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Abstract
Climate change impacts to ocean ecosystems are altering the distribution and abundance of fish populations and

impacting the people whose health, well-being, and livelihoods depend on them. Thousands of published papers make
it very clear that fish are on the move, alterations in productivity are occurring, and natural and human ecosystems
are responding to climate variability and change. Across the globe, numerous high-level strategies have been developed
to provide guidance for managing fisheries in the face of climate change, but specific examples of implementation and
actionable decision making in real-world situations to address climate change impacts are generally lacking. Here we
present a review of tangible actions that have been undertaken to reduce, mitigate, and confront climate change
impacts to fisheries at a range of levels from individual choice to federal governance. Actions fall into seven general
categories covering conservation of natural marine resources, emerging fisheries, reference points, future planning,
integrated monitoring and management, and increasing adaptive capacity across all levels. We found that diverse fish-
ery actors around the globe, including managers, scientists, and industry, are taking actions to address climate
impacts, but given the scale of the problem there are relatively few intentional, well-documented examples of tactical
responses.

There is no longer any question about whether climate
change is impacting fisheries. Changing ocean ecosystems
are altering the distribution and abundance of fish popula-
tions—introducing unprecedented uncertainty into the
lives of people whose health, well-being, and livelihoods

depend on fishery resources (Busch et al. 2016; Barange et
al. 2018). Although the fishing industry has long been
accustomed to variability, the rapid and persistent shifts
attributed to climate change are markedly different from
historical experience in type and magnitude (Hare et al.
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2016; Marshall et al. 2017). Existing management struc-
tures and practices that do not account for climate change
are increasingly unlikely to achieve goals for the sustain-
ability of living marine resources and fishing-dependent
communities (Morrison and Termini 2016).

Prompted by the impacts of climate change, fisheries
agencies, managers, community leaders, scientists, and
other stakeholders have developed strategies, policies, and
general guidance for meeting a new suite of fishery chal-
lenges (e.g., Bell et al. 2011; Busch et al. 2016; Barange et
al. 2018; Karp et al. 2018). The focus of this review is not
to summarize these high-level recommendations and poli-
cies but rather to identify and compile specific examples
that begin to move from climate-ready fisheries principles
to actual practice. We present examples of tactical
responses to reduce and mitigate climate impacts on mar-
ine ecosystems and fishing communities taken at all levels
from individuals to federal policy. Although many of these
examples are from North America and Europe, we
attempt to include a diversity of climate actions across
multiple geographies, categorized using a modified frame-
work of adaptation approaches proposed by Pinsky and
Mantua (2014; Table 1). It is our hope that a review of
tangible examples will foster greater uptake and imple-
mentation of climate-ready actions through demonstration
of transferable lessons.

ADDRESS CUMULATIVE IMPACTS ON MARINE
ECOSYSTEMS

The impacts of climate change often magnify existing
stressors to fisheries resources (Pinsky and Mantua 2014).
For example, climate-related stressors on a harvested spe-
cies with limited nursery habitat and low abundance exac-
erbate these preexisting conditions and further increase
overharvest risk. Actions that ensure high levels of spawn-
ing stock biomass with full age structures and that protect
habitat, maintain ecosystem function, and facilitate
responsive management are likely to increase resilience to
the impacts of climate variability and climate change
(Planque et al. 2010; Rouyer et al. 2011). Effective, long-
term natural resource management that addresses cumula-
tive impacts on marine ecosystems is key to managing
fisheries in the face of climate change. As we describe
below, the impacts of climate change have amplified the
accrued management policies and implementations in
specific regions.

The Atlantic Cod Gadus morhua is distributed through-
out the temperate Atlantic, and a comparison of the man-
agement of two different stocks (Barents Sea and North
Sea) exemplifies how the additive challenges of climate
change may exacerbate existing conditions. The Barents
Sea Atlantic Cod stock is at the northern extent of the
species’ range and has experienced multiple periods of

overfishing. In 2004, an effective harvest control rule
(HCR) was implemented that reduced fishing mortality to
management targets by about 2007. The HCR was
applied prior to the stock becoming severely depleted, and
within a generation the length and age structure of the
population had expanded. Concurrently, the temperature
warmed in the Barents Sea, potentially creating better
conditions for the stock. Simulations suggested that while
the improved environmental conditions were an important
driver for the population increase, the large biomass pre-
sent today would not have been possible without the regu-
lations that reduced fishing mortality (Kjesbu et al. 2014).
In contrast, the North Sea stock of Atlantic Cod is near
the southern extent of the species’ range and has a
reduced biomass and truncated age structure due to the
historical pattern of fishing and management. The stock is
in poor condition, and the warming in the North Sea
exacerbates the issue, likely further hindering recovery
efforts (Nicolas et al. 2014). Although warming waters
were likely to impact the Atlantic Cod stocks in the two
regions very differently, the condition of the stocks due to
regulations was also a major contributor to their current
status.

On the U.S. Northeast continental shelf, the American
lobster Homarus americanus supports the highest value
fishery in the USA (NMFS 2017). A comparison between
the different management approaches of the two major
lobster fishing areas—one in the Gulf of Maine and one
in southern New England—demonstrates the value of
addressing multiple stressors to increase climate resiliency,
as both areas are experiencing warming temperatures. The
fishery in the more northern Gulf of Maine is Marine Ste-
wardship Council certified and is above management tar-
gets, while the adjacent fishery in southern New England
is in decline (ASMFC 2015). In the north, there is a rea-
sonably strong tradition of v-notching the tails of females
by industry, coupled with regulations that prohibit landing
v-notched or egg-bearing individuals. Although the fishery
has minimum size limits, Le Bris et al. (2018) suggested
that the v-notching program has created a pool of large
females that maintains a large spawning stock biomass
and reduces overharvest risk. In the south, v-notching has
not been as common and was only implemented on a
large scale in recent years. Simulations suggested that the
management practices in place in the Gulf of Maine main-
tained the spawning stock biomass and enabled the popu-
lation to take advantage of the warmer conditions (Le
Bris et al. 2018). In the south, the stock was reduced due
to fishing and multiple other stressors, such as shell dis-
ease, making it less resilient as the temperatures warmed
past the species’ thermal optimum. Simulations also indi-
cated that management actions such as v-notching would
not have prevented the decline of American lobsters in the
south but might have slowed or reduced it.
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TABLE 1. Actions to reduce and mitigate the impacts of climate change on fisheries.

)s(ecnerefeR)s(elpmaxEnoitca etamilCnoitceS

•Barents Sea and North Sea Atlantic Cod •Kjesbu et al. 2014; Nicolas et al. 2014

8102 .la te sirB eL•retsbol naciremA•

•Management for climate 

resilience

•Johnson and Welch 2009; Kritzer et al. 

2016

•Blue crab–diamondback terrapin •Miller 2018

9102 ,8102 OFD•elahw thgiR•

•Back Sea Bass and Summer Flounder •ASMFC 2014; MAFMC 2019b

•Atlantic Chub Mackerel •MAFMC 2017, 2019a

•North Pacific Fishery Management Council 

and Arctic Ocean

•Stram and Evans 2009

•Allocation components •Miller and Munro 2004

b9102 CMFAM ;2002 CGMT•snoitpo noitacollA•

•Include environment in 

assessments

•Brunel et al. 2010; Lindegren and 

Checkley 2012; PFMC 2015; Miller et al. 

2016; Cao et al. 2017; Lee et al. 2017; Xu 

et al. 2017; Bell et al. 2018

 nesuahkcotS ;2102 CMFPN ;2102 CSFEN•stfihs emigeR•

et al. 2013; Wayte 2013

•Time-varying parameters •Fu and Quinn 2000; Wilberg et al. 2009; 

Nielsen and Berg 2014; Nesslage and 

Wilberg 2019

5102 .la te nosrohT ;5102 .la te smadA•tatibaH•

6102 .la te sahciaG•seicilop ksiR•

7102 .la te trekcE•skrowemarf rotacidnI•

•Developing and altering 

management areas

•Marine Life Protection Act 1999; NEFMC 

2018

a te yadboH ;5102 ,8002 .la te llewoH•saera tnemeganam cimanyD• l. 

2010, 2011; Alfaro-Shigueto et al. 2012; 

Hazen et al. 2018

102 .la te maL ;5102 .la te rensielK•snoitcejorp citsinimreteD• 6; 

Tommasi et al. 2017a; Morley et al. 2018

 .la te seivaD ;4102 .la te ohcamaC-miL•gninnalp oiranecS•

2015; Bunting-Howarth et al. 2016; Chavez 

et al. 2017; NCCOS 2018; Schumann 2018; 

NMFS 2019; PFMC 2019; Planque et al. 

2019

•Management strategy 

evaluation

•A'mar et al. 2009; Brunel et al. 2010; 

Haltuch and Punt 2011; Punt 2011; Punt et 

al. 2013; Szuwalski and Punt 2013

•Gulf of Mexico reef fish fishery management 

plan

•Integrated ecosystem assessments/ecosystem 

status reports

•Levin et al. 2014; CCIEA 2017; NEFSC 

2017b

Address cumulative impacts on 

marine ecosystems  

•Healthy spawning stock 

biomass and expanded age 

structure

Prepare for emerging fisheries 

management and allocation 

challenges 

•Species–gear interactions

•Distribution shifts

Adjust reference points as the 

environment changes

•Include changes in 

productivity/time-varying 

parameters

•Management

Conservation areas

Evaluate management against a 

range of regional scenarios for 

anthropogenic climate change 

impacts on ocean habitats and 

ecosystems

Integrate monitoring and 

evaluation of climate and 

ecosystem states into the 

management cycle

•Link the environment with 

decision rules
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Effective fisheries management that results in healthy
fish stocks is a key enabling condition for building resili-
ence to climate variability and change. Fisheries manage-
ment in the USA is considered above average
(Melnychuk et al. 2017), including a precautionary
approach and pathways to directly incorporate risk in
management processes (Sethi 2010; King et al. 2015).
Most federally managed fisheries include both threshold
and target reference points that are backstopped in the
best available science; however, reference points only per-
tain to two factors: biomass and fishing mortality
(NOAA 1996, 2007). The total allowable catch levels are
required to be within certain limits and can be modified
based on uncertainties in the science and associated risk
policies. Although these provide important tools for man-
agement, it may be necessary to move beyond the man-
agement of just biomass and fishing mortality and
include the management of age structure, genetic

diversity, spatial structure, and habitat to truly build resi-
lience to climate change (Johnson and Welch 2009; Krit-
zer et al. 2016). Across the globe, however, most fisheries
lack large-scale monitoring programs and detailed stock
assessments (Costello et al. 2012), which are critical com-
ponents of effective fisheries management. A renewed
focus on global implementation of effective fisheries man-
agement is essential for sustainable fisheries and may off-
set future negative impacts (Gaines et al. 2018; Johnson
et al. 2019).

