategy that
biodiversity can be sufficiently safeguarded. Due to the partial restriction of species to pelagic
habitats (28), a conservation strategy focused solely on EEZ protection is at minimum inefficient
and, for purely pelagic species, ineffective. This fact reinforces the crucial need of common
conservation strategies between neighboring countries that share common stocks and non-
exploited species (29).

Assessing further the representation of species in the MinCost solution we identify
striking differences across the three strategies (Fig. 3). Most high-value commercial species can
be sufficiently protected within EEZs, while many noncommercial species will be missed
entirely. By contrast, limiting conservation to the high seas results in insufficient protection of
the majority of both commercial and noncommercial species (Fig. 3), jeopardizing the viability
of important fished species, for example the anchoveta (Engraulis ringens). For some species
with small ranges that span national boundaries — such as the Gulf menhaden (Brevoortia

patronus) — a global-ocean strategy is the only path toward successful conservation. Thus,
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sufficient representation of all marine species requires a coordinated global-ocean conservation

strategy.
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Fig. 3. Conservation outcomes for commercial and noncommercial species under each

conservation strategy (MinCost objective). The comparison relates spatial representation
achieved (expressed in percent of habitat area conserved) to that targeted; species above the 1:1

line are those for which the conservation strategy achieved their representation targets.
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Commercial species are shown with point size scaled by total landed value in millions of USD.
Example species outlined in red: (a) Engraulis ringens, (b) Brevoortia patronus,

(c) Cephalorhynchus hectori, (d) Rexea brevilineata.

For nations making commitments toward an expanded MPA network, our results offer
insight around required individual contributions and how responsibilities may be affected by
shared resources — such as invoking the extra-jurisdictional high seas. We found that the EEZs
strategy required that countries on average protect an additional 22.6% of their own area (SD =
20.3%) to ensure full species representation, compared to 20.1% (SD = 19.5%) if a coordinated
global-ocean strategy were embraced and operationalized (Fig. 4). This area-based efficiency
benefited 37% of nations, with noteworthy examples including South Africa (ZAF), Ecuador
(ECU), and Costa Rica (CRI). For the 47% of countries in which the global-ocean strategy
necessitates greater areal protection commitments, these increases were small (mean = 3.2%, SD

=5.7%), but notable examples include Belize (BLZ), Romania (ROU), and Estonia (EST).
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size of total fishing revenue (countries with revenue less than 50 million USD not shown).
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A global-ocean strategy offered more pronounced benefits regarding the impacts of
proposed MPAs on national fisheries revenues from domestic and distant water fleets, with 73%
of countries seeing lower opportunity costs of foregoing catch. The relative difference in revenue
retained under the global-ocean compared to EEZs strategy is comparable to areal saving (mean
=2.1%, SD = 5.1%), and would nonetheless currently amount to 4.75B USD in annual global
savings. Notable economic beneficiaries from a global-ocean strategy include Nigeria (NGA),
Comoros (COM), and Guinea-Bissau (GSB). Some 20% of countries are poised to incur lower
revenues, with Pakistan (PAK), Japan (JPN), and Kuwait (KWT) most affected, spurred by loss
of revenue within their EEZs as well as potential decreases in fishing opportunities for distant
water fleets. For the majority of countries, fishing revenue savings suggest there is a large
economic incentive toward global coordination and cooperation of MPA planning (30).

The MPA commitments necessary for sufficient biodiversity representation under the
global-ocean strategy differed widely among countries. There was no correlation between
additional MPA requirements and the amount of current protection (Spearman’s p = 0.02), but
substantial additions are needed for most countries, with some requiring more than 50% of EEZ
area (e.g. Romania (ROU), Malta (MLT), Dominican Republic (DOM)), especially when
minimizing fisheries revenue loss (Fig. 4). In the mechanisms championing a 30% by 2030 MPA
target in support of biodiversity, the recognition of the different national contributions required
to address the overall shared responsibility is key. The appreciation that larger areal percentages,
when carefully placed, will almost always be the economically prudent choice is equally
important.

The total global cost of even the most economical approach to safeguarding marine

biodiversity (global-oceans MinCost strategy) is substantial, at roughly 29.5 billion USD, or
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18.7% in current annual revenue forgone. As with area, this cost varies strongly across nations
(mean = -24.1%, SD = 21.8%). These revenue losses, however, are potentially mitigated by the
known increase in fisheries productivity MPAs have from direct spill-over effects and refugia
function for depleted, vulnerable, and overexploited stocks (31, 32). There are also many
additional potential benefits from MPAs that are not included in this study, e.g., climate
mitigation and adaptation (22, 33). In many countries fishing comprises a relatively small
proportion of overall GDP, but for low income and emerging market economies, even small
impacts to fisheries may pose threats to food security and livelihoods, especially in coastal
countries where people are heavily dependent on small-scale fisheries for their nutritional supply
and local economy (34). Our findings highlight the need for sustainable financing or other
coordinated financial cooperation to assist countries in their contribution to global marine
biodiversity conservation efforts (76, 35).

