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Highlights
® Exposure to climate change effects creates risk to fisheries’
management globally

® Opportunities to evolve management could reduce
vulnerability, especially for tunas

® More efficient cooperation in managing multinational stocks
is key to reduce risk
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In brief

This study combines projected changes
in fish stock distributions and marine
biomass with fishery vulnerability
indicators to conduct a large-scale
assessment of climate change risk to
sustainable management of marine
fisheries. Results highlight that efficient
multinational cooperation in widely
distributed large pelagic species will be
particularly important to mitigate
impacts.

¢ CellPress


mailto:lauren.koerner@msc.org
https://doi.org/10.1016/j.crsus.2025.100555

Please cite this article in press as: Koerner et al., Climate change risks to future sustainable fishing using global seafood ecolabel data, Cell Reports
Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100555

Cell Reports Sustainability @ CelPress

OPEN ACCESS

Climate change risks to future sustainable
fishing using global seafood ecolabel data

Lauren M. Koerner,'-'4* Juliano Palacios-Abrantes,? Camilla Novaglio,® Julia Blanchard,® Michael C. Melnychuk,’
Timothy E. Essington,* Jason D. Everett,>%7 Jerome Guiet,® Cheryl S. Harrison,® Ryan F. Heneghan,°

Rohan J.C. Currey,’-'" Ernesto Jardim,! Beth Polidoro,’-'? and Catherine Longo'-'3

1Science and Standards, Marine Stewardship Council (MSC), London, UK

2|nstitute for the Oceans and Fisheries, The University of British Columbia, Vancouver, BC, Canada

3Institute for Marine and Antarctic Studies, College of Science and Engineering, University of Tasmania, Hobart, TAS, Australia
4School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA, USA

5School of the Environment, The University of Queensland, St Lucia, QLD, Australia

8Commonwealth Scientific and Industrial Research Organisation (CSIRO) Environment, St Lucia, QLD, Australia

7Centre for Marine Science and Innovation (CMSI), The University of New South Wales, Sydney, NSW, Australia

8Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles, CA, USA

9Department of Oceanography and Coastal Sciences, Center for Computation and Technology, Louisiana State University, Baton Rouge,
LA, USA

10School of Environment and Science, Griffith University, Brisbane, QLD, Australia

11Centre for Ecology & Conservation, University of Exeter, Penryn Campus, Cornwall TR109FE, UK

12School of Mathematical and Natural Sciences, Arizona State University, Glendale, AZ 85306, USA

13Liverpool John Moores University, Liverpool L33AF, UK

14Lead contact

*Correspondence: lauren.koerner@msc.org

https://doi.org/10.1016/j.crsus.2025.100555

SCIENCE FOR SOCIETY Climate change is impacting sustainable use of the world’s natural resources,
including marine fisheries, which are a critical source of food and livelihoods. Climate change-driven shifts
in fish population distributions and declines in fish biomass are already affecting fishing opportunities,
and these effects are expected to increase. Management systems may no longer be suitable for sustainable
extraction under these new conditions, resulting in overfishing. Global patterns of fishery risk, incorporating
management vulnerabilities, have been difficult to measure due to a lack of consistent, relevant information
compiled on a global scale. We fill this gap by combining recently published climate projections with novel
governance proxies to evaluate fishery risk across large spatial scales and diverse species groups. Our re-
sults help identify governance areas to be prioritized, such as multinational catch allocation agreements, to
adapt to projected changes, mitigate risk, and sustain future seafood supplies and dependent communities.

SUMMARY

Marine fisheries are an important source of food and livelihoods globally. However, climate-induced changes
in marine ecosystems are affecting fish populations and sustainable fishing opportunities. By combining da-
tasets on climate-driven changes in population distribution and biomass with Marine Stewardship Council
(MSC) seafood ecolabel program data, we conduct a large-scale risk analysis of fisheries under a high-emis-
sions scenario by mid-century. Results show that fisheries targeting tuna and billfish face the highest relative
risks of management disruption, due to high exposure to stock shifts and higher governance vulnerabilities,
followed by small pelagic and demersal fisheries. We analyze a subset of global fisheries with high manage-
ment performance (MSC-certified), suggesting risk may be higher among non-MSC-certified fisheries. These
findings provide key insights into governance priorities across diverse fisheries under climate change. They
underscore the need for international cooperation, regular management reviews, and effective monitoring to
be prepared for climate impacts on marine resources.
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INTRODUCTION

Climate change is impacting the biodiversity and sustainable use
of natural resources globally. In marine systems, changes in
ocean temperatures, seasonality, and circulation are impacting
habitats, altering populations’ abundance, shifting species’ dis-
tribution, and affecting food-web structure. These changes are
already impacting sustainable fishing opportunities, threatening
livelihoods and food security.'™ Phenomena such as stocks
shifting out of historical fishing grounds and changes to food-
web productivity are projected to increase, thereby increasing
risks of fisheries-related conflict and unsustainable manage-
ment.>® Even fisheries considered to be well managed can
face consequences from these changes,’® as strategies that
have historically facilitated a sustainable fishery may result in un-
sustainable outcomes under new conditions. Fisheries’ risk of
adverse outcomes will vary based on exposure to climate
change effects, such as the extent of biomass decline and target
stock distribution shifts, and management systems’ vulnerability
that includes the ability of management systems to efficiently
identify, respond to, and cope with impacts.>®%'° These factors
affecting risk have been challenging to evaluate across large
spatial scales and diverse species groups.

Exposure to climate change challenges the effective and resil-
ient management of stocks, which requires the full cooperation
of all parties, including coastal states with potentially diverse
systems and agendas. Under climate change, many fish and
invertebrate stocks are projected to shift across exclusive eco-
nomic zone (EEZ) boundaries beyond historical distributions,
which is predicted to increase disagreements over catch alloca-
tions.®”""":12 To ensure resilient management systems and avoid
overfishing, management agreements, which may have histori-
cally been effective, will require adjustment, including agree-
ments on catch allocation and rules that may govern future revi-
sions to current allocations.'®'* When stocks are distributed
across multiple jurisdictional boundaries, successful agree-
ments can be more challenging to achieve from having more
parties involved in decisions, making full cooperation more diffi-
cult”"®'" and thus creating further vulnerabilities to climate
change impacts. For example, allocation may be based on a
country’s historical catch development status or reliance on
the fishery resource, but changes in fish biomass or distributional
shifts, resulting in changes in abundance across jurisdictions,
may necessitate reviewing these criteria and could result in diffi-
cult multi-country negotiations.'®'*'® When a stock is distrib-
uted across multiple EEZs, the harvest strategies and access
agreements for all countries involved can impact its sustainable
harvest. In Northeast Atlantic pelagic fisheries, disputes over
allocation stemming from stock distributional shifts could not
to be efficiently resolved, which contributed to collective quotas
and catches being higher than advised and fisheries of the stock
no longer being considered sustainable.’®?° Thus, as climate
change progresses, sustainability of stocks will necessitate
that management systems can cope efficiently and that all coun-
tries involved work together cooperatively.’ >

Even when parties are willing to cooperate or when there are a
few parties involved, the fishery may face closure or depleted
biomass when distributional shifts or biomass changes are not
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identified in time and management strategies are not quickly
adapted.?’ For example, biomass decline of North Sea cod,
partially attributed to climate change impacts,”®** meant that
existing harvest strategies became inadequate.”® The lack of
an adequate management plan under the changed conditions
then resulted in fisheries targeting North Sea cod to lose their
Marine Stewardship Council (MSC) certification.””

Accordingly, the risk of future consequences from climate
change effects will be influenced by the vulnerabilities of fish-
eries’ management systems. As socio-ecological systems, the
vulnerability of a fishery to climate change hazards varies de-
pending on the context of the fishery,” and so measures ascer-
taining vulnerability are difficult to quantify globally. Certain attri-
butes of management systems have been proposed as
promoting the ability to identify and adapt to climate-induced
changes, including regular re-evaluations of decision-making
mechanisms, inclusive stakeholder consultation, and flexibility
to respond rapidly.>?%?” At the same time, management
structures should ensure regulations are effective through
appropriate implementation and compliance and enforcement
mechanisms. These attributes help to ensure that harvest strate-
gies are effective and promote sustainable outcomes. However,
it has been challenging to obtain comparable, systematically
collected, fishery-level data on elements of fisheries manage-
ment such as these.

The MSC is a seafood ecolabel program aimed at providing
market recognition to products from wild-capture fisheries that
meet its environmental sustainability requirements.”®?° As of
2023, 16% of wild-caught marine landings were MSC-certified,
with 66 countries selling MSC-labeled products to consumers®°
and more than 650 fisheries engaged in the program.®’ MSC-
certified fishery assessments are conducted by independent,
accredited, third-party auditors and are made publicly available
for stakeholder comment.®® Each fishery is scored against per-
formance indicators within three overall principles of the fisheries
standard®® related to whether (1) the target stock is fished at sus-
tainable levels, (2) habitats and ecosystems remain healthy, and
(3) effective management systems are in place.?® Each fishery is
assessed and scored from 60 to 100 against criteria within each
performance indicator, with higher scores indicating more
comprehensive and demonstrably effective processes for sus-
tainable outcomes.?® If the fishery does not meet the minimum
required score of 60 for all criteria of each performance indicator
or a weighted average score of >80 for each principle, then it
fails the assessment and cannot be certified.*® These MSC fish-
ery assessment reports systematically document the perfor-
mance of assessed fisheries and their management systems.
While MSC-certified fisheries are likely to perform better, on
average, than a random sample of the world’s fisheries, they
include a diverse set of target species, gears, scales of opera-
tion, and geographic representation that can provide key in-
sights into large-scale risk patterns under future climate
scenarios.

Here, we use scores for the indicators assessed under Princi-
ple 3 of the standard. While scores under principles 1 and 2
reflect current practices in place, we selected Principle 3 scores
as these capture the characteristics of governance systems and
processes, which can all be associated to some degree with
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important attributes for reducing vulnerability to climate
change.® Although the standard was not developed to specif-
ically evaluate climate change vulnerability, Principle 3 scores
that are informative of attributes that can be associated with
climate-resilient fisheries® include the efficiency and effective-
ness of decision-making processes and resolving issues and
disputes, as well as the capability to update or create new regu-
lations.® The detailed scoring guidance and training provided to
auditors, as well as assurance systems surrounding certification,
are intended to create a replicable scoring methodology for ma-
rine fisheries globally, even when applied to scoring qualitative
aspects such as the level of stakeholder consultation or ade-
quacy of dispute resolution.**

We combine multiple datasets on stock distributions, fish-
eries, climate change, and governance indicators to conduct a
climate change risk evaluation of fisheries in the MSC program
under a high greenhouse gas emissions scenario by mid-century
(2050). Exposure, measured by the presence of fisheries in areas
that could be adversely affected by these hazards,*®*° and
vulnerability, measured by the fishery management system’s
susceptibility and lack of capacity to respond to and recover
from adverse impacts,®**° are evaluated to determine overall
risk. We aim to identify large-scale patterns of risk of climate
change disrupting sustainable fishery management because of
potential conflicts over catch allocation or the reduction of
exploitable biomass. We evaluate factors contributing to risk,
including exposures to shifting distributions and biomass
change, and potential vulnerabilities of management systems
that could be addressed to mitigate future impacts. We identify
fisheries targeting highly migratory tunas and billfishes, followed
by those targeting small pelagic species, to be at higher risk than
other fisheries evaluated, generally resulting from higher expo-
sure and potential vulnerabilities from the challenges of complex
multinational governance.