PREPARE FOR EMERGING FISHERIES MANAGEMENT
AND ALLOCATION CHALLENGES

One of the most immediate impacts of climate change is
the shift in distribution of natural marine resources (Perry
et al. 2005; Nye et al. 2009; Pinsky et al. 2013; Erauskin-
Extramiana et al. 2019). As species move, the potential for

)s(ecnerefeR)s(elpmaxEnoitca etamilCnoitceS

•Fishery ecosystem plans •Essington et al. 2016

 .la te majunamaR ;6102 .la te sahciaG•stnemssessa ksiR•

2017; Samhouri et al. 2019

•Climate vulnerability assessments •Colburn et al. 2016; Hare et al. 2016

 ;0002 CSFEN ;8891 resoM dna htimS•gnirotinoM•

DPIPWE 2015; LaCapra 2017; Maranda et 

al. 2017; McKibben et al. 2017; GOMLF 

2018; Truesdale 2018

8102 .la te nosliW•hcraeser evitarepooC•

 .la te oteugihS-oraflA ;8002 .la te llewoH•ecnadiova hctacyB•

2012; O'Keefe and DeCelles 2013; CUCE 

2018; Hazen et al. 2018; Kauer et al. 2018

8102 CBDN•atad youB•

•CFMC 2011; NMFS 2015; Morrison and 

Termini 2016

1102 CMFC•stniop ecnerefeR•

•Allocation and landings •MAFMC 2019b

 .la te egatimrA ;1002 oefeD dna allitsaC•tnemeganam-oC•

2009; McClenachan et al. 2015; Kauer et al. 

2018

7002 nosreteP dna ikswobarG•noitarotser tatibaH•

9002 .la te drofmuM ;9991 attoH•smargorp ecnarusnI•

5102 TFCC•gniknab timreP•

5102 AFCM ;8002 .la te letueB•noitavonni raeG•

 7102 AFCC ;7002 FCS•eulav tcudorp gnisaercnI•

•Community/stakeholder 

initiatives

•GARFO 2017; Schumann 2018

7102 sétroC dna illetavoL•erutlucauqA•tnemeganam enoz latsaoC•

Reduce barriers to adaptation 

across all levels

•Framework adjustments

•Monitoring 

TABLE 1. Continued.
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new fishing opportunities develop (Cheung et al. 2012), cou-
pled with the responsibility to sustainably manage the
emerging resources (Madin et al. 2012) and complicated by
the potential for new species–gear interactions or species–
species interactions. There are also major outstanding social
questions regarding the impacts on individuals, portside
infrastructure, and communities whose identity, invest-
ments, and traditions are tightly linked with specific natural
resources and placed in potential jeopardy when these
resources move. Shifts in distributions can create a need for
both short-term emergency management actions and proac-
tive, longer-term regulatory actions, particularly around
gear interactions, access, and allocation. Specifically, bal-
ancing quota distribution can be challenging if the spatial
allocation of quota is tied to permits or jurisdictions based
on historical information rather than on the current distri-
bution of harvested species.

Reactive Management
As species move into new areas, changes occur in the bio-

logical community, which in turn can result in unplanned
regulatory needs. As the lobster fishery in Long Island
Sound declined, partially due to warmer temperatures, an
emerging fishery for blue crabs Callinectes sapidus devel-
oped as the blue crab's range expanded. An unanticipated
consequence of lobster fishers adapting to take advantage of
a new target species was increased bycatch and mortality of
a threatened species, the diamondback terrapin Malaclemys
terrapin. It took several years to collect enough information
to clearly document the problem and take management
action, but dialogue with stakeholders and managers even-
tually led to the development and adoption of gear modifi-
cation rules to exclude diamondback terrapins from the
crab traps (Miller 2018).

In a related situation, a potentially climate-driven food
resource shift resulted in endangered northern right whales
Eubalaena glacialis moving further north into the Gulf of
St. Lawrence during their summer forage period instead
of the more southerly Gulf of Maine (Davies 2018).
Northern right whales had been infrequent visitors to the
Gulf of St. Lawrence, and as such there were limited regu-
lations in place to minimize interactions with the whales.
The influx of whales resulted in an unusual mortality
event in 2017–2019 (NOAA 2019). Once the scale of the
issue was fully recognized, the Department of Fisheries
and Oceans Canada implemented a suite of regulations to
minimize both ship strikes and fishing gear entanglements,
such as fixed and dynamic closures, gear modifications,
and changes to the fishing season (DFO 2018, 2019). One
of the most important changes was establishment of an
extensive monitoring program to track the whales and
enable adaptive open and closed fishing areas. In both
cases, however, the regulators were reacting to a poten-
tially critical situation because appropriate planning and

monitoring were not in place to prepare for the manage-
ment needs.

Likewise, distribution shifts of coastwide target species
on the U.S. East Coast are driving serious interstate allo-
cation conflicts, thus surfacing an unanticipated need to
develop new quota allocation methods (ASMFC 2014). At
its December 2016 meeting, the New England Fishery
Management Council sent a letter to the Mid-Atlantic
Fishery Management Council (MAFMC) requesting joint
jurisdiction over the fishery management plan (FMP) for
Summer Flounder Paralichthys dentatus, Black Sea Bass
Centropristis striata, and Scup Stenotomus chrysops due to
large catches in the region where these species had histori-
cally been occasional visitors. While joint plans often
demonstrate a recognition of distribution shifts, they can
also limit adaptability due to the increased regulatory
complexity and time required to change policy and rules.

Along the U.S. Atlantic coast, shifts in biomass for
Black Sea Bass and Summer Flounder have caused chal-
lenges on both ends of these species’ ranges. The quota is
largely allocated by state based on historical landings, and
all fish must be landed in the state for which the vessel
has a permit. As such, vessels in the south must increase
their steaming time to reach the resource and do not
always catch their quota. Alternatively, vessels in the
north have increased rates of regulatory discards as they
catch legal-sized fish that they do not have quota to land
(Dubik et al. 2019). The MAFMC and Atlantic States
Marine Fisheries Commission recently voted on realloca-
tion schemes to deal with the shifting resource (MAFMC
2019b); however, there are clear tradeoffs. Ports in the
south have vessels, processors, communities, and portside
infrastructure, developed over decades, that are at least
partially dependent on the resource economically and cul-
turally. In the north, discards and frustration among
industry create challenges for sustainable fisheries and
reduce confidence in the management system. The
approved allocation scheme maintains the status quo allo-
cation as long as the annual quota is below a threshold
level and then allocates the catch in excess of the thresh-
old equally among the states (MAFMC 2019b). Again,
the regulatory response was somewhat reactive and is
likely to continue to be a source of contention.

Proactive Planning
Another emerging fishery that prompted new manage-

ment action by the MAFMC was the quickly expanding
Atlantic Chub Mackerel Scomber colias fishery. The fish-
ery for Atlantic Chub Mackerel developed rather rapidly
in the mid-Atlantic, likely related to increasing tempera-
ture. Atlantic Chub Mackerel landings were first limited
as part of an unmanaged forage omnibus amendment
(MAFMC 2017). The amendment was developed to pro-
tect over 50 previously unmanaged forage species from
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increasing fishing pressure until the MAFMC had suffi-
cient time to examine scientific information relating to the
stock, the impact of fishing pressure on the ecosystem,
and the impact on socioeconomic factors (MAFMC
2017). However, Atlantic Chub Mackerel did not fit
neatly into the MAFMC's unmanaged forage protections
because the species was already harvested in small but
potentially growing numbers. The omnibus amendment
provided temporary regulations while the MAFMC
received public input and conducted research, with subse-
quent establishment of long-term management when the
Atlantic Chub Mackerel amendment was added to the
FMP for Atlantic Mackerel Scomber scombrus, squid, and
Butterfish Peprilus triacanthus (MAFMC 2019a). This
example demonstrates the utility of enacting both immedi-
ate short-term actions to quickly respond to issues while
simultaneously developing a more forward-looking plan-
ning process to implement appropriate longer-term man-
agement actions.

In the North Pacific, the North Pacific Fishery Man-
agement Council (NPFMC) proactively limited expanded
fishing operations for multiple species in light of the
potential impacts from climate change (Stram and Evans
2009). With the reduction in sea ice and the potential
shifts in species distribution, the environmental conditions
presented a range of new fishing opportunities but limited
information with which to manage them. In a series of
decisions, the NPFMC (1) closed the Arctic Ocean exclu-
sive economic zone (EEZ) to fishing until information
with which to manage the area could be collected; and (2)
established large closed areas in now ice-free waters in the
north to both protect crab habitat and restrict the expan-
sion of trawl fisheries. The impacts of trawling in the
closed areas were assessed in an interactive manner, allow-
ing limited, regulated trawling and evaluation of the
impacts. The NPFMC, the Alaska Fisheries Science Cen-
ter, and the scientific community have also conducted a
range of studies to examine the utility of adaptive man-
agement measures based on potential links between envi-
ronmental variables and species distribution (Stram and
Evans 2009).

