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Abstract Climate variability and change are having
dramatic effects on marine species, fisheries, and fish-
ing communities. Climate perturbations elicit fishery
management responses intended to mitigate nega-
tive effects, but the responses often do not account
for the complexity of fisheries systems, leading to
unintended consequences. However, including more
diverse forms of ecological, economic, and social
information reveals elements of system structure that
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could lead to more climate-adaptive management
approaches and better outcomes. Here, we examine
four U.S. case studies that span a range of climate-
fisheries interactions: target species distribution
shifts; bycatch of juvenile fish; harmful algal blooms
that delay fishery openings; and offshore wind energy
development on fishing grounds. In each example,
as management actions or plans were undertaken to
mitigate climate impacts, subsequent quantitative and
qualitative indicators and knowledge revealed poten-
tial system feedbacks, fishery participant responses,
and/or undesirable fishery outcomes. These case
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studies highlight the complex and iterative nature of
developing climate-adaptive strategies for fisheries
management. They also illustrate that how we define
“fishing community” is a key determinant of both
the outcomes of climate-driven management actions
and how those outcomes are perceived. Finally, they
underscore the value of engagement and knowledge
exchange among participants, scientists and manag-
ers, and provide insight as to how to more rigorously
apply “best available science” to climate-ready fisher-
ies management, in accordance with fishery policies
and laws that emphasize both biological and social
outcomes.

Keywords Climate change - Ecosystem-based
fisheries management - Fishery policy - Fishing
communities - Knowledge - Social-ecological systems

Introduction

Climate change and extreme events are having dras-
tic impacts on marine fisheries worldwide. Species,
habitats, and food webs are experiencing changes
in temperature, circulation, oxygenation, and acidi-
fication (Brierley and Kingsford 2009; Bahri et al.
2018; Gaines et al. 2019; Clay et al. 2020) that pro-
foundly affect demographics, productivity, distribu-
tions, and ecology (Doney et al. 2012; Cheung et al.
2013; Hollowed et al. 2013; Free et al. 2019; Pinsky
et al. 2020). Fishing practices and infrastructure are
jeopardized by rising sea levels, increases in storm
frequency and intensity, and lost opportunities as
coastal habitats are degraded or dedicated to other
sectors like renewable energy (Colburn et al. 2016;
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He and Silliman 2019; Schupp et al. 2021). These
changes affect the very nature of fishing: what and
how much is caught; where and when it can be
caught, landed, and processed safely and profitably;
and what types of vessels, gear, infrastructure, and
other capital are needed to adaptively fish and pro-
cess what is available (Cheung et al. 2010; Papa-
ioannou et al. 2021; Samhouri et al. 2024; Selden
et al. 2024). Potential consequences on economies,
livelihoods, and food security are profound (Allison
et al. 2009; Barange et al. 2018; Free et al. 2019;
Singh et al. 2019; Mendenhall et al. 2020; Galap-
paththi et al. 2022; Cooley et al. 2022; Mills et al.
2023), and may force us to reconsider long-held
notions of managing fisheries “sustainably.”
Preventing, mitigating, or adapting to climate
impacts is an urgent challenge for fisheries par-
ticipants, managers, and policymakers (Free et al.
2020; Bryndum-Buchholz et al. 2021). Part of
meeting that challenge is developing, sharing, and
integrating knowledge of how climate drivers affect
the components and connections in fishery systems
(Colburn et al. 2016; Levin et al. 2016; Clay et al.
2020; Galappaththi et al. 2022). Such knowledge
is essential for developing climate readiness strate-
gies and assessing actions meant to support climate
resilience (Anderson et al. 2015; DePiper et al.
2017; Whitney et al. 2017; Haugen et al. 2021). The
types of knowledge prioritized for use in fisheries
management are often referred to as “best available
science.” In the U.S. for example, the Magnuson-
Stevens Fishery Conservation and Management Act
(MSA) is guided by ten National Standards. One of
these, National Standard 2, requires using “the best
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scientific information available” in decision-mak-
ing, including “high quality and timely biological,
ecological, environmental, economic, and socio-
logical scientific information” (50 CFR 600.315).
“Best scientific information available” largely has
been associated with quantitative data, models, and
reference points for biological attributes associated
with optimal fisheries yield and avoiding overfish-
ing (e.g., abundance, recruitment, mortality, age
structure, maximum sustainable yield); or with
economic attributes (e.g., revenue, operating costs,
maximum economic yield). As a result, U.S. fish-
eries management typically has better-defined goals
and reference points for biological and economic
outcomes than for social and cultural outcomes
(Hall-Arber et al. 2009; Charnley et al. 2017).

The 1996 amendment to the MSA introduced
National Standard 8, which states that fishery man-
agement actions must “take into account the impor-
tance of fishery resources to fishing communities by
utilizing economic and social data” in order to “pro-
vide for sustained participation” in fisheries and “to
the extent practicable, minimize adverse economic
impacts” (16 U.S.C. § 1851(a)(8)). Since the advent
of National Standard 8, greater effort has gone into
quantifying social and economic conditions in fisher-
ies and fishing communities (Smith and Clay 2010;
Colburn and Jepson 2012; Jepson and Colburn 2013;
Anderson et al. 2015; Himes-Cornell and Kasperski
2015, 2016; Breslow et al. 2016; Seara et al. 2022).
Further effort has gone toward including qualitative
information, such as the knowledge and values of
fishery participants (Charnley et al. 2017; Farr et al.
2018; Murphy et al. 2021; Reid et al. 2021; Frid et al.
2023). Definitions of “best available science” for
U.S. agencies have expanded to include Indigenous
Knowledge (OSTP-CEQ 2022), and some U.S. fish-
ery management councils are exploring inclusion of
Indigenous Knowledge in fisheries management (e.g.,
NPFMC 2023).

Although fisheries management often emphasizes
quantitative indicators (e.g., Rice and Rochet 2005;
Fulton et al. 2005; Rochet and Trenkel 2014), quali-
tative approaches to understanding and characterizing
economic, and, especially, social and cultural impacts
of management decisions can add rich context to
quantitative analyses. Qualitative data provide valu-
able contextual information and offer insights into
mechanisms of change in social-ecological systems

(Johnson et al. 2014; Barclay et al. 2017; Selden et al.
2024), particularly when participants are empowered
to explain and interpret their own priorities, experi-
ences and interests (Fontana and Frey 2005; Colburn
and Clay 2012; Bernard 2017). Additionally, mixed
methods approaches that bring together quantita-
tive and qualitative data can provide a more holistic
understanding of fisheries dynamics (Lorance et al.
2011; Young et al. 2019; Gordon et al. 2022). A more
balanced consideration of biophysical and social
information can help to explain and anticipate human
connections, responses and perspectives within com-
plex systems (Smith et al. 2013; Young et al. 2018;
Murphy et al. 2021).

The threats that climate change and extreme events
pose to fishing communities necessitate greater incor-
poration of social and economic data into assess-
ments of fisheries management performance (e.g.,
Melnychuk et al. 2023), and inclusion of more diverse
bodies of knowledge into management (Beaudreau
and Levin 2014; Cooke et al. 2021). Here, we present
four case studies from the U.S. that span a range of
climate-fisheries interactions, response pathways, and
opportunities for inclusion of participant knowledge
and perspectives. We find that: (a) management inter-
ventions spurred by climate variability and change
may not fully address fishery system complexity,
leading to undesirable feedbacks and outcomes; (b)
exchange of knowledge among fishery participants,
managers and researchers can reveal important path-
ways and loops of system complexity; and (c) incor-
porating qualitative and quantitative information from
the ecological and human domains better reflects
system complexity and can improve climate adap-
tation and readiness. A case study approach high-
lights examples in which a social-ecological systems
perspective can guide forward-looking strategies
to increase climate change resilience and adaptive
capacity in fisheries (Mason et al. 2022).

Pathways of climate effects, management actions,
and outcomes

Amidst growing interest in ecosystem-based fish-
eries management, many management systems are
considering ways to incorporate ecosystem informa-
tion, such as climate forcing, species interactions, or
human well-being (e.g., Link et al. 2021). However,
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bringing ecosystem and social-ecological consid-
erations into existing management structures has
proven challenging. This challenge stems from hav-
ing diverse and competing societal goals and values;
incomplete understanding of social-ecological sys-
tem processes and transdisciplinary problems; and
gaps between gathering knowledge and acting upon it
(Rice 2005; Bednarek et al. 2018; Ojaveer et al. 2018;
Bryndum-Buchholz et al. 2021; Karcher et al. 2022).
The pace of ecosystem change threatens to outstrip
the ability of research and management systems to
adapt (Fulton 2021; Golden et al. 2024). Moreover,
fisheries governance systems are often complex, with
interacting jurisdictions and both formal and informal
processes (Dutra et al. 2019). Complex governance
systems that include multiple centers of decision-
making across different scales can allow for innova-
tion in response to climate change (Ostrom 2010).
But, outcomes for communities can depend on the
extent to which their authority and knowledge is rec-
ognized by formal institutions (Dutra et al. 2019), and
on how effectively governance processes reflect cul-
tural values, or broaden institutional perspectives to
consider specific social-cultural contexts (Torre-Cas-
tro and Lindstrom 2010; Kelly et al. 2018). Including
local and regional customary governance institutions
and actors can strengthen resource management and
planning (Acheson 2006; Kittinger et al. 2015).

a) single-loop pathway

b) single-loop with feedbacks

As the effects of climate variability and change
grow more apparent, they are ever more likely to
induce fishery management responses and adaptive
behaviors. Implementing fisheries policy is typi-
cally a cyclical process of collecting information,
evaluating it relative to fisheries management objec-
tives and reference points, and making decisions
on how participants may exercise fishing rights
(Ojaveer et al. 2018; Karp et al. 2019; Link et al.
2021). However, as the case studies below illus-
trate, management cycles for climate mitigation
actions are unlikely to follow simple pathways, e.g.,
from perturbation — action — preferred outcome
(Fig. la). At a minimum, we should anticipate that
outcomes of the action have effects and feedbacks
on other actors in the system (Fig. 1b). More likely,
the climate perturbation, the management action, or
the interacting effects of both will affect multiple
ecological, economic, and social components, lead-
ing to even more complex feedbacks (Fig. 1lc; see
also Roux and Pedreschi 2024). Direct and indirect
effects and feedbacks may extend further to include
fishery-related markets and trade networks. The best
available science required to understand this level
of system complexity likely includes both quantita-
tive and qualitative information about system struc-
ture and dynamics.

c) multi-loop with feedbacks
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Fig. 1 Pathways of impacts, actions and outcomes in climate-
perturbed fishery systems. a A single-loop pathway, where
climate impacts on ecological variables of interest trigger a
management response that alters fishing practices and leads to
a biological outcome. b A more complex pathway, where the
climate-triggered management response directed at one fishery
(dark vessel at lower left) has an indirect feedback on a differ-
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ent fishery (light vessel at lower left). ¢ A multi-loop pathway,
where the climate driver has direct effects on multiple species
and on fisheries, leading to even more complex indirect feed-
backs. Climate drivers, management responses, and feedbacks
potentially affect both the fisheries and their associated com-
munities of place or practice
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Case studies

We identified four case studies of U.S. fisheries sys-
tems in which actual or anticipated climate variabil-
ity or change induced a mitigation plan or action, and
complex social-ecological system pathways led to
social outcomes that warranted further actions. The
climate effects include species distribution shifts, epi-
sodic bycatch events, fishery closures due to climate-
exacerbated harmful algal blooms, and planning for
development of renewable energy infrastructure on
traditional fishing grounds. For each case study, we
highlight qualitative data or context that augmented
decision support, and illustrate the pathways of sys-
tem feedbacks and information flow with schematics
adapted from Fig. 1.

Distribution shifts, port linkages, and community
resilience in a Northwest Atlantic groundfish fishery

The distribution of fluke (or summer flounder, Par-
alichthys dentatus) on the Northeastern U.S. Conti-
nental Shelf has shifted north over the last five dec-
ades, likely due to a combination of factors (Bell
et al. 2015; Dubik et al. 2019; Perretti and Thorson
2019). Warming temperatures since the late 1960s
have expanded the seasonal availability of thermally
suitable fluke habitat, and this trend is projected to
continue (Kleisner et al. 2017; Alexander et al. 2020).
Also, reduced fishing pressure on fluke has promoted
recovery of older age classes, which tend to inhabit
more northerly waters (Bell et al. 2015). Fluke is
managed cooperatively by the Mid-Atlantic Fishery
Management Council (MAFMC) and the Atlantic
States Marine Fisheries Commission (ASMFC). The
northward shift of fluke complicates the commer-
cial quota allocation system, which is awarded on a
state-by-state basis across eleven states based on the
distribution of commercial fluke landings from the
1980s (Table S.1; see also MAFMC 1993; Palacios-
Abrantes et al. 2023). Fluke landed in a given state
counts toward that state’s allocation, regardless of
whether vessels landing the catch are from in-state or
out-of-state.

Conflict is emerging between northern and south-
ern states over potential policy changes, which may
include a new quota allocation scheme that reflects
the current distribution of fluke (Dubik et al. 2019).
In response to stakeholder concerns, the MAFMC

and ASMFC considered a range of allocation options
(MAFMC 2020). An environmental impact statement
(EIS) for the options incorporated extensive analysis
of how allocation changes would affect fishery reve-
nues in each state, and concluded that southern states
have the most to lose from a change in the status
quo (MAFMC 2020). However, examining impacts
on specific fishing communities can reveal differen-
tial impacts within northern and southern states, and
also reveal key linkages between ports that would
otherwise be obscured by a focus on where fish are
landed. The EIS selected ports where fluke repre-
sented > 1% of revenue, examined the proportion of
total fluke volume and value landed in each port, and
coupled this with general community profiles of those
ports (Appendix C of MAFMC 2020). An alterna-
tive approach would be to focus on relative reliance
on fluke in those ports. For example, while Beaufort,
North Carolina and Chincoteague, Virginia rank fifth
and seventh by volume of fluke landed, the ground-
fish trawl fleets in those ports derive ~50-75% of their
total landings from fluke (Fig. S.1). In contrast, Point
Judith, Rhode Island ranks first for fluke landings by
volume and value, but fluke represents < 10% of Port
Judith’s groundfish trawl landings (Fig. S.1). The reli-
ance of southern fleets on fluke was expressed to the
MAFMC in a public comment period (Appendix D of
MAFMC 2020).