RESULTS

Risk estimate varies by target species group and
geography

We estimated the risk of 661 fishery units —defined as the com-
bination of the target stock, fishing method, and the vessels or
operators pursing that stock—to climate change by mid-century
(2050) under a high-emissions scenario, representative concen-
tration pathway 8.5 (RCP8.5) or shared socioeconomic pathway
5-8.5 (SSP5-8.5). Risk is ranked on a scale from 0O (least risk) to 1
(most risk), and fishing units are grouped according to the Inter-
national Standard Statistical Classification of Aquatic Animals
and Plants (ISSCAAP).*® Risk values tended to cluster in three
groups: large pelagic fish, small pelagic and demersal fish, and
invertebrate species groups. Fishery units targeting large highly
migratory pelagic fishes (tunas and billfishes) had, on average,
the highest estimated risk, with a median risk of 0.45 and inter-
quartile range (IQR) from 0.43 to 0.46 (Figure 1). Most groups
of small pelagic and demersal fishes, including gadids and flat-
fishes, had low to intermediate levels of risk (7 out of 8 of these
groups had median risk between 0.13 and 0.33). Invertebrate
species groups tended to have lower risk on average, compared
with fish groups (8 out of 11 invertebrate groups had median risk
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between 0.01 and 0.11; Figure 1). Risk estimates for individual
fishery units in the MSC program ranged from 0.0001 to
0.48, with median risk of 0.23 and an IQR from 0.09 to 0.36. Stan-
dard uncertainty for individual fishery unit risk estimates, result-
ing from Monte Carlo simulations, ranged from +0.0003
to +0.1116. We estimated that not accounting for covariances
among indicators during these simulations results in underesti-
mating risk by 2.2 percentage points (Figure S1).

Aggregating by EEZ(s) where fishery units operate, the high-
est-risk EEZs were those dominated by fishery units targeting tu-
nas and billfishes, particularly in the Western Central Pacific
(Figure S2). However, many equatorial regions lacked represen-
tation of fishery units targeting other species besides these large
pelagic fishes (Figures S2and 2B). On average, fishery units tar-
geting tunas and billfishes had similar risk across most areas of
operation (Figures 2B and S2), in part because these areas are
large. For example, fishery units operating in the Western Central
Pacific often operated in multiple Pacific Islands EEZs and high
seas regions, with the risk value applied to all grid cells. Further,
because tuna and billfish stocks have large distributions, indica-
tors calculated based on stock distribution (EEZ shift, high seas
shift, exploitable biomass decline, and governance complexity)
had uniform values for all fishery units targeting a stock. Aggre-
gated risk tended to be higher in European countries than non-
European countries for fishery units targeting non-tuna species
groups (Figure S2).

Exposure and vulnerability indicators contributing to
higher risk vary

The risk estimate for each fishery unit was calculated from five
indicators of exposure and vulnerability (Figure 2). We compared
fishery units targeting tunas and billfishes with those targeting
other species, given that the former mainly occur in the high
seas and are managed through multi-country Regional Fisheries
Management Organizations (RFMOs) that operate differently
from management structures and processes of EEZs. Fishery
units targeting tunas and billfishes generally had higher values
of all exposure and vulnerability indicators than fishery units tar-
geting other species, leading to higher overall risk (Figure 2A).
The discrepancy was particularly extreme in EEZ shift, high
seas shift, and governance complexity indicators, where me-
dians for tunas and billfishes were all 1 and for fishery units tar-
geting other species were less than 0.75. Within each of these
three indicators, at least 80% of fishery units targeting tunas
and billfishes had a value of 1. For fishery units targeting
other species, EEZ shift exposure had the highest median of all
indicators at 0.74 (IQR 0 to 1). Most fishery units targeting other
species with EEZ shift exposure >0.99 operated in the Northeast
Atlantic Ocean, while a portion also had an EEZ shift >0.99 in the
eastern Russian EEZ, western Canadian EEZ, and Chilean EEZ
(Figure S3). Across all types of fisheries, median scores for
exploitable biomass decline were the lowest of all exposures
(median = 0.21 and IQR 0.14 to 0.30), while management
vulnerability was the vulnerability indicator with the lowest me-
dian scores (median = 0.12 and IQR 0.08 to 0.15). Across all in-
dicators and thus overall risk, the variance among fishery
units tended to be greater for those targeting other species
(Figure 2A).
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Figure 2. Exposure and vulnerability indicator values and overall risk values across fishery units

(A) Fishery unit exposure and vulnerability indicator values and overall risk, separated by fishery units targeting tuna and billfish species versus those targeting
other species. Boxes show interquartile range (IQR) and bold lines show median. Whiskers show lowest datum within Q1 — IQR x 1.5 and highest datum within
Q3 + IQR x 1.5, while black open points show observations outside these fences. Colored points show values for individual fishery units.

(B) Global maps of median risk across all fishery units by 0.5° x 0.5° cell, showing EEZs for reference. Scale shows full range of possible risk values (0 = lowest
risk, 1 = highest risk), but the highest observed risk across fishery units was 0.48.

Across all fishery units, the lowest exposure to declining
exploitable biomass (<0.08) was observed for those targeting
stocks toward the poles, particularly in the Barents Sea,
northern Baltic Sea, Antarctic, Heard and McDonald Islands,
Gulf of Maine, and Nova Scotian shelf (Figure S3). For fishery
units targeting stocks other than tunas and billfishes, the high-
est exposure to declining exploitable biomass (0.35-0.43) was

found among those targeting stocks in the Gulf of Alaska, Be-
ring Sea, Aleutian Islands, Grand Banks, southeastern
Australia, and New Zealand. Some of these fishery units
also had moderate to high exposure to EEZ shift, but generally
low exposure to high seas shift, and low vulnerability indicator
values compensated, resulting in relatively lower risk (<0.26).
Of these with higher exploitable biomass decline, the highest
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Govemance & Policy

= Legal and/or Customary Framework

Fishery Specific
Management System

— Fishery Specific Objectives

The management system exists within an appropriate and
effective legal and/or customary framework which ensures
that it:

- Is capable of delivering sustainability in the [fishery units]

- Observes the legal rights created explicitly or established by
custom of people dependent on fishing for food or livelihood,;
and

- Incorporates an appropriate dispute resolution framework.

— Consultation, Roles & Responsibilities

The management system has effective consultation processes
that are open to interested and affected parties.

The roles and responsibilities of organisations and individuals
who are involved in the management process are clear and
well understood by all relevant parties.

— Long Term Objectives

The management policy has clear long-term objectives to
guide decision-making that are consistent with MSC Fisheries
Standard, and incorporates the precautionary approach.

The fishery-specific management system has clear, specific
objectives designed to achieve the outcomes expressed by
MSC'’s Principle 1 [sustainability of target stock] and 2
[Environmental impact of fishing].

— Decision Making Processes

The fishery-specific management system includes effective
decision-making processes that result in measures and strate-
gies to achieve the objectives and has an appropriate ap-
proach to actual disputes in the fishery.

- Compliance & Enforcement

Monitoring, control and surveillance mechanisms ensure the
management measures in the fishery are enforced and com-
plied with.

| Monitoring & Management Performance Evaluation

There is a system for monitoring and evaluating the perfor-
mance of the fishery-specific management system against its
objectives.

There is effective and timely review of the fishery-specific
management system.

Figure 3. MSC fisheries standard 2.01 assessment criteria for Principle 3
Seven light blue filled boxes and accompanying black and white boxes describe the seven performance indicators scored within Principle 3 to assess the
effectiveness of management systems. Adapted from the MSC fisheries standard v2.01 28

risk was for those targeting stocks in state waters of the Gulf
of Alaska and Aleutian Islands (risk = 0.26) where high EEZ
shift of 1 also contributed to higher exposure, and higher
management vulnerability of 0.19 contributed to higher overall
risk.

Management vulnerability ranged from 0.001 to 0.21. These
overall low values, compared with those of other indicators,
reflect that our sample consisted of only fisheries that met
MSC requirements for Principle 3 scores and thus had at least
some characteristics that could be associated with reducing
vulnerability.
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Underlying management vulnerabilities contribute to
higher risk estimates

To better understand potential management vulnerabilities, we
examined the seven governance performance indicators
composing the MSC fisheries standard Principle 3 (Figures 3
and 4) and thus the management vulnerability indicator
(Figure 2). Fishery units targeting tunas and billfishes generally
scored lower (less favorably) in most performance indicators
assessing management effectiveness (Figure 4B). For fishery
units targeting other species, the lowest scores were generally
in the monitoring and management performance evaluation
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Figure 4. MSC Principle 3 and underlying performance indicator scores across fishery units

(A) Median MSC Principle 3 assessment score, assessing management effectiveness. The higher the MSC Principle 3 score, the lower the management
vulnerability indicator of the fishery unit. Scores are aggregated by the EEZ(s) in which the fishery operated. A single fishery unit may operate across multiple
EEZs, in which case the score was applied to each EEZ in which the fishery unit operated. Only fishery units that passed the assessment and therefore scored at

least 80 were included.

(B) MSC fishery assessment scores for the seven performance indicators of Principle 3 and overall Principle 3 score, which evaluate management effectiveness.
Scores are separated by fishery units that target tunas and billfishes versus those targeting other species. Boxes show IQR with bold lines showing median.
Whiskers show lowest datum within Q1 — IQR x 1.5 and highest datum within Q3 + IQR x 1.5, while black open points show observations outside these fences.

Colored points show individual fishery unit scores.

performance indicator and the compliance and enforcement
performance indicator (Figure 4B). The distribution of monitoring
and management performance evaluation scores showed the
least difference between tunas and billfishes and other species,
indicating that challenges in reaching higher performance here
were not specific to tuna fisheries.

The lowest scores for fishery units targeting tunas and bill-
fishes were generally in the decision-making processes and
the compliance and enforcement performance indicators; in
the latter, scores were limited by criteria evaluating sanctions
and monitoring, control, and surveillance implementation. All
included fisheries met at least the minimum requirements of
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having sanctions to deal with non-compliance, and there is no
evidence of systematic non-compliance, but about 20% of
tuna and billfish fishery units included did not meet criteria to
show that sanctions are consistently applied. Additionally,
90% of tuna and billfish fishery units did not meet criteria to
show that sanctions demonstrably provided effective deter-
rence. Although all included fisheries have implemented at least
ad hoc or isolated monitoring, control, and surveillance mecha-
nisms, and there is a reasonable expectation of their effective-
ness, 88% of included tuna and billfish fishery units did not
meet criteria to show that these mechanisms represent a
comprehensive and cohesive system that demonstrates consis-
tent ability to enforce management measures. In criteria evalu-
ating decision-making processes, tuna and billfish fishery units
demonstrated that decision-making processes responded to
serious or important issues identified in relevant research, moni-
toring, evaluation, and consultation in a timely manner but not to
all issues identified, thereby limiting assigned scores.