The eight countries that are Parties to the Nauru
Agreement in the Pacific have developed the vessel day
scheme (VDS) for the Skipjack Tuna Katsuwonus pela-
mis purse-seine fishery (Bell et al. 2011). The VDS was
designed as a way to deal with the stock shifting in and
out of member states’ EEZs, caused by El Niño. The
system holds fishing effort constant for all members and
enables members to trade fishing days so that all
nations are able to receive some level of benefit regard-
less of where the fish are located. Within the current
agreement, mechanisms exist that can update total
effort. As the Skipjack Tuna stock shifts eastward with
climate change, the VDS presents a platform for

managing total effort and allocation moving forward
(Bell et al. 2013).

Allocation
As species shift, allocation challenges among commu-

nities, states, and countries will only increase (Pinsky et
al. 2018), requiring a systematic method for dealing with
the redistribution of quota. Within any allocation system,
there are a few components that are essential: a single or
similar assessment of stock status and abundance, pre-
agreed-upon terms that specify how quota will be divided
and how the division of quota would change if condi-
tions change, and an understanding that the negotiating
power of certain entities may change considerably as
stocks move (Miller and Munro 2004). Side payments,
wherein the entity gaining the most provides some com-
pensation to the entities that are potentially being nega-
tively impacted, may be required to incentivize certain
reallocation schemes and prevent abandoning the agree-
ment. Entities (e.g., countries, states, or communities)
who are offered only a small proportion of the resource
may not comply with agreements (Miller and Munro
2004; TemaNord 2011).

With the basic components of the allocation system
established, a range of alternatives for reallocating quota
can be developed. Some could be similar to the Summer
Flounder example above in which the status quo alloca-
tion is maintained until the allowable quota in a given
year exceeds a specific threshold, with allocation of any
catch in excess of the threshold based on current resource
distribution. Adaptive reallocation could be based on a
creative mixture of historical landing and current distri-
bution data—for example, seasonal allocations where the
quota for one season is based on historical landings and
the quota for another season is based on current distribu-
tions. A different model was used by the International
Commission for the Conservation of Atlantic Tunas. In
the early 2000s, Iceland was able to gain quota for cer-
tain species of tuna that had moved into Iceland's EEZ
despite having no catch history, while most of the alloca-
tion was still based on historical catch (ICCAT 2001).
The International Commission for the Conservation of
Atlantic Tunas did not set up a specific system for future
allocations of quota, however and therefore, this scenario
does not provide a well-designed example of how to deal
with changes (TemaNord 2011). Quota allocation could
also be based on some form of the current distribution as
determined by a fisheries-independent survey. Other allo-
cation schemes have included a transition approach in
which quota allocations based on historical catch are mod-
ified at a fixed interval every year until allocation based on
the current distribution is achieved. On Georges Bank,
negotiations between the USA and Canada led to a
resource sharing formula in which quota transitioned from
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60% allocation based on historical catch and 40% based
on current distribution to 10% based on historical catch
and 90% based on current distribution over the course of
7 years (TMGC 2002). Economic markets have also been
considered as a means to reallocate quota. In this model,
after quota has been reallocated, market forces would
serve to correct any imperfect reallocations and distribute
the quota based on economic factors in real time. This
model maintains flexibility and the ability to change over
time; however, it also assumes that transaction costs are
very low, which may not be realistic. Incentives will likely
be needed for entities to give up their fishing quotas, par-
ticularly when negative socioeconomic impacts are likely
to occur. In the Summer Flounder amendment (MAFMC
2019b), a landing flexibility framework adjustment was
included that could be triggered to enable vessels to land
fish in a state where they do not have a permit to incen-
tivize the potential redistribution in allocation.

To effectively adapt to the uncertainties of climate
change, effective management requires both the ability to
respond immediately with emergency actions to limit
rapidly emerging problems and long-term planning pro-
cesses that enable proactive actions to address issues
before they become emergencies. A proactive approach
reduces the potential to overexploit an emerging fishery
and could allow shifting species to become better estab-
lished, increasing long-term yield (Pinsky and Mantua
2014). It also helps to minimize species–gear and species–
species interactions, manage expectations, and enable
stakeholder participation in the process to develop an
effective management plan that includes systems for dis-
tributing permits or licenses, data collection and reporting
requirements, and any additional regulations.

The need for quality scientific information to prepare
management bodies for these changes in distribution is
essential to move beyond reacting to short-term crises and
focus on managing for long-term sustainability. As
research and monitoring capacity is limited in most fish-
eries agencies, the use of fishing vessels as platforms for
data collection and reporting in real time may provide an
effective approach for increasing monitoring and decreas-
ing the time lags between climate signals and management
responses pursuant to regulatory frameworks (Wilson et
al. 2018; Bradley et al. 2019).

ADJUST REFERENCE POINTS AS THE ENVIRONMENT
CHANGES

Changes in the environment can alter stock productivity,
challenging assumptions of stationarity and potentially
invalidating traditional approaches to reference point-based
management (Quinn and Deriso 1999; Tableau et al. 2019).
Warming waters can increase the productivity of some stocks
(Hare et al. 2010) and decrease the productivity of others

(Fogarty et al. 2008; Bell et al. 2014), often based on whether
stocks are at the northern or southern extent of their range
(Rijnsdorp et al. 2009). Although a fish stock is typically con-
sidered a single population unit, individuals at the leading
and trailing edges of a species’ range can be subject to more
frequent and more severe conditions than individuals in the
core range, potentially requiring additional attention (Rehm
et al. 2015; Robinson et al. 2015).

While untold numbers of studies over the past century
have aimed to understand and characterize the links
between the environment and fish biology (Hjort 1914),
there is still a large amount of uncertainty regarding the
specific drivers of variability in fish populations. A sub-
stantial amount of work has focused on developing mech-
anistic links between the environment and a population in
order to incorporate the relationship into the stock assess-
ment, yet there are also several lines of inquiry that
attempt to account for changes in productivity or time-
varying parameters without knowledge of the exact mech-
anistic driver. Complementary techniques are attempting
to incorporate environmental impacts directly into man-
agement. Nevertheless, sustainable fisheries can only be
maintained into the future if harvest rates are within the
limits of the current productivity regime.

One often-mentioned method to deal with climate
change is to explicitly include environmental drivers within
the stock assessment that is used to provide management
advice. Numerous studies have developed environmentally
driven assessment models (some recent examples: Brunel
et al. 2010; Miller et al. 2016; Cao et al. 2017; Lee et al.
2017; Xu et al. 2017; Bell et al. 2018), and the mathematical
framework to incorporate external drivers is well established
(Maunder and Watters 2003). The challenges often relate to
the lack of strong ecological mechanisms linking the envi-
ronment with some aspect of a species’ population dynam-
ics that hold up over time (Myers 1998) and the lack of
data that could be used within a model to incorporate the
driver. Due to these challenges, there are only a small num-
ber of species for which environmental drivers are included
within the assessment and management process (King et al.
2015; Marshall et al. 2019). Environmental drivers are often
included in the stock–recruitment relationship, as this life
stage is often the most susceptible and is typically when the
size of a cohort is established (Houde 1987). The recruit-
ment component of the stock assessment for Pacific Sardine
Sardinops sagax on the U.S. West Coast included water
temperature (Lindegren and Checkley 2012; PFMC 2015),
and the recruitment component for European Anchovy
Engraulis encrasicolus in the Bay of Biscay included an
upwelling index (De Oliveira et al. 2005). Although both
have been effective during certain time periods, the upwel-
ling index for the European Anchovy in the Bay of Biscay
has resulted in incorrectly set quota levels, eroding confi-
dence in the model. The index has since been removed from
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the model, but simulations suggested that including the
environment in management advice and not the assessment
itself could be effective and could produce less uncertainty.
Environmental drivers can be incorporated into other
aspects of assessment models, such as growth, mortality, or
fecundity, but these face similar challenges in data and
mechanistic links that hold up over time (King et al. 2015).

There are a range of additional methods to include envi-
ronmental drivers and acknowledge productivity within the
assessment and management process that do not require
knowledge of the exact mechanism. In the North Pacific,
there is clear evidence that regime shifts have occurred due
to decadal-scale variability as indexed by the Pacific Deca-
dal Oscillation (Hare and Mantua 2000). In recognition of
the resulting changes in productivity due to the regime
shifts, the assessment models utilize different time series of
data that reflect the current productivity regime (groundfish:
NPFMC 2012; tanner crab Chionoecetes bairdi: Stock-
hausen et al. 2013). In Australia, recruitment for Jackass
Morwong Nemadactylus macropterus had been linked to
environmental variables; however, the explicit mechanistic
link between variables and recruitment did not hold up over
time. To deal with the decline in recruitment, a change in
productivity was included as a regime shift within the
assessment model and was tested within a management
strategy evaluation (MSE) to assess how robust the process
of setting catch limits was to misspecified regime shifts. The
analysis found that including the regime shift was more pre-
cautionary and better able to meet management objectives
(Wayte 2013). On the U.S. East Coast, the assessment
model for Yellowtail Flounder Limanda ferruginea incorpo-
rated a productivity change by splitting certain data time
series. The change provided a better fit to the observed data
but was not completely satisfactory due to the lack of a
clear connection between the break in the time series and
an environmental signal (NEFSC 2012). The decrease in
productivity resulted in the Yellowtail Flounder's status
moving from overfished to not overfished; however, the
total allowable catch was reduced because of the decline in
productivity. To avoid ad hoc changes in productivity
terms, Klaer et al. (2015) developed a set of criteria for all
fisheries to evaluate whether changes in productivity were
sufficiently linked to both data and ecology to be included
in the assessment and management process.