A shift to quantifying the relative reliance of dif-
ferent ports on fluke would constitute a relatively
minor change in the ways that the MAFMC has
evaluated the impacts of re-allocation decisions
in past decision-making. In contrast, an examina-
tion of which permit holders are landing fluke in
southern ports could fundamentally change who is
considered a stakeholder for the quota allocation to
southern states. For instance, the degree to which
permit holders living in one port are landing regu-
larly in another port, and how that has changed over
time, varies across ports in the southerly states of
North Carolina and Virginia (Fig. 2). In Beaufort,
North Carolina, landings of fluke made by out-
of-state vessels have increased dramatically since
2013 and now represent more than 80% of all fluke
landed since 2017. In Wanchese, North Carolina,
out-of-state vessels have more consistently rep-
resented 30-50% of landings throughout the time
series. In Virginia, out-of-state vessels have consist-
ently represented 70-75% of the total fluke landed

@ Springer
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Fig. 2 Total and proportional landings of fluke (Paralichthys
dentatus) along the U.S. East Coast, 1996-2021, in ten ports
representing the greatest fluke landings in recent decades. Left
y-axis / bars: total landings of fluke, categorized by vessels
declaring a home port in the same state (gray) vs. declaring a

in the ports of Newport News and Hampton since
2000, and 90% of fluke landed in Chincoteague
(Fig. 2). As a result, many fish processors, dealers,
markets, and other shoreside activities are depend-
ent on fluke landings by out-of-state vessels that
would be lost if more quota was allocated to north-
ern states. Changes in fluke allocation may reduce
overall fishing activity within those states in unan-
ticipated ways that impact the economies of entire
communities. Explicitly accounting for out-of-state
contributions to total fluke landings may better
inform the community-level economic risks of dif-
ferent reallocation policies.
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home port in a different state (black). Right y-axis / blue line:
fluke as a proportion of total commercial landings to the port.
Ports are in the states of Rhode Island (RI), New York (NY),
New Jersey (NJ), Virginia (VA), or North Carolina (NC)

Participant interviews also revealed the importance
of “port flipping” as an adaptation strategy for dealing
with poleward distribution shifts in fluke (Papaioan-
nou et al. 2021). The interviews indicated that many
fishers from northern states have purchased permits
to land fluke in southern states, where quota is rela-
tively high (Table S.1) and processor capacity exists.
This was corroborated in media interviews with a
New Bedford, Massachusetts trawl fisherman who
had invested in the status quo allocation system by
purchasing landing permits for southern states (Tam-
man 2018). The EIS noted that out-of-state vessels
made up a large proportion of vessels landing fluke in
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North Carolina (Table 46 in MAFMC 2020), but did
not analyze this further. The proportion of fluke that
vessels from individual northern states land in Vir-
ginia or North Carolina varies, with some states (e.g.,
Massachusetts, New Jersey) leveraging this strategy
heavily since 2010 and others (e.g., New York, Rhode
Island) using it less (Fig. S.2). Out-of-state fishers
can only land fluke in North Carolina or Virginia by
purchasing a landing permit from a fisher who was
operating there in 1993-1995. These permits can cost
tens of thousands of USD (MAFMC 2020, Appendix
D). Changing the allocation scheme toward northern
states would reduce the value of those investments
substantially. Tracking the connections and potential
tipping points between where fishers are based and
where they land would significantly extend the con-
sideration of what communities are affected by state-
level quota reallocation.

Ultimately, the MAFMC implemented a new rule
in 2020 that retains the historical state-level alloca-
tion up to a baseline total harvest level, but equally
divides quota above that baseline among the pri-
mary fluke-fishing states (Table S.1, Option 2C).
This option was a compromise in response to robust
stakeholder and MAFMC support for both the status
quo (Table S.1, Option 2A) and a full reallocation
of quota (Table S.1, Option 2B). The high reliance
on fluke for southern trawl fleets, the dependence of
southern ports on fluke landings from outside vessels,
and southern permit-holders from northern states
give some context for broader support for the status
quo than might be expected. Fishing communities in
New York were the most opposed to the status quo
and have argued for a greater percentage of quota,
beyond even that considered under Option 2B (US
Court of Appeals 2022). Their opposition may reflect
the relative lack of New York fishing vessels that land
in southern states, which gives them the most to gain
from redistributing quota to northern states.

This case study highlights the importance of
including a broader social and community context
in decisions about changes in fish distribution and
harvest allocation policy (Fig. 3). It illustrates that
community-level reliance on a species can provide
different information from overall landings totals for
a state. Also, where out-of-state vessels provide a
large proportion of overall fishing activity (Fig. 2),
social indicators based only on the total number of
permits for that species held by fishers based in that

community (analogous to what was used in the EIS)
will underestimate the dependence of that community
on the species. Further, links between ports, created
by vessels landing in ports outside their home states
and investments made in out-of-state landing permits,
dramatically expand the set of stakeholders negatively
impacted by a reduction in the allocation of quota
to southern states. A community-based perspective
highlights the need for species-specific reliance met-
rics for fishing communities, indicators that reflect
the overall dependence of community well-being on
revenue generated by a specific species, and a con-
sideration of the spatial links between ports that may
change who has the most to gain or lose from reallo-
cation decisions.

The outcomes of this case study are relevant to
allocation challenges for stocks that are co-managed
by multiple jurisdictions, or that are shifting from one
jurisdiction into another due to climate change (see
Golden et al. 2024). Federal fishery resources along
the U.S. East Coast are managed by three separate
councils (the New England, Mid-Atlantic, and South
Atlantic fishery management councils), with some
stocks cooperatively managed by multiple councils
and/or with the ASMFC and individual states. Fish-
ery management bodies must develop adaptive strate-
gies for harvest allocation that reflect state or federal
regulations, target stock biology, seasonal and long-
term distribution shifts, and social and economic
considerations for both historic and emerging fish-
ing communities for a given stock or complex. The
assumptions that go into allocation strategies can
produce dramatically different outcomes for states
and ports (Palacios-Abrantes et al. 2023). This calls
for careful consideration of fishing community defi-
nitions and indicators of community-level impact of
allocation policies.

Bycatch of juvenile sablefish in U.S. West Coast
fisheries

Sablefish (Anoplopoma fimbria) support valuable pot,
longline and bottom trawl fisheries along the U.S.
West Coast (ex-vessel revenue $22 M in 2022; Pacific
Fisheries Information Network, https://pacfin.psmfc.
org). The West Coast sablefish stock is managed by
the Pacific Fishery Management Council (PFMC),
and had its most recent benchmark stock assessment
in 2019 (Haltuch et al. 2019). Sablefish have episodic
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Fig. 3 Conceptual model of the fluke (Paralichthys denta-
tus) case study. Dark arrows map a relatively simple pathway
of climate and oceanographic conditions driving a northward
shift in fluke distribution, which triggers a spatial reallocation

strong year classes that have been linked to oceano-
graphic conditions for pre-spawning adult females
and larvae (Tolimieri and Haltuch 2018), and juvenile
densities that vary considerably by year and latitude
(Tolimieri et al. 2019). Sablefish typically enter fish-
eries at age 4, although smaller sablefish are caught
incidentally throughout the water column, notably
in midwater trawling for Pacific whiting (Merluc-
cius productus), the largest fishery by volume on the
U.S. West Coast. Sectors of the whiting fishery that
process their catch at sea have an annual set-aside of
sablefish bycatch; in years when the set-aside is at
risk of being exceeded, these sectors may voluntarily
avoid areas with large densities of sablefish. Whiting
vessels that land their catch (the “shoreside” sector)
must purchase sablefish quota if their catch exceeds
their allocation, which increases operational costs and
may restrict targeted fishing for whiting.

Between 2022 and 2023, several sources of infor-
mation suggested that very large numbers of juvenile
sablefish were present along the U.S. West Coast.
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of state-level fluke quotas. Orange arrows, box and text repre-
sent social and economic considerations and indicators that are
more representative of system complexity and help to inform
future allocation decisions

All sectors of the whiting fleet reported encoun-
tering large concentrations of juvenile sablefish in
2022 (US-Canada Joint Technical Committee 2023).
Salmon fishers reported catching juvenile sablefish in
2022 at depths where they had not seen them previ-
ously (D. Ogg, F/V Karen Jeanne, pers comm.). Har-
vey et al. (2023) reported to the PFMC that in 2021,
age-0 sablefish catch-per-unit-effort in a fishery-inde-
pendent bottom trawl survey was the greatest of the
last 20 years, and coincided with an environmental
indicator (anomalously low sea surface height) of
strong sablefish recruitment (Fig. S.3; Tolimieri and
Haltuch 2023). Harvey et al. (2023) noted that these
results might be leading indicators of a large cohort
that will enter the sablefish fishery in a few years.
While indicators of sharp, climate-driven increases
in abundance or year-class strength of a species can
inform present or future fishing conditions for that
species, a second pathway for climate adaptation
exists for other fisheries for which the first species is
bycatch (Fig. 4). Here, the risk of sablefish bycatch
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Fig. 4 Conceptual model of the sablefish (Anoplopoma fim-
bria) case study. Dark arrows map a relatively simple pathway
of climate and oceanographic conditions promoting a large
year class of juvenile sablefish, which is relevant both to man-
agement of future sablefish harvest and present-day sablefish

constrained opportunity in the whiting fleet: many
whiting vessels moved away from productive fishing
grounds to avoid sablefish (US-Canada Joint Techni-
cal Committee 2023). However, the influx of juvenile
sablefish may have meant that the sablefish alloca-
tions to the whiting sectors no longer reflected the
rate of sablefish encounters when fishing for whiting.
The findings of Harvey et al. (2023) and concurrent
accounts of widespread and abundant juvenile sable-
fish from fishery participants prompted a reanalysis
of data that go into the process of prioritizing which
stocks should be assessed; the reanalysis confirmed
that this new year class of sablefish was exceptionally
large. This led to a concrete management action by
the PFMC: sablefish, which had not previously been
scheduled for a new assessment, received an assess-
ment update in 2023 (Johnson et al. 2023). Collec-
tively, the information on new juvenile sablefish sug-
gests that the set-aside for the whiting fishery could
be increased up to fourfold (PFMC 2022a, 2023).

bycatch mitigation in the Pacific whiting (Merluccius produc-
tus) fishery. Orange arrows, box and text represent inclusion
of ecosystem indicators and fisher observations that triggered
more rapid and climate-adaptive management actions

While this adaptive outcome can be considered a
success story, there are caveats. First, the allowable
bycatch update for the whiting fishery is still being
evaluated, several years after the initial bycatch
occurrence (though earlier than it may have if the
sablefish assessment update not occurred). Sec-
ond, the convergence of information that led to the
sablefish assessment update began in part through
informal conversations between observant attend-
ees at a PFMC meeting, and similar events may not
generate adaptive responses if the informal connec-
tions do not occur. Alternatively, the convergence
of information may happen, but a lack of capacity
(e.g., insufficient resources for an unscheduled stock
assessment) may inhibit action. With these cave-
ats in mind, we conducted a subsequent analysis
(methods in Supplement 2) to assess which ports
are most exposed to disruption in the shoreside
whiting fishery as a result of high juvenile sablefish
bycatch, and which communities could benefit most
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from increasing the sablefish allocation for shore-
side whiting. Briefly, we used fishery participation
networks (FPNs) to estimate the social-ecological
risk of excessive sablefish bycatch in whiting-
dependent ports (Fig. 5a). FPNs are network models
that describe participation within and across dif-
ferent fisheries in a given area (Fuller et al. 2017;
Fisher et al. 2021; Samhouri et al. 2024). We used
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Fig. S a Fishery participation networks (FPNs) for three U.S.
West Coast port groups with significant landings of Pacific
whiting (Merluccius productus) from a representative year
prior to the high occurrence of juvenile sablefish (Anoplopoma
fimbria). Circles are proportional to the contribution of the
fishery to vessel-level revenue; values in parentheses are the
number of vessels in a fishery; thickness of gray lines is pro-
portional to the number of vessels participating in both fisher-
ies, and evenness of revenue from each fishery in the pair. b
Relationship between mean annual port group-level economic
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network metrics derived from FPNs and indicators
of port-level participation in the whiting fishery to
assess the potential impacts in each port group. We
evaluated these indicators relative to the abundance
of juvenile sablefish near each port, and to a port-
level index of social vulnerability, based on factors
like poverty, labor, housing, education, and public
health.

Newport, 2018/19

Tuna

Tuna
(61) DTSl (137)
(80) fre groundiishes) Crab
(127)
arrimp @
P 16) Saimon
(33)
o (36) @ Squid
Non- Whiting Whiting
DTS

groundfish

c)
15 Astoria,
N
o
o
©
-
o
3
s
»a 10 .
goned Port-level social
g vulnerability
2 N
® Woe 1.0
o WA Coast
£ . 0.0
=
=
- -1.0
]
-
[
©
c
Py 16 other port groups with little or no whiting landings
=) il (social vulnerability ranges from low to high)
0 0.25 0.50 0.75 1.00

Whiting Node Connectivity, 2016-2021

dependence on shoreside whiting, mean annual connectivity of
the shoreside whiting node to other fisheries in the port FPN,
and risk of juvenile sablefish bycatch. The bycatch risk esti-
mate is a normalized, fishery-independent measure of juvenile
sablefish catch per unit effort in 2022 within a 232-km radius
of the main port of each port group. ¢ Relationship between
port-level economic dependence on shoreside whiting, con-
nectivity of the shoreside whiting node in the FPN, and a port
group-level social vulnerability index
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Only three West Coast port groups had substan-
tial shoreside whiting landings in 2016-2021: Asto-
ria, Oregon; Newport, Oregon; and the Washington
Coast port group. Of these port groups, Newport’s
FPN had the lowest inherent resilience to a shock in
the whiting fishery (Fig. 5b, c, x-axis). Newport also
had the highest relative availability of juvenile sable-
fish (Fig. 5b, left), and thus the highest exposure to
sablefish bycatch risk. Further, Newport had the
highest social vulnerability among these port groups
(Fig. 5c), suggesting that the Newport port group
will benefit the most from increased flexibility in the
whiting fishery as a result of the updated assessment.
Importantly, the social vulnerability indices were cal-
culated at the county level and then aggregated by
port group; census-designated places within a port
group can range from relatively low to relatively
high social vulnerability (data available from NOAA
Fisheries’ social indicators tool, https://www.st.nmfs.
noaa.gov/data-and-tools/social-indicators/).

Rapid and surprising changes in the abundance
of bycatch species due to environmental change are
common to fisheries worldwide (Pons et al. 2022),
yet clear traces of the social consequences of sta-
tus quo management responses compared to more
dynamic responses are less common. This case study
reveals the importance of quantitative and qualita-
tive information entering a management process
through unconventional routes, enhancing flexibility
to respond to environmental change. Typically, stock
assessments provide retrospective descriptions of
younger cohorts and their influence on current and
future population status. Assessments often serve
as the nearly singular scientific advice for decisions
about sustainable harvest. However, as shown here,
insights from fishers with on-the-water experience, in
combination with ecosystem indicators, can acceler-
ate the analysis of changing population and bycatch
dynamics provoked by a climate event, and lead to a
positive management outcome. This may be a use-
ful counterpoint to cases in U.S. fishery management
where participatory processes have constrained flex-
ibility and slowed decision-making (Golden et al.
2024). In addition, complementary analyses may help
to ameliorate socioeconomic impacts. For example,
as part of an EIS process, specific impacts of eco-
logical variability on different communities could be
identified; fishery management bodies in the region
could then amend proposed rules in management

plans to lessen expected impacts on those communi-
ties through mechanisms such as community quota
allocations, regional delivery requirements, quota
ownership and use caps, or quota transfer rules.

