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Abstract
Marine heatwaves are increasingly affecting marine ecosystems, with cascading im-
pacts on coastal economies, communities, and food systems. Studies of heatwaves 
provide crucial insights into potential ecosystem shifts under future climate change 
and put fisheries social-ecological systems through “stress tests” that expose both vul-
nerabilities and resilience. The 2014–16 Northeast Pacific heatwave was the strongest 
and longest marine heatwave on record and resulted in profound ecological changes 
that impacted fisheries, fisheries management, and human livelihoods. Here, we syn-
thesize the impacts of the 2014–2016 marine heatwave on US and Canada West Coast 
fisheries and extract key lessons for preparing global fisheries science, management, 
and industries for the future. We set the stage with a brief review of the impacts of 
the heatwave on marine ecosystems and the first systematic analysis of the economic 
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1  |  INTRODUC TION

Marine heatwaves have increased in frequency, duration, and in-
tensity over the last century (Oliver et al., 2018) and are expected 
to become even more common and severe under climate change 
(Frölicher et al., 2018; Laufkötter et al., 2020). These discrete and 
extended periods of warm water anomalies (Hobday et al.,  2016) 
can greatly impact marine ecosystems (Smale et al., 2019) with cas-
cading impacts on coastal economies, communities, and food sys-
tems (Smith et al., 2021). Learning from past heatwaves is essential 
to building resilience to both future heatwaves and to directional 
warming for two key reasons. First, conditions during heatwaves are 
a harbinger of the future and provide insights on what to expect and 
how to prepare. Second, heatwaves put management systems and 
livelihoods through a “stress test” that exposes vulnerabilities and 
opportunities for increasing resilience.

As of 2022, the 2014–2016 heatwave in the Northeast Pacific 
was the strongest and longest marine heatwave in recorded his-
tory (Laufkötter et al., 2020). It lasted >700 days, spanned >2.5 mil-
lion km2 at its largest extent, and sea surface temperatures were, 
on average, >2.0°C above the climatological mean (Gentemann 
et al., 2017). The heatwave occurred in one of the best monitored 
and managed regions of the world (Gallo et al.,  2022; Hilborn 
et al.,  2020; Melnychuk et al.,  2021), yet still greatly affected 
marine ecosystems and economies (Cavole et al.,  2016). For ex-
ample, the heatwave caused (1) the loss of kelp forests and the 
abalone and urchin fisheries that depend on kelp (Rogers-Bennett 
& Catton,  2019); (2) an unprecedented harmful algal bloom 
that resulted in coastwide shellfish fishery closures (McCabe 
et al., 2016); (3) a spike in humpback whale (Megaptera novaeangliae, 
Balaenopteridae) entanglements resulting from increased overlap 
of whale foraging grounds with the Dungeness crab (Metacarcinus 
magister, Cancridae) fishery (Santora et al., 2020); and (4) recruit-
ment failures for several fishery species (Laurel & Rogers,  2020; 
McClatchie et al., 2016). Learning from these impacts can bolster 

the resilience of monitoring programs, management systems, and 
fishing communities to the negative impacts of future heatwaves 
and climate change.

impacts of these changes on commercial and recreational fisheries. We then examine 
ten key case studies that provide instructive examples of the complex and surprising 
challenges that heatwaves pose to fisheries social-ecological systems. These reveal 
important insights into improving the resilience of monitoring and management and 
increasing adaptive capacity to future stressors. Key recommendations include: (1) 
expanding monitoring to enhance mechanistic understanding, provide early warning 
signals, and improve predictions of impacts; (2) increasing the flexibility, adaptiveness, 
and inclusiveness of management where possible; (3) using simulation testing to help 
guide management decisions; and (4) enhancing the adaptive capacity of fishing com-
munities by promoting engagement, flexibility, experimentation, and failsafes. These 
advancements are important as global fisheries prepare for a changing ocean.
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The heatwave also benefited many species (Cavole et al., 2016), 
which present their own unique management challenges. For exam-
ple, an explosion in the abundance of shortbelly rockfish (Sebastes 
jordani, Sebastidae) in Oregon, a non-target bycatch species, re-
quired rapid management action to avoid the closure of the Pacific 
hake (Merluccius productus, Merlucciidae) fishery, which nearly ex-
ceeded its bycatch limit within the first two weeks of the season 
(NMFS, 2020). Similarly, the northward expansion of California mar-
ket squid (Doryteuthis opalescens, Loliginidae) (Chasco et al.,  2022) 
required rapid management action to regulate the newly emerging 
fishery in northern latitudes (ODFW, 2021). In addition, movement of 
large Pacific bluefin tuna (Thunnus orientalis, Scombridae) into US wa-
ters during the heatwave was a boon for recreational fishing (Runcie 
et al., 2019). However, it increased fishing mortality on this already 
overfished stock and highlighted an incomplete understanding in the 
relationship between local availability and stockwide abundance. 
Flexible, agile, and informed management is thus crucial to preparing 
coastal communities for both positive and negative climate impacts.

Here, we synthesize the impacts of the 2014–2016 marine heat-
wave on fishing communities along the West Coast of the United 
States and Canada and extract key lessons for preparing fisheries 
science, management, and industries for future climate change and 
heatwaves based on this experience. We set the stage with a brief 
review of the impacts of the heatwave on the ecosystem and the 
first systematic analysis of the economic impacts of these changes 
on commercial and recreational fisheries. This analysis examines the 
change in commercial fisheries revenues and recreational fisheries 
landings that occurred during and after the heatwave relative to be-
fore the heatwave. We then examine ten key case studies that pro-
vide instructive examples of the complex and surprising challenges 
that heatwaves pose to fisheries social-ecological systems. These 
reveal important insights into improving the resilience of monitoring, 
management, and adaptive capacity to future stressors.

2  |  THE 2014–2016 MARINE HE AT WAVE

The marine heatwave began in fall 2013 as a large “blob” of anoma-
lously warm water in the Gulf of Alaska (Figure 1; Bond et al., 2015). 
This warm water pool formed as a result of an unusually persistent 
ridge of high atmospheric pressure that reduced storminess, weakened 
surface winds, intensified stratification, and reduced both heat loss to 
the atmosphere and advection of cooler water into the upper ocean 
(Bond et al., 2015). In spring 2014, a separate upper ocean warm pool 
developed in the distant southern California Current ecosystem, as-
sociated with reduced alongshore wind and coastal upwelling. By fall 
2014, these two warm water anomalies merged, encompassing much 
of the Northeast Pacific (Di Lorenzo & Mantua, 2016). The heatwave 
persisted as a result of a strong El Niño that began in mid-2015 and 
caused warm conditions to last until summer 2016 in the California 
Current (Di Lorenzo & Mantua, 2016; Jacox et al., 2016) and through 
2017 in the Gulf of Alaska (Suryan et al., 2021). Throughout this pe-
riod, anomalously warm conditions only abated in spring in nearshore 

upwelling zones during periods of favorable wind stress (Gentemann 
et al.,  2017). However, cool, nutrient-rich, subarctic source water 
was locally available before and during the heatwave (Schroeder 
et al., 2019). During the southern warming event, weakened winter 
storms and upwelling-favorable alongshore winds resulted in persis-
tent stratification of the surface layer. This limited the vertical mix-
ing of cold, nutrient-rich, deep water into surface waters, leading to 
reduced nutrient fluxes into the euphotic zone and deepening of the 
nutricline in 2014–2015 (Zaba & Rudnick, 2016).