When evaluated based on the EEZ(s) in which fishery units op-
erate, fishery units targeting tunas and billfishes tended to score
less favorably in MSC Principle 3, compared with those targeting
other species in the same EEZ (Figures 4A and S4). Fishery units
operating in EEZs of St Helena, Ascension and Tristan da Cunha,
and Heard and McDonald Islands had the highest (most favor-
able) median Principle 3 score (98.8) across all species and
consistently higher scores in all performance indicators
(Figure S4), but all had five or fewer fishery units. Fishery units
operating in the Australian EEZ, including Macquarie Island
and Norfolk Island EEZ, scored the next highest (median 97.5)
across 32 fishery units (Figure 4A). This contributed to overall
lower management vulnerability indicator values, and thus lower
median risk, observed for fishery units operating in the Australian
EEZ (Figures 2B and S2).

Highest aggregated risks across fishery units targeting non-
tuna or billfish species were observed in the Northeast Atlantic
Ocean and in part of the Chilean EEZ, (Figure 2B; median
risk >0.27, except in coastal Iceland where median risk is
0.22). Only one fishery unit targeting these other species oper-
ated in the higher-risk area of the Chilean EEZ, which was a
pelagic stock with very high exposure to EEZ shift and high
seas shift. Most of the fishery units targeting these other species
that operated in the higher-risk area of the Northeast Atlantic
where median risk >0.27 (n = 175) targeted species in the cod,
hake, and haddock group while others targeted those in the her-
ring, sardines, and anchovy group and flounder and halibut
group, all of which had intermediate risk (Figure 1). Because
these fishery units target stocks that generally overlap many
EEZs, exposure of EEZ shift and vulnerability from governance
complexity were generally high (87% had EEZ shift exposure
>0.60%, and 68% had governance complexity vulnerability
>0.76). In contrast, management vulnerability for these fishery
units (median 0.12) was only slightly higher than the median
across all fishery units targeting non-tuna or billfish species.
This management vulnerability was in part attributed to the
MSC Principle 3 performance indicator regarding the monitoring
and management performance evaluation, which consistently
scored least favorably among the seven performance indicators
for these fishery units. About 60% of these fishery units were un-
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able to meet criteria for mechanisms to evaluate all parts of the
fishery-specific management system (rather than just key parts)
or criteria for the fishery-specific management system to un-
dergo regular external review. Similar to the challenges for fish-
ery units targeting tunas and billfishes, over 55% of these
higher-risk fishery units in the Northeast Atlantic did not have a
cohesive and comprehensive monitoring, control, and surveil-
lance systems with a demonstrated ability to provide enforce-
ment, although all did have monitoring, control and surveillance
mechanisms with a reasonable expectation of their effective-
ness. Regarding the fishery-specific management system, over
35% of these fisheries could not meet criteria for decision-mak-
ing processes that respond to all issues identified or criteria for
formal reporting on fishery performance and management ac-
tions to all interested stakeholders, although all these fisheries
do have decision-making processes that at least respond to
serious issues and make at least some information available to
stakeholders. Finally, all these fisheries had objectives implicit
within the management system that were consistent with
achieving a sustainable fishery, but over 20% of these fisheries
did not have short- and long-term objectives that were well
defined and measurable.

Risk estimate sensitivity

Sensitivity analyses showed variation in risk to be influenced
most by inclusion/exclusion of individual indicators, with rela-
tively small influence from either aggregation method or indicator
weighting (Figure S5). The inclusion/exclusion sensitivity anal-
ysis showed that the management vulnerability indicator ac-
counted for the greatest variability in risk (Figures S6 and S7),
as expected, given that this indicator had the highest overall
weight (7/8 of overall vulnerability), and our sample only included
fisheries with low management vulnerability, given that they had
already met MSC requirements. Uncertainty, measured by the
standard deviation across Monte Carlo simulations, was gener-
ally highest and most varied for exploitable biomass decline
(Figure S8). Finally, when grouped by species group, the varia-
tion in exposure to exploitable fish biomass decline and high
seas shift under mitigation scenario SSP1-2.6 was small,
compared with the high-emissions scenario SSP5-8.5 presented
here, but the latter generally showed slightly higher median
exposure (Figure S9).

DISCUSSION

By combining exposure to stock shift and biomass decline with
vulnerabilities of fishery management systems, we identified the
risk of fishery units in the MSC program to potential management
disruptions by 2050 under a high greenhouse gas emissions sce-
nario. As formulated, relatively high levels of risk are observed
when exposure and vulnerability are both relatively high. Fish-
eries targeting tuna and billfish species were at relatively higher
risk (Figure 1), followed by those targeting small pelagic and
demersal fish species, particularly in the Northeast Atlantic
Ocean and Barents Sea (Figure 2B). To reduce their risk, fisheries
should advocate for strengthening the processes around
effective decision-making among the many countries involved
in managing transboundary stocks, particularly tunas and
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billfishes. We now turn to consider these two components of
risk —exposure to climate impacts and vulnerabilities in fisheries
management.

Exposure to climate change effects will challenge
fisheries across the globe

While several fishery units had stock shift values of 0, the indica-
tor for exploitable biomass decline rarely approached 0 (the
lowest quartile was 0.14 compared with O for high seas shift
and EEZ shift). This was expected as it has previously been re-
ported that by mid-century, under a high-emissions scenario,
most of the global ocean area will face exploitable fish biomass
declines of 10% on average.®” Biomass losses by 2050 under
SSP5-8.5 are generally expected to be greater around tropical
latitudes such as Oceania.®”*° Our findings for tunas, distrib-
uted mainly in tropical waters, are consistent with these predic-
tions. All fishery units evaluated had low to moderate exploitable
fish biomass decline exposure (<0.43), due in large part to the
most extreme predicted declines only happening toward the
end of the century and also lack of representation of fisheries
in areas of extreme predicted decline such as the Azores and
Kuwait.®”

The lower exploitable biomass decline observed for fishery
units targeting stocks toward higher latitudes in the Barents
Sea, northern Baltic Sea, and Antarctic aligned with predictions
of only small decreases, insignificant changes, or increases in
these areas by 2050 under the high-emissions scenario.®”+*'#?
Low exploitable biomass decline for fishery units targeting
stocks in the Gulf of Maine and Nova Scotian shelf by 2050 under
a high-emissions scenario is consistent with projections from a
related study,*” but variability among model predictions is high
for this region®” (Figure S10), and regional models suggest a re-
organizing of food webs with negative impacts to commercially
important species.*®** Studies projecting low biomass decline
in the Gulf of Maine and Scotian shelf by 2050 also project larger
biomass declines by 2091-2100 under the same high-emissions
scenario,”*® suggesting higher exposure in the longer term.

The large indicator values for EEZ and high seas shifts for tuna
and billfish fisheries (Figure 2A) were expected given the large-
scale migration patterns in these species. Climate change is pre-
dicted to substantially shift the range of these migrations as
ocean conditions change.*>™’ This includes tuna stocks shifting
away from EEZs of Pacific Small Island Developing States (who
financially benefit from tuna-fishing access fees) toward the high
seas.”® The high indicator values for EEZ shift and high seas shift
of fishery units targeting other pelagic and demersal fish groups
in the Northeast Atlantic Ocean and Barents Sea align with
studies already observing changes in the distributions of species
in these areas'®*® and predicting further shifts as ocean temper-
atures continue to change.*®"

In contrast, invertebrate species groups tended to have lower
indicator value for EEZ and high seas shifts, compared with fish
groups (Figure 2). Combined with lower governance complexity,
invertebrate species had lower overall risk, compared with fish
groups. Most invertebrates in the MSC program are either
benthic, such as bivalves, or are with localized population struc-
tures, such as crabs and shrimps. These species may suffer
localized climate-driven impacts not captured by our exposure
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indicators, such as acidification and heatwaves, which means
our results are potentially underestimating the need for more
responsive tactical measures or novel solutions such as translo-
cation.®>®® The lower risk of stock shifts across jurisdictional
boundaries reduces the complexity of addressing these effects,
as they will less frequently require difficult negotiations or suffer
from multi-country decision-making delays. Most notable ex-
ceptions are represented by a few MSC-certified pelagic inverte-
brates including squids and krill. Our EEZ shift and governance
complexity indicators were low for fishery units targeting Antarc-
tic krill (Euphausia superba) (0 and 0.13, respectively), which
does not cross multiple EEZs but is managed by multiple coun-
tries under the Antarctic Treaty®? through the Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR).
As potential modifications to krill harvest targets are being dis-
cussed in response to climate-driven ecosystem changes,”***
risks of delayed action due to multi-country, consensus-based
governance therefore still apply. Yet, overall, these results
suggest that at least for benthic and demersal invertebrate pop-
ulations with localized distributions, managing climate change
effects might represent a less daunting challenge than for
pelagic, highly migratory fisheries.

Addressing potential vulnerabilities in multinational
management systems could mitigate risk

Fishery units targeting tunas and billfishes had the highest gover-
nance complexity values because many countries are typically
involved in managing stocks. The RFMOs under which tuna
stocks are managed comprise more member nations than would
normally manage shared stocks across neighbouring EEZs, as
they can include, as per the 1995 United Nations Fish Stocks
Agreement, coastal states and distant water fleets with an inter-
est in the fish stock.®® Five RFMOs are responsible for manage-
ment of tuna and tuna-like species, covering the majority of
global high seas areas, all with 15 or more members (including
the European Union as a single member).

Studies have examined the effectiveness of RFMOs in manag-
ing fishery resources to mitigate overfishing and control unregu-
lated non-members, or free-riders, from fishing a stock. Multiple
studies have concluded that the higher the number of parties
competing for the resource, the lower the chance of a stable or-
ganization with full cooperation, in part due to higher chances of
conflicting interests and a greater incentive to free-ride,'>6:°6:5
However, if full cooperation and agreement is reached, then the
payoff will be much greater relative to conditions without full
cooperation. A 2021 study in which 40 stakeholders in the West-
ern and Central Pacific Fisheries Commission (WCPFC) were in-
terviewed showed clear consensus in the perception that the
large number and heterogeneous interests of WCPFC members
inhibited the ability to come to agreements on key issues.*®
Further complicating tuna management, the substantial expo-
sure to high seas shift makes it likely that tuna stocks will shift
between RFMOs,**™*" particularly between WCPFC and the
Inter-American Tropical Tuna Commission (IATTC), highlighting
the additional need for comprehensive frameworks for coopera-
tion between these RFMOs.5%1:5°