Dungeness crab fisheries and climate-related harmful
algal blooms

Under certain environmental conditions in the Cali-
fornia Current ecosystem, species of the diatom
Pseudo-nitzschia experience significant blooms and
produce the toxin domoic acid, which may cause
amnesic shellfish poisoning in people who eat con-
taminated seafood (Todd 1993). The largest, most
toxic HAB of Pseudo-nitzschia ever recorded on the
U.S. West Coast occurred in the spring of 2015, exac-
erbated by a major marine heatwave (McCabe et al.
2016). Among the species affected was Dungeness
crab (Metacarcinus magister), which supports com-
mercial fisheries with average ex-vessel revenues
of >$200 million yr~! (Holland and Leonard 2020).
Domoic acid levels in Dungeness crab remained
above the threshold for human consumption into the
fall and delayed the 2015/16 fall/winter fishing season
by one month in Washington and Oregon, and up to
six months in California (Jardine et al. 2020). During
the delays, some commercial fishers shifted to alter-
native fisheries or fished other areas, but most did not
fish at all (S. Moore et al. 2020a, b; Fisher et al. 2021;
Liu et al. 2023). Landings for 2015/16 in California
reached only 52% of the average of the previous five
seasons, resulting in a fishery disaster declaration
and eventual allocation of>$26 million in federal
relief funds (Holland and Leonard 2020; S. Moore
et al. 2020a, b; Bellquist et al. 2021). Semi-struc-
tured interviews revealed how the economic shock
extended to schools, grocery stores, gas stations, res-
taurants, and other private and public sectors (Ritz-
man et al. 2018). Newspapers reported surges in food
bank usage (Magee 2017). Almost every aspect of
human well-being was affected, including emotional
well-being, social relationships, culture, and iden-
tity (Ritzman et al. 2018; K. Moore et al. 2020a, b;
S. Moore et al. 2020a, b; Moore et al. 2024). Impacts
were especially acute in communities dependent on
shellfish for cultural practices and economic needs
(Kourantidou et al. 2022).

The 2015 event revealed a number of weaknesses
in the monitoring and management of domoic acid in
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the Dungeness crab fishery that eroded trust in gov-
ernance systems and produced undesirable outcomes
for fishers and fishing communities (Ritzman et al.
2018; Ekstrom et al. 2020; Free et al. 2022). Man-
agement has evolved in three main ways to address
subsequent HAB events: (1) changes in the scales
of HAB monitoring and management responses; (2)
changes in protections for different fishing vessel
size classes; and (3) the introduction of new process-
ing techniques to get affected crab to market (Fig. 6).
Each adaptation involves quantitative and qualitative
information, fishery participant input, and, crucially,
iterative or place-based adjustments. Below, we step
through each management change and describe the
diverse socioeconomic information that informed and
supported their implementation.

Increased resolution of management and moni-
toring: In northern California, the 2015/16 commer-
cial Dungeness crab season was delayed six months.
Immediately to the north in Oregon, the fishery was
delayed by only one month. Semi-structured inter-
views revealed frustration among northern California

fishers that their region remained closed, with some
concluding that agencies were using “arbitrary
threshold[s]” to close the fishery based on political
boundaries (Ritzman et al. 2018). Citing poor trans-
parency and inconsistent information, community
members grew to distrust the process used to deter-
mine if seafood was safe and how test results were
informing management decisions, particularly deci-
sions about closure boundaries (Ritzman et al. 2018;
Ekstrom et al. 2020). To provide clarity, the Cali-
fornia Ocean Science Trust (2016) published a FAQ
document with information on the HAB event, state
monitoring programs, seafood safety, and the man-
agement framework. Nevertheless, in a survey of
16 communities, 78% of California fishers felt that
the fishery closures were not managed effectively,
compared to just over half of fishers in Washington
and Oregon (Ekstrom et al. 2020). States responded
by increasing the frequency of biotoxin monitor-
ing in crab and delineating clear, finer-scale bio-
toxin management zones (Fig. 7). This has increased
the consistency, predictability, and transparency of
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Fig. 6 Conceptual model of the harmful algal bloom (HAB)
case study. Dark arrows map a relatively simple pathway of
climate and ocean conditions promoting a HAB that triggers
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magister) in three U.S. states. Orange arrows, boxes and text
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represent social and economic information on fisher responses
and community effects of the HABs and fishing delays, and
how that information is used to inform state-level adaptations
and management outcomes
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management for fishers, and has allowed managers
to implement more precisely targeted closures when
and where domoic acid levels are elevated (Free et al.
2022).

Protections for small vessels: In the delayed
2015/16 commercial Dungeness crab fishery, Cali-
fornia staggered its fishery openings in three stages
(Fig. 7) as crab began to test clean in different areas.
California used the same strategy in 2016/17 when
domoic acid caused another, shorter delay. This pro-
vided some flexibility by allowing access to crab
once it was safe for consumers. However, local
media reported that small operations were at a com-
petitive disadvantage because large, mobile vessels
converged on newly opened areas to take advantage
of high early-season catch rates (Callahan 2017). In
contrast, small vessels that are less mobile and more
restricted by water and weather conditions were more
limited in their ability to access the resource. Quan-
titative studies concurred: revenue for small vessels
declined by 30% during the 2015/16 season (Jardine
et al. 2020), while large, roving vessels were able to
profit from their greater mobility (Liu et al. 2023). In

2021

2022 2023 2024

demarcate biotoxin management zones in Washington (estab-
lished decades ago), Oregon (established before the 2017/18
season), and California (established before the 2020/21 sea-
son). Colored shading indicates the season status and type of
management restriction enacted by the California, Oregon, and
Washington Departments of Fish and Wildlife. Adapted from
Free et al. (2022)

2018, management adapted by amending the “Fair
Start” regulations (California Fish and Game Code
FGC § 8279.1) to protect local operations and more
equitably manage how and when different vessels can
participate in staggered regional openings.
Evisceration orders: The disastrous 2015/16 fish-
ing season and the increasing threat of HABs exac-
erbated by climate change (Trainer et al. 2020) sig-
naled a need to bolster resilience to future HABs.
One adaptation developed collaboratively by industry
representatives and fishery managers is an option to
open HAB-affected areas under “evisceration orders”.
In Dungeness crab, domoic acid mostly accumulates
in viscera, with low levels distributed to meat and
other tissues (Schultz et al. 2013). Removal of vis-
cera by a licensed and approved processor can allow
for the capture and sale of crab when domoic acid in
the viscera tests above the regulatory limit for human
consumption, but the meat is safe. At first, fishers
had reservations about whether evisceration orders
could work, but confidence grew as discussions with
processors and managers identified existing prac-
tices and rules that could support its implementation
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(Chambers 2016). Laws enabling evisceration orders
passed in Oregon in 2017 and in California in 2021
(Free et al. 2022). Washington adopted a temporary
rule in 2022, and is considering long-term legislation
to enable evisceration.

Evisceration practices are a potentially trans-
formative change because they enable fishers and
processors to continue working with local catch as
an alternative to a closure or delay. However, social
and economic effects of this adaptation will need to
be monitored to determine if the orders create benefi-
cial outcomes, or if refinements are needed to contend
with negative consequences such as declines in mar-
ket price or consumer perception (e.g., Kourantidou
et al. 2022) or the potential to overwhelm proces-
sor capacity given the increased processing require-
ments. Some areas lack approved processors, render-
ing the benefits inaccessible to those communities (C.
Pomeroy, University of California-Santa Cruz, pers.
comm.).

The Dungeness crab case study is an example of
how iterative adjustments may be required before an
adaptive approach emerges that sufficiently addresses
system complexity and social-ecological tradeoffs
at different scales. Input from participant groups is
essential to understanding why some interventions
are more or less likely to produce acceptable out-
comes, which is a key to successful management
implementation. When collecting this information,
we can expect participants’ perspectives to vary
spatially due to heterogeneity in fishing conditions,
port conditions, social vulnerability, cultural factors,
regulatory frameworks, markets, and other factors.
Perspectives will also vary over time with changes
in fishing conditions, socioeconomic conditions, and
regulatory changes.

Offshore wind energy siting and tradeoffs with
fishing activities

Climate change is driving development of offshore
wind energy (OWE), which generates cost-effective,
high-yield renewable electricity in many parts of
the world (Akbari et al. 2020). While the ecological
effects of OWE are in early stages of study (Daewel
et al. 2022; Galparsoro et al. 2022; Raghukumar et al.
2023), a clear social-ecological consequence is that
OWE will disrupt or displace many types of fishing
(Gill et al. 2020). In the U.S., OWE development is
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underway off the East and West coasts and in the Gulf
of Mexico. Here we focus on the identification of
leasing areas within two “Call Areas” for OWE off the
West Coast. The Oregon Call Areas (OCAs; BOEM
2022) overlap with grounds for many commercial and
recreational fisheries. From 2011 to 2020, annual ex-
vessel revenue from commercial landings harvested
within the OCAs averaged~$12 million and came
from > 500 unique fishing vessels. In the same period,
15% of the ex-vessel revenue for U.S. at-sea whiting
sectors came from the OCAs. Fishing is a major con-
tributor to Oregon’s coastal economy and labor force
(Leonard and Watson 2011; Kaplan and Leonard
2012; The Research Group 2021). Disruptions to this
industry could have significant impact in coastal com-
munities of Oregon (Norman et al. 2007).

The U.S. Bureau of Ocean Energy Management
(BOEM) is entrusted with planning and leasing
areas for OWE development in U.S. federal waters.
BOEM’s planning process for new OWE projects
includes several phases of data gathering, spatial anal-
ysis, and opportunities for public comment (Fig. 8;
BOEM 2016). The goal of the process is to assess the
suitability of an area for OWE, and the potential envi-
ronmental impacts and tradeoffs with other sectors
like fishing. Key steps in the Oregon process were:
establishment of a state-federal task force in 2010; a
data gathering and engagement plan in 2019 (BOEM
2020); and development of a mapping and visualiza-
tion tool for spatial data on relevant social-ecological
system components (e.g., wind variability, protected
species occurrence, essential fish habitat, commer-
cial fisheries occurrence, marine transportation, and
military activities). This tool (OROWindMap, https://
offshorewind.westcoastoceans.org/visualize/) was
used to broadly identify areas where conflict between
environmental resources, current ocean users and
OWE development might be high, and informed the
initial selection of the OCAs (Fig. 9).

During public comment on the OCAs, many indi-
viduals, municipalities, managers and organizations
recommended increased transparency in the area
identification process (BOEM 2022). This prompted
BOEM to employ a spatial planning analysis using
a suitability model developed by NOAA’s National
Centers for Coastal Ocean Science (NCCOS; Farmer
et al. 2022). In addition, comments from multiple
fishing industry stakeholders and the PFMC argued
that the spatial data used to represent fisheries in
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Fig. 8 Conceptual model of the offshore wind energy (OWE)
case study. Dark arrows map the multi-phase pathway of the
OWE planning process, from the proposal phase to the leasing
phase for an ocean area; gray arrows represent opportunities
for data gathering, analysis, and public comment in each phase.

OROWindMap did not adequately represent over-
all fishing activity in and around the OCAs (PFMC
2022b). In response, BOEM engaged with NOAA
Fisheries and the Oregon Department of Fish and
Wildlife (ODFW) to improve representation of the
spatial distribution of commercial and recreational
fishing within the OCAs. This brought fisheries
experts into the process, which helped to address
many public comments related to the complexity of
fisheries data analysis and interpretation (Fig. 8). For
example, the availability of fishing location data dif-
fers across fisheries in the region, and even across
vessels within some fisheries, depending on vessel
size. Different data sources (e.g., vessel logbooks,
electronic monitoring, vessel monitoring systems,
shoreside interviews) also vary in temporal coverage
and spatial resolution, depending on state and federal
regulations. Understanding and accounting for these
differences required deep familiarity with fishing
activity data.

NOAA Fisheries and ODFW staff gathered infor-
mation on regional fisheries and narrowed the list to

Orange arrows, box and text represent expert-based considera-
tion and analysis of social and ecological factors that reflect
the importance of different areas to fishing, leading to more
informed identification of cross-sector tradeoffs

one recreational and eight commercial fisheries that
could be adequately represented spatially in the suit-
ability model within OCA boundaries (Carlton et al.
2024, Appendix E). Many quantitative indicators
can reflect the importance of specific areas to fish-
ers, including the number of fishing events, dura-
tion of time spent fishing, amount of seafood caught,
and amount of revenue derived from a specific area.
NOAA Fisheries and ODFW thus determined that the
best approach to capture overall fishing activity and
variability was to develop a multivariate index that
accounts for spatial variation in fishing effort, fish-
eries landings and ex-vessel revenue, and integrates
data from all data sources. Without this intimate con-
sideration by disciplinary experts, Oregon fisheries
likely would have been represented by a single indica-
tor of fishing effort, and areas important for other rea-
sons (e.g., revenue) would have been deemphasized.
The analysis further illustrated how statistical
assumptions can mask the relative importance of
some areas during spatial planning analyses. Dia-
logue between data-providing agencies, analysts,
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Fig. 9 Relative Offshore
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and the fisheries sector is necessary to limit or pre-
vent this masking. Specifically, preliminary analyses
using raw activity data and the multivariate indicator
showed that the results were skewed by a small num-
ber of spatial grid cells where activity was the most
intense (Fig. S.4, columns 1-3). The initial suitabil-
ity estimates for OWE areas were also highly skewed
by these rare hotspots of fishing importance (Fig. S.4,
column 4). In particular, commercial albacore (Thun-
nus alalunga) data, which has much coarser spatial
resolution than the other eight fisheries, appeared to
drive identification of areas of greatest importance to
fisheries within the OCAs (Fig. 9a). That bias deem-
phasized the broader areas of operation known for
the nine fisheries in total (Somers et al. 2023; Shirk
et al. 2022; Derville et al. 2023; Howard et al. 2023;
Sabal et al. 2023; Samhouri et al. 2024). Given the
severe right skewness of the data, NOAA Fisheries
and ODFW analysts rank-transformed the raw fishing
effort and revenue data and recalculated the multivar-
iate indicator and suitability scores (Fig. 9b; details
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in Appendix E of Carlton et al. 2024). The compos-
ite result more closely represented the spatial distri-
bution of operations across the nine fisheries. These
data were used in BOEM’s final suitability analysis,
which subsequently identified wind energy lease
areas that avoided most areas highly used across the
nine fisheries (Carlton et al. 2024). Similar efforts on
the U.S. East Coast have shown how the scale of reso-
lution of fisheries data can over- or underestimate the
exposure of fisheries activities to OWE development
(Allen-Jacobson et al. 2023).

Active engagement by fishery participants through
the public commenting process and by subject-matter
experts in planning processes is critical to meet the
ultimate goal of developing OWE in a manner that
minimizes impacts on natural resources and pro-
motes ocean co-use with existing ocean-user groups.
Importantly, that engagement must be sustained over
time because the suitability of parcels of habitat for
different fisheries will vary into the future as climate
change forces productivity and distribution shifts of
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fished stocks (Karp et al. 2019; Pinsky et al. 2020;
Liu et al. 2023; Samhouri et al. 2024). Future pro-
jections of target species distributions have not been
considered in OWE spatial planning efforts to date.
However, lease agreements for five areas of devel-
opment in offshore waters of California include lan-
guage that identifies climate change as an important
consideration in the development of mitigation meas-
ures to minimize conflict with commercial fisheries
(e.g., BOEM 2023). More broadly, this case study
serves as a cautionary tale about how responses to
climate variability and climate change within and
beyond the fishery sector can have unintended conse-
quences that can be averted through transdisciplinary,
iterative, systems approaches.

Discussion

Building adaptive capacity to climate variability and
change will require fishery management systems to
innovatively balance among diverse legal require-
ments, social complexities, and capabilities (Roscher
et al. 2018; Mason et al. 2022; Golden et al. 2024).
Our case studies demonstrate that the “best available
science” that can support climate-adaptive fisher-
ies management will involve careful and intentional
inclusion of qualitative data and knowledge alongside
the well-established quantitative data streams we have
long relied upon. Below we discuss key themes from
the case studies and their implications for fisheries
management in an age of climate change.