Inclusion of time-varying parameters within an assess-
ment model represents an additional means to incorporate
changes in the ecosystem without explicitly including a
specific mechanism. Depending on the data available, a
range of time-varying parameters from growth and natural
mortality to catchability and selectivity can be included
within stock assessment models (Fu and Quinn 2000; Wil-
berg et al. 2009; Nielsen and Berg 2014; Nesslage and Wil-
berg 2019). Peterman et al. (2000) developed a method to
use the variability in stock–recruitment relationships to

estimate time-varying productivity without knowledge of
the environmental driver. The method uses output from
assessment models as input into linear state–space models
that partition variability into short-term noise and long-
term productivity trends. The approach has been used to
examine trends in productivity (Britten et al. 2016) as well
as to develop dynamic harvest policies within a risk assess-
ment framework that can outperform static harvest poli-
cies for salmon (Collie et al. 2012). Robust HCRs that
account for climate-driven, time-varying productivity have
also been developed with stochastic dynamic programming
(Walters and Parma 1996; Spencer 1997). The inclusion of
time-varying parameters within assessment models results
in time-varying reference points that should provide the
status of the stock relative to the current environmental
conditions. Reference points that change annually, how-
ever, have the potential to create challenging instability
for harvesters attempting to operate small businesses, thus
necessitating an appropriate regulatory framework to
manage volatility.

Within the marine environment, the physical properties
of the medium have a very large role in defining habitat.
Variables such as temperature, salinity, and dissolved
oxygen, which vary on daily to decadal scales, shape the
niche dimensions in which fish species attempt to opti-
mize their condition (Manderson 2016). These compo-
nents of habitat that vary with the state of the ecosystem
can be brought into the assessment process by modifying
catchability and indices of abundance (Wilberg et al.
2009). Bottom temperature is a component of habitat
and can modify the accessibility of species (one compo-
nent of catchability) to survey gear, therefore impacting
the index of abundance used in assessments. Bottom tem-
perature has been included in the trawl survey catchabil-
ity for Flathead Sole Hippoglossoides elassodon
(Stockhausen et al. 2012) as well as for Atlantic Cod in
the Gulf of St. Lawrence (Swain et al. 2000). The temper-
ature variable did not improve the fit of the model for
Atlantic Cod, however, and was not included in the final
result. Suitable habitat based on temperature, which var-
ies in time and space, was also included in the assessment
for a small pelagic species, Butterfish, in the western
Atlantic (Adams et al. 2015). The work was a collabora-
tion between scientists and industry, resulting in spatially
explicit predictive models for Butterfish occupancy and a
more robust assessment that included fishers’ knowledge.
On the U.S. West Coast, statistical methods for incorpo-
rating the wide variety of uncertainties in survey design
that also include environmental factors have been devel-
oped and included in assessments (Thorson et al. 2015,
2016a, 2016b, 2016c; Thorson and Kristensen 2016;
Thorson and Barnett 2017). Additionally, spatially expli-
cit stock assessment models could provide an additional
tool—without the need to explicitly include

ACTIONS TO PROMOTE CLIMATE-READY FISHERIES 173



environmental variables—while also accounting for distri-
butional shifts and changes in stock boundaries (Link et
al. 2011). Assessment models, such as stock synthesis,
contain this ability, and a recent Black Sea Bass assess-
ment included a simple, two-area spatial model (Methot
and Wetzel 2013; NEFSC 2016).

Although the ability to directly include environmentally
driven recruitment models within stock assessments is
challenging (Schindler and Hilborn 2015), the recognition
and inclusion of changes in productivity and habitat in
assessment models have potential. Understanding the
mechanistic drivers and incorporating them directly into
the assessment process are often considered optimal, but
even absent such knowledge, accounting for likely changes
in productivity or including time-varying parameters with-
out full knowledge of the drivers can enable a better deter-
mination of stock status relative to the current condition
and improved forecasts.

CONSERVATION/MANAGEMENT AREAS
Conservation or spatial management areas have been

used for diverse purposes from advancing broad conserva-
tion goals, such as maintaining biodiversity, to specific
objectives, such as maintaining habitat or decreasing fishing
interactions with a specific threatened or endangered spe-
cies. Spatial management areas, often grouped under the
term “marine protected areas” (MPAs), cover a broad
range of designations from areas with limitations on partic-
ular activities (e.g., oil and gas restrictions) to complete clo-
sure of an area to extractive activities. Within fisheries,
MPAs have been used broadly and are part of the manage-
ment tool kit for both reducing mortality and improving
productivity for fisheries. In consideration of climate
change, Pinsky and Mantua (2014) suggested that broad-
purpose conservation areas should generally be left in place,
as they often serve a diverse set of goals potentially extend-
ing beyond fisheries that could likely still be met under
changing conditions. More specific conservation areas, how-
ever, may need to be altered or moved to ensure that the
protected resource (e.g., spawning or nursery grounds) con-
tinues to receive protection. As technology and data
improve the ability to dynamically adapt protected areas
with the current conditions, stakeholders may be able to
more effectively meet the objectives of the protected area.

Marine protected areas that are designed to improve
fisheries are typically created with a specific set of goals
for a particular area, and as oceanographic conditions
change the MPAs may become less effective in meeting
their intended goals. In New England, numerous closed
areas and gear-restricted areas have been implemented
over the decades as part of fisheries management. Some
were designed to protect highly productive habitat areas
that have remained productive during decades of changing

oceanographic conditions. Other closed areas, covering
much broader areas, were established to limit fishing mor-
tality in past years before strict total allowable catch limits
were established. The New England Fishery Management
Council undertook an evaluation of this suite of closed
areas to determine whether they were still meeting their
objectives. The comprehensive habitat amendment took
over a decade to complete as stakeholders thoroughly
investigated and debated the actual goals of the restricted
areas and how best to meet them. In the end, the amend-
ment was a compromise designed to meet conservation
and fishing industry goals. Some conservation areas were
maintained, others were reopened, and access to some
new areas was restricted (NEFMC 2018). In the North
Sea, van Keeken et al. (2007) found that due to shifts in dis-
tribution the effectiveness of a protected area for Plaice Pleu-
ronectes platessa had declined, potentially requiring the area
to be altered. AlthoughMPAs are often developed as a single
polygon on a map and with a single goal, MPAs can also be
developed as a connected network, such as the California
MPA system, which stretches along the coast (Marine Life
Protection Act 1999). Although the original goals of the
Marine Life Protection Act were to conserve biological
diversity, provide a sanctuary for marine life, and enhance
recreational and educational opportunities, the network of
protected areas in five major ecological zones along the
1,100-km coastline may also foster resilience to changes in
abundance and distribution due to climate change.

In addition to range shifts, seasonal migration patterns
for some species may occur earlier or later due to changes
in the annual cycles driven by climate change. Seasonal
closed areas or other fishing regulations that are designed
to conserve populations at critical periods (e.g., spawning)
based on historical data may have to be re-evaluated. Sim-
ilarly, management strategies based on historic data for
seasonal events, such as inshore or offshore migration and
diadromous species transitions between freshwater, estuar-
ine, and ocean habitats, may no longer be timed correctly
to meet their goals (Mills et al. 2013).

Fixed areas may be important for some species,
whereas the confluence of particular oceanographic condi-
tions that vary in space and time may be essential for
others. Spawning or nursery areas that are defined by shelf
break fronts or upwelling zones may require a more
dynamic approach to protected areas. To limit bycatch
within pelagic fisheries (e.g., tunas and billfishes), real-time
monitoring of species presence has been combined with
habitat suitability indices and ocean models to identify
and avoid fishing in particular areas (Hobday et al. 2010,
2011; Hazen et al. 2018). Integrated programs with real-
time reporting of location and catch information can
potentially reduce the needed footprint of closed areas,
reduce bycatch, and provide access to the majority of the
targeted species (Dunn et al. 2016; Hazen et al. 2018).
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These techniques are not new, and several authors
have developed standardized methods to operationalize
dynamic management areas (Hobday et al. 2014; Welch et
al. 2019). Although time–area closures are already broadly
implemented with diverse methods and goals (Bailey et al.
2010), technological advances will likely increase the effec-
tiveness of dynamic management approaches for mitigat-
ing climate change impacts (Maxwell et al. 2015).

EVALUATE MANAGEMENT AGAINST A RANGE OF
REGIONAL SCENARIOS FOR ANTHROPOGENIC
CLIMATE CHANGE IMPACTS ON OCEAN HABITATS
AND ECOSYSTEMS

Several promising methodologies for managers, scien-
tists, and stakeholders are actively being developed for
evaluating the implications of future climate change sce-
narios. Deterministic projections, scenario planning, and
MSE all provide pictures of the future and have the
potential to guide the development of management strate-
gies that are robust to climate change (Tommasi et al.
2017a).

A range of projections exists for changes in species dis-
tributions and the corresponding potential economic
impacts (Pecl et al. 2009; Lehodey et al. 2013, 2015; Kleis-
ner et al. 2015; Lam et al. 2016; Tommasi et al. 2017a;
Morley et al. 2018). These studies provide information on
likely or potential changes that could occur on scales from
seasons to decades (Tommasi et al. 2017a, 2017b) and can
be used for diverse planning and decision-making pur-
poses, with intended audiences ranging from individuals to
large government agencies (Robinson et al. 2019). Individ-
ual vessel owners must make decisions about investments,
such as vessels, gear, permits, quota shares, and home
port locations. Seafood processors and other shore-side
businesses have to make decisions about expanding or
reducing capacity, processing equipment, infrastructure
location (Bell et al. 2011), and other operational factors in
response to changing catch composition, volume, and sea-
sons. New markets may need to be developed, and trans-
port and supply chains may have to be restructured (Stoll
et al. 2015; Pecl et al. 2019). Local governments and com-
munities require information to evaluate investments for
maintaining or altering port facilities and working water-
fronts (DFO 2013), whereas managers need to anticipate
regulatory challenges and management costs based on
changes in the abundance and distribution of species. A
shift in distribution may open a new fishery but could also
bring predators or diseases to a highly profitable existing
fishery. Deterministic projections present the “best guess”
of future conditions and distributions of species, enabling
planning processes to incorporate climate change.

Off the coast of Tasmania, range extension of sea urch-
ins due to warming water has caused widespread habitat

alteration as kelp beds become urchin barrens, thereby
impacting fishing and recreation (Pecl et al. 2019).
Researchers engaged stakeholders in a structured decision-
making process to examine potential courses of action
with regard to the sea urchin expansion. Each of the
potential actions was associated with a 10-year projection
of the potential outcome so that stakeholders could under-
stand the implications of each action (Robinson et al.
2019).