These physical changes had profound impacts on plankton com-
munities throughout the California Current ecosystem. In nearshore 
waters, enhanced stratification reduced nutrient renewal, leading 
to low phytoplankton abundance (Delgadillo-Hinojosa et al., 2020; 
Peña et al., 2019). However, in offshore waters, increased stratifica-
tion increased effective light levels in the surface layer and increased 
production in an area normally co-limited by iron and light (Peña 
et al., 2019). These conditions contributed to a harmful algal bloom 
of unprecedented size, duration, and intensity, leading to widespread 
fishery closures and contributing to mass mortalities of seabirds 
and marine mammals (McCabe et al., 2016; McKibben et al., 2017). 
The bloom, composed of diatoms in the Pseudo-nitzschia genus 
(Bacillariaceae), was induced through a perfect storm of events. 
First, anomalously warm conditions allowed Pseudo-nitzschia, which 
is tolerant to low nutrient levels, to thrive in warm, nutrient-poor, 
offshore waters north of its typical range. Then, a series of seasonal 
storms transported the offshore bloom to the coast, where sea-
sonal upwelling injected nutrients that further intensified the bloom 
(McCabe et al., 2016). As for the zooplankton community, abundance 
remained high throughout the heatwave, but with dramatic changes 
in composition. In general, there was a surge in warm-water species 
from southern and offshore waters, an increase in the abundance of 
gelatinous zooplankton, and a decrease in the abundance of crus-
tacean holoplankton, particularly krill (Batten et al., 2022; Brodeur 
et al., 2019; Lilly & Ohman, 2021; McKinstry et al., 2022; Peterson 
et al., 2017; Thompson, Ben-Aderet, et al., 2022). The dominance of 
lipid-poor warm-water zooplankton relative to lipid-rich cool-water 
zooplankton likely contributed to lower productivity in higher tro-
phic levels (Peterson et al., 2017).

The heatwave induced many changes to higher trophic-level 
species. In general, the ranges of southern warm-water fish and 
large invertebrates extended northward, and the ranges of offshore 
warm-water species extended inshore as waters warmed coastwide 
(Thompson, Ben-Aderet, et al., 2022). Interestingly, many cool-water 
species generally appeared to persist within their historical geo-
graphic ranges, likely due to the presence of pockets of cool water 
(Sanford et al., 2019). The heatwave also induced shifts, both positive 
and negative, in the productivity of many ecologically and economi-
cally important fish species (Cavole et al., 2016). For example, while 
rockfish (Sebastes spp., Sebastidae) and Northern anchovy (Engraulis 
mordax, Engraulidae) recruitment was high during the heatwave, 
Pacific sardine (Sardinops sagax, Clupeidae) and salmon recruitment 
was low (Munsch et al.,  2022; Schroeder et al.,  2019; Thompson, 
Ben-Aderet, et al., 2022); hypothesized mechanisms are discussed in 
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4  |    FREE et al.

greater detail in the case studies below. Furthermore, the heatwave 
reduced the nutrient content of key forage fish species as result of 
shifts in the availability of their prey (Mantua et al., 2021; von Biela 
et al., 2019). In some cases, changes in the abundance, composition, 
and nutrient content of forage fish triggered the mass mortality of 
marine mammals (NMFS,  2022) and seabirds (Drever et al.,  2018; 
Jones et al., 2018, 2019; Piatt et al., 2020). In other cases, high re-
cruitment of anchovy and other fishes during the heatwave fueled 
marine mammals and seabird population growth that have persisted 
to at least 2021 (Thompson, Ben-Aderet, et al., 2022).

3  |  SOCIOECONOMIC IMPAC TS OF THE 
HE AT WAVE ON FISHERIES

The socioeconomic impacts of the heatwave on commercial, rec-
reational, and Indigenous fisheries are documented for some high 
profile fisheries suffering large negative impacts, but have not been 

systematically quantified for the majority of the coast's fisheries. 
In the United States, federal fisheries disasters were declared as 
a result of the heatwave for commercial and Indigenous fisheries 
targeting Dungeness crab and rock crab (Cancer spp., Cancridae), 
Pacific sardine, red sea urchin (Mesocentrotus franciscanus, 
Strongylocentrotidae), and many salmon stocks (Figure 2), resulting 
in over US $141 million in relief to impacted fishers, processors, and 
dealers (Bellquist et al., 2021). Among these disaster declarations, 
the largest appropriation (US$56.3 million) was to the Gulf of Alaska 
pink salmon (Oncorhynchus gorbuscha, Salmonidae) industry follow-
ing low salmon returns attributed to poor oceanographic conditions 
(Pritzker, 2017a). The second largest appropriation (US$25.8 million) 
was to the California Dungeness crab industry following extended 
fishery closures due to harmful algal blooms (Pritzker,  2017b). 
Amongst recreational fisheries, negative economic impacts are 
best documented for razor clams (Siliqua patula, Pharidae; Ekstrom 
et al., 2020; Moore et al.,  2019; Ritzman et al., 2018), which sup-
port large tourist economies in Oregon and Washington (Dyson & 

F I G U R E  1  History of marine heatwaves on the US and Canada West Coast based on analysis of the COBE Sea Surface Temperature (SST) 
dataset (Ishii et al., 2005). In (a), grey lines indicate the Exclusive Economic Zones of southern (sCA), central (cCA), and northern California 
(nCA), Oregon (OR), Washington (WA), British Columbia (BC), and the Gulf of Alaska (AK). The lower panels show the history of marine 
heatwaves (b) across these seven regions and (c) within each of the seven regions. Heatwave conditions were identified as temperatures 
above the 90% of the historical climatology (1980–2010) for a given month and raster cell (Hobday et al., 2016); thus, heatwave intensity 
represents the difference between the observed temperature and the 90% heatwave threshold. In (b), heatwave intensity is averaged across 
all cells experiencing heatwave conditions.
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    |  5FREE et al.

Huppert, 2010). The 2015 harmful algal bloom caused widespread 
closures in both states causing an estimated loss of US$22 million 
in tourism revenues (Mapes, 2015). In addition to causing increased 
financial hardship, these events contributed to increased emotional 
stress and reduced sociocultural well-being (Moore et al., 2020).

To provide the first systematic overview of the potential eco-
nomic impacts of the heatwave on the commercial fisheries of 
the US and Canada West Coast, we compared revenues during 

(2014–2016) and after the heatwave (2017–2019) with revenues 
before the heatwave (2011–2013) using commercial landings data 
(see Appendix S1). To account for inflation, we adjusted all revenues 
to 2020 USD. This analysis is limited in that it cannot attribute cau-
sality, it does not account for lags in heatwave impacts (which may 
be minimal for range shifts or for especially fast-lived species, or 
delayed for species that recruit into the fishery at age 2 or older; 
White et al., 2022), and it assumes that profits are proportional to 

F I G U R E  2  History of US federal fisheries disaster declarations on the West Coast from 1989 to 2020 based on the database of Bellquist 
et al. (2021). Grey shading indicates years of the 2014–2016 marine heatwave. Disaster declarations for Alaska fisheries occurring outside 
the Gulf of Alaska (GOA) are excluded.
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6  |    FREE et al.

revenues, but it still provides useful insights into the identity and 
rank order of potential heatwave “winners” and “losers”. We found 
that fleetwide revenues fell during the heatwave in California and 
Alaska, were stable in Oregon and Washington, and increased 
in British Columbia. The largest decreases occurred in California 
(Figure  3a), largely due to exceptionally high revenue losses in 
California's Dungeness crab, Pacific sardine, and market squid fish-
eries (Figure 3b). Whereas a small dip in revenues rebounded to pre-
heatwave levels in Oregon and Washington, revenues remained low 
in both Alaska and California throughout the three years following 
the heatwave (Figure 3a). British Columbia experienced higher reve-
nues after the heatwave than in either the periods before or during 
the heatwave, largely driven by increases in revenues from coastal 
pelagic species. All four US states saw revenue losses in coastal pe-
lagic fisheries and significant revenue increases in shrimp fisheries 
during the heatwave. Only California saw increases in revenues in 
fisheries for highly migratory species during the heatwave, and only 
Oregon saw increases in revenues from bivalve fisheries (Figure 3b). 
Among management groups with reduced revenues during the heat-
wave, recovery to pre-heatwave revenues only occurred in Oregon 
and Washington's Dungeness crab fisheries and British Columbia's 
salmon fisheries. Species-specific results show an array of winners 
and losers, illustrating the complex heterogeneity of heatwave im-
pacts (Figure S1).