Challenges of managing highly migratory stocks are also
evident in management vulnerability values, where tuna and
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billfish fishery units generally had higher values than other fishery
units. Among the performance indicators considered under MSC
Principle 3 (i.e., the management vulnerability indicator), the
lowest scores for fishery units of tunas and billfishes were gener-
ally in the decision-making processes performance indicator and
compliance and enforcement performance indicator (Figure 4),
which reflect the challenge of involving a large number of parties
in making decisions, as well as the difficulties of monitoring fish-
eries on the high seas. Specifically, tuna fisheries had relatively
lower scores in implementing sanctions consistently with evi-
dence of efficacy, responding to issues in a timely manner and
implementing comprehensive, cohesive, and consistent moni-
toring, control, and surveillance systems. While these scores
meet MSC requirements, other studies have highlighted these
as areas that need strengthening, often noting the lack of coop-
eration among members, differing interests, and resistance to
change as obstacles.'®%%%? |n response, decision-making pro-
cesses within RFMOs need to evolve to be more flexible and
timely, with more efficient processes for participation, to better
adjust to changing fishing areas and catch availability.?'?%:?
Fisheries targeting tunas and billfishes are an important
component of the global seafood industry,®® with many commu-
nities benefiting, especially in the Western Central Pacific
Ocean.*>"** RFMOs often manage several important tuna stocks
fished by many fishing nations, which also represent key re-
sources for a wide-reaching trade network of buyers, proces-
sors, and retailers that might span multiple continents.®'-¢°:5¢
Therefore, climate change impacts on tunas in a given region
are likely to affect many harvest and post-harvest jobs and con-
sumers in multiple countries simultaneously. Accordingly, tuna
RFMOs are actively adopting new resolutions and plans of action
to incorporate climate science information into their advice and
decision-making (e.g., WCPFC®” and ICCAT®®). For example,
WCPFC is considering potential changes to catch allocations
in light of projected stock shifts to account for rights for Pacific
small island nations predicted to lose access in the future.®
When aggregated to areas of fishery operation, the highest
median risk across fishery units targeting non-tuna or billfish
species was observed in the Northeast Atlantic Ocean. For
these fishery units, high vulnerability resulting from governance
complexity, combined with high EEZ shift exposure, highlights
a potential susceptibility to management disagreements.®’
These factors contributed to disagreements in management of
the Northeast Atlantic pelagic fisheries that occurred between
multiple countries with differing interests.'®?%°” The disagree-
ments resulted in decreased management performance and
subsequent suspension from the MSC program of fisheries tar-
geting Northeast Atlantic pelagic stocks, such as Northeast
Atlantic mackerel, for failing to have an agreed harvest control
rule across all fishing countries involved.'®®>®® Lower scores
in the Principle 3 performance indicator regarding legal frame-
works for the Northeast Atlantic pelagic fisheries, due to issues
with international cooperation and dispute resolution mecha-
nisms, highlighted areas that, if strengthened earlier, may have
reduced impacts of conflicts.’®°>® Fisheries in the region
should prepare for potential future risks by ensuring the imple-
mentation of well-defined and measurable short- and long-
term objectives in the fishery management plan, which will
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increase the capacity to monitor progress and sustainability of
target stocks. Additionally, ensuring that the external review of
the fishery management system is comprehensive and regular,
including evaluating its robustness to predictable and unpredict-
able exogenous shocks, is likely to help with identifying new is-
sues with sufficient foresight. To prevent issues from escalating
and to increase stakeholder support of decisions, improvements
could also be made for processes to respond even to issues
deemed less important and for increasing formal reporting on
performance and actions. Processes for regular external review
of the management system facilitate the incorporation of diverse
perspectives and knowledge sources, while also ensuring
accountability of decision-makers and decisions—both impor-
tant attributes for climate resilient fisheries management.®
Without this, fisheries risk missing opportunities or information
that could help identify or mitigate future impacts and ensure
continued robustness. A long history of scientific cooperation
in the Atlantic region, thanks to the activities conducted by the
International Council for the Exploration of the Sea (ICES), may
be an enabling factor facilitating reviews without excessive
burden for each individual management system.

Recommendations for future risk evaluations
MSC-certified fisheries include a diverse set of species, gear
types, and scales, but coverage can be regionally biased, for
instance, the lack of representation of non-tuna species in equa-
torial regions.®”*°°¢ Future analyses comparing risk across a
more representative sample of global fisheries could improve
our understanding of regional and taxonomic patterns. Including
fisheries that are not certified to the MSC standard but for which
MSC governance scores exist, such as fisheries that have under-
gone a pre-assessment,®® could broaden the sample of fisheries
beyond those that are MSC-certified.

This analysis focused on climate change exposures predicted
to occur by mid-century (2050) under a high-emissions scenario,
in line with a precautionary approach evaluating a pessimistic
scenario. Ideally, it is preferrable to compare multiple scenarios.
Existing data limitations restricted the ability to project risk
under alternate scenarios, but it was possible to evaluate expo-
sure indicator values for high seas shift and exploitable fish
biomass decline under the alternate strong mitigation scenario
(SSP1-2.6). As expected, based on related research,®”-"° the
high-emissions scenario generally showed only slightly higher
exposure (Figure S9). This is likely because total uncertainty
before 2050 is generally dominated by model structure uncer-
tainty, with scenario uncertainty becoming dominant from about
mid-century and later.”" It could be reasonably hypothesized
that under alternate futures with more mitigation (for example,
SSP1-2.6), risks to fisheries would be lower than those pre-
sented here.®”:"

The larger uncertainty in the management vulnerability indica-
tor (Figure S8) reflects the variation of assessment scores across
the seven performance indicators for a given fishery unit. This
illustrates that most fishery units do not score evenly across
the performance indicators for management effectiveness but
rather have strengths and weaknesses. However, the MSC fish-
eries standard was not developed to specifically evaluate
climate change vulnerability, so a deeper analysis of which
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aspects of management captured in Principle 3 are the most pre-
cise proxies of governance resilience in this regard®° may allow
this indicator to provide a more targeted evaluation of where im-
provements are needed most to mitigate risks.

Exposure to exploitable biomass decline showed the largest
standard uncertainties across fishery units, likely due in part to
the stock area polygons within which biomass decline rates
were sampled. Many stock areas were delineated by statistical
or management areas, for example, ICES polygons, which often
overestimate the species’ actual distribution and habitat prefer-
ences. Future studies could potentially decrease this uncertainty
by using more precise species distribution estimates. However,
the simplicity of our approach allowed for consistent application
across diverse stocks.

We estimated uncertainty for each measure using available
uncertainties in input datasets, but we did not evaluate the sensi-
tivity of results to the structure of the models that produced the
input data, for example, models in the fisheries and marine
ecosystem model intercomparison project (FishMIP) ensemble
used for biomass estimates or the dynamic bioclimatic envelope
model (DBEM) model used for stock shift predictions. Uncer-
tainties and sensitivities of these models are discussed in other
studies.®”*85%7385 gome key methodological uncertainties
associated with high seas and EEZ shift input data include
uncertainties in species’ distribution maps used as input, and un-
certainties in the complex biogeochemical and ecological inter-
actions of selected Earth system models (ESMs).*% %75 Key un-
certainties in the FishMIP ensemble projections include those
stemming from differences in how ecosystem models handle in-
teractions and movements of organisms, model the effect of
physical factors like temperature on organisms, and integrate
ESM forcing variables.®”-*"* Further, FishMIP and DBEM model
outputs assumed absence of fishing.>” Research suggests that
FishMIP ensemble exploitable biomass decline and DBEM stock
shift prediction outputs are robust for global analysis,**"*"® but
here, we downscaled results to assign risk to individual fishery
units, thereby likely underestimating actual variability among
fishery units.

We evaluated fisheries on a global scale, and such results here
are not intended to provide accurate predictions of absolute risk
to individual fishery units but rather to compare broad risk pat-
terns across regions and species groups of certified fishery units
to identify the types of fisheries relatively more at risk. This
required making simplifying assumptions to assess exposure
and vulnerability across diverse fisheries and regions. Risk
assessment of individual fisheries would likely be more nuanced
and built upon detailed information about the threats and gover-
nance properties of those systems. Future work could also eval-
uate the possibility of interactions between indicators of expo-
sure and vulnerability.

Conclusions

This study provides a first overview of the future risks to sustain-
able management of wild capture fisheries by combining existing
projections of climate change impacts with a novel governance
proxy based on ecolabel management data. Focusing on
MSC-certified fisheries, which already meet robust management
standards, we found that risks from stock shifts and biomass
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decline were low to moderate. The highest risk recorded for
these fisheries was less than 50% of our index scale, and it
can be expected that MSC-certified fisheries are faring better
than many other fisheries lacking data and resources to monitor
and regulate their activities.®* This evaluation allowed for com-
parisons across diverse fisheries, including 135 target species
operating across the globe, providing detailed insights into
how their management systems will need to prepare, like all nat-
ural resource extraction activities, to adjust to future challenges.
We found that tuna and billfish fisheries will face higher risks to
sustainable management from stock shifts and biomass decline
relative to the other fisheries, primarily due to their highly migra-
tory nature, followed by small pelagic fisheries. Most RFMOs
managing tunas and billfishes are working to integrate climate
considerations in management, including resolutions to incorpo-
rate climate considerations in their scientific advice.® Areas that
will need increased focus in the future are likely to include the
ability to review management systems in a timely fashion,
the importance of setting long-term management goals, and
the ability to appropriately monitor and enforce regulations.
Exposure to stock shift and biomass decline are far from unique
to these fisheries, and these priorities apply to fisheries world-
wide. Our study underscores the urgent need for cooperative,
climate-adaptive management to address stock shifts and
biomass declines and to ensure sustainable seafood supplies
and livelihoods globally.

METHODS

Below, we describe the datasets used on stocks, fisheries,
climate change, and social-ecological indicators and summarize
the different components of the methodology. We provide a
more detailed explanation in the supplemental experimental
procedures.

We summarize published information from complex climate
projection models in a spatially explicit climate change risk eval-
uation following IPCC frameworks.*®’? In this study, risk is
defined comparably to the IPCC**#° report®® as the potential
of fisheries to be adversely affected by climate change arising
from the interaction of hazards, exposure, and vulnerability. Haz-
ard is defined as an event or trend that could cause social or
ecological damage or disruption.®>*° Here, we considered the
combined hazards of productivity declines®® and movement of
stocks out of historical fishing grounds,®” as well as the risk of
these hazards impairing the management performance of fish-
eries across the globe. We combined multiple indices measuring
various aspects of each fishery’s climate exposure and manage-
ment vulnerability into an overall risk value for the fishery.

Fishery units and fish stocks

We defined fisheries by the individually assessed fishery units in
the MSC program. The individual fishery unit that is assessed,
and may carry the MSC status, is the combination of the target
stock, fishing method, and vessels or operators pursuing the
stock.®® A certain stock may have multiple fishery units targeting
it, but a fishery unit does not target multiple stocks (see
supplemental experimental procedures for exceptions). Our
analysis focuses on 661 fishery units in the MSC program as of
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Figure 5. Areas of operation of fishery units
in the MSC program included in the study
Areas estimated for each of 661 fishery units from
descriptions of geographic area in MSC assess-
ment reports.

continued fossil fuel development.” The
high-emissions scenario used here is
useful in considering a precautionary
approach to assess risk under a plausible
worst case scenario.®>*%°° We acknow!-
edge that this is an extreme climate
change scenario®'; however, we were

—
Fishery unit count

.

1 85

31 December 2022, which had been certified against the MSC
fisheries standard v2.0 Default Normative Tree.”® In order to
compare assessment scores across fisheries and control for var-
iations across different MSC fisheries standard versions,
only those that were assessed against the same assessment
version were included. The highest density of 85 overlapping
fishery units was around Iceland, but high density was also
observed in Northern Europe and Western Central Pacific waters
(Figure 5).