For the high seas, full agreement on an MPA network has remained elusive due to the
required regulation of national industries operating in extra-jurisdictional MPAs and limited
clarity on conservation outcomes (15, 36—38). There have been calls to close the high seas to
fishing altogether, given their importance as reservoirs for high value species (39). However, our
results show that, if in lieu of increasing protection within EEZs, a conservation focus on just the
high seas would leave a large portion of biodiversity insufficiently safeguarded, including
species restricted to EEZs and those cross-jurisdictional with the high seas (Fig. 3 middle). Full
closure of the high seas therefore cannot substitute for the need for MPAs within EEZs.
Importantly, this study suggests that strategic protection of select high seas areas while leaving

others open to existing fishing activities will facilitate coordinated global conservation efforts by
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providing a substantial economic buffer to countries and easing the conservation burden within
their EEZs.

Our study offers a roadmap for global ocean conservation. But, as other work, it retains
assumptions regarding existing MPA effectiveness, species-level conservation targets, and very
fine-scale occurrences that will benefit from future updates and extensions. The addition of
further taxa with currently too limited and biased taxonomic representation will expand the
recommended MPA network and likely change the among-nation distribution. Our economic
assessment uses the most authoritative and spatially refined global catch data, but its reliability
does vary among sectors and governments (25) and fish prices used in the analyses may be
biased toward industrial rather than artisanal fisheries (24, 26). This study can also serve as a
foundation to incorporate additional social and cultural dimensions of dependent human
communities in assessing the costs and benefits of different MPAs settings; such information
would be important in integrating social equity in discussing a globally-coordinated MPA
network.

Our findings underscore the urgency and pay-off of global coordination to ensure the
persistence of marine biodiversity. This is a pivotal time to re-evaluate ocean governance
frameworks and position fisheries economies on a progressive path towards sustainability. There
1s an urgent need for nations to embrace their MPA estate and fishing economies as part of a
complementary global network of the commons. Dedicated engagement from UNCLOS and
mechanisms associated with the post-2020 global biodiversity framework can provide vital
support for nations globally to benefit from a shared approach. Our framework pinpoints critical

protection priorities, their effects on fisheries revenues and rationale, and highlights the
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substantial gains possible from a collaborative and quantitatively guided approach to marine

biodiversity conservation.

Materials and Methods

Marine Protected Areas (MPAs)

We used the World Database on Protected Areas (December 2020 WDPA monthly
release) to delineate MPAs (/7). We excluded PAs that did not have designated, inscribed, or
established status, points without a reported area, terrestrial reserves, and UNESCO Man and
Biosphere Reserves. The remaining points were buffered to a size equal to the reported area (41),
combined with the polygons and dissolved to create a global MPA layer. This layer was then
rasterized to the same resolution and extent as the human modification data, and used to remove
any HM 1-km pixels located inside MPAs so that currently protected areas did not contribute to
aggregated summaries of HM. We acknowledge that coverage alone incompletely captures
actual conservation progress as MPA objectives, resourcing and management varies widely from
country to country (42, 43). Our framework can be updated as alternative databases become
sufficiently comprehensive for both MPA effectiveness and Other Area-based Conservation

Measures (OECMs).

Human impacts
We used thirteen layers of abatable human impacts from Halpern et al. (2) to calculate a
global map of marine cumulative abatable human modification. We used bilinear interpolation

to align the extents of the layers and reprojected the layers to a 1km-pixel Behrmann equal-area
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projection. We then log(x + 1)-transformed and normalized the layers to a 0-1 range. We

calculated cumulative human modification HM using a fuzzy algebraic sum, given by

13
HM, =1— 1_[ 1(1 — Hy), (M
]:
where Hj;, represents the log-normalized value of human impact layer ; at location k. The fuzzy

sum makes the contribution of a given stressor decrease as values from other stressors co-occur

(44). HM,, will be at least as large as the largest individual stressor Hj;, but the additional

contributions of other variables decrease the more they overlap. From this, we calculated the

mean HM value by cell in a global equal-area grid (approximately 55x55 km at 30° latitudes).

Table S1.
Human impact layers used to calculate cumulative human modification.

Commercial fishing categories Ocean-based drivers Land-based drivers
Demersal destructive fishing Artisanal fishing Plumes (fertilizer)

Demersal nondestructive high bycatch Species invasion Plumes (pesticides)
Demersal nondestructive low bycatch Oil rigs Nonpoint inorganic pollution
Pelagic high bycatch Nonpoint organic pollution
Pelagic low bycatch Population
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Fig. S1. Cumulative abatable human modification of the global ocean, summarizing thirteen
different types of marine human impacts.