We performed a similar analysis on recreational fisheries land-
ings using estimates of the number of fish retained across all fish-
ing modes (e.g., charter/private boats, jetties, piers, beaches, etc.) 
(see supplemental information). Recreational fisheries are signifi-
cantly larger in California than in British Columbia or the other US 
states (Figure 4). Overall, recreational landings in California declined 
during and after the heatwave, though this may be part of a longer-
term trend (Figure 4a). Declines during the heatwave were driven 
by large declines in coastal pelagic species (e.g., sardine, anchovy), 
flatfish, and other miscellaneous species and were only slightly off-
set by large increases in tuna, roundfish (e.g., sablefish, hake, cod), 
surfperch, and rockfish (Figure  4b). Overall, recreational landings 
in Oregon, Washington, and Alaska have been relatively constant 
through time and even increased during the heatwave (Figure 4a). 
In these states, increased landings were apparent in every spe-
cies group except sharks and rays and the “other fish” category 
(Figure 4b). As with commercial fisheries revenues, species-specific 
results show a diversity of impacts (Figure S2).

Indigenous fisheries in the Pacific Northwest are especially vul-
nerable to climate change (Koehn et al., 2022) and they were likely 
disproportionately impacted by the heatwave. Although limited in-
formation on Indigenous landings and revenues in public databases 
precludes impact analyses like those above, US federal fishery di-
saster declarations provide some indication of the socioeconomic 
impacts of the heatwave on Native American fisheries (First Nation 
fisheries are not considered because Canada does not have an anal-
ogous disaster relief program). Tribal fishery disaster declarations, 
primarily occurring among salmon fisheries, significantly increased 
beginning in 2017 as the impacts of the heatwave were fully realized 

(Bellquist et al.,  2021). Fifteen individual tribes and four tribal as-
sociations representing ~200 tribes across the Pacific Northwest 
and Alaska were impacted by these disasters (Bellquist et al., 2021). 
Overall, US$111–188 million was appropriated to tribal fishing 
communities as a result of the heatwave. However, disaster decla-
rations do not fully capture impacts to Indigenous fisheries, which 
provide significant sociocultural and subsistence values (Crosman 
et al., 2019). More cooperative research is necessary to characterize 
the impacts of climate change and heatwaves on Indigenous com-
munities and to identify and implement actions for bolstering their 
resilience to these impacts (Mason et al., 2022).

4  |  C A SE STUDIES

In this section, we present ten key case studies that provide in-
structive examples of the complex and surprising challenges that 
heatwaves pose to fisheries social-ecological systems and reveal 
important insights into improving the resilience of monitoring, 
management, and adaptive capacity to future stressors (Figure 5). 
These case studies represent a diversity of management regimes 
(international, federal, state), sectors (commercial, recreational, 
Indigenous), and taxonomic groups (finfish, crabs, shrimp, squid, aba-
lone, urchins). Case studies were selected to describe both positive 
and negative heatwave impacts. The five case studies focused on 
negative impacts are all fisheries that received US federal disaster 
relief as a result of the heatwave: Pacific cod (Gadus macrocephalus, 
Gadidae), urchin/abalone, Chinook salmon (Oncorhynchus tshawyts-
cha, Salmonidae), Dungeness crab, and Pacific sardine. The five case 
studies focused on positive impacts were selected based on com-
mon examples from the literature (Pacific bluefin tuna, California 
market squid, two rockfish species; see Cavole et al., 2016) and a 
prominent example from this study's data analysis (shrimp). In each 
case study, we provide a brief overview of the fishery, the impact of 
the heatwave on the fishery, the response of industry and manage-
ment to these impacts, and the revealed opportunities for improving 
resilience to future heatwaves and climate change.

4.1  |  Pacific cod

Pacific cod has long supported a productive commercial fishery in 
the Gulf of Alaska. However, in 2017, a sudden and severe decline in 
biomass was detected that could not be explained by harvest alone 
(Barbeaux et al.,  2021). Rather, the stock experienced the double 
impact of increased adult mortality and sustained low recruitment 
due to the heatwave. High mortality of adult cod was associated 
with poor body condition (Barbeaux et al.,  2020) due to reduced 
prey availability and increased metabolic demands during the heat-
wave (Piatt et al., 2020; Rogers et al., 2021; von Biela et al., 2019). 
Simultaneously, warm water at depth likely reduced egg survival and 
recruitment (Laurel & Rogers, 2020). Heatwave conditions returned 
in 2019, further depressing recruitment and delaying recovery of the 
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    |  7FREE et al.

stock. Despite severe reductions to catch limits for 2018 and 2019 
in response to these declines, declines continued, leading the North 
Pacific Fisheries Management Council to close the directed fed-
eral Pacific cod fishery for 2020 (Barbeaux et al., 2021; Figure 6b). 
Impacts to fishing communities were significant, leading to a federal 
fisheries disaster declaration. By 2022, the stock was increasing, 
but catch limits remained a small fraction of pre-heatwave levels. 
The management response to the dramatic stock declines reflects 
the system of ecosystem-based fisheries management in Alaska and 
highlights lessons for fisheries management under rapidly changing 
environmental conditions. First, precautionary buffers, which re-
duce catch limits from the maximum allowable, can be used when 
ecosystem conditions raise red flags for a stock that are not captured 
in the stock assessment process (Dorn & Zador, 2020). Continued 
incorporation of ecosystem information into the management pro-
cess can allow managers to respond precautionarily, but requires 
effective monitoring and research to be most effective (Peterson 
Williams et al.,  2022). Second, a forward-looking perspective is 
needed: for instance, recruitment projections based on historical 
observations and relationships become less informative when ap-
plied to unprecedented ocean conditions (Litzow et al., 2021). Early 

warning indicators can enable proactive management in the case of 
rapid ecosystem or stock shifts (Litzow et al., 2022). Finally, climate-
linked stock assessment approaches (Barbeaux et al., 2021) will be 
important for proactively responding to future heatwaves and other 
extreme events.

4.2  |  Kelp, urchin, abalone

In 2015, a perfect storm of stressors tipped bull kelp (Nereocystis 
luetkeana, Laminariaceae) forests in northern California into unpro-
ductive urchin barrens, ultimately causing the collapse of the rec-
reational abalone and commercial urchin fisheries, both of which 
are kelp herbivores (Rogers-Bennett & Catton, 2019). This began in 
summer 2013 when Sea Star Wasting syndrome caused a massive 
die-off of sunflower sea stars (Pycnopodia helianthoides, Asteriidae), 
an important predator of urchins in kelp forest ecosystems (Harvell 
et al., 2019). Then, in 2014, warm waters and nutrient limitation sup-
pressed kelp growth and spore production, reducing productivity 
(Rogers-Bennett & Catton, 2019). As a result of reduced productivity 
and increased urchin grazing pressure following predation release, 

F I G U R E  4  Recreational fisheries landings by (a) state and (b) state and taxonomic group before, during, and after the 2014–2016 marine 
heatwave (MHW) based on multiple recreational landings databases. In (a), light lines indicate time series of total annual landings and dark 
lines indicate the mean total annual landings for years before (2011–2013), during (2014–2016), and after (2017–2019) the heatwave. In (b), 
the size of the points plotted in the “before” column indicate mean annual landings during the years before the heatwave and the colors 
plotted in the “during” and “after” columns indicate the percent change in revenues relative to the years before the heatwave. Taxonomic 
groups are vertically ordered from greatest losses (bottom) to the greatest gains (top) in revenues during the heatwave averaged across 
states.