Scenario planning enables stakeholders to detail a range
of potential future scenarios and to plot out courses of
action in response to those scenarios (Moore et al. 2013;
Morrison and Termini 2016), explicitly acknowledging
future uncertainty (NPS 2013; Rowland et al. 2014). Sce-
nario planning does not aim to predict the future; rather,
it simply examines the range of potential futures to deter-
mine effective ways to make decisions. By visualizing and
working through various narratives of plausible futures,
participants are forced to identify and critically examine
their own assumptions about the future and to analyze the
main factors driving potential outcomes, connections
among the factors, and feedback loops (Rowland et al.
2014). The process reduces two of the major problems
when planning: tunnel vision (a view of the future that is
too narrow) and overconfidence (belief that a single envi-
sioned future is the most likely; Schoemaker 1995).

Recent scenario planning exercises have examined com-
mercial fishing (Davies et al. 2015; Schumann 2018),
endangered species (Borggaard et al. 2019; NCCOS 2018;
NMFS 2019), and ecosystems (Bunting-Howarth et al.
2016; Planque et al. 2019) in the face of climate change. In
Australia, a scenario planning exercise was initiated to
examine the impact of climate change on seafood supply
chains (Lim-Camacho et al. 2014). One main conclusion
was that future investments should be directed toward
areas with high efficiency and should consider the impacts
of climate change (e.g., siting of refrigeration facilities). In
Rhode Island, the commercial fishing industry led a sce-
nario planning exercise as part of a larger initiative to
ensure that the fishing sector would be resilient into the
future (Schumann 2017). In California, the Ocean Science
Trust convened an expert working group in collaboration
with the California Department of Fish and Wildlife and
the California Ocean Protection Council to address the
impacts of climate change on California fisheries. Like all
scenario planning endeavors, the central component of the
process involved defining and exploring the impacts of
plausible future ecological change scenarios and identify-
ing both gaps and proactive steps to reduce and mitigate
the impacts of climate change (Chavez et al. 2017). On the
federal side, the Pacific Fishery Management Council is
currently undertaking a scenario planning process to
develop action plans for dealing with distribution shifts
(PFMC 2019). In many cases, there are courses of action
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that would be applied to many if not all scenarios, high-
lighting actions that could mitigate the impacts of climate
change regardless of what happens in the future. Manage-
ment practices that are open and transparent, maintain
spawning stock biomass, promote full age structure, and
protect habitat are likely to improve sustainability under
any future conditions.

Management strategy evaluation is a tool for testing
different management procedures within a simulated envi-
ronment to determine whether the management proce-
dures can meet management objectives (Punt et al. 2014).
It is a flexible tool for assessing different options and is
well suited for examining actions pertaining to the
impacts of climate change. A number of studies have
examined different methods for including the environment
in assessment and management within an MSE process
(A'mar
et al. 2009; Brunel et al. 2010; Haltuch and Punt 2011;
Punt 2011; Punt et al. 2013; Szuwalski and Punt 2013).
Although specifically including environmental variables
within assessment models had the potential to improve
results, it often provided management advice that was
less precautionary and sometimes performed worse than
nonenvironmentally driven models, largely due to the
potential for misspecification of the environmental driver
(Punt et al. 2013; Szuwalski et al. 2017). Only when the
mechanistic link between the species and the external dri-
ver was well established and persisted through time did
the environmentally driven models perform better, and
often they were only marginally better.

Projections and scenario planning exercises could also
be designed to directly address changes in the timing of
seasonal events to inform management responses. As tem-
peratures warm, spring comes earlier and fall begins later
(Henderson et al. 2017), causing potential shifts and mis-
matches between different fish species and between fish
and humans. In 2012, an extremely warm year occurred
in the Gulf of Maine, resulting in the lobster fishery
beginning earlier than was typical. The increased length
of the season led to a large supply of American lobsters
that outpaced demand and dramatically lowered prices
(Mills et al. 2013). A lack of planning or management
resulted in large catches but poor economic returns. After
the 2012 season, the industry restructured parts of the
supply chain (Pershing et al. 2018) and a program was
developed to forecast lobster landings based on water
temperature to provide early warning to the industry that
might impact supply and prices (Mills et al. 2017). While
seasonal forecasts are a promising planning tool (Tom-
masi et al. 2017a), the lobster season forecast created
unexpected challenges and the public phase was elimi-
nated after the 2016 season (Pershing et al. 2018; Hobday
et al. 2019). The science of seasonal forecasts for fisheries
continues to advance, but the accuracy and ethics of

providing such forecasts must be considered by scientists
and managers before they provide this type of informa-
tion (Hobday et al. 2019).

Systematic exploration of future scenarios provides a
method to identify gaps, plan for changes, and test alterna-
tive actions. This is a promising avenue for proactively
developing stakeholder-engaged management strategies and
regulatory processes to achieve goals for climate-resilient
sustainable fisheries (Schindler and Hilborn 2015).

INTEGRATE MONITORING AND EVALUATION OF
CLIMATE AND ECOSYSTEM STATES INTO THE
MANAGEMENT CYCLE

Integrating the full array of available data on fisheries
and ecosystems into the management process is seldom
straightforward. There are formal channels for inclusion
of some types of information, such as landings and survey
indices for assessments, whereas other data sources, like
socioeconomic information or decadal oscillation indices,
do not always have a direct path linking them with regula-
tory decision points. More formal inclusion of such infor-
mation in the management framework may reduce the
risks of over- or underharvest, improve decision making,
and increase fishery resilience.

Fisheries data can be gathered and integrated into the
management process using both top-down and bottom-up
approaches. Various agencies have developed or are devel-
oping formal frameworks that enable climate and ecosys-
tem information to feed directly into advice for setting
harvests or effort limits within the official management
process. There are also approaches, often taken by indus-
try or stakeholders external to the formal management
process, that collect and integrate ecosystem information
into their own decision making to maximize returns while
remaining within the regulatory framework (Kauer et al.
2018). Joining these two approaches to create integrated
monitoring and management systems has the potential to
create adaptable management frameworks that can
respond or potentially predict regulatory and fishing com-
munity needs on the water in near-real time (Wilson et al.
2018; Caputi et al. 2019).

Regulatory Frameworks and Policies: Top-Down
Formal policies and actions at the regional, state, fed-

eral, and fishery management council levels have
attempted to develop the means to include ecosystem
information within the management process (Barange et
al. 2018; Karp et al. 2018). The United Nations and
numerous regional bodies have developed regional action
plans for climate, such as those by the Central American
Agricultural Council (Johnson et al. 2019) and the United
Nations Environment Programme (Mediterranean Action
Plan; Barange et al. 2018). In the USA, the National
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Marine Fisheries Service (NMFS) has adopted an official
Climate Science Strategy (Link et al. 2015; Busch et al.
2016) and has developed regional action plans to identify
specific needs and actions required for nationwide imple-
mentation (NMFS 2018). The NMFS has directed
resources toward ecosystem-based fisheries management
through integrated ecosystem assessments (IEAs), funded
programs to understand the impact of the environment on
fish stocks, and directed research surveys to sample the
entire ecosystem (Smith and Moser 1988; NEFSC 2000).
Many of the NMFS science centers also have strategic
science plans that explicitly include climate (NEFSC 2015)
and produce ecosystem status reports to provide back-
ground and context to fishery management councils as
well as the public for planning and decision-making pur-
poses (e.g., CCIEA 2017; NEFSC 2017b).

The eight U.S. regional fishery management councils
(hereafter, “councils”) have developed or are in the pro-
cess of developing fishery ecosystem plans (FEPs) or
ecosystem approaches. The FEPs are overarching plans to
include larger ecosystem processes, including the human
dimension, within the council's decision process (Essington
et al. 2016). These plans range from general guidance doc-
uments to explicit plans that could fundamentally alter
how fish species are managed. Although most of the FEPs
include climate, they vary greatly in the depth and detail
of the approaches set forth for reducing and mitigating cli-
mate change impacts. Except for a few notable exceptions
(e.g., Pacific Sardine, North Pacific regime shifts, and cli-
mate-induced migration shifts in the Gulf of Mexico
coastal migratory pelagics FMP), there are few examples
of direct links between environmental variables or climate
indicators and a formal decision rule. That said, indepen-
dent of climate, councils have developed policies and have
experience in managing habitat impacts, gear interactions,
and bycatch and in iteratively changing total allowable
catch, all of which could be considered adaptable manage-
ment, and the processes will be essential to addressing
climate impacts.

In the context of harvest rules, councils also generally
have risk policies that adjust the acceptable probability of
overfishing for a given species based on the available data
quality and level of uncertainty around the estimates of
biomass. Changes in the environment can impact the
uncertainty in the estimates and in some cases are
included as a reason to modify the buffer (e.g., Gulf of
Mexico reef fish FMP).

The IEAs provide a framework with which to assess
ecosystem status and account for the full impact of man-
agement decisions by incorporating a range of interactions,
including the human dimensions and other social–ecologi-
cal tradeoffs (Levin et al. 2014). Within the IEA frame-
work, there are a number of components. The ecosystem
status reports track a range of indicators that provide a

picture of the ecosystem and could be used in more formal
decision-making contexts or risk policies to modify man-
agement actions given the current oceanographic condi-
tions. Risk policies are a relatively rapid method for
translating variability and uncertainty into actions (Sethi
2010). The IEA conceptual models explicitly show the link-
ages between various components of the ecosystem to
demonstrate how environmental factors or management
decisions impact the entire system. With these conceptual
models, scenario planning and MSEs can be performed to
identify potentially robust management actions. Risk
assessments attempt to identify undesirable events and eval-
uate their scale and consequences, and these assessments
have been broadly applied across numerous fisheries and
ecosystem contexts. Within the Aleutian Islands FEP, a
rapid risk assessment was used to identify important inter-
actions that were unmonitored and unaccounted for in the
management process (NPFMC 2007). The assessment
enabled the prioritization of actions to mitigate the largest
sources of risk and uncertainty. The NMFS Northeast
Fisheries Science Center recently developed a guiding docu-
ment for preparing an initial ecosystem risk assessment for
the MAFMC (Gaichas et al. 2016; NEFSC 2017a). Simi-
larly, the California Department of Fish and Wildlife part-
nered with NMFS to tailor an existing ecological risk
assessment tool to examine state fisheries (Ramanujam et
al. 2017; Samhouri et al. 2019). Across these examples, the
intended use was to identify the potential risk of not meet-
ing management objectives (e.g., preventing overfishing)
across a broad suite of categories, such as the risk posed by
discards, gear or species interactions, productivity shifts
due to climate, and threats to habitat. Once identified, the
risks can be prioritized and actions can be developed to
reduce them within an ecosystem context. Integrated
ecosystem assessments provide a useful framework for inte-
grating information and examining ecosystem impacts as
well as communicating that information to managers and
stakeholders, but they are not typically designed to provide
tactical management advice.