Key themes from case studies

The effects of climate variability and change move
through fisheries systems in complex pathways to
affect a wide range of outcomes for ecosystems and
fishing communities. The four case studies here show
the importance of broad systems thinking and social
science integration in fisheries management. Contin-
ued progress will be needed to identify and include
forms of knowledge that more fully comprise best
available science in support of climate-ready fisheries
management, particularly in understanding tradeoffs
among diverse objectives like optimal yields, viable
fisheries, and coastal community well-being. Social
science research can help to explain how and why
fishers respond in particular ways to environmental

variability (e.g., fluke fishers investing in fishing
and landing opportunities far from their home ports;
Papaioannou et al. 2021; Selden et al. 2024) or to
management actions (e.g., crab fishery participants
choosing not to switch to alternative target species
during HAB-driven crab season delays; Ritzmann
et al. 2018). Social science and participant feedback
can reveal how climate effects or management out-
comes can be distributed unevenly across ports, sec-
tors, and vessel size classes (e.g., fluke reallocation
options; port-level sablefish bycatch effects; Dunge-
ness crab “Fair Start” regulations). Similarly, partici-
pant knowledge shared through technical reports or
public discussions adds to our understanding of sys-
tem dynamics (e.g., fisher reports of avoiding certain
fishing grounds to reduce bycatch; US-Canada Joint
Technical Committee 2023). This information can be
instrumental in identifying the various pathways and
feedback loops that influence system behavior, which
expands our focus on how impact and risk are propa-
gated and how system interdependencies influence
the achievability of both environmental and social
objectives (Roux and Pedreschi 2024). This informa-
tion is distinct from (but complementary to) quanti-
tative time series of biophysical and economic data
that have been the historical focus of marine fisher-
ies assessment. The call for greater inclusion of social
science research, Indigenous Knowledge, and fish-
ers’ knowledge in management is not new (Johannes
1981; Neis et al. 1999; Johannes et al. 2000; Hag-
gan et al. 2007; Hind 2015; Charnley et al. 2017,
Raymond-Yakoubian et al. 2017), but has taken on
increasing urgency in light of climate change.

The feedback loops in the case studies illustrate
that implementing climate-ready fisheries manage-
ment strategies will be an adaptive process. In none
of our case studies was a lasting and complete solu-
tion identified during the initial phase of understand-
ing and evaluating the problem. Rather, climate risks
or impacts were addressed across a series of itera-
tive steps. With each iteration, varying degrees of
learning, reacting, and/or adapting occurred for all
actors involved, and lags often occurred before out-
comes were realized. Ongoing climate change and
increasing climate variability will continue to intro-
duce stresses that force fishery systems to adapt. For
example, Dungeness crab fishers are affected not only
by periodic HABs, but also by climate-driven shifts
in baleen whale distributions onto fishing grounds,
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which can cause fishery closures to reduce entangle-
ment risk (Fig. 7; see Santora et al. 2020; Samhouri
et al. 2021; Free et al. 2023a,b). At longer time hori-
zons, climate-induced shifts in species distributions
may paint a different picture of the suitability of a
location due to changes in spatial overlap and sub-
sequent tradeoffs between fisheries and other newly
located ocean-use sectors. All of these interacting
factors influence the efficacy of prior actions and
inform development of future actions. In the fluke
example, past adaptations by fishers to own permits
in multiple states weigh heavily on present and future
considerations for climate-adaptive fluke allocation.
In the Dungeness crab fishery, several iterative local-
and state-level actions and policy adjustments were
employed to mitigate the effects of HABs, and each
has presented new decision points, such as the vari-
ous tradeoffs that fishers and processors face related
to evisceration orders. In the sablefish case study,
whiting fleets that shifted fishing grounds in 2022
to avoid juvenile sablefish experienced high bycatch
of shortspine thornyhead (Sebastolobus alascanus),
another quota-limited groundfish (Zahner et al. 2023).
In the past, the whiting fleet incurred anomalously
high bycatch of shortbelly rockfish (Sebastes jordani),
which surged in abundance following the 2014-2016
marine heatwave. This forced the PFMC to rapidly
evaluate updated recruitment data for the species and
raise the previously established shortbelly rockfish
catch limit in order to prevent an early whiting fishery
closure (Free et al. 2023a).

Due to the complexity of a given fishery system,
indicators of climate-driven impacts will need to be
tailored to local or regional goals and objectives (Ker-
shner et al. 2011; Breslow et al. 2016). Participant
knowledge and consideration of human well-being
can promote the development or refinement of indica-
tors that will aid in monitoring system behavior and
management performance in response to climate-
driven impacts or risks. The offshore wind case study
shows how subject matter expertise and thoughtful
data analysis can reframe an indicator to affect the
inputs that go into a decision-making process. That
analysis of fishing activity indicators essentially
altered the focal question from “how much fishing
effort or revenue is associated with a specific loca-
tion?” to “what are the next-best places to fish and
earn income if good fishing locations become opera-
tionally off limits?” The ranking of spatial grid cells
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helped to limit the influence of a small number of
outlier hotspots, and better reflected the broad impor-
tance of fishing grounds to regional fisheries, consist-
ent with MSA National Standard 8’s focus on sus-
tained participation.

Identifying, scaling, and tailoring indicators to
track climate and management effects in a fishery
depends in large part on how a “fishing community”
is defined (Clay and Olson 2007, 2008; Martin and
Hall-Arber 2008; Martin and Olson 2017). Effects
of climate-driven system change and management
response can vary across place-based communities,
as with the distinctive challenges that fluke quota
allocations posed to northern and southern groundfish
fishers along the Atlantic coast, or the different levels
of vulnerability and exposure of Pacific coast ports to
bycatch. In such cases, indicators estimated at local
or regional scales (e.g., port- or state-level) are likely
more relevant and informative than fishery-wide
aggregated indicators (see Heim et al. 2021). Other
risks varied according to communities of practice. In
the fluke case study, alternative strategies for quota
allocation posed different types of risk to fishers, who
can shift fishing locations (Papaioannou et al. 2021),
than to processors and other shoreside support indus-
tries that are fixed in place and more dependent upon
what is landed into their port. Indicators related to the
objectives of each group can be framed and scaled
accordingly. Similarly, in the Dungeness crab fishery,
HAB mitigation measures initially had different lev-
els of benefit for large versus small vessels (Jardine
et al. 2020), thus vessel size groupings of indicators
provide distinct information from port-level group-
ings. Conversely in the OWE example, aggregating
the fishing activity index across multiple fisheries was
appropriate for estimation of potential cross-sector
spatial tradeoffs. In the U.S., “fishing community”
as used in the MSA has historically been understood
to be place-based and located on land, based on the
official guidelines (e.g., “A fishing community is a
social or economic group whose members reside in
a specific location and share a common dependency
on commercial, recreational, or subsistence fishing
or on directly related fisheries-dependent services
and industries”; 50 C.F.R. § 600.345(b)(3), empha-
sis added). Our case studies suggest that management
systems generally may benefit from tracking climate
impacts and management responses across multiple
conceptions of “fishing community.”
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Implications for fisheries management

Despite wide acknowledgment that fisheries are
social-ecological systems (Ostrom 2009; Levin et al.
2016; Roux and Pedreschi 2024), many manage-
ment policies, interpretations of legal mandates, and
research programs retain primary focus on biophysi-
cal and economic components and traditional fish-
eries metrics, and put less emphasis on social com-
ponents and objectives. This reinforces systemic
prioritization of simplified responses to climate
variability and change (e.g., Fig. 1a or 1b), when in
fact fisheries systems are more likely to have multi-
ple feedback loops (e.g., Fig. 1c) and require greater
consideration of social-ecological interdependen-
cies (Ojaveer et al. 2018; Roux and Pedreschi 2024).
Intentional participatory processes that engage local
knowledge and experience are essential to ensure that
additional pathways and feedback loops are identified
and included in tradeoff analyses that span biologi-
cal, economic, and social goals, objectives and out-
comes. These processes can bolster community-level
adaptive capacity (Green et al. 2021), which will
grow more important as climate change and emerg-
ing ocean uses impose additional pressures on marine
species, habitats, fishing practices, and other ocean-
use sectors.

The participatory processes that are needed go
beyond simply accumulating information; they
require effective knowledge exchange among scien-
tists, policy makers, managers, fishery participants,
and others at the science-policy interface (Karcher
et al. 2022). Including rights holders and stakehold-
ers on decision-making bodies or advisory commit-
tees, and soliciting public comment on management
actions, are steps toward more representative knowl-
edge exchange, and are already practiced in many
management systems, including in U.S. fishery man-
agement councils (e.g., deReynier 2014; Muffley
et al. 2021). Formal co-management arrangements
that engage in social learning can also foster greater
responsiveness to community concerns and chang-
ing ecosystems (e.g., Cadman et al. 2022). Next steps
include expanding access to individuals and commu-
nities impacted by fisheries management decisions
but underrepresented in the decision-making process.
This is evident, for example, in the context of fed-
eral fishery disasters, which reflect disproportionate
climate impacts on salmon fisheries and Indigenous

communities in the northwestern U.S. (Bellquist et al.
2021). Many studies also emphasize the tremendous
and often overlooked value of knowledge brokers
and boundary-spanning organizations in elevating
balanced knowledge exchange in complex fisher-
ies systems (e.g., Cvitanovic et al. 2015; Bednarek
et al. 2018; Fulton 2021; Karcher et al. 2022; Cooke
et al. 2024). Other participatory processes such as
conceptual model development (DePiper et al. 2021;
Rosellon-Druker et al. 2021), scenario planning
(Maury et al. 2017; Nash et al. 2022; deReynier et al.
2023), and scenario analysis (Arkema et al. 2015)
have helped to identify and prioritize broader ranges
of objectives, perspectives, risks, and related indica-
tors in some fisheries systems.

Fulton (2021) cautions that iterative adaptation is
challenging, that the outcomes of individual itera-
tions are difficult to predict, that windows of oppor-
tunity to act may be limited, and that science and
management processes typically operate at differ-
ent timescales. Mismatches in science and manage-
ment timescales can severely impede progress in
some cases (Rice 2005). This highlights the value
of timely and effective knowledge exchange, and of
analytical tools like FPNs (Fuller et al. 2017; Fig. 5)
that can help to identify communities that are most
vulnerable to climate pressures and/or most in need
of adaptive capacity development. Formal analysis
of governance structures and knowledge-action gaps
can help to identify and reduce potential barriers to
timely climate-responsive management (Dutra et al.
2019; Cooke et al. 2024). An openness to a range of
approaches at each step of an iterative process may
further improve decision-making and outcomes (e.g.,
Deroba et al. 2019; Fulton 2021), particularly as more
communities and perspectives are included in partici-
patory processes, and as climate change pushes sys-
tem behavior outside of historic conditions.

Conclusion

Complex system responses driven by climate and
ocean change will continue to elicit fisheries man-
agement actions, tradeoffs, and surprises (e.g.,
Brown et al. 2012; Barbeaux et al. 2020; Szuwalski
et al. 2023). We would be wise to broaden what we
consider “best available science” to plan for them,
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learn from and adapt to them, and strive to better
foresee them. Many regions have invested heavily,
and fruitfully, in developing quantitative indica-
tors to help describe ecosystem state and the pace
of change, particularly in biophysical and economic
domains. Additional social indicators and qualita-
tive information can play a critical role of more fully
revealing system complexity (Murphy et al. 2021).
This underscores the value of continuous and mean-
ingful engagement among fishery managers, partici-
pants, and scientists, including social scientists. Our
case studies reflect this, though they reveal gener-
ous amounts of trial-and-error, slow progress, diffi-
cult tradeoffs, and occasional serendipity. Including
knowledge brokers, boundary-spanning organiza-
tions, and analysis of social networks within fisher-
ies management systems may accelerate progress
and efficiency (Cvitanovic et al. 2015; Fulton 2021;
Karcher et al. 2022). Acknowledging system com-
plexity and improving knowledge exchange may
promote greater communication, flexibility, and
adaptability that will enhance the effectiveness of
climate-ready fisheries management.

Acknowledgements This study was supported by a grant
from the David and Lucille Packard Foundation (2019-69817),
and by funding from the NOAA Integrated Ecosystem Assess-
ment program. Sarah Gaichas, Dan Holland, Kristin Marshall,
Allen Chen, Kiva Oken, Jim Hastie, Chantel Wetzel, Dick Ogg,
and two anonymous reviewers provided helpful comments and
input on earlier drafts. Chris Free compiled the summary of
management actions in the Dungeness crab fishery and adapted
Fig. 7.

Author contributions CJH, PMC, RS, YLD, ORL, KCN,
JFS and ICK conceived of the study. CJH, RS, SKM, KSA,
JES, CLS, NT and JLW compiled data, conducted analyses,
and produced figures and tables. CJH, RS, SKM and KSA
developed and wrote case study narratives. All authors contrib-
uted to the writing, review and finalization of the manuscript.

Funding The David and Lucille Packard Foundation, 2019-
69817, 2019-69817, 2019-69817, 2019-69817, 2019-69817,
2019-69817, NOAA Integrated Ecosystem Assessment
Program.

Data availability All non-confidential data and code used in
this study are available from the authors upon request.

Declarations

Conflict of interest The authors declare no competing inter-
ests.