 14672979, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/faf.12753 by U

niversity O
f A

laska Southeast, W
iley O

nline L
ibrary on [27/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8  |    FREE et al.

bull kelp forests were reduced by >90% along the northern California 
coast (McPherson et al., 2021; Rogers-Bennett & Catton, 2019). In 
2015, the loss of kelp forage resulted in the collapse of the com-
mercial red sea urchin fishery. While the abundance of red sea ur-
chins, which are marketed for their roe, remained high, starvation 
due to lack of kelp led to poor gonad production and unmarketable 
urchins. This collapse was declared a federal fisheries disaster and 
US$3.3 million in disaster relief was distributed to impacted fishers, 
processors, and dealers (Bellquist et al.,  2021). In 2017, the mass 
mortality of red abalone (Haliotis rufescens, Haliotidae) due to star-
vation (kelp is their primary food source) led to the closure of the 
recreational abalone fishery in California and Oregon (Figure  6c), 
which previously supported ~35,000 participants and the infusion 
of US$24–44 million into local economies annually (Reid et al., 2016). 
The fishery remains closed at the time of writing (Jan 2023). Active 
recovery facilitated by reductions in urchin grazing pressure and 
enhancements to kelp growth could increase the resilience of kelp 
forests and the fisheries they support to climate change (Hamilton 
et al.,  2022; Hohman,  2019). The first could involve encouraging 
new fisheries for purple sea urchin (Strongylocentrotus purpuratus, 
Strongylocentrotidae), which are less attractive than red urchins 

because they are smaller, have smaller gonads (the marketed prod-
uct), and require more effort to harvest and process (Parker & 
Ebert, 2003). The latter might involve area-based protection or active 
restoration through seeding (Arroyo-Esquivel et al., 2022); however, 
restoration is expensive and may require developing new strategies 
to finance the restoration of these ecosystems (Eger et al., 2020).

4.3  |  Chinook salmon

Chinook salmon range from central California to Alaska and support 
Indigenous, commercial, and recreational fisheries of considerable 
economic (Richerson et al.,  2018), subsistence (Poe et al.,  2015), 
and cultural (Campbell & Butler, 2010) value. The Sacramento and 
Klamath River Fall Chinook salmon stocks of southern Oregon are 
primarily regulated using harvest control rules based on forecasts of 
preseason abundance. In general, both forecast models are based on 
the previous year's returns (Peterman, 1982; Winship et al., 2015); 
they do not explicitly include environmental covariates, despite 
their known importance (Friedman et al., 2019; Wells et al., 2016), 
due partially to concerns about their long-term predictive power 

F I G U R E  5  Case studies evaluated in this paper. Case studies were selected to illustrate instructive examples of West Coast fisheries that 
experienced either positive (n = 5) or negative (n = 5) social-ecological impacts during the 2014–2016 marine heatwave and to derive insights 
into improving monitoring, management, and adaptive capacity of communities to be more resilient to future heatwaves and climate change. 
Photo credits: NOAA (California market squid, northern anchovy, Pacific bluefin tuna, Pacific sardine, Pacific cod), CDFW (Chinook salmon, 
Dungeness crab, Pacific pink shrimp, red sea urchin), and WDFW (shortbelly rockfish).
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    |  9FREE et al.

(Wainwright,  2021; Winship et al.,  2015). The marine heatwave 
impacted juveniles entering the ocean in 2014–2016, which means 
that the impacts of the heatwave were not realized until these co-
horts returned as adults, primarily in 2016–2019. During the return 
period, the models for each stock successfully forecasted low pre-
season abundance, but tended to overestimate the actual return 
size (Figure  6d). In the Klamath River, the 2016 run size was the 
lowest since 1983 and the 2017 run size was the third-lowest. In 
the Sacramento River, 2016 escapement was below average and 

2017 escapement was the second-lowest since 1983. As a result, 
both stocks were declared overfished in 2018 and several federal 
fishery disasters were declared, impacting both commercial har-
vesters and Klamath Basin tribes. These disasters were attributed 
to the marine heatwave and simultaneous extreme drought condi-
tions that resulted in warmer river temperatures and anomalously 
low water levels (PFMC, 2019a, 2019b). While catch limits were ad-
justed downwards in response to low preseason abundance fore-
casts, they were not reduced as much as they would have been if the 

F I G U R E  6  Illustrations of some of the negative ecological and economic impacts of the 2014–2016 marine heatwave. Panel a shows the 
history of closures to the commercial Dungeness crab fishery due to domoic acid contamination, whale entanglement, and meat quality. 
Panel b shows the collapse of the commercial Pacific cod fishery in the Gulf of Alaska after increased adult mortality and reduced juvenile 
recruitment during the heatwave. Panel c shows the collapse and closure of the recreational red abalone fishery during the heatwave. Panel 
d shows the collapse of the commercial Klamath River Fall Chinook salmon fishery after the marine heatwave and the contribution of overly 
optimistic model forecasts. Panel e shows the collapse of the commercial Pacific sardine fishery and its closure during the heatwave (see 
Figure S3 for the increase in Northern anchovy documented in this case study).
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10  |    FREE et al.

impacts of the heatwave and drought had been perfectly forecast. 
Thus, optimistic model forecasts and/or insufficiently precautionary 
control rules may have contributed to overharvest and the eventual 
overfished designation. This suggests that improved forecasts and 
control rules could ameliorate overharvest risk. However, even with 
perfect foresight, poor environmental conditions still lead to loss in 
commercial revenues, recreational fishing opportunities, and cultural 
and subsistence benefits in Indigenous fisheries (O'Rourke,  2018; 
PFMC, 2018, 2019b). This highlights the importance of incorporat-
ing additional precaution to account for uncertainty (Satterthwaite 
& Shelton,  2023) and enhancing the resilience of the salmon pro-
duction system to all climate impacts (e.g., drought, flood, terrestrial 
heatwaves) through freshwater and estuarine habitat restoration 
(Munsch et al., 2022; Sturrock et al., 2019). It also highlights the im-
portance of increasing community resilience by, for example, pro-
moting the ability to switch to alternative fisheries.

4.4  |  Dungeness crab

The Dungeness crab fishery is the US West Coast's most lucrative 
commercial fishery and is the primary source of income for a large 
proportion of fishers coastwide (Fuller et al.,  2017). Historically, 
this fishery has been managed profitably and sustainably by limit-
ing harvest to large male crabs during a November–August season 
(Richerson et al.,  2018). However, the heatwave significantly dis-
rupted the fishery through two indirect pathways. First, the 2015–
2016 harmful algal bloom triggered widespread fishery closures 
due to unsafe levels of biotoxins in crabs (Figure 6a). Closures were 
especially harmful in California, where they delayed the traditional 
November season start to mid-April (McCabe et al., 2016). As a re-
sult, the 2015–2016 season was declared a federal fisheries disaster 
and US$25.8 million in disaster relief was allocated to impacted fish-
ers, processors, and dealers, though not until over three years later 
(Bonham, 2018). When indirect losses from other fisheries were in-
cluded, the delay was associated with >$43 million in lost income 
(Holland & Leonard, 2020). Second, these delays led the fishery to 
open when humpback whales were returning north, intensifying the 
overlap between nearshore fishing and migrating whales. This over-
lap was further exacerbated by the heatwave-induced nearshore 
compression of coastal upwelling, which caused spatial shifts in 
forage species availability (i.e., offshore krill abundance decreased 
while inshore anchovy abundance increased), leading to a dramatic 
spike in whale entanglements in crab pot lines (Santora et al., 2020). 
This precipitated a lawsuit alleging that California's management 
of the Dungeness crab fishery threatened endangered species 
and was non-compliant with the Endangered Species Act (CA-DOJ 
2017). These events prompted an overhaul of California's entangle-
ment risk management program (CDFW,  2020), which has imple-
mented early closures in the last four fishing seasons (2018–2019 
to 2021–2022) to reduce entanglement risk. This has been effective 
at reducing entanglements but at significant cost to fishers (Seary 
et al., 2022). Increasing the resilience of the Dungeness crab fishery 

could be advanced by: (1) expanding the spatial–temporal scale of 
biotoxin monitoring to enable surgical closures that protect public 
health with the least impacts on fishers (Free, Moore, et al., 2022); 
(2) continuing to refine entanglement prevention strategies that 
are co-developed with stakeholders and are proven to be effective, 
robust or adaptable to changing conditions, and minimally impact-
ful on fishers (CDFW,  2015; Samhouri et al.,  2021); (3) reforming 
the federal fisheries disaster program to provide fast, accurate, and 
equitable relief (Bellquist et al., 2021); and (4) easing access to al-
ternative fisheries as a means of diversifying fishing opportunities 
(Oken et al.,  2021) and potentially escaping the “gilded trap” pre-
sented by the lucrative, yet volatile, Dungeness crab fishery (Fisher 
et al., 2021).