Indicator-based approaches that track aspects of a spe-
cies and environmental variables also provide a means to
include climate in the decision-making process. Manage-
ment of northern shrimp Pandalus borealis in the Gulf of
Maine has incorporated indicators (Eckert et al. 2017). A
suite of environmental variables, including nonoptimal
temperature, has been included in the decision to main-
tain the fishery closure. The NMFS has also developed a
climate vulnerability assessment methodology to rapidly
evaluate the risk of climate change to individual species
within a region (Hare et al. 2016). Using expert opinion
and quantitative data when available, species are ranked
according to a specific set of biological attributes, such
as their level of dispersal, stock status, and spawning
cycle. The method outputs the ranked vulnerability of
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each species as well as the attributes that had the largest
impacts on the rankings. The authors (Hare et al. 2016)
suggested four ways in which the assessment could be
integrated into management: (1) inform management and
regulatory documents, such as FMPs; (2) guide manage-
ment actions; (3) inform spatial management and guide
the inclusion of climate variables in stock assessments;
and (4) use the data and knowledge gaps from the indi-
vidual species narratives for research and background on
all climate-related work. Currently, the results typically
provide only background material that can help to
inform the decision-making process. The output of scien-
tific studies such as these could be made more formal by
linking the results to a risk policy or a tiered control rule
policy (WPFMC 2018) that alters the acceptable proba-
bility of overfishing based on the vulnerability of the spe-
cies—for example, changing the buffer between the
overfishing level and the acceptable biological catch level.
The NMFS is implementing the assessments in all
regions of the USA and will potentially redo the analyses
at regular intervals.

Vulnerability assessments have been undertaken
around the world and measure risk along two main axes,
exposure and sensitivity, while also considering the capac-
ity to adapt (Marshall et al. 2010; Bell et al. 2011; Pacifici
et al. 2015; Johnson et al. 2016, 2019). Exposure is a mea-
sure of the expected change in a factor, such as the mag-
nitude of temperature increases in nearshore waters, and
sensitivity is a measure of the tolerance of an entity to
that exposure (e.g., range of temperatures in which a spe-
cies can live). The method works well for rapidly evaluat-
ing individual species and can also be applied to systems
or social and economic factors to evaluate risk across all
aspects of fisheries and climate (Johnson and Welch 2009;
Marshall et al. 2010; van Putten et al. 2013). Vulnerability
assessments have become an important planning and pri-
oritization tool as entities seek to take steps to combat
climate change (Welch et al. 2014; Barange et al. 2018;
Johnson et al. 2019). A social vulnerability assessment
was completed for the northeastern USA based on social
indicators and the results of the Hare et al. (2016) ecolog-
ical vulnerability assessment (Colburn et al. 2016). The
social vulnerability assessment ranked the susceptibility of
ports, geographical areas, gear types, and a range of
other factors to climate change and provided a valuable
resource for managers to understand the socioeconomic
consequences of climate change and related regulatory
decisions.

As with all vulnerability and risk assessments, the pro-
cess does not provide solutions to problems; rather, a key
goal is to simply enable the identification and prioritiza-
tion of potential problems, which managers and stake-
holders can then mitigate before they become actual
problems.

Regulatory Frameworks and Data Collection: Bottom-Up
On the periphery or even external to the official man-

agement process is the use of fisheries-dependent data,
possibly in real time, to improve compliance with fishery
regulations and increase resilience to climate change
(Bradley et al. 2019). Stakeholder-led initiatives, such as
cooperative research programs, bring together captains,
scientists, and sometimes managers to understand and
solve fisheries problems. With far more eyes and ears on
the water than state and federal agencies, fishing vessels
provide a potential means by which to rapidly detect and
adapt to changing conditions.

As species move into new areas, information that is
needed to establish regulations and prevent overfishing is
often lacking. Well-designed cooperative research pro-
grams provide a means of collecting fisheries data on
emerging species that can inform the management process
and build trust among the industry, scientists, and regula-
tors (Wilson et al. 2018). Basic life history data can be
gathered, such as length at maturity, spawning season,
and spawning locations, as well as habitat associations
(Truesdale 2018). In Indonesia, partnerships among fisher-
men, processors, and scientists have utilized modern tech-
nology to rapidly collect huge amounts of information for
a data-limited fishery, potentially enabling the develop-
ment of adaptive management measures (TNC 2015).
Real-time data reporting has enabled fishing vessels to
work together to avoid bycatch by using their own catch
data to micro-site temporary closed areas both with and
without the involvement of management agencies (Howell
et al. 2008; Alfaro-Shigueto et al. 2012; Hazen et al. 2018).
The TurtleWatch program was developed around the
Hawaiian Islands to reduce bycatch of sea turtles in the
pelagic longline fleet by tracking the oceanographic habi-
tat of sea turtles in near-real time. The information is
exchanged with the longline vessels so that they can avoid
sea turtles and reach their quota (Howell et al. 2008,
2015). High-tech oceanographic habitat suitability models
are not always needed to reduce bycatch, however. Off
the coast of Peru, information exchange among fishers
and analysts with hand-held radios enabled the identifica-
tion of hotspots and a reduction in turtle bycatch (Alfaro-
Shigueto et al. 2012). This cooperative approach increases
compliance with regulations while enabling greater access
to target species and allows groups of fishers to more
effectively adapt to changing conditions (Dunn et al.
2016).

In New England, fishing fleets have partnered with the
University of Massachusetts Dartmouth (O'Keefe and
DeCelles 2013) and a separate program at the Cornell
University Cooperative Extension (CUCE 2018) to confi-
dentially collect individual tow-level data across the ves-
sels, summarize the data, and report area-specific bycatch
advisories. Reductions in mortality due to reduced bycatch
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can improve the status of stocks, increasing their resili-
ence, particularly for species that are considered highly
vulnerable. A voluntary collective in the U.S. West Coast
groundfishing fleet was able to share real-time information
and pool risk to reduce bycatch while also reducing fishing
impacts and improving economic outcomes (Kauer et al.
2018). This same technology can be used to track the spa-
tial–temporal distribution and abundance of natural mar-
ine resources in near-real time, potentially speeding up the
management process by providing real-time data on the
current conditions and enabling a faster and more flexible
response from regulators by improving the data upon
which decisions are based (Wilson et al. 2018).

Fishing vessels and gear can also provide research plat-
forms that greatly expand the monitoring capabilities of
scientists. Starting in 2001, low-cost sensor packages that
measure variables such as temperature, salinity, and cur-
rents have been deployed with lobster traps in the Gulf of
Maine (GOMLF 2018). The data are collected and used
to parameterize regional ocean models so as to improve
their accuracy and precision; furthermore, the data are
returned to the boat captains themselves. Similarly, scien-
tists at the Woods Hole Oceanographic Institution have
partnered with the Commercial Fishing Research Founda-
tion to monitor the oceanographic features in southern
New England by using sensors on fishing vessels (LaCapra
2017). Because of the large spatial and temporal footprint
of fishing operations, vessels can collect high volumes of
detailed information that enables a better understanding
of the physical oceanography and the potential changes
due to climate. These data may not immediately feed into
management decisions, but they do decrease the cost of
monitoring and contribute to research that is essential for
effective long-term management. In particular instances,
they could also be used to define and track oceanographic
anomalies at subsurface depths, such as the cold pool in
the mid-Atlantic (Miller et al. 2016) or the Northeast Paci-
fic Marine Heatwave (referred to as “the Blob”; NWFSC
2014), leading to improvements in near-term decision
making.

While real-time reporting of fisheries data can improve
on-the-water management decisions, the advances in mon-
itoring and forecasting of oceanographic conditions can
also improve both safety and efficiency while fishing
(NDBC 2018). Buoy data, satellite products, and weather
forecasting enable captains to improve trip planning and
better target certain species and avoid others, both com-
mercially and recreationally (Kohut et al. 2014). Long-
term trends and forecasts from products like ecosystem
status reports or climate models may also assist in longer-
term business planning. Improved oceanographic data
from buoys around the country as well as integrated prod-
ucts and forecasts can improve decision making at both
the fishing level and the management level.

An additional aspect of climate change is the potential
emergence of or large increase in unwanted organisms.
Harmful algal blooms (HABs) are part of any coastal
environment, but large-scale, sudden outbreaks that curtail
or close high-value fisheries have become major problems
in some areas. Off the coast of Tasmania, an unantici-
pated HAB event due to a plankton species never reported
in the area led to the closure of a profitable fishery for
southern rock lobster Jasus edwardsii. The event was so
uncommon that only a single laboratory was capable of
testing samples for paralytic shellfish poisoning, and the
process took 2 weeks. In response, a robust program was
instituted to reduce the impact of the likely climate-driven
new plankton species (DPIPWE 2015). The program
involved sentinel stations to track saxitoxin in the water,
establishing management areas defined by natural oceano-
graphic breaks as well as the spatial dynamics of the fish-
ing fleet, and a more in-depth monitoring protocol within
management areas. In the USA, similar management area-
based monitoring protocols are being used for dynamic
management of the Dungeness crab Metacarcinus magister
fishery to reduce the risks of landing crab during HAB
events (McKibben et al. 2017; Becker 2019). In Rhode
Island, a pilot project is underway to determine the best
location for a sentinel station that could provide an early
warning signal about HAB events, improving public safety
and timely management action (Maranda et al. 2017).
These climate-induced changes require higher levels of
monitoring but feed directly into the management process.