@ Springer

References

Acheson JM (2006) Institutional failure in resource manage-
ment. Ann Rev Anthropol 35:117-134. https://doi.org/
10.1146/annurev.anthro.35.081705.123238

Akbari N, Jones D, Treloar R (2020) A cross-European effi-
ciency assessment of offshore wind farms: a DEA
approach. Renew Energ 151:1186-1195. https://doi.org/
10.1016/j.renene.2019.11.130

Alexander MA, Shin S-I, Scott JD, Curchitser E, Stock C
(2020) The response of the Northwest Atlantic Ocean to
climate change. J Clim 33:405-428. https://doi.org/10.
1175/1CLI-D-19-0117.1

Allen-Jacobson LM, Jones AW, Mercer AJ et al (2023) Evalu-
ating potential impacts of offshore wind development on
fishing operations by comparing fine- and coarse-scale
fishery-dependent data. Mar Coast Fish 15:¢10233.
https://doi.org/10.1002/mcf2.10233

Allison EH, Perry AL, Badjeck M-C et al (2009) Vulnerability
of national economies to the impacts of climate change
on fisheries. Fish Fish 10:173-196. https://doi.org/10.
1111/j.1467-2979.2008.00310.x

Anderson JL, Anderson CM, Chu J et al (2015) The fishery
performance indicators: a management tool for triple bot-
tom line outcomes. PLoS ONE 10(5):e0122809. https://
doi.org/10.1371/journal.pone.0122809

Arkema KK, Verutesa GM, Wood SA et al (2015) Embedding
ecosystem services in coastal planning leads to better
outcomes for people and nature. In: Proceedings National
Academy Science USA, 112:7390-7395. https://doi.org/
10.1073/pnas.1406483112

Bahri T, Barange M, Moustahfid H (2018) Climate change
and aquatic systems. In: Barange M, Bahri T, Beveridge
MCM, Cochrane KL, Funge-Smith S, Poulain F (eds)
Impacts of climate change on fisheries and aquaculture.
FAO technical paper 627. FAO, Rome, pp 1-17

Barange M, Bahri T, Beveridge MCM, Cochrane KL, Funge-
Smith S, Poulain F (eds.) (2018) Impacts of climate
change on fisheries and aquaculture. FAO Technical
Paper 627. FAO, Rome

Barbeaux SJ, Holsman K, Zador S (2020) Marine heatwave
stress test of ecosystem-based fisheries management in
the Gulf of Alaska Pacific cod fishery. Front Mar Sci
7:703. https://doi.org/10.3389/fmars.2020.00703

Barclay K, Voyer M, Mazur N et al (2017) The importance of
qualitative social research for effective fisheries manage-
ment. Fish Res 186:426-438. https://doi.org/10.1016/].
fishres.2016.08.007

Beaudreau AH, Levin PS (2014) Advancing the use of local
ecological knowledge for assessing data-poor species in
coastal ecosystems. Ecol Appl 24:244-256. https://doi.
org/10.1890/13-0817.1

Bednarek AT, Wyborn C, Cvitanovic C et al (2018) Boundary
spanning at the science-policy interface: the practition-
ers’ perspectives. Sustain Sci 13:1175-1183. https://doi.
org/10.1007/s11625-018-0550-9

Bell RJ, Richardson DE, Hare JA, Lynch PD, Fratantoni PS
(2015) Disentangling the effects of climate, abundance,
and size on the distribution of marine fish: an example
based on four stocks from the Northeast US shelf. ICES J


https://doi.org/10.1146/annurev.anthro.35.081705.123238
https://doi.org/10.1146/annurev.anthro.35.081705.123238
https://doi.org/10.1016/j.renene.2019.11.130
https://doi.org/10.1016/j.renene.2019.11.130
https://doi.org/10.1175/JCLI-D-19-0117.1
https://doi.org/10.1175/JCLI-D-19-0117.1
https://doi.org/10.1002/mcf2.10233
https://doi.org/10.1111/j.1467-2979.2008.00310.x
https://doi.org/10.1111/j.1467-2979.2008.00310.x
https://doi.org/10.1371/journal.pone.0122809
https://doi.org/10.1371/journal.pone.0122809
https://doi.org/10.1073/pnas.1406483112
https://doi.org/10.1073/pnas.1406483112
https://doi.org/10.3389/fmars.2020.00703
https://doi.org/10.1016/j.fishres.2016.08.007
https://doi.org/10.1016/j.fishres.2016.08.007
https://doi.org/10.1890/13-0817.1
https://doi.org/10.1890/13-0817.1
https://doi.org/10.1007/s11625-018-0550-9
https://doi.org/10.1007/s11625-018-0550-9

Rev Fish Biol Fisheries

Mar Sci 72:1311-1322. https://doi.org/10.1093/icesjms/
fsu217

Bellquist L, Saccomanno V, Semmens BX, Gleason M, Wilson
J (2021) The rise in climate change-induced federal fish-
ery disasters in the United States. PeerJ 9:e11186. https://
doi.org/10.7717/peerj.11186

Bernard HR (2017) Research methods in anthropology: quali-
tative and quantitative approaches, 6th edn. Rowman &
Littlefield, Lanham, Maryland

BOEM (2016) A citizen’s guide to the Bureau of Ocean energy
management’s renewable energy authorization process.
Bureau of Ocean energy management, US department
of the interior. http://www.boem.gov/sites/default/files/
documents/about-boem/A %20Citizens%20Guide%20-%
20Renewable%20Energy_Updated%2012.04.23.pdf.
Accessed on 3 Jan 2024

BOEM (2020) Data gathering and engagement plan for off-
shore wind energy in Oregon. Bureau of Ocean energy
management, US department of the interior. https://www.
boem.gov/sites/default/files/documents/regions/pacif
ic-ocs-region/BOEM-OR-OSW-Engagement-Plan.pdf.
Accessed on 5 Jun 2024

BOEM (2022) Call for information and nominations— com-
mercial leasing for wind energy development on the
Outer Continental Shelf (OCS) offshore Oregon. 87 FR
25529. Docket No. BOEM-2022-0009. Bureau of Ocean
Energy Management, US Department of the Interior.
https://www.federalregister.gov/documents/2022/04/
29/2022-09000/call-for-information-and-nominations-
commercial-leasing-for-wind-energy-development-on-
the-outer. Accessed 5 Jun 2024

BOEM (2023) Commercial lease of submerged lands for
renewable energy development on the outer continen-
tal shelf. Renewable energy lease number OCS-P 0561.
Bureau of Ocean energy management, US department
of the interior. https://www.boem.gov/sites/default/files/
documents/renewable-energy/state-activities/PACW-
1%20California%20Lease%200CS-P%200561_1.pdf.
Accessed on Jan 8 2025

Breslow SJ, Sojka B, Barnea R et al (2016) Conceptualizing
and operationalizing human wellbeing for ecosystem
assessment and management. Env Sci Pol 66:250-259.
https://doi.org/10.1016/j.envsci.2016.06.023

Brierley AS, Kingsford MJ (2009) Impacts of climate change
on marine organisms and ecosystems. Curr Biol
19:R602-R614.  https://doi.org/10.1016/j.cub.2009.05.
046

Brown CJ, Fulton EA, Possingham HP, Richardson AJ (2012)
How long can fisheries management delay action in
response to ecosystem and climate change? Ecol Appl
22:298-310. https://doi.org/10.1890/11-0419.1

Bryndum-Buchholz A, Tittensor DP, Lotze HK (2021) The
status of climate change adaptation in fisheries manage-
ment: policy, legislation and implementation. Fish Fish
22:1248-1273. https://doi.org/10.1111/faf. 12586

Cadman R, Snook J, Bailey M (2022) Ten years of Inuit co-
management: advancing research, resilience, and
capacity in Nunatsiavut through fishery governance.
Reg Env Change 22:127. https://doi.org/10.1007/
s10113-022-01983-3

California Ocean Science Trust (2016) Frequently asked ques-
tions: harmful algal blooms and California fisheries,
developed in response to the 2015-2016 domoic acid
event. California Ocean science trust. https://www.ocean
sciencetrust.org/projects/harmful-algal-blooms-and-calif
ornia-fisheries/. Accessed 7 Jun 2024

Callahan M (2017) California Dungeness crab fleet nets $68
million haul, but small boats continue to struggle. The
Press Democrat. https://www.pressdemocrat.com/artic
le/news/california-dungeness-crab-fleet-nets-68-million-
haul-but-small-boats-cont/. Accessed 7 Jun 2024

Carlton J, Jossart JA, Pendleton F et al. (2024) A wind energy
area siting analysis for the Oregon Call Areas. OCS
Study BOEM 2024-015. Bureau of Ocean energy man-
agement, US department of the interior

Chambers S (2016) California changing domoic acid protocols
for upcoming crab season. Seafood.com News. https://
www.seafoodnews.com/SearchStory/D51U--Zjb5D
VoZtYsYxJqMIpB4ymkwAO031qKFFZzE__1.8=/10293
06. Accessed 7 Jun 2024

Charnley S, Carothers C, Satterfield T et al (2017) Evaluating
the best available social science for natural resource man-
agement decision-making. Env Sci Pol 73:80-88. https://
doi.org/10.1016/j.envsci.2017.04.002

Cheung WWL, Lam VWY, Sarmiento JL et al (2010) Large-
scale redistribution of maximum fisheries catch potential
in the global ocean under climate change. Glob Chang
Biol 16:24-35.  https://doi.org/10.1111/j.1365-2486.
2009.01995.x

Cheung WWL, Sarmiento JL, Dunne J et al (2013) Shrinking
of fishes exacerbates impacts of global ocean changes on
marine ecosystems. Nat Clim Change 3:254-258. https://
doi.org/10.1038/nclimate 1691

Clay PM, Olson J (2007) Defining fishing communities: issues
in theory and practice. NAPA Bull 28(1):27-42. https://
doi.org/10.1525/napa.2007.28.1.27

Clay PM, Olson J (2008) Defining “fishing communities”:
vulnerability and the Magnuson-Stevens fishery con-
servation and management act. Human Ecol Rev
15(2):143-160

Clay PM, Howard J, Busch DS et al (2020) Ocean and coastal
indicators: understanding and coping with climate
change at the land-sea interface. Clim Chang 163:1773—
1793. https://doi.org/10.1007/s10584-020-02940-x

Colburn LL, Clay PM (2012) The role of oral histories in the
conduct of fisheries social impact assessments in North-
east US. J Ecol Anthrop 15:74-80

Colburn LL, Jepson M (2012) Social indicators of gentrifica-
tion pressure in fishing communities: a context for social
impact assessment. Coast Manag 40:289-300. https://
doi.org/10.1080/08920753.2012.677635

Colburn LL, Jepson M, Weng C et al (2016) Indicators of cli-
mate change and social vulnerability in fishing dependent
communities along the Eastern and Gulf Coasts of the
United States. Mar Pol 74:323-333. https://doi.org/10.
1016/j.marpol.2016.04.030

Cooke SJ, Nguyen VM, Chapman JM et al (2021) Knowledge
co-production: a pathway to effective fisheries manage-
ment, conservation, and governance. Fisheries 46(2):89—
97. https://doi.org/10.1002/fsh.10512

@ Springer


https://doi.org/10.1093/icesjms/fsu217
https://doi.org/10.1093/icesjms/fsu217
https://doi.org/10.7717/peerj.11186
https://doi.org/10.7717/peerj.11186
http://www.boem.gov/sites/default/files/documents/about-boem/A%20Citizens%20Guide%20-%20Renewable%20Energy_Updated%2012.04.23.pdf
http://www.boem.gov/sites/default/files/documents/about-boem/A%20Citizens%20Guide%20-%20Renewable%20Energy_Updated%2012.04.23.pdf
http://www.boem.gov/sites/default/files/documents/about-boem/A%20Citizens%20Guide%20-%20Renewable%20Energy_Updated%2012.04.23.pdf
https://www.boem.gov/sites/default/files/documents/regions/pacific-ocs-region/BOEM-OR-OSW-Engagement-Plan.pdf
https://www.boem.gov/sites/default/files/documents/regions/pacific-ocs-region/BOEM-OR-OSW-Engagement-Plan.pdf
https://www.boem.gov/sites/default/files/documents/regions/pacific-ocs-region/BOEM-OR-OSW-Engagement-Plan.pdf
https://www.federalregister.gov/documents/2022/04/29/2022-09000/call-for-information-and-nominations-commercial-leasing-for-wind-energy-development-on-the-outer
https://www.federalregister.gov/documents/2022/04/29/2022-09000/call-for-information-and-nominations-commercial-leasing-for-wind-energy-development-on-the-outer
https://www.federalregister.gov/documents/2022/04/29/2022-09000/call-for-information-and-nominations-commercial-leasing-for-wind-energy-development-on-the-outer
https://www.federalregister.gov/documents/2022/04/29/2022-09000/call-for-information-and-nominations-commercial-leasing-for-wind-energy-development-on-the-outer
https://www.boem.gov/sites/default/files/documents/renewable-energy/state-activities/PACW-1%20California%20Lease%20OCS-P%200561_1.pdf
https://www.boem.gov/sites/default/files/documents/renewable-energy/state-activities/PACW-1%20California%20Lease%20OCS-P%200561_1.pdf
https://www.boem.gov/sites/default/files/documents/renewable-energy/state-activities/PACW-1%20California%20Lease%20OCS-P%200561_1.pdf
https://doi.org/10.1016/j.envsci.2016.06.023
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.1890/11-0419.1
https://doi.org/10.1111/faf.12586
https://doi.org/10.1007/s10113-022-01983-3
https://doi.org/10.1007/s10113-022-01983-3
https://www.oceansciencetrust.org/projects/harmful-algal-blooms-and-california-fisheries/
https://www.oceansciencetrust.org/projects/harmful-algal-blooms-and-california-fisheries/
https://www.oceansciencetrust.org/projects/harmful-algal-blooms-and-california-fisheries/
https://www.pressdemocrat.com/article/news/california-dungeness-crab-fleet-nets-68-million-haul-but-small-boats-cont/
https://www.pressdemocrat.com/article/news/california-dungeness-crab-fleet-nets-68-million-haul-but-small-boats-cont/
https://www.pressdemocrat.com/article/news/california-dungeness-crab-fleet-nets-68-million-haul-but-small-boats-cont/
https://www.seafoodnews.com/SearchStory/D5lU--Zjb5DVoZfYsYxJqMlpB4ymkwA031qKFFZzE__L8=/1029306
https://www.seafoodnews.com/SearchStory/D5lU--Zjb5DVoZfYsYxJqMlpB4ymkwA031qKFFZzE__L8=/1029306
https://www.seafoodnews.com/SearchStory/D5lU--Zjb5DVoZfYsYxJqMlpB4ymkwA031qKFFZzE__L8=/1029306
https://www.seafoodnews.com/SearchStory/D5lU--Zjb5DVoZfYsYxJqMlpB4ymkwA031qKFFZzE__L8=/1029306
https://doi.org/10.1016/j.envsci.2017.04.002
https://doi.org/10.1016/j.envsci.2017.04.002
https://doi.org/10.1111/j.1365-2486.2009.01995.x
https://doi.org/10.1111/j.1365-2486.2009.01995.x
https://doi.org/10.1038/nclimate1691
https://doi.org/10.1038/nclimate1691
https://doi.org/10.1525/napa.2007.28.1.27
https://doi.org/10.1525/napa.2007.28.1.27
https://doi.org/10.1007/s10584-020-02940-x
https://doi.org/10.1080/08920753.2012.677635
https://doi.org/10.1080/08920753.2012.677635
https://doi.org/10.1016/j.marpol.2016.04.030
https://doi.org/10.1016/j.marpol.2016.04.030
https://doi.org/10.1002/fsh.10512

Rev Fish Biol Fisheries

Cooke SJ, Young N, Alexander S et al (2024) Embracing
implementation science to enhance fisheries and aquatic
management and conservation. Fisheries 49:475-485.
https://doi.org/10.1002/fsh.11112

Cooley S, Schoeman D, Bopp L et al (2022) Oceans and
coastal ecosystems and their services, Chap 3. In: Portner
H-O, Roberts DC, Tignor M (eds) Climate change 2022:
impacts, adaptation and vulnerability. Contribution of
Working Group II to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK. https://doi.org/10.
1017/9781009325844.005

Cvitanovic C, Hobday AJ, van Kerkhoff L et al (2015) Improv-
ing knowledge exchange among scientists and decision-
makers to facilitate the adaptive governance of marine
resources: a review of knowledge and research needs.
Ocean Coast Manag 112:25-35. https://doi.org/10.
1016/j.ocecoaman.2015.05.002

Daewel U, Akhtar N, Christiansen N, Schrum C (2022) Off-
shore wind farms are projected to impact primary pro-
duction and bottom water deoxygenation in the North
Sea. Comm Earth Env 3:292. https://doi.org/10.1038/
$43247-022-00625-0

de la Torre-Castro M, Lindstrom L (2010) Fishing institutions:
addressing regulative, normative and cultural-cognitive
elements to enhance fisheries management. Mar Pol
34:77-84. https://doi.org/10.1016/j.marpol.2009.04.012

DePiper GS, Gaichas SK, Lucey SM et al (2017) Operation-
alizing integrated ecosystem assessments within a mul-
tidisciplinary team: lessons learned from a worked exam-
ple. ICES J Mar Sci 74:2076-2086. https://doi.org/10.
1093/icesjms/fsx038