The geography of each fishery unit was delineated in two
ways—by the geographic area of the target stock and by the
geographic area where the fishery unit operated (which may or
may not overlap the entire stock distribution). The spatially
explicit, stock-based indicators of EEZ shift, high seas shift, fish-
able biomass decline, and governance complexity were calcu-
lated based on the geographic area of the targeted stock. The
aggregation of risk values from fishery units to grid cell or EEZ
(s) was based on the geographic area where the fishery unit
operated. In total, 263 stocks of 135 species were identified as
being targeted by the 661 fishery units, including 33 different
gear types or fishing methods.

The public certification report from the MSC fishery assess-
ment of the fishery unit was the main source of information for
both fishery unit area and identification of the target stock and
target stock area. The public certification report is the final report
of the fishery assessment, which details all relevant background
and scores related to each fishery unit’s assessment. All reports
are available online.*?

Risk assessment framework

Determining fisheries hazards

We considered two main climate-driven hazards for the context
of exposure and vulnerability components of risk: stock distribu-
tion shifts and decline in productivity. These have been observed
to cause conflict and disruption to fishery management and
stock health in many parts of the world."*%°° We evaluate
exposure to these hazards (see below) using published data-
sets®”*° that modeled projected impacts under a high climate
change emissions scenario, RCP8.5 or SSP5-8.8, representing
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not able to compute the risk evaluation
under alternative emissions scenarios
due to limitations of the published data-
sets. Where data were available, we
compared indicator values under alternate scenarios. Data
were available under both the high-emissions scenario
SSP5-8.5 and the strong mitigation scenario SSP1-2.6 for two
indicators of exposure (high seas shift exposure and exploitable
fish biomass decline; see below), so these indicators were eval-
uated under each scenario and compared to evaluate the influ-
ence of the scenario. Because this sensitivity testing and related
research demonstrate only small variation between scenarios
prior to 2050, with model uncertainty only becoming more domi-
nant later,®” %" the single high-emissions scenario used here is
still relevant to the mid-century time period evaluated here.
Determining fisheries’ exposure and vulnerability to
hazards
Both the exposure and vulnerability components of risk were
derived from multiple indicators, chosen to measure important
aspects of the fishery’s exposure and vulnerability, relevant to
the hazards of stock shift and productivity decline, based on
literature. Proxy measures of indicators (Figure 6; Table S1)
were selected to prioritize datasets that covered the global
scope of fisheries of interest with minimal additional resources
required to curate the data.

For exposure, we developed three spatially explicit indicators
measuring the extent of stock shift between neighboring EEZs of
the target stock, the extent of stock shift between national juris-
diction and the high seas of the target stock, and the extent of
exploitable biomass decline in the targeted stock area. For
vulnerability, we developed two indicators. One used MSC man-
agement effectiveness (Principle 3) scores as a proxy measure of
management vulnerability to evaluate management systems
with some of the attributes needed to adapt to and cope with
stock shift and productivity impacts. The second used the num-
ber of EEZs overlapping the target stock as a proxy measure of
the number of countries involved in decision-making and thus
governance complexity (Figure 6).

All indicators were developed to reflect a scale from minimum
to maximum exposure or vulnerability likely to contribute to
impairment of management performance and thus stock pro-
ductivity. Each indicator was rescaled to values between 0 and
1 before computing risk so as not to unevenly weight indicators
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Figure 6. Risk assessment framework used, showing indicators that made up exposure and vulnerability components used to evaluate risk

Proxy measures detail the specific measure used to approximate the indicator.

on different scales.?>%® We consider fishery units with indicator
and risk values from 0 to 0.2 as very low, 0.2 to 0.4 as low, 0.4
to 0.6 as moderate, 0.6 to 0.8 as high, and 0.8 to 1 as very high.

The EEZ shift indicator and high seas shift indicator were
computed from published projections on the effects of climate
change on shared stock catch ratios across jurisdictions.*® As
these projections were existing outputs of two previous studies
(Palacios-Abrantes et al.°® and Palacios-Abrantes et al.,”® rather
than modeled specifically for the objectives here, the methods
that produced the EEZ shift projections differed slightly from
the methods that produced the high seas shift projections. For
projections of shifts between EEZs, transboundary species
were identified then stock share ratios were computed for
each EEZ-neighbor pair (for example, between the United States
and Canada Pacific EEZ-neighbor pair) for every species identi-
fied as transboundary.®® For projections of shifts between high
seas, straddling species were identified then stock share ratios
were computed for each high seas area (delineated by tuna
RFMO area for stocks identified as highly migratory or ocean ba-
sin for other stocks) and neighboring area of national jurisdiction
(delineated by shelf areas classified by biogeographic realm®?)
for each species identified as straddling.”®

Changes in stock share ratio across neighboring areas for both
EEZ and high seas projections were projected using the DBEM
extensively described in Cheung et al.>*">°° Briefly, the DBEM
estimates the distribution of marine fish and invertebrates glob-
allyona0.5° x 0.5° grid. Initial species distributions are based on
the Sea Around Us (www.searoundus.org) algorithm, including
depth and latitudinal range, and known FAO statistical areas
and expert range maps. For each species, the model projects
its distribution as a response to ocean conditions (e.g., temper-
ature, salinity, pH) and habitat suitability. Since Palacios-

Abrantes et al.*® and Palacios-Abrantes et al.”® were conducted
at different times, oceanic conditions were projected using
slightly different conditions, depending on available information
at the time. Oceanic conditions for EEZ shift projections were
calculated following the coupled model intercomparison project
(CMIP) 5 protocol, using the Geophysical Fluid Dynamics Labo-
ratory (GFDL) Earth system model (ESM) following RCP8.5.%°
Oceanic conditions for high seas shift projections were calcu-
lated following CMIP6 protocol, using GFDL, Institut Pierre-
Simon Laplace (IPSL), and Max Planck Institute (MPl) ESMs
following SSP5-8.5.”° CMIP6 is an improvement on CMIP5,
which includes updated oceanographic drivers, higher resolu-
tion, and updated emissions scenarios, overall exhibiting higher
sensitivity to climate change, but marine biomass trends remain
similar between both CMIP5 and CMIP6 under a high-emissions
scenario by 2050.%%

For the target stock of each fishery unit, we calculated Glass’s
delta (A)*° as in Equation 1. We compared mean projected mid-
21%-century stock share ratios between neighboring EEZ and
high seas realms for 2041-2060 (Xnig) with the mean modeled
historical stock share ratios between the same neighboring
EEZs (in 1951-2005 for EEZ shift) and high seas realms (in
1951-2014 for high seas shift) (x4;s), relative to the standard de-
viation of historical stock share ratios (o5;s). Differences in histor-
ical periods were due to projections having been calculated
under the CMIP5 and CMIP6 protocols, respectively. We then
averaged A across all EEZ-neighbor or high seas realms pairs
of the targeted stock to indicate mean EEZ shift or high seas
shift effect size, respectively.

_ |)_(mid - )_(hisl

A (Equation. 1)
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Related studies interpret A = 2 as the threshold for a significant
stock shift®>? since this is considered a large effect with only
19% of the two distributions overlapping.®®°” Many values of
mean shift A here fell beyond 2; so in order to interpret a
large mean A as a fishery unit with significant exposure to EEZ
or high seas shift, while also preserving as much variation be-
tween values as possible and avoiding extreme values overly
dominating the scale, the highest exposure for EEZ and high
seas shift was set as mean A = 4. The mean shift A values
were then rescaled using a min-max scaler to limit values to be-
tween 0 and 1. In this way, a fishery unit that targets a stock with-
mean A >2 would have an EEZ or high seas shift
exposure >0.5. Final EEZ and high seas stock shift exposure in-
dicator values thus ranged from 0, no exposure to stock shift
observed, to 1, maximum exposure to stock shift (mean EEZ
or high seas A = 4; Figure S11).

To quantify decreases in exploitable fish biomass that the fish-
eries are projected to be exposed to, we used modeled marine
biomass data provided by FishMIP, which works to standardize
ensemble projections of marine ecosystem models.*®"® Projec-
tion data provided by FishMIP include biomass variation in the
global ocean from historical to mid-century time periods, not
including fishing impacts.®” Marine biomass is here limited to
size classes of exploitable fish biomass, from 10 g to 100 kg.*’
Biomass in these size classes were obtained from six global ma-
rine ecosystem models (APECOSM’®, BOATS'""¢, DBPM,®
EcoTroph,®° Macroecological,®’ and ZooMSS®?), each forced
with up to two CMIP6 ESMs (IPSL and GFDL), resulting in 10
combinations of ESMs and ecosystem models. The ESMs differ
in structure and assumptions, such as forcing variables used and
plankton taxonomic groups included, but were standardized to
the FishMIP protocol to force marine ecosystem models and to
account for ESM uncertainty. The FishMIP ensemble of models
further allow accounting for structural uncertainty in marine
ecosystem models.*®"® We use simulations projected for the
scenario SSP5-8.5.%% We analyzed projections of the percentage
change in exploitable fish biomass for each 1° x 1° grid cell glob-
ally relative to mean exploitable fish biomass across 1951-
2014.37,38,73

We calculated the ensemble mean percentage change in
exploitable biomass across the 10 ESM-model combinations
for each cell.*®**?> We then calculated the mean change in
exploitable biomass across all cells overlapping the stock area.
To indicate exposure to decreases in exploitable fish biomass,
any stock with a mean increase in biomass was reassigned a
biomass decline of 0, which would evaluate to a biomass decline
exposure of 0.

Values were then rescaled, so final biomass decline exposure
values thus ranged from 0, no exposure to fishable biomass
decline observed, to 1, maximum exposure to fishable biomass
decline (50% exploitable biomass decline; Figure S11). This was
in line with related studies that interpret exploitable fish biomass
decline greater than 50% to be an extreme situation with a high
potential for consequences.®”*® Further details of the three
exposure indicators are described in Table S1 and the supple-
mental experimental procedures information sections.

The management vulnerability indicator (Figure 6) utilized
MSC Principle 3 assessment scores of the fishery unit. Many
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factors can contribute to complexity, adaptability, and effec-
tiveness of decision-making processes, such as the type of
agreements in place and history of cooperation.”? We
assumed that MSC Principle 3 scores approximate some
of the qualitative differences between adaptability and effec-
tiveness attributes, which can indicate vulnerabilities. Principle
3 of the MSC fisheries standard is a weighted average score
of seven performance indicators assessing the effectiveness
of management systems and the ability of fisheries to
comply with relevant laws and to adapt to changing environ-
mental conditions (Figure 3), which could be associated
with important attributes for reducing vulnerability to climate
change impacts.® All management systems relevant to the fish-
ery are considered and assessed, including relevant RFMO(s)
and national and local management agencies and organiza-
tions, taking into account the scale and intensity of the
fishery.”®

Each of the seven performance indicators within Principle 3
are evaluated against multiple criteria to assess fishery perfor-
mance at levels from 60 to 100, with 60 representing minimum
acceptable performance, 80 representing best practice, and
100 representing state of the art.*>. The performance indicator
scores are then weighted and aggregated according to the
MSC fisheries standard®® to calculate the overall Principle 3
score, which quantifies the overall performance of the manage-
ment systems.** If a fishery unit does not reach at least 60 for all
criteria in all performance indicators, and at least 80 for the
weighted average principle score, it fails the assessment.*® If a
fishery unit scores between 60 and 80 for any individual perfor-
mance indicator, it receives a condition of certification detailing
an action plan and milestones required to address the issue
and raise the score to 80 by the next assessment cycle.*® If
the fishery is unsuccessful by its next assessment cycle, it
must withdraw from the MSC program, and it loses its
certification.