Top-down management frameworks that directly and
formally integrate ecosystem information and risk into the
decision-making process in combination with bottom-up
approaches that rapidly collect and analyze fishery data
relating to ecosystem conditions are needed. Recent and
ongoing technological progress brings the potential to turn
fishing fleets into data collection platforms, providing real-
time information to feed a range of frameworks that
reduce lags between signal detection and response. The
current frontier is designing and implementing integrated
management systems that combine these elements to sus-
tain productive and economically viable fisheries in the
face of climate change.

REDUCE BARRIERS TO ADAPTATION ACROSS ALL
LEVELS

Due to the uncertainty surrounding the impacts of cli-
mate change, a consistent theme across all studies is the
need to maintain flexibility at all decision levels (Johnson
and Welch 2009; Brander 2010; Pecl et al. 2014; Pinsky
and Mantua 2014; Schindler and Hilborn 2015). Although
general trends are clear (e.g., fish are on the move), the
exact spatial and temporal scales of specific changes at
which things will happen are unknown and may never be
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known (Schindler and Hilborn 2015). Individuals, busi-
nesses, regulatory agencies, and governments are adapting
and will continue to need to build adaptability into deci-
sion frameworks (Ogier et al. 2016). Flexibility within tra-
ditional top-down management is needed as well as the
integration of co-management approaches and practices.
Activities such as permit banking, risk pools, and specifi-
cation of performance standards to drive innovation (e.g.,
gear modification to reduce bycatch levels) create tools
that can be used to respond to changing conditions. In
many cases, more effective coordination and collaboration
between fisheries management agencies and authorities for
coastal zone management, pollution control, and habitat
restoration will be needed to address nonfishing impacts
and further build climate change resiliency for fisheries.
Proactive steps, such as community outreach and educa-
tion initiatives, can inform and prepare communities for
the changes that are occurring and can potentially moti-
vate them to act to mitigate those changes.

Within the U.S. council process, there is generally a
large lag time between detecting a signal on the water and
responding with regulatory action. In many cases, this is
by design to ensure that proposed actions are fully vetted,
all stakeholders are included, the public is informed, and
there is sufficient oversight. When conditions change
rapidly, however, this process can potentially fail to protect
vulnerable stocks or can maintain unneeded regulations,
resulting in foregone yield. One process within the current
council process is the potential use of framework adjust-
ments (Morrison and Termini 2016). Amendments to
FMPs can take years, whereas frameworks can be included
in amendments to outline a broad scope of potential
actions that could provide flexibility in the future (NMFS
2015). Framework adjustments still require vetting and
public input, but the process is faster because the range of
actions have already been approved in the original amend-
ment. The Caribbean Fishery Management Council
(CFMC) included a framework process in its Caribbean
spiny lobster Panulirus argus FMP to frontload potential
options to use for reference points (CFMC 2011). The
CFMC can then modify the FMP to use the most appro-
priate reference points with a framework adjustment. The
MAFMC and Atlantic States Marine Fisheries Commis-
sion recently approved a framework within the Summer
Flounder commercial issues amendment to allow for the
possibility of landing flexibility as a way to add adaptabil-
ity to a proposed reallocation action (MAFMC 2019b). A
potential fishery management council process could begin
with the use of scenario planning to develop a range of
future actions for mitigating climate impacts and then
adopt those actions as a framework within an FMP
amendment. The council would then have some flexibility
to alter regulations in a shortened time span to respond to
the current climate conditions or updated forecasts.

Co-management can provide a means by which to
increase adaptability and improve sustainability (Armitage
et al. 2009; McConney and Phillips 2011; Wilson et al.
2018). Co-management historically has always been part
of fisheries management and is utilized around the world.
It is a necessity in many areas due to the limited capacity
of agencies to collect data, analyze information, and
enforce regulations but is often highlighted as an optimal
approach for meeting management and community objec-
tives (Castilla and Defeo 2001; Armitage et al. 2009;
Gutiérrez et al. 2011). In addition, co-managed systems
have the potential to more effectively respond to environ-
mental change than conventionally managed systems
(Tompkins and Adger 2004; McClenachan et al. 2015).
With the onset of climate change there is an urgent call
for greater monitoring over a wider array of indicators,
greater inclusion of stakeholders in the management pro-
cess and limited resources within fisheries agencies. A path
forward could include a move toward greater co-manage-
ment in which governments and regulatory agencies
increase the role of the industry in determining the meth-
ods for implementing regulations and allow fishers the
flexibility to determine the best means of meeting the man-
agement objectives. Agencies would set policy and objec-
tives and define regulations while providing complete
oversight through audits and enforcement, but they could
shift some of the responsibility of the design and imple-
mentation of regulations that meet performance standards
to the fishing fleets (Wilson et al. 2018). Innovation and
flexibility would be built into the system, allowing captains
to adapt to current conditions and develop on-the-water
solutions to existing problems. Strong fishing associations
and verifiable, real-time data collection and sharing would
be integral to such a system—both to provide the needed
oversight and to improve the spatial–temporal footprint of
monitoring, thereby enabling rapid on-the-water decision
making (Wilson et al. 2018). Some of these components
have been implemented in parts of the U.S. West Coast
groundfishing fleet (Kauer et al. 2018). Exempted fishing
permits provided a mechanism to implement some of these
innovations and could be expanded to provide additional
experimentation and adaptable solutions to climate
change.

Local community projects to improve coastal area
management and restore habitat can have multiple bene-
fits, such as increasing fish productivity and decreasing
storm impacts, which collectively increase climate change
resilience (Grabowski and Peterson 2007; Grabowski et al.
2012; Narayan et al. 2016). An untold number of small-
scale projects occur throughout the world to restore criti-
cally important habitats for fisheries (e.g., mangroves,
coral reefs, salt marshes, and oyster reefs) as well as
reconnect freshwater, estuarine, and ocean habitats for
diadromous species. Although individual project benefits
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may be relatively small, the proper management and
restoration of nearshore habitat are essential for building
resilience in many fish and invertebrate harvest species
and dependent human communities. In Hawaii, local com-
munities are working to increase resilience by restoring
historical coastal fish ponds that are used to capture and
raise wild fish for consumption. The ponds are in some
cases centuries old, and their restoration serves to connect
the community and reduce the impacts of sea level rise
and storm events while generating a locally sourced pro-
duct (Frank 2018). Across the Pacific, there are large-scale
initiatives to protect and restore fish habitat by reducing
terrestrial sediments and nutrients that impact reef health
(Bell et al. 2013). Integrated catchment management plans
have been developed in Fiji watersheds to reduce the
impacts of land management practices on fish habitat
(Johnson et al. 2019). In addition, work is underway to
enable landward migration of essential habitat, such as
mangroves, as the sea level rises (Bell et al. 2011, 2013) as
well as to enable protection and restoration (Huxman
2013).

Insurance programs can potentially improve the adap-
tive capacity of fisheries, and agricultural insurance pro-
grams provide a potential model for application to
fisheries (Mumford et al. 2009). An insurance could be
designed to reduce the risks of unexpected events (Sethi
2010), such as stock collapse or species range shifts due
to climate change. Vessel owners would pay into a pool
and then receive compensation during poor fishing
years, potentially improving economic stability and
reducing incentives to maximize harvest when abundance
is low. However, such a program could also serve to
subsidize the fishery, thus maintaining overcapacity and
reducing innovation. Additionally, there are numerous
technical challenges for implementing an agricultural
insurance model due to some fundamental differences
between fisheries and agriculture systems. Property rights
and the ability to assess and assign blame for resource
failure are typically less clearly defined in fishery sys-
tems. Crops also often fail in localized areas as opposed
to failure over an entire fish stock's range, so the risks
to insurers are potentially smaller in an agricultural set-
ting. Insurance programs have been developed within
the aquaculture and fisheries sectors but generally for
geographically specific and sessile organisms (Hotta
1999; Fisheries Agency of Japan 2005; Johnson et al.
2019). Insurance programs for wild-caught, mobile, com-
mon-resource fisheries are rare or nonexistent. One of
the most commonly cited examples is for Bristol Bay
Sockeye Salmon Oncorhynchus nerka (Greenberg et al.
2004; Herrmann et al. 2004). A crop insurance-type pro-
gram was not developed for this fishery due to concerns
about sustainability, overcapacity, and specific details for
implementing such a program. That said, modeling

exercises have suggested that fisheries insurance pro-
grams could be developed in certain circumstances with
provisions designed to address these concerns (Ludwig
2002; Mumford et al. 2009).

Permit banks are collections of quota owned by an
entity that can serve multiple purposes, including increas-
ing adaptive capacity and climate change resilience
(CCFT 2015). They are often established to retain quota
within a community, to ensure access by small-scale oper-
ators, to enable new entries into the sector, or for financial
investment purposes. The design of certain permit banks
could provide flexibility to fishing captains by enabling
them to diversify their catch portfolio beyond their specific
licenses and to land more of the species that they encoun-
ter. Permit banks could also be a tool within a market-dri-
ven reallocation scheme to limit transaction costs. In
addition, the flexibility that quota and permit banks pro-
vide has been used to encourage innovation and experi-
mentation by individuals and fishing associations. In some
cases, access to quota at rates below fair market value
increases incentives for fishing vessel captains to partici-
pate in collaborative research activities and to test solu-
tions for improving fishing performance (e.g., gear
modifications; MCFA 2015).

As Atlantic Cod stocks in the northeastern USA have
declined, partially due to climate, the increased regulations
have constrained the ability to catch healthy stocks
because of concerns about catching Atlantic Cod without
any quota. The Maine Coast Fishermen's Association
worked to develop jigging machines with the goal of
catching Pollock Pollachius virens while limiting the
bycatch of Atlantic Cod. Quota from a quota bank
enabled captains and researchers to test the machines by
making it possible to land and sell unexpected catch while
they developed and refined methods for using a new gear
type in a trawl-dominated fishery.