Species data
We used predicted range maps of 12,927 species of marine fishes and 119 species of

marine mammals available through AquaMaps (www.aquamaps.org) (45). This comprises the

most taxonomically comprehensive representation (>75% extant diversity) available for both
these groups and for any larger marine species group. Other widely distributed marine taxa with
more than several hundred species currently remain insufficiently mapped (<50% species
coverage) to include without introducing significant spatial biases. Range maps provided
probabilities of occurrence within a global 0.5°x0.5° grid, based on a combination of
environmental niche modeling and expert review. These maps were projected to the Behrmann
equal-area grid using bilinear interpolation, and then interpreted as binary presence/absence
maps with a probability of occurrence threshold of 0.5 (representing species’ core ranges).
Closing taxonomic and spatial knowledge gaps is vital for comprehensive biodiversity

conservation (46), and further work is needed to expand our analyses to other species groups, but
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evidence of the close concordance between marine vertebrate and invertebrate biodiversity

patterns (45) suggests that future inclusion of other taxa will yield qualitatively similar results.

Fig. S2. Patterns of species (A) richness and (B) range size rarity of 13,046 marine vertebrates,
comprising 12,927 fishes and 119 mammals.

Fisheries revenue

The Sea Around Us (SAU) (www.seaaroundus.org) project’s reconstructed catch

database aims to provide full accounting of fisheries catches by including catches from

subsistence and recreational fishing sectors, discards and when possible, illegal, unreported and

17
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unregulated (IUU) fishing, which, by definition, are not part of official national data reported to
the Food and Agriculture Organization of the United Nations (FAO) (25). The SAU classifies
catch data by sector: industrial, artisanal, subsistence and recreational and provides time series
catch data (1950 — 2015). Data are provided at half degree grid cells and each catch record is

5 associated with taxon, fishing country and year (24).

Ex-vessel prices are the prices that fishers receive directly for their catch, or the selling
price when it first enters the supply chain. Ex-vessel price data of each taxon by year and fishing
country was extracted from the Fisheries Economic Research Unit (FERU) global ex-vessel price
database (26, 47, 48). The detailed method for building the global ex-vessel database can be

10 found in Tai et al., 2017. The updated price was matched with each record of the catch data in
the SAU reconstructed catch database (25). By combining the catch data with the fishing ex-
vessel price data of each marine taxon, the landed values can be estimated for different fishing

countries at different spatial locations.

15 Fig. S3. Landed value estimates in real 2010 USD, averaged from 2007-2016 and aggregated
across fisheries.

Optimization

18
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We sought to identify global reserve networks that meet targets set for the core ranges of
P = 13,046 species of marine fish and mammals. We modeled the most efficient trajectories to
optimality for each scenario by starting with the current MPA network and successively adding
areas by greatest total contribution to conservation targets. We used a linear program (LP)
5 problem definition with N = 121,722 decision variables representing cells in the global 55x55

km equal-area grid containing marine habitat in the form:

minimize N cixg, (2)
subject to:
N
Z. qijX; = T] ; (3)
=1
10 0<x <1 “

Equation (2) minimizes the cost of the reserve network. We defined two different cost
variables. The first minimized reserve network area (MinArea scenario); the second minimized
the fishing opportunity cost (MinCost scenario). The decision variables x; determine the
proportion of habitat in each cell i that is included in the reserve network. Cell costs were

15 calculated as

o = {ml- — i, (MinArea scenario) (5)
t fi, (MinCost scenario)

where m; represents the proportion of marine area in cell i and p; is the proportion of area of cell
i that is currently protected.
20 The inequalities represented in Eq. (3) ensure that the amount of area protected by the

reserve network is equal to or above a specified threshold T; of the total range size for each
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species j. The amount of habitat q;; “available” for future protection for species j in cell i was
calculated as

q;j = r;j(m; — p;)(1 — HM,), (6)
where 1;; is a binary variable indicating whether or not cell i overlaps with the range of species j,
and HM; is the mean HM value in cell i. The conservation threshold T; was calculated as a

function of a species’ total range size with a piecewise log-linear function that specified
representation targets of 100% for species with the smallest ranges and 10% for species with the

largest ranges (49, 50), and is given by

N
T = ij, i (7
i=

with p; the proportion of range area determined by the species representation target, following a
pj prop g y P p g g

commonly used target setting approach for terrestrial species (49). As global marine area is much
larger than terrestrial area and marine species generally occupy larger areas, we used larger area
of habitat thresholds to categorize rare (<100,000 km?) and widespread (>2,500,000 km?)

species.
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