We calculated the Principle 3 score of each included fishery
unit as the weighted average of the seven reported performance
indicator scores, as instructed by the MSC standard.>*°® We
used scores from the latest public certification report of each
fishery unit published as of 31 December 2022, which are pub-
licly accessible on the MSC Track a Fishery website (fisheries.
msc.org). In total, 211 reports were included, published between
20 April 2017 and 13 December 2022.

A min-max scaler was used to rescale scores to values be-
tween 0 and 1, where the minimum was a score of 0 and
maximum a score of 100. Although a fishery unit does not explic-
itly receive a score if it does not meet the minimum sustainability
requirement of 80 for the principle (they would simply be re-
corded as failed), the theoretical range of assessment scores
is from 0 to 100. Because a higher vulnerability should coincide
with a lower Principle 3 score, we subtracted the scaled value
from 1 such that a management vulnerability indicator value of
0 is a Principle 3 score of 100 and the maximum management
vulnerability value of 1 corresponds to a theoretical Principle 3
score of 0 (Figure S11).

Although MSC assessment considers the cooperation of all
parties involved in management, it does not score fisheries by
the number of parties involved. Yet, a greater number of parties,
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for example governments managing the stock, can decrease the
chance of successful full cooperation. Thus, the number of coun-
tries involved in management of the targeted stock provides an
additional, globally applicable indication of vulnerability of the
fishery due to increasing complexity of stock management deci-
sions. In the absence of a definitive dataset of nations managing
each included stock, a measure of EEZ overlap was used as a
proxy that could be applied globally. Stocks overlapping
more EEZs were therefore assumed to be more vulnerable to
management impacts from stock shift and productivity decline
hazards.”'%1°

Unique EEZs were counted based on overlap with the Flan-
ders Marine Institute EEZ from Marine Regions®™ as these
aligned best with political differentiations. The number of over-
laps was positively skewed with extreme outliers observed,
generally from highly migratory tuna stocks. It is generally un-
derstood that decision-making complexity increases with the
number of parties involved, but it is reasonable to assume
that once a certain number of parties is reached the relevant
vulnerability from governance complexity should saturate.
That is, once the complexity is sufficiently high, risk will also
be high if sufficient frameworks to guide multinational cooper-
ation are not in place.’”'% In the absence of studies on the
precise relationship between the number of parties involved
and vulnerability to climate change impacts, we used the IQR
method to isolate and reassign extreme values in order to avoid
a small number of extreme values from dominating the indica-
tor scale, instead assigning a reasonable maximum vulnera-
bility value. In this way, any value above the upper limit, third
quartile (Q3) plus 1.5 times the IQR, was reassigned the limit
value.'®" The count of EEZ was then rescaled using a min-
max scaler to limit values between 0 and 1, where 0 was the
minimum observed governance complexity (1 EEZ overlapped),
and 1 was the maximum governance complexity (>9 EEZs
overlapped) (Figure S11). Further details of the two vulnerability
indicators are described in the supplemental experimental pro-
cedures and Table S1.

Risk evaluation

Indicators for exposure and vulnerability components were
aggregated to their respective component value using an arith-
metic mean of indicator values.%'%? |ndicators for exposure
(EEZ shift, high seas shift, and exploitable biomass decline)
were weighted equally. Vulnerability indicators were weighted
so that the indicator for governance complexity would have the
same weight on average of each of the seven performance indi-
cators within the MSC Principle 3 management effectiveness
score (Figure 3), based on the assumption that governance
complexity is as influential as each of the performance indica-
tors, which together encompass broader aspects of susceptibil-
ity to impact. The management vulnerability subindicator was
therefore assigned a weight of 7/8 of the vulnerability compo-
nent, and the governance complexity indicator was assigned a
weight of 1/8.

Risk is a function of climate exposure and vulnerability of the
fishery, where a high vulnerability may compensate for a low
exposure, and vice versa.”>'%%% Thys, risk (R) of each fishery
unit () was calculated as the geometric mean of the exposure
(E) and vulnerability (V) components as in Equation 2.
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(Equation. 2)

A fishery unit with a maximum possible risk of 1 has the highest
chance of facing consequences from stock shift and productivity
decline, potentially resulting in impairment of management per-
formance and impacts on stock health.

In order to observe regional or spatial patterns of risk, fishery
unit risk was also aggregated to the 0.5° x 0.5° grid cell and to
the EEZ(s) of the coastal state(s) where the fishery unit was esti-
mated to be operating. This allowed us to evaluate patterns
across ocean areas or jurisdictions. Although risk could be
different at smaller scales (e.qg., local ports), this choice of reso-
lution balanced availability and uncertainties of global datasets
with results that could be actionable for decision-makers. The
median risk across all fishery units estimated to be operating in
an EEZ (including the 12-nm territorial seas) was calculated
based on the overlap of fishery unit areas and EEZ areas.”® A
fishery unit may operate across multiple EEZs, in which case
its risk would be applied to each EEZ it overlapped.

In addition to comparing risk across all fishery units, we
compared the aggregate risk of fishery units grouped by
ISSCAAP group of the target species to observe patterns based
on the taxonomic and ecological characteristics. Further, we
compared fishery units targeting the highly migratory species
of the tuna, bonitos, and billfish species group,*® managed by
RFMOs, with those of other species. These highly migratory
species have unique management properties and may be
more exposed to shifting stock distributions because of differ-
ences in bioecological characteristics and broad geographic
distributions.

A Monte Carlo simulation method was used to calculate a final
risk and standard deviation for each fishery unit. Monte Carlo
methods are advantageous for their ability to test estimators, us-
ing data generated from known parameters, to characterize
overall uncertainty taking into account the uncertainties in the in-
dividual underlying indicators.'%>'% The method involved
randomly sampling of the variability (uncertainty space) of each
indicator of each fishery unit and recalculating the fishery unit’s
risk from the simulated indicator values.'®” This was repeated
using 10,000 simulations to generate a probability distribution
from which standard uncertainty and mean (final) risk were
calculated for each fishery unit.

It was not possible to account for covariances among indica-
tors during these simulations; while standard deviations of indi-
cators were specific to each fishery unit, the correlation structure
between them was unknown. To evaluate the consequence of
not accounting for covariances during these within-fishery simu-
lations, we constructed a covariance matrix from the across-
fishery estimates of each indicator (i.e., from the simulation
means for each of 5 indicator values and 661 fishery units). We
then simulated indicator values from this matrix, accounting for
covariances among them, and compared the distributions of
risk between scenarios accounting or not accounting for covari-
ances (Figure S1). The medians of the distributions were 0.253
and 0.233, respectively, suggesting that not accounting for co-
variances during Monte Carlo simulations results in underesti-
mating risk by 2.2 percentage points or a ratio of 0.92. This is
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expected to have little consequence for our overall conclusions
based on point estimates, given that the interest is mainly in
comparisons of risk and indicator values across species groups
or regions rather than in absolute estimates of these values. We
do acknowledge, however, that not accounting for covariances
results in a different shape of the risk distribution across fishery
units (Figure S1) as well as overestimating the precision of risk
estimates generally.

The uncertainty for the EEZ shift, high seas shift, exploitable
biomass decline, and management vulnerability indicators was
estimated from the variance of measurements in the input data-
sets and tested in the Monte Carlo simulation. For EEZ stock shift
and high seas stock shift, the mean and standard deviation of
historical and mid-century annual values of stock share between
each EEZ pair or high seas realm pair of each stock were used to
generate the sampling distribution and propagate the uncer-
tainty from annual variations upward. For exploitable biomass
decline, as the FishMIP outputs were already computed to
exploitable biomass change per cell, the mean and standard de-
viation of exploitable biomass change of each cell across each
stock area were used to estimate the sampling distribution and
propagate the uncertainty from spatial variation upward. The
variation across the 10 ESM-model combinations was not
included, but variation across cells (spatial variation) was greater
than variation across models (supplemental experimental pro-
cedures and Figure S10). The Monte Carlo sample for manage-
ment vulnerability was drawn from a distribution generated from
the weighted mean and weighted standard deviation of perfor-
mance indicator scores for each fishery unit to propagate the un-
certainty from variation across criteria scores.

For the governance complexity indicator, overlaps were
considered significant if the intersection area was at least 1%
of the stock area or at least 10% of the EEZ area to account
for limitations in precision of spatial data. These thresholds
were tested through Monte Carlo simulations to estimate uncer-
tainty. Distributions were generated to sample varied overlap
thresholds of intersection proportion of stock area and intersec-
tion proportion of EEZ area. Assumed thresholds defined what
was considered a significant overlap of a stock with an EEZ.
Normal overlap threshold distributions were generated with the
mean as the threshold of 1% for intersection area proportion of
stock area (with standard deviation 0.005) and the mean as a
threshold of 10% for intersection proportion of EEZ area (with
standard deviation 0.05). This created a distribution to sample
for each threshold value, where 95% of values were between
0 and double the selected value used as mean.

To evaluate the influence of each indicator, we analyzed the
sensitivity of risk estimates to inclusion/exclusion of each indica-
tor, using the Monte Carlo method. Under each of the 10,000
Monte Carlo simulations, risk was calculated while excluding
one indicator at a time but leaving all other indicators the same.