4.5  |  Pacific sardine and northern anchovy

Pacific sardine and northern anchovy have historically been two 
of the most abundant and ecologically important forage species in 
the California Current. Populations of both species are character-
ized by highly variable “boom-and-bust” cycles, even in the absence 
of fishing (McClatchie et al., 2018). For decades, this variability was 
believed to relate to basin-scale oceanographic regimes (e.g., the 
Pacific Decadal Oscillation), with warm conditions favouring sar-
dine and cool conditions favouring anchovy (Chavez et al.,  2003; 
Lluch-Belda et al., 1991; Rykaczewski & Checkley, 2008), but recent 
patterns have challenged this correlation. Although it was predomi-
nantly cool from 1999 to 2013, anchovies were abundant during 
warm conditions from 2004 to 2006 and remained scarce during 
the other cool years (Sydeman et al., 2020). Moreover, the heatwave 
was expected to help recover the declining sardine population and 
curb growth in an increasing anchovy population; instead, sardine 
abundance continued to decline throughout the heatwave (Nielsen 
et al., 2021), contributing to the closure of the directed fishery in 
2015 (Figure 6e), while anchovy abundance rose to near record highs 
(Figure S3) (Thompson, Ben-Aderet, et al., 2022). Although the envi-
ronmental mechanisms driving fluctuations in sardine and anchovy 
abundance remain poorly resolved, Swalethorp et al.  (2022) found 
that changes in larval anchovy diet explained a significant propor-
tion of spawning stock biomass two years later. Shifting anchovy and 
sardine dynamics illustrate the risks of relying on historical statisti-
cal correlations to guide management decisions, as climate change 
increasingly results in no-analog conditions in ecosystems such as 
the California Current. Although anchovy do not support substantial 
fisheries, their high biomass inshore likely contributed to increased 
entanglements of humpback whales with crab fishing gear (Santora 
et al., 2020), but also appears to have led to a trend of more and 
healthier sea lion pups since 2016 in the California Channel Islands 
(Weber et al., 2021) and successful nesting of resident seabirds on 
Southeast Farallon Island (Fennie et al. in review). While the heat-
wave did not trigger the initial decline in sardine biomass, the lack 
of recovery of this species continued to cause loss of revenue for 
direct commercial fisheries, and for the live-bait fishery supporting 
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recreational fishers (PFMC,  2020). Successfully managing these 
species under future climate conditions will require a better under-
standing of the links between complex environmental changes (be-
yond temperature alone), foraging ecology, and productivity of the 
stock, and/or using management strategies that are robust to these 
dynamics and limit impacts on seabirds, marine mammals, and other 
protected species (Siple et al., 2019).

4.6  |  Pacific bluefin tuna

Pacific bluefin tuna, targeted by recreational fisheries in both 
US and Mexican waters, and by commercial fisheries primarily in 
Mexican waters, increased in availability and size during the heat-
wave (Heberer & Lee, 2019; Runcie et al., 2019). For example, the 
proportion of annual recreational bluefin landings from Commercial 
Passenger Fishing Vessels (CPFVs) landings showed a shift to US 
waters coinciding with the heatwave (Figure 7a). Before 2014, US 
waters accounted for an average of 23% of annual CPFV bluefin 
landings, but accounted for an average of 75% of annual landings 
from 2014 to 2021. While this shift could partially be explained by 
regulatory shifts, such as when Mexico began enforcing restric-
tions against US recreational vessels in 2012, the shift occurred 
later and offshore fishing by US vessels was still allowed with a 
permit. Additionally, before the heatwave, the majority of bluefin 
were landed in warm summer months and were less than 2 years old 
(ISC, 2020). Since 2014, warm waters extended availability through-
out the year and more large bluefin (many 4–6 year-olds) were 
landed (James et al., 2021). This increase in size is supported by time 
series analyses of recreational bluefin tuna “trophy” sizes (Bellquist 
et al., 2016) (Figure S4). Furthermore, the heatwave drove dietary 
shifts that may have affected availability (Portner et al.,  2022). In 
2015–2016, bluefin diets abruptly switched to domination by pe-
lagic red crabs (Pleuroncodes planipes, Munididae), coincident with 
the anomalous northward advection of this southern crustacean 
(Cimino et al., 2021). In 2016, bluefin also increased their consump-
tion of anomalously abundant anchovies (Thompson, Ben-Aderet, 
et al., 2022). This switch towards more epipelagic prey may have in-
creased the aggregation of bluefin near the surface, where they are 
more vulnerable to fishing. Increased availability and size drove in-
terest in recreational trips targeting bluefin and provided substantial 
economic benefits to the CPFV fleet. This was especially beneficial 
given low numbers of albacore (T. alalunga, Scombridae), the tradi-
tional target for many vessels. Benefits for commercial vessels were 
limited given low quotas for this overfished stock (ISC, 2020); in fact, 
increased availability introduced management challenges. In 2017, 
the US exceeded its catch limit by more than 50 metric tons (mt) 
due to high local availability, increased purse seine effort, and a sev-
eral day lag in catch reporting, resulting in the August closure of the 
fishery (Laughlin, 2018). Mexico's purse seine fishery also reached 
its harvest limits by July in both 2014 and 2015. This illustrates 
how locally increased abundance of species subject to strict har-
vest control rules can challenge fisheries management. Increasing 

the resilience of this highly migratory species will require improved 
understanding of bluefin ecology, distribution, and migratory move-
ments to help managers better anticipate and respond to challenges 
posed by future change.

4.7  |  California market squid

The heatwave triggered significant range expansions and geographi-
cal shifts in the productivity of California market squid, a southern 
warm-water species, which have persisted beyond the heatwave 
years and resulted in emerging fisheries in sudden need of man-
agement. Historically, the range of market squid has been concen-
trated in California, where it supports one of the state's largest and 
most valuable fisheries (Free, Vargas Poulsen, et al.,  2022). In the 
past, strong El Niño conditions have supported temporary (weeks 
long) extensions of market squid range as far north as the Gulf of 
Alaska, where waters are normally too cold for this warm-water 
species. However, the 2014–2016 marine heatwave resulted in a 
pronounced northward shift that has persisted longer than ever re-
corded (Burford et al.,  2022; Chasco et al.,  2022; Navarro,  2020). 
From 2016 to 2020, California's landings fell by more than 50% rela-
tive to the previous 5 years, while Oregon's landings increased by 
orders of magnitude (Figure 7b). During the same time period, squid 
observations increased throughout the Gulf of Alaska, with spawn-
ing seen as far as Kodiak Island (Navarro et al., 2018) and adults seen 
as far as the Shumagin (East Aleutian) Islands (Eiler, 2021). The de-
velopment of a significant squid fishery in Oregon ignited demand 
for new regulations to reduce conflicts with other fishing gears (e.g., 
Dungeness crab pots), bycatch (e.g., Dungeness crab and salmon), 
and impacts on benthic habitats (ODFW, 2021). Similarly, a proposal 
for a new market squid fishery in Alaska was submitted in 2017 
(Peeler, 2018), but was not passed due to concerns over bycatch of 
Chinook salmon, which are declining in abundance. Similar proposals 
are likely to resurface as warming waters decrease the productivity 
of traditional target species (Cheung & Frölicher, 2020) and increase 
the availability of market squid as a profitable alternative. This case 
study illustrates how managers will need to prepare for rapidly 
emerging fisheries that introduce novel conflicts between fisher-
ies and between economic and conservation goals. While improved 
monitoring and forecasting may help, decisions will still need to be 
made on short notice and with limited data, especially for species 
with fast life histories like squid.