DePiper G, Gaichas S, Muffley B et al (2021) Learning by
doing: collaborative conceptual modelling as a path for-
ward in ecosystem-based management. ICES J Mar Sci
78:1217-1228. https://doi.org/10.1093/icesjms/fsab054

deReynier YL (2014) US fishery management councils as eco-
system-based management policy takers and policymak-
ers. Coast Manag 42:512-530

deReynier Y, Dahl C. Braby C et al (2023) U.S. Pacific coast
federal fisheries scenario planning summary report.
Technical memorandum NMFS-OSF-12. National Oce-
anic and atmospheric administration, US department of
commerce

Deroba JJ, Gaichas SK, Lee M-Y et al (2019) The dream and
the reality: meeting decision-making time frames while
incorporating ecosystem and economic models into
management strategy evaluation. Can J Fish Aquat Sci
76:1112-1133. https://doi.org/10.1139/cjfas-2018-0128

Derville S, Buell TV, Corbett KC, Hayslip C, Torres LG (2023)
Exposure of whales to entanglement risk in Dunge-
ness crab fishing gear in Oregon, USA, reveals distinc-
tive spatio-temporal and climatic patterns. Biol Cons
281:109989. https://doi.org/10.1016/j.biocon.2023.
109989

Doney SC, Ruckelshaus M, Duffy JE et al (2012) Cli-
mate change impacts on marine ecosystems. Ann
Rev Mar Sci 4:11-37. https://doi.org/10.1146/annur
ev-marine-041911-111611

Dubik BA, Clark EC, Young T et al (2019) Governing fisher-
ies in the face of change: social responses to long-term

@ Springer

geographic shifts in a U.S. fishery. Mar Pol 99:243-251.
https://doi.org/10.1016/j.marpol.2018.10.032

Dutra LXC, Sporne I, Haward M et al (2019) Governance map-
ping: a framework for assessing the adaptive capacity of
marine resource governance to environmental change.
Mar Pol 106:103392. https://doi.org/10.1016/j.marpol.
2018.12.011

Ekstrom JA, Moore SK, Klinger T (2020) Examining harmful
algal blooms through a disaster risk management lens:
a case study of the 2015 U.S. West Coast domoic acid
event. Harmful Algae 94:101740. https://doi.org/10.
1016/j.hal.2020.101740

Farmer NA, Powell JR, Morris JA Jr et al (2022) Modeling
protected species distributions and habitats to inform sit-
ing and management of pioneering ocean industries: a
case study for Gulf of Mexico aquaculture. PLoS ONE
17:0267333. https://doi.org/10.1371/journal.pone.
0267333

Farr ER, Stoll JS, Beitl CM (2018) Effects of fisheries manage-
ment on local ecological knowledge. Ecol Soc 23(3):15.
https://doi.org/10.5751/ES-10344-230315

Fisher MC, Moore SK, Jardine SL, Watson JR, Samhouri JF
(2021) Climate shock effects and mediation in fisher-
ies. In: Proceedings national academy science USA,
118:¢2014379117.  https://doi.org/10.1073/pnas.20143
79117

Fontana A, Frey JH (2005) The interview: from neutral stance
to political involvement. In: Denzin NK, Lincoln YS
(eds) The Sage handbook of qualitative research. Sage
Publications, Thousand Oaks, California, USA, pp
695-727

Free CM, Thorson JT, Pinsky ML et al (2019) Impacts of his-
torical warming on marine fisheries production. Science
363:979-983. https://doi.org/10.1126/science.aaul 758

Free CM, Mangin T, Garcia Molinos J et al (2020) Realis-
tic fisheries management reforms could mitigate the
impacts of climate change in most countries. PLoS ONE
15(3):0224347.  https://doi.org/10.1371/journal.pone.
0224347

Free CM, Moore SK, Trainer VL (2022) The value of moni-
toring in efficiently and adaptively managing biotoxin
contamination in marine fisheries. Harmful Algae
114:102226. https://doi.org/10.1016/j.hal.2022.102226

Free CM, Anderson SC, Hellmers EA et al (2023a) Impact of
the 2014-2016 marine heatwave on US and Canada West
Coast fisheries: surprises and lessons from key case stud-
ies. Fish Fish 24:652-674. https://doi.org/10.1111/faf.
12753

Free CM, Bellquist LF, Forney KA et al (2023b) Static man-
agement presents a simple solution to a dynamic fish-
ery and conservation challenge. Biol Cons 285:110249.
https://doi.org/10.1016/j.biocon.2023.110249

Frid A, Wilson KL, Walkus J, Forrest RE, Reid M (2023) Re-
imagining the precautionary approach to make collabora-
tive fisheries management inclusive of indigenous knowl-
edge systems. Fish Fish 24:940-958. https://doi.org/10.
1111/faf. 12778

Fuller EC, Samhouri JF, Stoll JS, Levin SA, Watson JR (2017)
Characterizing fisheries connectivity in marine social-
ecological systems. ICES J Mar Sci 74:2087-2096.
https://doi.org/10.1093/icesjms/fsx 128


https://doi.org/10.1002/fsh.11112
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1016/j.ocecoaman.2015.05.002
https://doi.org/10.1016/j.ocecoaman.2015.05.002
https://doi.org/10.1038/s43247-022-00625-0
https://doi.org/10.1038/s43247-022-00625-0
https://doi.org/10.1016/j.marpol.2009.04.012
https://doi.org/10.1093/icesjms/fsx038
https://doi.org/10.1093/icesjms/fsx038
https://doi.org/10.1093/icesjms/fsab054
https://doi.org/10.1139/cjfas-2018-0128
https://doi.org/10.1016/j.biocon.2023.109989
https://doi.org/10.1016/j.biocon.2023.109989
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1016/j.marpol.2018.10.032
https://doi.org/10.1016/j.marpol.2018.12.011
https://doi.org/10.1016/j.marpol.2018.12.011
https://doi.org/10.1016/j.hal.2020.101740
https://doi.org/10.1016/j.hal.2020.101740
https://doi.org/10.1371/journal.pone.0267333
https://doi.org/10.1371/journal.pone.0267333
https://doi.org/10.5751/ES-10344-230315
https://doi.org/10.1073/pnas.2014379117
https://doi.org/10.1073/pnas.2014379117
https://doi.org/10.1126/science.aau1758
https://doi.org/10.1371/journal.pone.0224347
https://doi.org/10.1371/journal.pone.0224347
https://doi.org/10.1016/j.hal.2022.102226
https://doi.org/10.1111/faf.12753
https://doi.org/10.1111/faf.12753
https://doi.org/10.1016/j.biocon.2023.110249
https://doi.org/10.1111/faf.12778
https://doi.org/10.1111/faf.12778
https://doi.org/10.1093/icesjms/fsx128

Rev Fish Biol Fisheries

Fulton EA (2021) Opportunities to improve ecosystem-based
fisheries management by recognizing and overcoming
path dependency and cognitive bias. Fish Fish 22:428—
448. https://doi.org/10.1111/faf. 12537

Fulton EA, Smith ADM, Punt AE (2005) Which ecological
indicators can robustly detect effects of fishing? ICES J
Mar Sci 62:540-551. https://doi.org/10.1016/j.icesjms.
2004.12.012

Gaines S, Cabral R, Free CM et al (2019) The expected
impacts of climate change on the ocean economy. World
Resources Institute, Washington, DC

Galappaththi EK, Susarla VB, Loutet SIT et al (2022) Climate
change adaptation in fisheries. Fish Fish 23:4-21. https://
doi.org/10.1111/faf.12595

Galparsoro I, Menchaca I, Garndeia JM et al (2022) Reviewing
the ecological impacts of offshore wind farms. Npj Ocean
Sustain. https://doi.org/10.1038/s44183-022-00003-5

Gill AB, Degraer S, Lipsky A et al (2020) Setting the context
for offshore wind development effects on fish and fisher-
ies. Oceanography 33:118-127. https://doi.org/10.5670/
oceanog.2020.411

Golden AS, Baskett ML, Holland D et al (2024) Climate adap-
tation depends on rebalancing flexibility and rigidity in
US fisheries management. ICES J Mar Sci 81:252-259.
https://doi.org/10.1093/icesjms/fsad 189

Gordon JY, Beaudreau AH, Williams BC, Meyer SC (2022)
Bridging expert knowledge and fishery data to examine
changes in nearshore rockfish fisheries in the Gulf of
Alaska over fifty years. Fish Res 252:106333. https://doi.
org/10.1016/j.fishres.2022.106333

Green KM, Selgrath JC, Frawley TH et al (2021) How adaptive
capacity shapes the adapt, react, cope response to climate
impacts: insights from small-scale fisheries. Clim Change
164:15. https://doi.org/10.1007/s10584-021-02965-w

Hall-Arber M, Pomeroy C, Conway F (2009) Figuring out the
human dimensions of fisheries: illuminating models. Mar
Coast Fish 1:300-314. https://doi.org/10.1577/C09-006.1

Haltuch MA, Johnson KF, Tolimieri N, Kapur MS, Castillo-
Jordan CA (2019) Status of the sablefish stock in U.S.
waters in 2019. Pacific fishery management council,
Portland, Oregon, USA. https://www.pcouncil.org/
documents/2019/10/status-of-the-sablefish-stock-in-u-s-
waters-in-2019-october-22-2019.pdf/. Accessed 28 Feb
2024

Harvey C, Leising A, Williams G, Tolimieri N (eds) (2023)
2022-2023 California current ecosystem status report.
Report to the Pacific fishery management council. https://
www.integratedecosystemassessment.noaa.gov/regions/
california-current/california-current-reports. Accessed 9
Sep 2024

Haugen BI, Cramer LA, Waldbusser GG, Conway FL (2021)
Resilience and adaptive capacity of Oregon’s fishing
community: cumulative impacts of climate change and
the graying of the fleet. Mar Pol 126:104424. https://doi.
org/10.1016/j.marpol.2021.104-424

He Q, Silliman BR (2019) Climate change, human impacts,
and coastal ecosystems in the Anthropocene. Curr Biol
29:R1021-R1035. https://doi.org/10.1016/j.cub.2019.08.
042

Heim KC, Thorne LH, Warren JD, Link JS, Nye JA (2021)
Marine ecosystem indicators are sensitive to ecosystem

boundaries and spatial scale. Ecol Indicators 125:107522.
https://doi.org/10.1016/j.ecolind.2021.107522

Himes-Cornell A, Kasperski S (2015) Assessing climate
change vulnerability in Alaska’s fishing communities.
Fish Res 162:1-11. https://doi.org/10.1016/j.fishres.
2014.09.010

Himes-Cornell A, Kasperski S (2016) Using socioeconomic
and fisheries involvement indices to understand Alaska
fishing community well-being. Coast Manag 44:36-70.
https://doi.org/10.1080/08920753.2016.1116671

Hind EJ (2015) A review of the past, the present, and the future
of fishers” knowledge research: a challenge to established
fisheries science. ICES J Mar Sci 72:341-358. https://
doi.org/10.1093/icesjms/fsul69

Holland DS, Leonard J (2020) Is a delay a disaster? Economic
impacts of the delay of the California Dungeness crab
fishery due to a harmful algal bloom. Harmful Algae
98:101904. https://doi.org/10.1016/j.hal.2020.101904

Hollowed AB, Barange M, Beamish RJ et al (2013) Projected
impacts of climate change on marine fish and fisheries.
ICES J Mar Sci 70:1023-1037. https://doi.org/10.1093/
icesjms/fst081

Howard RA, Ciannelli L, Wakefield WW, Haltuch MA (2023)
Comparing fishery-independent and fishery-dependent
data for analysis of the distributions of Oregon shelf
groundfishes. Fish Res 258:106553. https://doi.org/10.
1016/j.fishres.2022.106553

Jardine SL, Fisher M, Moore S, Samhouri J (2020) Inequality
in the economic impacts from climate shocks in fisheries:
the case of harmful algal blooms. Ecol Econ 176:106691.
https://doi.org/10.1016/j.ecolecon.2020.106691

Jepson M, Colburn L (2013) Development of social indicators
of fishing community vulnerability and resilience in the
U.S. Southeast and Northeast Regions. Technical memo-
randum NMFS-F/SPO-129. National Oceanic and atmos-
pheric administration, US department of commerce

Johannes RE (1981) Working with fishermen to improve
coastal tropical fisheries and resource management. Bull
Mar Sci 31:673-680

Johannes RE, Freeman MM, Hamilton RJ (2000) Ignore fish-
ers” knowledge and miss the boat. Fish Fish 1:257-271

Johnson TR, Henry AM, Thompson C (2014) Qualitative indi-
cators of social resilience in small-scale fishing commu-
nities: an emphasis on perceptions and practice. Human
Ecol Rev 20:97-115

Johnson KF, Wetzel CR, Tolimieri N (2023) Status of sable-
fish (Anoplopoma fimbria) along the U.S. West Coast in
2023. Pacific fishery management council, Portland, Ore-
gon, USA. https://www.pcouncil.org/documents/2023/
08/g-2-attachment- 16-draft-assessment-of-status-of-
sablefish-anoplopoma-fimbria-along-the-u-s-west-coast-
in-2023-electronic-only.pdf/. Accessed 28 Feb 2024

Kaplan IC, Leonard J (2012) From krill to convenience stores:
forecasting the economic and ecological effects of fisher-
ies management on the US West Coast. Mar Pol 36:947—
954. https://doi.org/10.1016/j.marpol.2012.02.005

Karcher DB, Cvitanovic C, van Putten IE et al (2022) Lessons
from bright-spots for advancing knowledge exchange at
the interface of marine science and policy. ] Env Manag
314:114994. https://doi.org/10.1016/j.jenvman.2022.
114994

@ Springer


https://doi.org/10.1111/faf.12537
https://doi.org/10.1016/j.icesjms.2004.12.012
https://doi.org/10.1016/j.icesjms.2004.12.012
https://doi.org/10.1111/faf.12595
https://doi.org/10.1111/faf.12595
https://doi.org/10.1038/s44183-022-00003-5
https://doi.org/10.5670/oceanog.2020.411
https://doi.org/10.5670/oceanog.2020.411
https://doi.org/10.1093/icesjms/fsad189
https://doi.org/10.1016/j.fishres.2022.106333
https://doi.org/10.1016/j.fishres.2022.106333
https://doi.org/10.1007/s10584-021-02965-w
https://doi.org/10.1577/C09-006.1
https://www.pcouncil.org/documents/2019/10/status-of-the-sablefish-stock-in-u-s-waters-in-2019-october-22-2019.pdf/
https://www.pcouncil.org/documents/2019/10/status-of-the-sablefish-stock-in-u-s-waters-in-2019-october-22-2019.pdf/
https://www.pcouncil.org/documents/2019/10/status-of-the-sablefish-stock-in-u-s-waters-in-2019-october-22-2019.pdf/
https://www.integratedecosystemassessment.noaa.gov/regions/california-current/california-current-reports
https://www.integratedecosystemassessment.noaa.gov/regions/california-current/california-current-reports
https://www.integratedecosystemassessment.noaa.gov/regions/california-current/california-current-reports
https://doi.org/10.1016/j.marpol.2021.104-424
https://doi.org/10.1016/j.marpol.2021.104-424
https://doi.org/10.1016/j.cub.2019.08.042
https://doi.org/10.1016/j.cub.2019.08.042
https://doi.org/10.1016/j.ecolind.2021.107522
https://doi.org/10.1016/j.fishres.2014.09.010
https://doi.org/10.1016/j.fishres.2014.09.010
https://doi.org/10.1080/08920753.2016.1116671
https://doi.org/10.1093/icesjms/fsu169
https://doi.org/10.1093/icesjms/fsu169
https://doi.org/10.1016/j.hal.2020.101904
https://doi.org/10.1093/icesjms/fst081
https://doi.org/10.1093/icesjms/fst081
https://doi.org/10.1016/j.fishres.2022.106553
https://doi.org/10.1016/j.fishres.2022.106553
https://doi.org/10.1016/j.ecolecon.2020.106691
https://www.pcouncil.org/documents/2023/08/g-2-attachment-16-draft-assessment-of-status-of-sablefish-anoplopoma-fimbria-along-the-u-s-west-coast-in-2023-electronic-only.pdf/
https://www.pcouncil.org/documents/2023/08/g-2-attachment-16-draft-assessment-of-status-of-sablefish-anoplopoma-fimbria-along-the-u-s-west-coast-in-2023-electronic-only.pdf/
https://www.pcouncil.org/documents/2023/08/g-2-attachment-16-draft-assessment-of-status-of-sablefish-anoplopoma-fimbria-along-the-u-s-west-coast-in-2023-electronic-only.pdf/
https://www.pcouncil.org/documents/2023/08/g-2-attachment-16-draft-assessment-of-status-of-sablefish-anoplopoma-fimbria-along-the-u-s-west-coast-in-2023-electronic-only.pdf/
https://doi.org/10.1016/j.marpol.2012.02.005
https://doi.org/10.1016/j.jenvman.2022.114994
https://doi.org/10.1016/j.jenvman.2022.114994