A sensitivity analysis was conducted to evaluate the impact of
three plausible factors on the estimated variance of the risk
output: (1) indicator weighting tested different weights applied
to the indicators in calculating exposure and vulnerability com-
ponents; (2) inclusion/exclusion excluded one indicator at a
time, noting that weights would also be reallocated; and (3) ag-
gregation method tested use of a arithmetic mean versus geo-
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metric mean for aggregating exposure and vulnerability compo-
nents to calculate risk. We used the Sobol’ analysis in the SALib
Python library.'%®1%°

The Sobol’ method is a global sensitivity analysis that tests the
influence of multiple input factors on output variance by varying
input factors both individually and simultaneously.”'%""® The
analysis provides results in the form of sensitivity indices
describing the relative portion of output variance influenced
by the input factor. Sensitivity indices are most commonly
computed for first-order effects, the influence of varying a single
input factor alone, and total effect, the influence of first-order ef-
fects and all higher-order effects including interactions between
factors. We used the Sobol’ analysis to test varying the three
different input factors, similar to OECD,” and compared result-
ing sensitivity indices (see also Table S2).
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median= 0.233  from simulation means for each of 661 fishery units
median= 0253  from re-sampling, accounting for covariance
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Figure S1. Estimates of risk with and without accounting for covariance among indicators.
Solid blue bars show the histogram of risk calculated from 5 indicator values for each of 661 fishery
units. These values are means of the simulated distributions for each fishery unit and indicator. These
values were used to generate a 5 x 5 covariance matrix from which 10,000 sets of indicators were
sampled, accounting for covariance among indicators. Red hatched bars show the histogram of risk
calculated from these re-sampled sets of indicator values. When re-sampling, any negative values of
calculated exposure or calculated vulnerability (used in Eq. 1) were assigned a risk value of 0. On the
basis of medians of the two distributions, not accounting for covariances among indicators during
simulations results in slightly underestimating risk. On the basis of shapes of the two distributions, not
accounting for covariances results in some of the highest estimates of risk being underestimated, and
in some of the lowest estimates of risk being overestimated.
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Figure S2. Median risk across fishery units estimated to be operating in each EEZ. Exclusive
economic zones (EEZs) exclude joint regimes and overlapping claims, and data is separated by
fishery units targeting tuna and billfish species (orange) versus those targeting other species (green).
EEZs are ordered by highest risk across all fishery units (top) to lowest risk across all fishery units
(bottom). Individual fishery units may be assigned to more than on EEZ. Points show individual fishery
unit risk values, also separated by target species groups. Possible risk values range from 0 to 1, but
the highest observed risk for any fishery unit was 0.48.
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Figure S3. Median indicator values and overall risk across fishery units by fishery unit area.
Median across fishery units by fishery unit geographic operating area, by 0.5°x0.5° cell, and including
exclusive economic zones boundaries for reference.
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Figure S4. Median MSC assessment performance indicator score across fishery units
estimated to be operating in each EEZ. Exclusive economic zones (EEZs) exclude joint regimes,



and data is separated by fishery units targeting tuna and billfish species versus those targeting other
species. Individual fishery units may be assigned to more than on EEZ. The overall Principle 3
management effectiveness score is computed from the weighted average of the seven performance
indicators shown. Fishery units scoring >60 in any performance indicator would have failed the MSC
assessment and are not included.
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Figure S5. Mean Sobol’ sensitivity indices across fishery units. Influence of inclusion/exclusion of
indicators, aggregation method (arithmetic versus geometric mean), and varying indicator weights on
fishery unit risk variance calculated using a Sobol’ sensitivity analysis. Mean first-order indices show
the contribution of the individual input factor to the variance in risk averaged over all fishery units.
Total effect shows the contribution of the input factor and all higher-order interactions (including
interactions between factors) across factors, averaged over all fishery units. Whiskers show standard
deviation around mean indices.
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Figure S7. Regression of risk value with risk calculated with an indicator excluded.
Inclusion/exclusion sensitivity analysis results showing difference in risk for each fishery unit before and
after excluding each indicator, one at a time.
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Figure S8. Standard uncertainty for each indicator, or overall risk, and fishery unit. Standard
uncertainty, measured by standard deviation across Monte Carlo simulations, for each fishery unit
(points) and each indicator or overall risk. Panels show indicators of exposure (EEZ shift, high seas
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deviation (square root of arithmetic mean of squared standard deviation) across fishery units for each
measure.
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Figure S9. Exposure indicator values under alternate climate change scenarios by species
group. A) High sea shift exposure and B) exploitable fish biomass decline exposure under shared
socioeconomic pathway 5-8.5 (SSP5-8.5; red) compared to SSP1.2.6 (blue) for fishery units grouped
by ISSCAAP species group. Exclusive economic zone shift exposure was not evaluated under
alternate scenarios due to limitations in data availability. Boxes show interquartile range (IQR) and
bold lines show median. Whiskers show lowest datum within Q1 — IQR % 1.5, and highest datum
within Q3 + IQR x 1.5, while black open points show observations outside these fences.



Table S1. Summary of measures used to compute indicators. Indicators of exposure (EEZ shift, high seas shift, and exploitable biomass decline) show
details on climate change projections. Projection details were not applicable to indicators of vulnerability (management vulnerability and governance

complexity).
Historical Mid-century Key

Indicator Measure Rationale Scenario ESM Period period References
EEZ shift Mean relative Greater shifts of the stock RCP8.5 CMIP5; GFDL  1951-2005 2041-2060 -5

change in stock distribution between neighboring

share ratio between national jurisdictions indicates

neighboring EEZ greater exposure of the fishery to

over stock area stock shift.
High seas Mean relative Greater shifts of the stock SSP5-8.5 CMIP6; GFDL, 1951-2014 2041-2060 45,22
shift change in stock distribution between national IPSL, MPI

share ratio between jurisdictions and high seas

national jurisdictions  indicates greater exposure of the

and high seas over fishery to stock shift.

stock area
Exploitable Mean decrease in Greater decreases in exploitable SSP5-8.5 CMIP6; GFDL, 1951-2014 2041-2060 6-8
biomass exploitable fish biomass that the occur in the IPSL
decline biomass over stock location of the target stock

area indicate greater exposure of the

fishery to productivity decline.

Management Inverse of weighted Fishery units with lower Principle 9,10

vulnerability

mean MSC Principle
3 management
effectiveness score
for fishery unit

3 scores are a proxy of MSC
fishery units with fewer attributes
needed to adapt to and recover
from hazards, and are more likely
to face management impacts
potentially affecting stock health.

Governance
complexity

Number of EEZ of
stock geographic
overlap

Chances of a successful, stable,
cooperative management
decision decreases with the
number of parties involved, thus
indicating higher vulnerability.

11-13
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Figure S10. Coefficient of variation across the 10 ESM-model combinations for each cell.
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Figure S11. Indicator values versus dataset value. Indicator values for each included fishery unit
(points) before (x-axis) and after (y-axis) accounting for extreme values and rescaling from 0 to 1.



Table S2. Sobol’ sensitivity analysis input factors, with all inputs tested. The input space was
tested by varying the input factor with the possible variables using a uniform distribution, with each
possible variable triggering a specific change in the input.

Input factor Variable Tested input

Weighting 70 All exposure indicators weighted evenly;
Management vulnerability is 7/8 of vulnerability, governance
complexity is 1/8 of vulnerability

1 All exposure indicators weighted evenly;
All vulnerability indicators weighted evenly

2 Stock shifts (high seas and EEZ shift) each 1/4 of exposure,
biomass decline 1/2 of exposure;
All vulnerability indicators weighted evenly

3 Stock shifts (high seas and EEZ shift) each 1/4 of exposure,
biomass decline 1/2 of exposure;
Management vulnerability is 7/8 of vulnerability, governance
complexity is 1/8 of vulnerability

Inclusion/Exclusion 70 Exclude nothing

Exclude EEZ shift

Exclude high seas shift

Exclude exploitable biomass decline
Exclude management vulnerability
Exclude governance complexity

a b WON -

Aggregation 0 Risk = sqgrt(Exposure * Vulnerability)
1 Risk = Exposure + Vulnerability /2

T Method implemented in final equation

Supplemental methods

Fishery units and fish stocks

The 661 fishery units evaluated included 637 with a ‘certified’ status and 24 with a ‘suspended’ status.
Certified fisheries are those which have met MSC performance requirements and may be sold as MSC-
certified. Suspended fisheries include those which were recently certified, but have fallen behind agreed
timelines to improve certain criteria to remain certified, or have fallen below minimum performance
requirements mid-assessment cycle'. If issues are remedied within the assessment cycle, the fishery
may be audited and allowed to regain certification.

Each fishery unit was associated with its target stock in order to calculate stock-based indicator values
(EEZ shift, high seas shift, biomass decline, and governance complexity). In most cases, each certified
fishery unit targeted a single stock. However, five fishery units targeted two stocks each. In all of these,
both stocks were neighboring stocks of the same species. For example, one fishery unit targeted the
striped shrimp (Pandalus montagui) stock in Canada Shrimp Fishing Areas 2-3, and also targeted the
striped shrimp stock in Canada Shrimp Fishing Area 4. In these cases, the two stocks were kept as
separate geographic areas, with indicators measures computed for each of the stocks, then values for
each stock were aggregated to get a single indicator value for the fishery unit.

Determining fisheries’ exposure and vulnerability to hazards

EEZ stock shift indicator

We used published projections on the effects of climate change on the transboundary stock share ratio
across neighbouring EEZs using a dynamic bioclimatic envelope model (DBEM)32. For each target stock
of each fishery unit, we calculated Glass’s delta (A) to compare projected mid-century stock share ratios
between neighboring EEZ in 2041-2060 to modelled historical stock share ratios between the same
neighboring EEZ in 1951-2005 to predict transboundary stock shift.



Changes in stock share ratio across neighboring EEZ were projected using DBEM extensively
described in Cheung et al. 20105, 20166, 2016"'7. Oceanic conditions were driven by the Geophysical
Fluid Dynamics Laboratory (GFDL) Earth system model following Representative Concentration
Pathway 8.5 (RCP8.5)2. Stock share ratios were computed for each EEZ-neighbor pair (for example,
between the United States and Canada EEZ-neighbor pair) for every species? using Sea Around Us
EEZ boundaries?18.

In some cases, species were entirely not considered in Palacios-Abrantes et al.2 due to being lesser
known or less commercially important species (30 stocks of 20 species). In these cases, MSC experts
on the fisheries targeting these stocks determined if there was a comparable species that was
considered in Palacios-Abrantes et al.2 based on current distribution in the stock area (including depth
and latitudinal ranges) physiology, and habitat preference. Stock share data from the comparable
species was then used as proxy.

In the projections, stocks were defined as individual transboundary stocks shared between neighboring
EEZ. In other words, instead of defining stocks by species and population, they were defined by species
and EEZ-neighbor pair. For example, a biological stock may be transboundary between three or more
EEZ, but in the projections would be defined as a separate stock for each EEZ-neighbor pair. On the
other hand, the stock assessed in an MSC assessment is defined at the community or population level,
with the implication that a ‘stock’ is a biologically distinct unit'®. Therefore, a single stock as assessed
in an MSC assessment, which may overlap many EEZ, would be considered multiple individual
transboundary stocks in the stock share projections, one stock for each EEZ-neighbor pair. To address
this scale mismatch and estimate the exposure of the assessed stock of the fishery unit, we considered
the stock shift between each EEZ-neighbor pair that matched in species and EEZ to the fishery unit's
assessed stock.

To discard neglectable stock contributions in EEZs due to limits in the resolution of the data, we focus
stocks that overlap with EEZ areas at least 1% of the stock area, or at least 10% of the EEZ area. This
was determined to adequately remove trivial overlaps by examining a sample against known information
on the stock jurisdictions.

Shift between each EEZ-neighbor pair of the stock was calculated by Glass’s delta (A) effect size as
described in the methods. The stock shift exposure of the assessed stock was then calculated as the
average shift across all EEZ-neighbor pairs for the stock. In some cases, stocks were not considered
to be transboundary in Palacios-Abrantes et al.?2 so no projections existed and an EEZ shift exposure
of 0 was assigned, for example stocks overlapping island nations with no neighbors.

Related studies interpret a Glass’s delta of two as the threshold for a significant stock shift?2? since two
equates to a very large effect with only a small portion of the two distributions overlapping222!. Many
values of mean EEZ shift A here fell beyond two (median A across all stocks was 1.31 and interquartile
range (IQR) from 0 to 6.41), so in order to interpret a large A effect size as a fishery unit with significant
exposure to EEZ shift, while also preserving as much variation between values as possible and avoiding
extreme values overly dominating the scale, the highest exposure for EEZ shift was set as 4. In this
way, a mean A for the targeted stock 22 would evaluate to an EEZ shift exposure for the fishery unit
=0.5.