4.8  |  Shrimp species

In our systematic analysis of fisheries revenues, West Coast com-
mercial shrimp fisheries showed one of the strongest and most con-
sistent increases in revenues during the heatwave (Figure  3), but 
have received little attention in the scientific literature. Revenues 
of Pacific pink shrimp (Pandalus jordani, Pandalidae), the 5th most 
important US West Coast fishery species in terms of revenues 
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12  |    FREE et al.

over the last decade and by far the most significant shrimp species 
(PSMFC, 2021), experienced an enormous spike in revenues in both 
Oregon and Washington in 2015 (Figure  7c). Similarly, ridgeback 
prawn (Sicyonia ingentis, Sicyoniidae) experienced a profound spike in 
revenues in California, the only state in which it is fished (Figure 7c). 
Spot prawn (Pandalus platyceros, Pandalidae) revenues increased 
throughout the heatwave, continuing growth observed since 2003 
(Figure 7c). These increases were unexpected as Pacific shrimp are 

generally thought to experience low recruitment in warm years and 
to have low landings following El Niño events (Groth et al.,  2017; 
Groth & Hannah, 2018). Furthermore, jellies, which clog the bycatch 
reduction devices required in shrimp trawl nets, were highly abun-
dant during the heatwave, requiring shrimpers to develop innova-
tive methods for maintaining flow through nets (Groth et al., 2017). 
Ultimately, the 2015 revenue spike can be explained by record high 
prices, determined by global markets, with assistance from a strong 

F I G U R E  7  Illustrations of some of the positive ecological impacts of the 2014–2016 marine heatwave. Panel a illustrates the increased 
availability of Pacific bluefin tuna in US waters during the heatwave. Panel b illustrates the persistent northward shift of California market 
squid landings initiated during the heatwave. Red colors indicate port complexes in California and blue colours indicate port complexes in 
Oregon. Panel c illustrates the spike in revenues in the commercial Pacific pink shrimp and ridgeback prawn fisheries during the heatwave 
and the continued growth of the commercial spot prawn fishery through the heatwave. Panel d illustrates how the enormous spike in British 
Columbia bocaccio recruitment is projected to lead to the rebuilding of this endangered stock. In the boxplots, the solid line indicates the 
median, the box indicates the interquartile range (IQR; 25th–75th percentiles), the whiskers indicate 1.5 times the IQR. Note the log-scale. 
Panel e illustrates the explosion in shortbelly rockfish bycatch following anomalous recruitment during the heatwave.
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cohort of 2-year-old shrimp from 2013 (Groth et al., 2022). Although 
the Oregon Department of Fish and Wildlife identified revisiting the 
relationship between shrimp recruitment and environmental condi-
tions as a top research priority (Groth et al., 2017), it also highlighted 
that continued monitoring and improved stock assessment are, 
perhaps, more important to near-term fisheries outcomes. In fact, 
improved monitoring and more frequent assessments may explain 
the apparent resilience of these stocks to climate change, as rapid 
observations and assessments may provide more useful decision-
support information than climate-linked forecasts for short-lived 
species. This case study highlights that: (1) global markets and 
lagged population dynamics can potentially mitigate (or, in other sit-
uations, exacerbate) heatwave impacts; (2) innovation by fishermen 
can overcome some negative heatwave impacts; and (3) addressing 
climate impacts may not be the highest priority if there are more 
pressing concerns (e.g., improving stock assessments, especially for 
short-lived species).

4.9  |  Bocaccio rockfish

In British Columbia, Canada, bocaccio rockfish (Sebastes paucispinis, 
Sebastidae) are regularly caught by the commercial trawl fleet 
(Starr & Haigh, 2022). The stock experienced a prolonged decline in 
spawning biomass from 1935 to 2020, despite relatively low exploi-
tation rates, due to sustained low recruitment and lower produc-
tivity than expected (Starr & Haigh, 2022) (Figure 7d). As a result, 
the Committee on the Status of Endangered Wildlife in Canada 
designated the stock as Threatened in 2002 and Endangered in 
2013 (COSEWIC, 2013). In response, management reduced allow-
able catch and introduced trip limits with priority access for First 
Nations and scientific surveys and the total mortality cap reached a 
low of 80 mt by 2016 (DFO, 2022). The commercial fleet was largely 
successful in actively avoiding the species and averaged only 69 mt 
from 2015 to 2019. However, by the late 2010s, increasing abun-
dance of bocaccio began to significantly limit the ability for the fleet 
to avoid this “choke species” (i.e., a species with low quotas relative 
to other species in a multi-species fishery) and target other more 
common species (Pawson,  2021). The 2019 stock assessment es-
timated a massive recruitment event in 2016 at 44 times average 
recruitment from the previous 85 years (Figure  7d), large enough 
to rebuild the stock above the limit reference point with 95% prob-
ability within four years (DFO, 2020; Starr & Haigh, 2022). This re-
cruitment may have been due to the heatwave-induced availability 
of oxygen-rich water at depth during gestation (DFO, 2020; Starr & 
Haigh, 2022). The 2021 stock assessment update estimated an even 
larger 2016 year class (47 vs. 25 million one-year olds in 2017) and a 
more rapid recovery with the stock in the “healthy zone” (>0.8BMSY) 
with 87% probability by 2022 and near 100% probability by 2024 
(DFO, 2021). Given this new science advice, management raised the 
bocaccio total mortality cap to 300 mt in 2020–2021, 500 mt in 
2021–2022, and 1800 mt for 2022–2023 (DFO,  2022). However, 
First Nations raised concerns about the short-term harvest 

perspective implied by the rapidity of total allowable catch in-
creases and the lack of inclusiveness in management decisions and 
suggested an approach that acknowledges long-term uncertainties 
about stock productivity and ecosystem needs (CCIRA, 2022). This 
case study is a success story in terms of the natural and unexpected 
rebuilding of an endangered fish stock, but highlights institutional 
challenges in responding rapidly to sudden increases in abundance 
of choke species, and raises questions about long-term manage-
ment of stocks dependent on rare, environmentally driven recruit-
ment events.

4.10  |  Shortbelly rockfish

Shortbelly rockfish are an important prey species for seabirds and 
marine mammals in the California Current, and a non-target bycatch 
species in the commercial rockfish and Pacific hake trawl fisheries. 
In 2018, an explosion in shortbelly rockfish abundance following 
high recruitment during the marine heatwave nearly caused the clo-
sure of the hake fishery. In 2001, the Pacific Fisheries Management 
Council (PFMC) established a catch limit for shortbelly rockfish 
based on the belief that a commercial fishery would develop (Field 
et al., 2007). Although a directed fishery did not emerge, catch limits 
remained in place. Historically, shortbelly bycatch in the hake fishery 
has not approached the limit, but this changed radically as a result 
of the heatwave. Within the first two weeks of the 2018 fishing sea-
son, the commercial hake fishery off Oregon encountered several 
shortbelly bycatch hotspots and came very close to exceeding the 
annual catch limit (Figure  7e). Without management intervention, 
the high catch of shortbelly rockfish threatened to shut down the 
hake fishery at the very beginning of its season. To make a rapid but 
informed decision, the PFMC examined recruitment estimates from 
NOAA's Rockfish Recruitment and Ecosystem Assessment Survey 
(Sakuma et al.,  2015). They found that recruitment increased for 
most rockfish species during the heatwave and that shortbelly re-
cruitment jumped an order of magnitude above other rockfish win-
ners. This was likely due to the predominance of subarctic source 
water in upper depths (100–400 m) over the outer shelf-slope where 
many rockfish spawn; subarctic source water is generally cooler, 
fresher, and more oxygenated than other source waters and is cor-
related with high rockfish recruitment (Schroeder et al., 2019). As 
the fastest-lived rockfish (i.e., fast growth, early age at maturity, 
high mortality; Love et al., 2002), shortbelly rockfish were poised to 
benefit from these favourable conditions (Field et al., 2007; Pearson 
et al., 1991). As a result of these massive recruitment events, short-
belly abundance was likely higher than it had been in decades. After 
considering this best available science and statements from advisory 
bodies and the public, the PFMC raised the catch limit for the 2018 
season, saving the hake fishery from early closure. This case study 
highlights the importance of fishery-independent monitoring of all 
life stages for detecting and explaining ecological surprises and the 
importance of nimble and flexible management that is responsive to 
such surprises.
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5  |  LESSONS LE ARNED