Rev Fish Biol Fisheries

Karp MA, Peterson JO, Lynch PD et al (2019) Accounting for
shifting distributions and changing productivity in the
development of scientific advice for fishery management.
ICES J Mar Sci 76:1305-1315. https://doi.org/10.1093/
icesjms/fsz048

Kelly C, Ellis G, Flannery W (2018) Conceptualising change
in marine governance: learning from transition manage-
ment. Mar Pol 95:24-35. https://doi.org/10.1016/j.mar-
pol.2018.06.023

Kershner J, Samhouri JF, James CA, Levin PS (2011) Selecting
indicator portfolios for marine species and food webs: a
puget sound case study. PLoS ONE 6:e25248. https://doi.
org/10.1371/journal.pone.0025248

Kittinger JN, Cinner J, Aswani S, White AT, Pauly D (2015)
Back to the future: integrating customary practices and
institutions into comanagement of small-scale fisheries.
In: Kittinger JN, McClanachan L, Gedan KB, Blight LK
(eds) Marine historical ecology in conservation, applying
the past to manage for the future. University of California
Press, Oakland, California, USA, pp 135-160

Kleisner KM, Fogarty MJ, McGee S et al (2017) Marine spe-
cies distribution shifts on the U.S. Northeast Continental
Shelf under continued ocean warming. Prog Oceanogr
153:24-36. https://doi.org/10.1016/j.pocean.2017.04.001

Kourantidou M, Jin D, Schumacker EJ (2022) Socioeconomic
disruptions of harmful algal blooms in indigenous com-
munities: the case of Quinault Indian nation. Harmful
Algae 118:102316. https://doi.org/10.1016/j.hal.2022.
102316

Leonard J, Watson P (2011) Description of the input-output
model for Pacific Coast fisheries. Technical memoran-
dum NMFS-NWFESC-111. National Oceanic and atmos-
pheric administration, US department of commerce

Levin PS, Breslow SJ, Harvey CJ et al (2016) Conceptualiza-
tion of social-ecological systems of the California cur-
rent: an examination of interdisciplinary science sup-
porting ecosystem-based management. Coast Manag
44(5):1-12. https://doi.org/10.1080/08920753.2016.
1208036

Link JS, Karp MA, Lynch P, Morrison WE, Peterson J (2021)
Proposed business rules to incorporate climate-induced
changes in fisheries management. ICES J Mar Sci
78:3562-3580. https://doi.org/10.1093/icesjms/fsab219

Liu OR, Fisher M, Feist BE et al (2023) Mobility and flexibil-
ity enable resilience of human harvesters to environmen-
tal perturbation. Glob Env Chang 78:102629. https://doi.
org/10.1016/j.gloenvcha.2022.102629

Lorance P, Agnarsson S, Damalas D et al (2011) Using quali-
tative and quantitative stakeholder knowledge: examples
from European deep-water fisheries. ICES J Mar Sci
68:1815-1824

MAFMC (1993) Amendment 4 to the fishery management plan
for the summer flounder fishery. Mid-Atlantic fishery
management council, Dover, Delaware, USA. Accessed
11 Dec 2023

MAFMC (2020) Summer flounder commercial issues and
goals and objectives amendment. Amendment 21 to the
Summer Flounder, Scup and Black Sea Bass fishery
management plan. Final environmental impact statement.
Mid-Atlantic Fishery Management Council, Dover, Dela-
ware, USA. Accessed 11 Dec 2023

@ Springer

Magee M (2017). Domoic acid hurt jobs, along with clams.
The Chinook Observer. https://www.chinookobserver.
com/news/local/domoic-acid-hurt-jobs-along-with-
clams/article_ac6aedc4-511f1-53¢b-9b40-c649e45210
46.html. Accessed 7 Jun 2024

Martin KS, Hall-Arber M (2008) Creating a place for “com-
munity” in New England fisheries. Human Ecol Rev
15:161-170

Martin KS, Olson J (2017) Creating space for community in
marine conservation and management: mapping “com-
munities-at-sea.” In: Levin PS, Poe MR (eds) Conser-
vation for the Anthropocene ocean. Academic Press, pp
123-141

Mason JG, Eurich JG, Lau JD et al (2022) Attributes of cli-
mate resilience in fisheries: from theory to practice.
Fish Fish 23:522-544. https://doi.org/10.1111/faf.
12630

Maury O, Campling L, Arrizabalaga H et al (2017) From
shared socio-economic pathways (SSPs) to oceanic sys-
tem pathways (OSPs): building policy-relevant scenarios
for global oceanic ecosystems and fisheries. Glob Env
Chang 45:203-216. https://doi.org/10.1016/j.gloenvcha.
2017.06.007

McCabe RM, Hickey BM, Kudela RM et al (2016) An unprec-
edented coastwide toxic algal bloom linked to anomalous
ocean conditions. Geophys Res Lett 43:10366-10376.
https://doi.org/10.1002/2016GL070023

Melnychuk MC, Ashbrook CE, Bell RJ et al (2023) Character-
izing state-managed and unmanaged fisheries in coastal
marine states and territories of the United States. Fish
Fish 24:711-729. https://doi.org/10.1111/faf.12756

Mendenhall E, Hendrix C, Nyman E et al (2020) Climate
change increases the risk of fisheries conflict. Mar Pol
117:103954. https://doi.org/10.1016/j.marpol.2020.
103954

Mills KE, Osborne EB, Bell RJ et al (2023) Chapter 10: Ocean
ecosystems and marine resources. In: Crimmins AR,
Avery CW, Easterling DR, Kunkel KE, Stewart BC,
Maycock TK (Eeds.), Fifth National Climate Assess-
ment. U.S. Global Change Research Program, Washing-
ton, DC. https://doi.org/10.7930/NCA5.2023.CH10

Moore KM, Allison EH, Dreyer SJ et al (2020a) Harmful algal
blooms: identifying effective adaptive actions used in
fishery-dependent communities in response to a pro-
tracted event. Front Mar Sci 6:803. https://doi.org/10.
3389/fmars.2019.00803

Moore SK, Dreyer SJ, Ekstrom JA et al (2020b) Harmful algal
blooms and coastal communities: socioeconomic impacts
and actions taken to cope with the 2015 U.S. West Coast
domoic acid event. Harmful Algae 96:101799. https://
doi.org/10.1016/j.hal.2020.101799

Moore SK, Broadwater M, Cha CH et al (2024) Exploring the
human dimensions of harmful algal blooms through a
well-being framework to increase resilience in a chang-
ing world. PLoS Clim 3:¢0000411. https://doi.org/10.
1371/journal.pclm.0000411

Muffley B, Gaichas S, DePiper G, Seagraves R, Lucey S (2021)
There is no I in EAFM: adapting integrated ecosystem
assessment for Mid-Atlantic fisheries management. Coast
Manag 49:90-106. https://doi.org/10.1080/08920753.
2021.1846156


https://doi.org/10.1093/icesjms/fsz048
https://doi.org/10.1093/icesjms/fsz048
https://doi.org/10.1016/j.marpol.2018.06.023
https://doi.org/10.1016/j.marpol.2018.06.023
https://doi.org/10.1371/journal.pone.0025248
https://doi.org/10.1371/journal.pone.0025248
https://doi.org/10.1016/j.pocean.2017.04.001
https://doi.org/10.1016/j.hal.2022.102316
https://doi.org/10.1016/j.hal.2022.102316
https://doi.org/10.1080/08920753.2016.1208036
https://doi.org/10.1080/08920753.2016.1208036
https://doi.org/10.1093/icesjms/fsab219
https://doi.org/10.1016/j.gloenvcha.2022.102629
https://doi.org/10.1016/j.gloenvcha.2022.102629
https://www.chinookobserver.com/news/local/domoic-acid-hurt-jobs-along-with-clams/article_ac6ae4c4-51f1-53cb-9b40-c649e452f046.html
https://www.chinookobserver.com/news/local/domoic-acid-hurt-jobs-along-with-clams/article_ac6ae4c4-51f1-53cb-9b40-c649e452f046.html
https://www.chinookobserver.com/news/local/domoic-acid-hurt-jobs-along-with-clams/article_ac6ae4c4-51f1-53cb-9b40-c649e452f046.html
https://www.chinookobserver.com/news/local/domoic-acid-hurt-jobs-along-with-clams/article_ac6ae4c4-51f1-53cb-9b40-c649e452f046.html
https://doi.org/10.1111/faf.12630
https://doi.org/10.1111/faf.12630
https://doi.org/10.1016/j.gloenvcha.2017.06.007
https://doi.org/10.1016/j.gloenvcha.2017.06.007
https://doi.org/10.1002/2016GL070023
https://doi.org/10.1111/faf.12756
https://doi.org/10.1016/j.marpol.2020.103954
https://doi.org/10.1016/j.marpol.2020.103954
https://doi.org/10.7930/NCA5.2023.CH10
https://doi.org/10.3389/fmars.2019.00803
https://doi.org/10.3389/fmars.2019.00803
https://doi.org/10.1016/j.hal.2020.101799
https://doi.org/10.1016/j.hal.2020.101799
https://doi.org/10.1371/journal.pclm.0000411
https://doi.org/10.1371/journal.pclm.0000411
https://doi.org/10.1080/08920753.2021.1846156
https://doi.org/10.1080/08920753.2021.1846156

Rev Fish Biol Fisheries

Murphy R, Cunningham C, Harris BP, Brown C (2021) Quali-
tative and quantitative fisher perceptions to complement
natural science data for managing fisheries. Fisheries
46:209-219. https://doi.org/10.1002/fsh.10568

Nash KL, Alexander K, Melbourne-Thomas J et al (2022)
Developing achievable alternate futures for key chal-
lenges during the UN decade of Ocean science for sus-
tainable development. Rev Fish Biol Fish 32:19-36.
https://doi.org/10.1007/s11160-020-09629-5

Neis B, Schneider DC, Felt L et al (1999) Fisheries assess-
ment: what can be learned from interviewing resource
users? Can J Fish Aquat Sci 56:1949-1963. https://doi.
org/10.1139/f99-115

Norman KC, Sepez J, Lazrus H et al. (2007) Community pro-
files for West Coast and North Pacific fisheries: Wash-
ington, Oregon, California, and other U.S. States. NOAA
Technical Memorandum NMFS-NWFSC-85, National
Oceanic and Atmospheric Administration, US Depart-
ment of Commerce

NPMFC (2023) Protocol for identifying, analyzing, and
incorporating local knowledge, traditional knowledge,
and subsistence information into the North pacific fish-
ery management council’s decision-making process.
NPFMC LKTKS Taskforce. North Pacific Fishery Man-
agement Council, Anchorage, Alaska, USA. https://
meetings.npfmc.org/CommentReview/DownloadFile?p=
01b5068d-0440-46af-able-50b899ae2faf.pdf&fileN
ame=LKTKS%20Protocol.pdf. Accessed 12 Jul 2024

Ojaveer H, Neuenfeldt S, Dierking J et al (2018) Sustainable
use of Baltic Sea resources. ICES J Mar Sci 75:2434—
2438. https://doi.org/10.1093/icesjms/fsy133

OSTP-CEQ (2022) Guidance for federal departments and agen-
cies on indigenous knowledge. White House office of sci-
ence and technology policy, Council on Environmental
Quality, Washington, DC. https://www.whitehouse.gov/
wp-content/uploads/2022/12/OSTP-CEQ-IK-Guidance.
pdf. Accessed 12 Jul 2024

Ostrom E (2009) A general framework for analyzing sustain-
ability of social-ecological systems. Science 325:419-
422. https://doi.org/10.1126/science.1172133

Ostrom E (2010) Polycentric systems for coping with collec-
tive action and global environmental change. Glob Env
Change 20:550-557. https://doi.org/10.1016/j.gloenvcha.
2010.07.004

Palacios-Abrantes J, Crosson S, Dumas C et al (2023) Quanti-
fying fish range shifts across poorly defined management
boundaries. PLoS ONE 18:¢0279025. https://doi.org/10.
1371/journal.pone.0279025

Papaioannou EA, Selden RL, Olson J et al (2021) Not all those
who wander are lost — responses of fishers’ communities
to shifts in the distribution and abundance of fish. Front
Mar Sci 8:669094. https://doi.org/10.3389/fmars.2021.
669094

Perretti CT, Thorson JT (2019) Spatio-temporal dynamics of
summer flounder (Paralichthys dentatus) on the North-
east US shelf. Fish Res 215:62—68. https://doi.org/10.
1016/j.fishres.2019.03.006

PFMC (2022a) Pacific Coast groundfish fishery 2023-2024
harvest specifications and management measures.
Pacific fishery management council, Portland, Oregon,
USA. https://www.pcouncil.org/documents/2022/08/

draft-management-measure-analytical-document-the-
preferred-alternative-september-2022.pdf/. Accessed 28
Feb 2024

PFMC (2022b) Comment letter on Bureau of Ocean energy
management’s request for information and nominations:
commercial leasing for wind energy development on the
outer continental shelf offshore Oregon. Pacific fishery
management council, Portland, Oregon, USA. https://
www.regulations.gov/comment/BOEM-2022-0009-0179.
Accessed 6 Jun 2024

PFMC (2023) Groundfish management team report on bien-
nial management measures for 2025-2026: annual catch
targets, allocations, harvest guidelines, shares, and at-sea
set-asides. Pacific fishery management council, Portland,
OR. https://www.pcouncil.org/documents/2023/11/e-7-a-
supplemental-gmt-report-3.pdf/. Accessed 28 Feb 2024

Pinsky ML, Selden RL, Kitchel ZJ (2020) Climate-driven
shifts in marine species ranges: scaling from organisms
to communities. Ann Rev Mar Sci 12:153-179. https:/
doi.org/10.1146/annurev-marine-010419010916

Pons M, Watson JT, Ovando D et al. (2022) Trade-offs between
bycatch and target catches in static versus dynamic fish-
ery closures. In: Proceedings national academy science
USA, 119:e2114508119. https://doi.org/10.1073/pnas.
2114508119