The mean shift values were then rescaled using a min-max scaler to limit values to between 0 and 1 to
preserve overall data distribution. Final EEZ stock shift exposure values thus ranged from 0, no EEZ
shift observed, to 1, mean EEZ shift A equal to 4 for the targeted stock. Note that exposure of 1 does
not imply fully shift out an EEZ, but rather the largest observed mean shift.

Alternative measures of maximum shift and absolute shift were also considered, but not selected.
Selecting to use only the single maximum shift for each stock may have theoretically given an indication
of the area of most dramatic shift for the stock, but this measure is more sensitive to missing data, for
which there were known cases, and limitations in the intended accuracy of shift projections on that scale
by Palacios-Abrantes et al.2. Using absolute shift had similar limitations, as well as limiting the ability to
compare across species with different annual variability patterns. For example, a stock that shifts 10%
and has very high annual variability would be expected to have lower exposure than a second stock



that shifts 10% but has very low annual variability. For these reasons, it was decided that averaging
shifts between EEZ-pairs of the stock, and measuring in terms of historical standard deviations, would
provide a more robust indication of exposure to stock shift.

High seas stock shift indicator

Similar to EEZ shift, projections from Palacios-Abrantes et al.22 were used to compute the high seas
shift measure using a Glass’s delta (A) effect size for stocks identified as straddling. Projections
estimated shifts between national jurisdictions and the high seas, such as could occur in stocks
straddling the high seas. Biogeographic realms were used instead of individual EEZ to aggregate areas
under national jurisdiction based on biologic similarity relevant to the distributions of straddling stocks?2.
More specifically, realms are regional classifications of global shelf areas based on biological
characteristics?324, There are twelve realms in total. For high seas, one of two delineations was used
depending on the stock. For stocks that were identified as highly migratory, tuna RFMO (t-RFMO) high
seas areas were used to disaggregate high seas areas in a way that is relevant to the management of
these species??. For other stocks, the ocean basin identified adjacent to the realm was used to
disaggregate high seas areas?2.

For each target stock of each fishery, we compared projected mid-century stock share ratios between
ecological realms and neighboring high seas, delineated by t-RFMO areas of competence to modelled
historical stock share ratios between the same areas in 1951-2014 to predict stock shift.

High seas stock share ratios were projected by Palacios-Abrantes et al.22 similarly to EEZ stock share
ratios?, by projecting distributional changes of species between realms and t-RFMO or ocean basin high
seas areas using a dynamic bioclimatic envelope model following SSP5-8.5%2. For high seas shifts, the
model was driven by three Earth system models (GFDL, IPSL, and MPIS) using the historical time
period of 1951 to 2014, in line with the Coupled Model Intercomparison Project (CMIP) 6 protocol. Stock
shift ratios were computed for each realm-high seas area (for example, between the Western Indo-
Pacific realm and IOTC high seas area pair) of the species, and averaged over the three Earth system
models?2. The Commission for the Conservation of Southern Bluefin Tuna (CCSBT) area was excluded
since there were no CCSBT stocks targeted by fisheries included in the dataset.

In the stock share projections, stocks were defined as individual straddling stocks by the species and
each realm-high seas area pair which it crosses. Similar to EEZ shift, the stock assessed in an MSC
assessment could overlap multiple individual stocks in the projection dataset. Similar to EEZ shift, a
stock was only considered to have a presence in the high seas area (t-RFMO or ocean basin) or realm
if the area of overlap was at least 1% of the stock area, or at least 10% of the high seas or realm area.

Each individual shift between realm-high seas area was calculated in same way as for EEZ shifts, using
Glass’s delta as described in the methods. The high seas stock shift exposure of the assessed stock
was then calculated as the average shift of the subset of matching high seas area-realm pairs for the
stock.

Similar to EEZ shifts, in cases where no high seas stock shares could be associated with the MSC
fishery’s stock, it was assumed the stock was not a straddling stock and therefore was assigned a high
seas shift exposure of zero. Validation of a sample of stocks with missing high seas stock share data
confirmed this was a reasonable assumption. In the included MSC fisheries, the highly migratory
species of the tuna, bonitos, billfishes species group, as assigned in ISSCAAP (International Standard
Statistical Classification of Aquatic Animals and Plants)?®, are the stocks that are commonly fished in
the high seas where RFMO management is significant. Validation confirmed all stocks of this group
were included in the high seas shifts.

Similar to EEZ shift, the maximum exposure high seas shift was set at A = 4 to interpret a large A effect
size as a fishery unit with significant exposure to high seas shift, while also preserving as much variation
between values as possible. The mean high seas shift values were then rescaled using a min-max
scaler to limit values to between 0 and 1 while preserving overall data distribution. Final high seas stock
shift exposure values thus ranged from 0, no high seas shift observed, to 1, mean high seas shift A
equal to 4 for the targeted stock.



Exploitable fish biomass decline indicator

We calculated the ensemble mean percent change in exploitable biomass across the ESM-models
combinations for each cell, as is common®2627, as in Eq. 1 where A,y ,, is the change in total consumer
biomass of size classes 10g to 100g for each model (m), and c is the ensemble mean for the cell.

1 & Eq. 1

The minimum exploitable fish biomass change observed across cells was -55.38%, and the maximum
was 143.54% (mean -4.39, standard deviation £21.31).

We then calculated the mean change across all cells touching the stock area to get average change in
exploitable biomass in the geographic area of the stock, as in Eq. 2 where C’ is the subset of ensemble
means for each cell which the stock polygon touches, and x., is the mean change in total consumer
biomass for the stock area.

Eq. 2

n
_ c
= Qe
cecr

This was compared to the alternative method of including only cells where the centroid was within the
stock area polygon. The centroid method resulted in many stock areas having missing data since
smaller areas did not overlap any cell centroids. Further, the difference between these methods for
areas which had results in both was minimal, so the all-touched method was selected to minimize
missing data and enable all polygons to be treated the same.

Since we wanted to indicate exposure to decreases in exploitable biomass, any stock with a mean
increase in biomass was reassigned a biomass decline of 0, as in Eq. 3, which would evaluate to an
exposure of 0.

0; x_CI 2 0 Eq 3
|%cr |, X <0
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Values were rescaled using a min-max scaler to limit values between 0 and 1 while preserving overall
data distribution. Final biomass decline exposure values thus ranged from 0, no exploitable fish biomass
decline observed, to 1, maximum exploitable fish biomass decline (50% decline). A maximum of 50%
was selected to align with related studies which interpret a change of £50% to be very extreme events
with a high potential for impacts to marine ecosystems and fisheries®3.

We calculated the Principle 3 score of each included fishery unit from the seven performance indicator
scores, as reported in the certification report, to the nearest decimal, as is instructed by the MSC
standard'#28, Some Principle 3 scores evaluated to slightly different than the score assigned by the
auditor, with 20 fishery units evaluating to a score between 2.7 to 1 point different than the reported
score. Upon inspection, this was most likely due to rounding inconsistencies by auditors in aggregating
from performance indicator score to overall principle score, and would not have affected assessment
outcome. For consistency, we chose to use calculated Principle 3 scores rather than the auditor scores.

In some cases, a single fishery received multiple Principle 3 scores due to variation in how assessments
and scores have been reported. This occurred in 40 fishery units from 2 different reports. These cases
were examined and since each fishery unit had two Principle 3 scores applied to them which were all
within 0.7 points of each other, it was decided to use the mean of the two scores for the score of the
fishery unit.

Min-max scaler was used to limit indicator values between 0 and 1, where the minimum was a score of
0 and maximum a score of 100, as in Eq. 6 where P is the Principle 3 score. Since we wanted to indicate



higher vulnerability where a fishery has a lower Principle 3 score, we subtracted the scaled value from
1, as in Eq. 4, to get the management vulnerability indicator (M) where a value of 0 is a Principle 3 score
of 100 and a value of 1 is a theoretical Principle 3 score of 0.

p Eq. 4

In the Monte Carlo simulation for uncertainty, we used the uncertainty space across cells in the stock
area, rather than across models for propagation of uncertainty. This was selected since sampling from
uncertainty across models would have been too computationally intensive, and analysis supported
variation across cells was significantly greater than average variation across models for each stock,
evaluated using a paired t-test. To estimate variation across models for each stock, the mean coefficient
of variation across models for each cell of the stock area was calculated. First, the coefficient of variation
was calculated across the 10 ESM-model combinations for each cell, then mean coefficient of variation
across the stock area was calculated. To estimate variation across the cells of the stock area (spatial
variation), the coefficient of variation was calculated across the mean fishable biomass change of cells
in the stock area. The paired t-test rejected the null hypothesis that the mean coefficient of variation
across models for each cell in the stock area was greater than the coefficient of variation across mean
fishable biomass change of cells in the stock area (p < 0.05).

Governance complexity indicator

The number of EEZs for each stock was calculated based on the number of EEZs which the stock
geographically overlaps. In order to account for limitations in precision of EEZ and stock polygons,
overlaps were only considered significant if the area of overlap was at least 1% of the stock area, or at
least 10% of the EEZ area. In this way, we attempted to exclude overlaps caused only by imprecise
boundary coordinates. This was determined to adequately remove trivial overlaps by examining a
sample against known information on the stock jurisdictions. Unique EEZs were counted based on
overlap with the Flanders Marine Institute EEZ from Marine Regions since these aligned best with
political differentiations?®. Joint regimes were excluded to avoid double counting since the nations under
the joint regime agreement would be counted by overlap with their own jurisdiction. Overlapping claims
however were included as unique jurisdictions since these areas do not fall under the same jurisdiction
as the states claiming sovereignty and do not have finalized agreements?3°. An example of this is the
Falkland / Malvinas Islands overlapping claim, claimed by both United Kingdom and Argentina, which
would be counted separate from United Kingdom and Argentina. Territories were also considered
separate from their sovereign since, although under the ultimate jurisdiction of their sovereign, have a
degree of local government and decision making ability. For example Wallis and Fortuna would be
considered separately from its sovereign, France.

Data were highly positively skewed, with some very extreme high outliers observed, generally from
highly migratory tuna stocks. In order to avoid this small number of outliers from overly dominating the
indicator scale, outliers were addressed using the interquartile range (IQR) method, where any value
above the upper fence (third quartile plus 1.5 times the IQR) was considered extreme and reassigned
the fence value. This resulted in any values above 9 being reassigned. The count of EEZ was then
rescaled using a min-max scaler to limit values between 0 and 1.

Limitations exist for some stocks which are jointly managed by many nations which are not captured in
this analysis. For example, stocks in waters of the European Union may be small in distribution,
overlapping few EEZ, but are managed jointly by European Union member states. On the other hand,
some may argue that stocks in the European Union which overlap many European Union countries
should not be considered high vulnerability in this indicator because the European Union governs
fisheries in its waters from under the umbrella of the European Union rather than individual countries.
However, member countries still have the autonomy to disagree with management decisions, and as
such still add to the complexity of coming to successful cooperative management decision.
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