5.1  |  Lessons for improving monitoring

The resilience of fisheries to heatwaves and climate change can be 
increased by improving the scale, utility, diversity, accessibility, and 
funding of monitoring programs. First, strategically enhancing the 
spatial–temporal scale of monitoring can promote dynamic manage-
ment that reduces tradeoffs among competing management objec-
tives. For example, increased spatial–temporal monitoring of harmful 
algal blooms and biotoxin contamination can protect public health 
while minimizing impacts on fishing opportunities (Free, Moore, 
et al., 2022). Similarly, data generated from expanded monitoring ena-
bles the development of predictive models that can, for example, help 
to avoid bycatch of protected species under changing environmental 
conditions (Hazen et al., 2018). Second, targeted monitoring is neces-
sary to understand drivers of the surprising shifts that have occurred 
during past heatwaves and to use this knowledge to better prepare 
for future heatwaves. For instance, targeted monitoring is necessary 
to resolve the relationship between the local availability and stock-
wide abundance of highly migratory species (see the bluefin tuna case 
study) and the reasons for unexpected reversals in long-believed re-
lationships between the environment and fisheries productivity (see 
the sardine and anchovy case study) (Myers, 1998). Third, developing 
novel monitoring programs can accelerate the detection and under-
standing of sudden and/or unexpected shifts in productivity or dis-
tributions. By complementing existing fisheries-independent surveys 
with information derived from fisheries-dependent data, heatwave-
driven shifts in abundance and distribution could be detected earlier 
and more comprehensively (Hobday & Evans, 2013). Furthermore, co-
operative research with fishers (Gawarkiewicz & Malek Mercer, 2019; 
Lomonico et al., 2021), citizen science programs (Walker et al., 2020), 
and emerging technologies such as eDNA (Pikitch, 2018) and autono-
mous sampling present opportunities to expand coverage while also 
reducing costs. Fourth, developing tools for rapidly processing, visu-
alizing, and disseminating raw monitoring data can democratize and 
accelerate the rate at which “unknown unknowns” and other surprises 
are detected and responded to (Anderson et al., 2020). The stand-
ardized summaries of available fisheries-dependent and fisheries-
independent data for Canadian Pacific groundfish (Anderson 
et al., 2019) provide a useful template for such tools. Finally, moni-
toring enhancements can be achieved without adding costs through 
technological advancements that make monitoring cheaper (e.g., elec-
tronic monitoring, automated sensors, autonomous vehicles, etc.) or 
through partnerships between public, private, and industry groups 
that make monitoring more efficient (Lomonico et al., 2021).

5.2  |  Lessons for improving management

The resilience of fisheries to heatwaves and climate change can also 
be increased by increasing the inclusivity, flexibility, and adaptiveness 
of fisheries management and by using simulation testing to compare 

and choose between alternative management strategies. First, argu-
ably, the most fundamental step towards improving the resilience of 
fisheries management is to broaden co-management systems that 
leverage stakeholder knowledge, lower monitoring and management 
costs, and empower diverse stakeholder voices (Wilson et al., 2018). 
For example, the inclusion of fishermen in the management of whale 
entanglement risk in the California Dungeness crab fishery assisted 
in identifying and implementing management solutions that are likely 
to be feasible, equitable, and effective (Humberstone et al., 2020). 
Second, increasing the agility and flexibility of fisheries management 
institutions and procedures may allow management to respond to 
surprises more quickly and effectively. As illustrated by the shortbelly 
and bocaccio rockfish case studies, this may require establishing pro-
cedures for updating bycatch quotas outside of the usual process in 
response to unexpectedly high recruitment events. As illustrated by 
the market squid case study, it may also involve establishing plans for 
evaluating and managing rapidly emerging fisheries that introduce 
novel conflicts between fisheries and between economic and con-
servation goals. Third, fisheries management must be adaptive and/
or robust to the impacts of heatwaves and climate change. This need 
has been well-described in many reviews (e.g., Holsman et al., 2019; 
Karp et al., 2019; Pinsky & Mantua, 2014), but key suggestions are 
to account for shifting productivity by incorporating climate vari-
ables into stock assessments (Marshall et al.,  2019) and to design 
harvest control rules (HCRs) that are robust to climate impacts (Free 
et al., 2023; Wainwright, 2021). For example, Pacific sardine might 
have benefited from the application of an HCR that was more robust 
to process uncertainty in the assumed relationship between temper-
ature and productivity in the years leading to the heatwave. Similarly, 
Chinook salmon might have benefitted from HCR application that 
was more robust to assessment uncertainty in the pre-season abun-
dance forecast (Satterthwaite & Shelton, 2023). Finally, wider use of 
climate-linked management strategy evaluation (Kaplan et al., 2021) 
to compare the performance of alternative management strategies 
under climate change will help to quantitatively inform management 
decisions. Management strategy evaluation uses closed-loop simula-
tion to compare the performance of alternative management strate-
gies (Punt et al., 2016). Critically, it can evaluate the robustness of 
performance across various climate change trajectories, assumed 
relationships between climate change and the fishery, levels of cer-
tainty in the assumed environmental relationship, and any other key 
sources of variability (Haltuch et al., 2019; Jacobsen et al., 2022; Punt 
et al., 2014). Thus, management strategy evaluation represents the 
gold standard in using quantitative evidence to guide climate-ready 
fisheries management decisions that are robust or adaptive to short-
term (heatwave) and long-term (warming) climate impacts.

5.3  |  Lessons for improving adaptive capacity of 
fishing communities

The resilience of fishing communities to climate change depends 
on their adaptive capacity, i.e., their ability to anticipate, respond 
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to, cope with, and recover from the effects of a climate (or other) 
stressor. Adaptive capacity can be enhanced by policies that pro-
mote inclusivity, flexibility, experimentation, and failsafes, such as 
disaster relief or insurance. First, as indicated in the section above, 
the adaptive capacity of fishing communities can be enhanced by 
strengthening co-management systems that seek to leverage stake-
holder knowledge and balance diverse and sometimes diverging 
perspectives (Wilson et al., 2018). Second, policies that promote live-
lihood diversification can help to buffer fishing communities against 
the negative impacts of heatwaves and climate change. For example, 
easing access to fishing permits can promote target species diversi-
fication and buffer revenues against heatwaves, climate change, and 
other market shocks (Cline et al., 2017; Sethi et al., 2014), though 
tradeoffs exist between ease of access and the financial viability of 
permit structures and their effectiveness in controlling fishing ef-
fort. Third, the enhancement of state and federal Exempted Fishing 
Permits programs, which allow experimentation in new fisheries, 
conservation engineering, health and safety, environmental cleanup, 
and data collection that would otherwise be prohibited, could ac-
celerate innovation in climate-ready strategies (Bonito et al., 2022). 
For example, Exempted Fishing Permits with good experimental de-
sign could be leveraged to stimulate an expanded purple sea urchin 
fishery that enhances kelp reforestation, design whale-safe fishing 
gear or practices that jointly prevent entanglements and fishery 
closures, or develop new fisheries-dependent data streams that en-
hance adaptive management. Fourth, enhancing programs that pro-
vide economic relief in response to negative environmental impacts 
can improve the resilience of fishing communities to climate change. 
This could be achieved by reforming the federal fisheries disasters 
relief program to be faster, more accurate, and more equitable in its 
assessment and distribution of disaster relief (Bellquist et al., 2021). 
Alternatively, this program could be complemented or replaced by 
novel fisheries insurance programs. If index-based, such programs 
could provide immediate payouts following an environmental trig-
ger. As with the Caribbean Oceans and Aquaculture Sustainability 
Facility fisheries insurance, in which policy-holding nations only re-
ceive insurance payouts triggered by storms if they invest in best 
practices in fisheries management, insurance programs may even 
be designed to incentivize the adoption of climate-resilient man-
agement and/or fleet behavior (Sainsbury et al.,  2019). Because 
adaptive capacity depends on social and demographic factors that 
are heterogeneous across West Coast fishing communities (Koehn 
et al., 2022), the success of the suggested strategies will be context 
dependent. Communities with the lowest adaptive capacity typically 
have lower incomes, higher poverty rates, and higher unemploy-
ment. Because economic assets are a key component of adaptive 
capacity, communities with more financial assets are more likely to 
be able to take advantage of opportunities like Exempted Fishing 
Permits. Moreover, in California fishing communities, low adaptive 
capacity was related to having a high percent of persons of minor-
ity and a high percent of the population that does not speak English 
well (Koehn et al.,  2022), which can lead to additional barriers to 
participating in fisheries management processes or learning about 

new programs. Beyond focusing on financial assets, strategies that 
enhance social networks, education, and agency can also improve 
adaptive capacity of fishing communities (Barnes et al., 2020). In ad-
dition to social considerations, easing access to permits will only help 
communities in locations where new or alternative target species are 
available (Fisher et al., 2021).