Raghukumar K, Nelson T, Jacox M et al (2023) Projected
cross-shore changes in upwelling induced by off-
shore wind farm development along the California
coast. Comm Earth Env 4:116. https://doi.org/10.1038/
$43247-023-00780-y

Raymond-Yakoubian J, Raymond-Yakoubian B, Moncrieff C
(2017) The incorporation of traditional knowledge into
Alaska federal fisheries management. Mar Pol 78:132—
142. https://doi.org/10.1016/j.marpol.2016.12.024

Reid AJ, Eckert LE, Lane JF et al (2021) “Two-eyed seeing”:
an indigenous framework to transform fisheries research
and management. Fish Fish 22:243-261. https://doi.org/
10.1111/faf.12516

Rice JC (2005) Implementation of the ecosystem approach to
fisheries management—asynchronous co-evolution at the
interface between science and policy. Mar Ecol Prog Ser
300:265-270. https://doi.org/10.3354/meps300265

Rice JC, Rochet M-J (2005) A framework for selecting a suite
of indicators for fisheries management. ICES J Mar Sci
62:516-527

Ritzman J, Brodbeck A, Brostrom S et al (2018) Economic and
sociocultural impacts of fisheries closures in two fishing-
dependent communities following the massive 2015 U.S.
West Coast harmful algal bloom. Harmful Algae 80:35—
45. https://doi.org/10.1016/j.hal.2018.09.002

Rochet M-J, Trenkel V (2014) Indicators. In: Monaco A,
Prouzet P (eds) Ecosystem sustainability and global
change. Wiley Online Library, New York, pp 77-111

Roscher MB, Eam D, Suri S et al. (2018) Building adaptive
capacity to climate change: approaches applied in five
diverse fisheries settings. CGIAR Report FISH-2018-18.
WorldFishCenter,  https://hdl.handle.net/20.500.12348/
2094. Accessed 12 Jun 2024

Rosellon-Druker J, Szymkowiak M, Aydin KY et al (2021)
Participatory place-based integrated ecosystem assess-
ment in Sitka, Alaska: constructing and operationalizing a

@ Springer


https://doi.org/10.1002/fsh.10568
https://doi.org/10.1007/s11160-020-09629-5
https://doi.org/10.1139/f99-115
https://doi.org/10.1139/f99-115
https://meetings.npfmc.org/CommentReview/DownloadFile?p=01b5068d-0440-46af-ab1e-50b899ae2faf.pdf&fileName=LKTKS%20Protocol.pdf
https://meetings.npfmc.org/CommentReview/DownloadFile?p=01b5068d-0440-46af-ab1e-50b899ae2faf.pdf&fileName=LKTKS%20Protocol.pdf
https://meetings.npfmc.org/CommentReview/DownloadFile?p=01b5068d-0440-46af-ab1e-50b899ae2faf.pdf&fileName=LKTKS%20Protocol.pdf
https://meetings.npfmc.org/CommentReview/DownloadFile?p=01b5068d-0440-46af-ab1e-50b899ae2faf.pdf&fileName=LKTKS%20Protocol.pdf
https://doi.org/10.1093/icesjms/fsy133
https://www.whitehouse.gov/wp-content/uploads/2022/12/OSTP-CEQ-IK-Guidance.pdf
https://www.whitehouse.gov/wp-content/uploads/2022/12/OSTP-CEQ-IK-Guidance.pdf
https://www.whitehouse.gov/wp-content/uploads/2022/12/OSTP-CEQ-IK-Guidance.pdf
https://doi.org/10.1126/science.1172133
https://doi.org/10.1016/j.gloenvcha.2010.07.004
https://doi.org/10.1016/j.gloenvcha.2010.07.004
https://doi.org/10.1371/journal.pone.0279025
https://doi.org/10.1371/journal.pone.0279025
https://doi.org/10.3389/fmars.2021.669094
https://doi.org/10.3389/fmars.2021.669094
https://doi.org/10.1016/j.fishres.2019.03.006
https://doi.org/10.1016/j.fishres.2019.03.006
https://www.pcouncil.org/documents/2022/08/draft-management-measure-analytical-document-the-preferred-alternative-september-2022.pdf/
https://www.pcouncil.org/documents/2022/08/draft-management-measure-analytical-document-the-preferred-alternative-september-2022.pdf/
https://www.pcouncil.org/documents/2022/08/draft-management-measure-analytical-document-the-preferred-alternative-september-2022.pdf/
https://www.regulations.gov/comment/BOEM-2022-0009-0179
https://www.regulations.gov/comment/BOEM-2022-0009-0179
https://www.pcouncil.org/documents/2023/11/e-7-a-supplemental-gmt-report-3.pdf/
https://www.pcouncil.org/documents/2023/11/e-7-a-supplemental-gmt-report-3.pdf/
https://doi.org/10.1146/annurev-marine-010419010916
https://doi.org/10.1146/annurev-marine-010419010916
https://doi.org/10.1073/pnas.2114508119
https://doi.org/10.1073/pnas.2114508119
https://doi.org/10.1038/s43247-023-00780-y
https://doi.org/10.1038/s43247-023-00780-y
https://doi.org/10.1016/j.marpol.2016.12.024
https://doi.org/10.1111/faf.12516
https://doi.org/10.1111/faf.12516
https://doi.org/10.3354/meps300265
https://doi.org/10.1016/j.hal.2018.09.002
https://hdl.handle.net/20.500.12348/2094
https://hdl.handle.net/20.500.12348/2094

Rev Fish Biol Fisheries

socio-ecological conceptual model for sablefish (Anoplo-
poma fimbria). Deep Sea Res II 184-185:104912. https://
doi.org/10.1016/j.dsr2.2020.104912

Roux M-J, Pedreschi D (eds) (2024) ICES Framework for eco-
system-informed science and advice (FEISA). ICES Coop
Res Rep 359. https://doi.org/10.17895/ices.pub.25266790

Sabal MC, Richerson K, Moran P et al (2023) Warm oceans
exacerbate Chinook salmon bycatch in the Pacific hake
fishery driven by thermal and diel depth-use behaviours.
Fish Fish 24:910-923. https://doi.org/10.1111/faf.12775

Sambhouri JF, Feist BE, Jacox M et al (2024) Stay or go? Geo-
graphic variation in risks due to climate change for fishing
fleets that adapt in-place or adapt on-the-move. PLoS Clim
3:¢0000285. https://doi.org/10.1371/journal.pclm.0000285

Sambhouri JF, Feist BE, Fisher MC et al. (2021) Marine heatwave
challenges solutions to human-wildlife conflict. In: Pro-
ceedings royal society B, 288:20211607. https://doi.org/10.
1098/rspb.2021.1607

Santora JA, Mantua NIJ, Schroeder ID et al (2020) Habi-
tat compression and ecosystem shifts as potential links
between marine heatwave and record whale entangle-
ments. Nat Comm 11:536. https://doi.org/10.1038/
s41467-019-14215-w

Schultz IR, Skillman A, Sloan-Evans S, Woodruff D (2013)
Domoic acid toxicokinetics in Dungeness crabs: new
insights into mechanisms that regulate bioaccumulation.
Aquat Toxicol 140-141:77-88. https://doi.org/10.1016/].
aquatox.2013.04.011

Schupp MF, Kafas A, Buck BH et al (2021) Fishing within off-
shore wind farms in the North Sea: stakeholder perspec-
tives for multi-use from Scotland and Germany. J Env
Man 279:111762. https://doi.org/10.1016/j.jenvman.2020.
111762

Seara T, Jepson M, McPherson M (2022) Community climate
change vulnerability in the South Atlantic, Florida Keys
and Gulf of Mexico. Technical memorandum NMFS-
SEFSC-754, National Oceanic and atmospheric adminis-
tration, US Department of Commerce

Selden RL, Kitchel Z, Coleman KE, Calzada L, St. Martin K
(2024) Using historical catch flexibility and fishing ground
mobility as measures of the adaptive capacity of fish-
ing communities to future ocean change. ICES J Mar Sci
81:1972-1987. https://doi.org/10.1093/icesjms/fsac139

Shirk PL, Richerson K, Banks M, Tuttle V (2022) Predicting
bycatch of Chinook salmon in the Pacific hake fishery
using spatiotemporal models. ICES J Mar Sci 80:133-144.
https://doi.org/10.1093/icesjms/fsac219

Singh GG, Hilmi N, Bernhardt JR et al (2019) Climate impacts
on the ocean are making the Sustainable Development
Goals a moving target travelling away from us. People Nat
1:317-330. https://doi.org/10.1002/pan3.26

Smith CL, Clay PM (2010) Measuring subjective and objective
well-being: analyses from five marine commercial fisher-
ies. Human Org 69:158-168

Smith LM, Case JL, Smith HM, Harwell LC, Summers JK
(2013) Relating ecosystem services to domains of human
well-being: foundation for a U.S. index. Ecol Indicators
28:79-90. https://doi.org/10.1016/j.ecolind.2012.02.032

Somers KA, Whitmire CE, Richerson KE, Tuttle VJ (2023) Fish-
ing effort in the 2002-21 U.S.Pacific Coast groundfish
fisheries. Technical Memorandum NMFS-NWFSC-184,

@ Springer

national oceanic and atmospheric administration, US
Department of Commerce. https://doi.org/10.25923/
fa7g-yp86

Szuwalski CS, Aydin K, Fedewa EJ, Garber-Yonts B, Litzow MA
(2023) The collapse of eastern Bering Sea snow crab. Sci-
ence 382:306-310. https://doi.org/10.1126/science.adf60
35

Tamman M (2018). Ocean shock: fleeing fish, upended lives.
Reuters. https://www.reuters.com/investigates/special-
report/ocean-shock-flounder/. Accessed 7 Jun 2024

The Research Group (2021) Fishing industry economic activity
trends in the Newport, Oregon area. Update 2019. Techni-
cal report prepared for midwater trawlers cooperative and
Lincoln County board of commissioners. The Research
Group LLC, Corvallis, OR, USA. https://www.co.lincoln.
or.us/DocumentCenter/View/1549/Fishing-Industry-Econo
mic-Activity-Trends-in-the-Newport-OR-Area---Technical-
Report---June-2021-PDF. Accessed 15 May 2024

Todd ECD (1993) Domoic acid and amnesic shellfish poisoning-
areview. J Food Protect 56:69-83

Tolimieri N, Haltuch MA (2023) Sea-level index of recruit-
ment variability improves assessment model performance
for sablefish Anoplopoma fimbria. Can J Fish Aquat Sci
80:1006-1016. https://doi.org/10.1139/cjfas-2022-0238

Trainer VL, Moore SK, Hallegraeff G et al (2020) Pelagic harm-
ful algal blooms and climate change: lessons from nature’s
experiments with extremes. Harmful Algae 91:101591.
https://doi.org/10.1016/j.hal.2019.03.009

US Court of Appeals (2022) State of New York v. Raimondo.
Docket No. 22-1189. https://www.courthousenews.com/
wp-content/uploads/2023/10/new-york-flounder-appeal-
second-circuit.pdf. Accessed 31 May 2024.

Whitney CK, Bennett NJ, Ban NC et al (2017) Adaptive capac-
ity: from assessment to action in coastal social-ecological
systems. Ecol Soc 22(2):22. https://doi.org/10.5751/
ES-09325-220222

Young JC, Rose DC, Mumby HS et al (2018) A methodological
guide to using and reporting on interviews in conservation
science research. Meth Ecol Evol 9:10-19. https://doi.org/
10.1111/2041-210X.12828

Young T, Fuller EC, Provost MM et al (2019) Adaptation strate-
gies of coastal fishing communities as species shift pole-
ward. ICES J Mar Sci 76:93-103. https://doi.org/10.1093/
icesjms/fsy 140

Zahner JA, Heller-Shipley MA, Oleynik HA et al. (2023) Status
of shortspine thornyhead (Sebastolobus alascanus) along
the US West Coast in 2023. Pacific Fishery Management
Council, Portland, Oregon, USA. Accessed 19 Aug 2024

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.dsr2.2020.104912
https://doi.org/10.1016/j.dsr2.2020.104912
https://doi.org/10.17895/ices.pub.25266790
https://doi.org/10.1111/faf.12775
https://doi.org/10.1371/journal.pclm.0000285
https://doi.org/10.1098/rspb.2021.1607
https://doi.org/10.1098/rspb.2021.1607
https://doi.org/10.1038/s41467-019-14215-w
https://doi.org/10.1038/s41467-019-14215-w
https://doi.org/10.1016/j.aquatox.2013.04.011
https://doi.org/10.1016/j.aquatox.2013.04.011
https://doi.org/10.1016/j.jenvman.2020.111762
https://doi.org/10.1016/j.jenvman.2020.111762
https://doi.org/10.1093/icesjms/fsae139
https://doi.org/10.1093/icesjms/fsac219
https://doi.org/10.1002/pan3.26
https://doi.org/10.1016/j.ecolind.2012.02.032
https://doi.org/10.25923/fa7g-yp86
https://doi.org/10.25923/fa7g-yp86
https://doi.org/10.1126/science.adf6035
https://doi.org/10.1126/science.adf6035
https://www.reuters.com/investigates/special-report/ocean-shock-flounder/
https://www.reuters.com/investigates/special-report/ocean-shock-flounder/
https://www.co.lincoln.or.us/DocumentCenter/View/1549/Fishing-Industry-Economic-Activity-Trends-in-the-Newport-OR-Area---Technical-Report---June-2021-PDF
https://www.co.lincoln.or.us/DocumentCenter/View/1549/Fishing-Industry-Economic-Activity-Trends-in-the-Newport-OR-Area---Technical-Report---June-2021-PDF
https://www.co.lincoln.or.us/DocumentCenter/View/1549/Fishing-Industry-Economic-Activity-Trends-in-the-Newport-OR-Area---Technical-Report---June-2021-PDF
https://www.co.lincoln.or.us/DocumentCenter/View/1549/Fishing-Industry-Economic-Activity-Trends-in-the-Newport-OR-Area---Technical-Report---June-2021-PDF
https://doi.org/10.1139/cjfas-2022-0238
https://doi.org/10.1016/j.hal.2019.03.009
https://www.courthousenews.com/wp-content/uploads/2023/10/new-york-flounder-appeal-second-circuit.pdf
https://www.courthousenews.com/wp-content/uploads/2023/10/new-york-flounder-appeal-second-circuit.pdf
https://www.courthousenews.com/wp-content/uploads/2023/10/new-york-flounder-appeal-second-circuit.pdf
https://doi.org/10.5751/ES-09325-220222
https://doi.org/10.5751/ES-09325-220222
https://doi.org/10.1111/2041-210X.12828
https://doi.org/10.1111/2041-210X.12828
https://doi.org/10.1093/icesjms/fsy140
https://doi.org/10.1093/icesjms/fsy140

	Embracing social-ecological system complexity to promote climate-ready fisheries
	Abstract 
	Introduction
	Pathways of climate effects, management actions, and outcomes
	Case studies
	Distribution shifts, port linkages, and community resilience in a Northwest Atlantic groundfish fishery
	Bycatch of juvenile sablefish in U.S. West Coast fisheries
	Dungeness crab fisheries and climate-related harmful algal blooms
	Offshore wind energy siting and tradeoffs with fishing activities

	Discussion
	Key themes from case studies
	Implications for fisheries management

	Conclusion
	Acknowledgements 
	References