Gear modifications and changes in fishing behavior are
standard practice aboard any vessel in order to catch differ-
ent species, work in different habitats, and avoid undesired
interactions. They are standard tools used on a daily basis
to adapt to a dynamic ocean. Substantial modifications to
gear, however, have the potential to drive major changes in
fishery selectivity and resource impact that increase resi-
liency to climate change. The development of the “elimina-
tor trawl” involved a partnership among fishermen, Rhode
Island Sea Grant, and the University of Rhode Island. Seek-
ing to avoid catching Atlantic Cod, the group designed a
net with 241.3-cm (95-in) mesh panels in the face to take
advantage of behavioral differences between Haddock
Melanogrammus aeglefinus and Atlantic Cod. Sea trials
reduced Atlantic Cod catch by up to 80%, with no signifi-
cant reduction in the targeted Haddock (Beutel et al. 2008),
and trials in Europe produced similar results. Gear modifi-
cations can also increase efficiency, reduce time on the
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water, and reduce emissions. Off Nova Scotia, the scallop
fleet utilized multibeam sonar to locate the highest concen-
trations of scallops (Barange et al. 2018). The fleet reduced
fishing time to almost a quarter of the former amount and
realized a 36% fuel savings. Such targeting tools were only
effective, however, because of strict quota enforcement to
prevent overfishing. The squid fishery off Japan also real-
ized large fuel savings by switching to light-emitting diode
(LED) lights (Barange et al. 2018). Large gains could be
made throughout the fishing industry to reduce greenhouse
gas emissions by incorporating more efficient hull shapes,
engines, fuels, and gear.

Any innovation that is intended to increase the value of
landed catch has the potential to increase revenue and
resiliency within fishing communities (SCF 2007). As new
species move into areas and as regulations ratchet down
catch on traditional species, promoting new and underuti-
lized species has the potential to diversify fishing catch
and increase flexibility (Schumann 2018). Developing new
markets and adding value to existing products will be
essential. In 2017, the Cape Cod Commercial Fishermen's
Alliance donated almost 4,536 kg (10,000 lb) of underap-
preciated species to dining establishments, local events,
and samples for institutional sales in order to promote
awareness and increase local demand for such species
(CCFA 2017). Fishers in Barbados marketed underutilized
fish as fillets instead of the more typical whole fish (John-
son et al. 2019). “Pier to plate” programs are found
throughout the country and are helping to educate the
public on the array of seafood options available locally as
well as to stabilize revenue by increasing the diversity of
product. Improving the quality of products through
approaches such as improved refrigeration or gear switch-
ing (e.g., from trawling to hook and line) can potentially
open up new, more valued markets both locally and inter-
nationally (SCF 2007). On the processor side, innovations
in using formerly discarded waste material for fertilizer or
animal feeds can increase fishing community revenue and
resilience (Schumann 2018).

Community organizations and fishing associations also
have a role to play in simply bringing members of the
industry together to discuss challenges, learn from each
other, and train new entries, particularly with regard to
the skills that they will need in a changing environment.
The Rhode Island fishing industry recently held a series of
events developing an integrated strategy for building long-
term resilience (Schumann 2018). The Maine Fisheries
Forum is a large annual event that brings together indi-
viduals across the fisheries community to build relation-
ships, educate, and promote interaction and sharing
among industry, science, and managers. The NMFS also
recognizes the need for such communication and has initi-
ated meetings that bring together stakeholders to work on
climate change issues (GARFO 2017).

In southeastern Australia, a large-scale workshop con-
vened industry representatives, scientists, managers, and
other stakeholders to identify how a range of fisheries
could adapt to climate change (Pecl et al. 2014). Formal
risk assessments were combined with ecological informa-
tion and stakeholder experience to evaluate which options
were plausible. Participants worked through each fishery,
examining the current known linkages with the environ-
ment and identifying the anticipated changes, and then
outlined the adaptations that would be needed to deal
with those changes. Adaptations were categorized as (1)
autonomous, such as shifting fishing grounds, altering sup-
ply chains, and changing gears, undertaken by the indus-
try to adapt to change; and (2) management policies, such
as regulating catch, adjusting size limits, and implement-
ing gear regulations, which would be enacted by an autho-
rized body (Pecl et al. 2019). The outputs provided
recommendations for each fishery and their feasibility for
implementation.

Aquaculture is often promoted as a potential tool to
increase adaptability and improve fishery-based revenue
(Lovatelli and Cortés 2017). Aquaculture can be resilient
to climate change or can be developed to offset losses due
to climate change, but it must be developed in a carefully
planned manner with a well-developed management plan
that articulates siting, permitting, regulations, enforce-
ment, and safe handling. Rhode Island Sea Grant and the
Coastal Resources Center led a well-integrated stakeholder
process to develop a shellfish management plan covering
wild harvest, aquaculture, and the use of shellfish for habi-
tat restoration (CRC 2014). Although the plan was not
explicitly designed for climate change, the process provides
a model for others to follow. Local governments are often
included in decisions about aquaculture and can be con-
sidered within the larger context of coastal zone manage-
ment. At this scale, issues around habitat, natural
infrastructure, and climate-ready working waterfronts can
also be examined. Maintaining the quality and quantity of
habitat, both inshore and offshore, is essential for main-
taining resilient fish stocks (Kritzer et al. 2016). Although
the management councils lack authority in state waters,
better coordination among councils, NMFS, and local
regulatory agencies is needed to maintain and restore
inshore spawning and nursery areas. This type of coordi-
nation has occurred in the management of anadromous
species and river habitat restoration and could be applied
to a broader array of species that utilize both federal and
state waters. Many local governments recognize that
maintaining and improving working waterfronts are essen-
tial components of climate-resilient fisheries (NIWA
2013); however, financing the likely improvements needed
to prepare docks, transportation, and other infrastructure
for sea level rise and major storm events is challenging.
Both Gloucester and New Bedford, Massachusetts, have
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begun plans to create space for a diversity of marine
industries within their ports to maintain working water-
front and generate revenue that can support the infrastruc-
ture. Similarly, island nations have included the impacts
of sea level rise and extreme weather events in their long-
term planning (Bell et al. 2011).

SUMMARY OBSERVATIONS
Our review indicates that there are relatively few inten-

tional, well-documented examples of tactical responses to
climate change impacts on fisheries. However, in recent
years fisheries management agencies and academic experts
around the world have produced a considerable body of
work characterizing and forecasting ecosystem changes
and fishing community vulnerability. In some jurisdictions,
this foundational work is now driving the development of
policies, strategies, and plans to move from general theory
and principles toward explicitly addressing and mitigating
short- and long-term climate change impacts on natural
resources and fishing communities.

Fishing communities around the world have demon-
strated substantial adaptive capacity, persisting and thriv-
ing over many decades despite diverse challenges ranging
from climate variability to global market dynamics to gen-
trification of working waterfronts. This capacity is not
uniformly distributed across the world, but it is clear that
many fishing community members are adaptation experts,
and many of the responses needed for achieving climate-
ready fisheries will require the adaptive approaches that
are already employed by fishers. Accordingly, community-
based management approaches that directly engage and
enlist fishing groups in management system redesign and
operations will be essential in many jurisdictions, espe-
cially where public funding for natural resource manage-
ment is inadequate.

Status quo fishery management systems are typically
handicapped by excessive lags between signal and response,
with well-intentioned management reactions to resource sta-
tus changes driving conflict and distrust when rule changes
do not match up well with current conditions. Although sig-
nal-to-response lags are a classic, well-known fisheries man-
agement challenge, the speed and magnitude of climate
impacts on coastal and marine benthic and pelagic habitats
are novel and require rapid and decisive management and
industry responses to meet sustainability goals. For exam-
ple, species range shifts are now driving serious allocation
conflicts within and across management jurisdictions. If
these shifts are not proactively anticipated and planned for,
conflict between fishing sectors and management will pre-
vent the collaborative approaches that are needed to design
and implement durable solutions. Similarly, HCRs based
on outdated or inaccurate information erode trust in man-
agement, increase enforcement costs, and sharply heighten

the risks of over- and underharvest. In short, management
systems based on historical or static harvest species distribu-
tion patterns and vital rates will likely fail to meet sustain-
able fisheries goals.

Development and adoption of electronic reporting and
monitoring technologies are well underway and beginning
to improve accountability in many fisheries. Continued
progress in the pace and scale of fisheries data system
modernization is critical—not just for improving catch
accounting but also for shortening signal-to-response lags
and filling diverse data and information gaps to enable
cost-effective adaptive management strategies. Fishery
managers can increase adaptive capacity by developing
predefined responses to a wide array of potential future
conditions through long-term planning that links future
management actions to indicator values provided via
effective real-time monitoring systems. Fishing captains,
anglers, vessels, and entire fleets can now be equipped,
empowered, and organized into effective real-time data
collection systems to “feed” indicator-based frameworks
for nimble, adaptive rulemaking.

Much of the response needed to achieve “climate-
smart” fisheries is simply to do a much better job of
addressing classic fishery management challenges, with
explicit consideration of how climate change exacerbates
them. Similarly, maintaining sustainable fisheries in the
face of climate change will require increased attention to
reducing all of the stressors to the social–ecological sys-
tems in which fisheries exist and persist—from portside
infrastructure decline to eutrophication and coastal habitat
loss.

However, we believe that additional proactive
approaches, including scenario planning and MSE, will be
needed to surface and utilize the collective knowledge of
fishermen, managers, and scientists in the design and
implementation of short- and long-term climate adapta-
tion strategies. The current frontier for sustaining produc-
tive and economically viable fisheries in the face of
climate change is designing and implementing adaptive
management systems that identify and integrate best-fit
approaches and tactics for specific fisheries. The concepts
and specific approaches for implementing climate-ready
fisheries described in this paper provide examples to
borrow, learn from, and build upon.
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