5.4  |  Lessons for and from other regions

The last two decades have seen the occurrence of marine heatwaves 
in every ocean basin with many impacts analogous to those illustrated 
here (Smith et al., 2021). The lessons learned from the 2014–2016 
Northeast Pacific heatwave and those others can be used to bolster 
the resilience of other regions to future marine heatwaves. For ex-
ample, the 2010–2011 “Ningaloo Niño” off Western Australia tipped 
kelp forests into fields of algae and turf grass that have failed to re-
cover due to heavy herbivory by a new warm-water fish community 
(Wernberg et al., 2016), likely contributing to the decline of impor-
tant invertebrate fisheries (Caputi et al., 2019). As in the kelp, urchin, 
and abalone case study, restoring these kelp forests may require 
active restoration or the development of new fisheries and manag-
ing depleted fisheries may require more precautionary catch limits, 
strategic spatial–temporal closures, or improved fail safes against es-
pecially extended fisheries closures (Caputi et al., 2016). After imple-
menting many of these measures, Western Australia's Roe's abalone 
(Haliotis roei, Haliotidae) and western rock lobster (Panulirus cygnus, 
Palinuridae) stocks have recovered and maintained MSC certification 
(de Lestang et al., 2022; Strain & Heldt, 2022), demonstrating the eco-
nomic value of climate-resilient fisheries management actions. The 
2012 Northwest Atlantic heatwave resulted in the northward expan-
sion of longfin inshore squid (Doryteuthis pealeii, Loliginidae), a highly 
voracious and opportunistic predator, which may have contributed 
to the collapse of the locally important northern shrimp (Pandalus bo-
realis, Pandalidae) fishery (Richards & Hunter, 2021). As shown in the 
market squid case study, geographic expansions that introduce novel 
conflicts and/or stimulate emerging fisheries require robust monitor-
ing and nimble management institutions to implement timely and ef-
fective interventions and/or expansion of infrastructure to capitalize 
on new opportunities (Powell et al., 2022). The 2003 Mediterranean 
heatwave, among many others occurring in the region, contributed 
to mass mortalities in several mollusk fisheries (Garrabou et al., 2019) 
indicating the potential value for climate-linked stock assessment (as 
discussed in the Pacific cod and shrimp case studies) and the testing 
of precautionary management (as discussed in the Chinook salmon 
case study) through climate-linked management strategy evaluation 
(as discussed throughout the case studies) to improve the resilience 
of these fisheries to future heatwaves and climate change. Lastly, the 
2015–2016 Tasman Sea heatwave caused an influx of warm-water 
sport fish that offered apparent benefits to recreational fisheries 
(Oliver et al., 2017), but, as in the bluefin tuna case study, will require 
careful research and management to ensure that increased accessi-
bility does not increase exploitation rates and overfishing risk.
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The marine heatwaves experienced in other regions also pro-
vide instructive lessons for strengthening the resilience of US and 
Canada West Coast coastal food systems to impacts that they have 
yet to experience but may experience in the future. For example, 
reduced aquaculture production as a result of disease outbreaks, 
harmful algal blooms, or reduced growth rates has been a com-
mon symptom of heatwaves globally (Oliver et al.,  2017; Smith 
et al., 2021; Trainer et al., 2020). While such impacts did not occur 
(or were not publicly documented) during the 2014–2016 Northeast 
Pacific heatwave, the growing West Coast aquaculture industry 
may be vulnerable to such impacts in the future. For example, out-
breaks of the Vibrio parahaemolyticus bacterium in farmed oysters 
and associated increases in seafood-borne illness have been linked 
to elevated sea surface temperatures (Flynn et al.,  2019; Taylor 
et al., 2018). Increasing the resilience of aquaculture to heatwaves 
will require improved forecasts that extend preparation timelines, 
improved insurance options that mitigate revenue losses, and/or 
improved breeding, husbandry, or technology that minimize im-
pacts (Free, Cabral, et al., 2022). The impact of the 2012 Northwest 
Atlantic heatwave on the Maine lobster fishery provides an instruc-
tive example of a positive heatwave impact that does not yet have 
a direct analog in our study region. During the heatwave, warmer-
than-usual water caused lobsters to migrate inshore and molt ear-
lier than usual, resulting in a sudden increase in the availability and 
abundance of legal-sized lobsters. Record landings, seemingly a 
boon for lobstermen, could not be processed and cleared through 
the supply chain, resulting in a precipitous drop in market prices 
and economic crisis for lobstermen (Mills et al.,  2013). To reduce 
the risk of future price collapses, lobstermen voted to support an 
advertising campaign through a surcharge levied on their annual li-
cense fees (Pershing et al., 2018). This initiative promoted the use 
of newly molted lobsters, made more common during heatwaves, to 
eastern seaboard restaurants and educated chefs, generated media 
impressions, and linked Maine's lobster dealers to retail buyers in 
urban markets through enhanced web communications. As a result, 
dockside prices remained high when a similar heatwave occurred in 
2016 (Pershing et al., 2018). This has important lessons for the West 
Coast where marketing could help to mitigate impacts of a shifted 
Dungeness crab season, incentivize development of a purple sea 
urchin fishery, capitalize on an expanded market squid fishery, or 
develop fisheries for underutilized species that buffer against neg-
ative heatwave impacts. Furthermore, creative marketing initiatives 
can help to reduce the impact of other extreme market shocks, 
such as those caused by trade wars or global pandemics (Smith 
et al., 2020; Stoll et al., 2021).

6  |  CONCLUSIONS

The 2014–2016 Northeast Pacific heatwave was the largest ma-
rine heatwave on record (Laufkötter et al., 2020) and impacts of the 
heatwave on the fisheries of the West Coast of the US and Canada 
provide important insights into improving the resilience of global 

fisheries to climate change. The heatwave resulted in positive as 
well as negative ecological impacts, both of which generated chal-
lenges for fisheries management. Increasing the resilience of fisher-
ies to future heatwaves and directional climate change will require 
improvements throughout fisheries social-ecological systems, from 
monitoring to management to the adaptive capacity of communi-
ties. Key improvements include (1) enhancing monitoring to provide 
early warnings of impacts, gain better mechanistic understanding of 
impacts, and inform predictive models of impacts; (2) increasing the 
flexibility, adaptiveness, and inclusiveness of management and using 
management strategy evaluation to guide strategic management 
decisions; and (3) enhancing the adaptive capacity of fishing com-
munities by promoting engagement, flexibility, experimentation, and 
failsafes. These improvements come with increased costs, which can 
be reduced through technological advancements, partnerships, and 
incentives that make monitoring and management more efficient 
(Bradley et al., 2019; Lomonico et al., 2021). Furthermore, the suc-
cess of these improvements depends on an effective foundation of 
traditional fisheries management measures (Melnychuk et al., 2021), 
which have both improved fisheries outcomes (Hilborn et al., 2020) 
and conferred climate resilience (Free et al., 2019). Investments in 
both traditional and climate-adaptive fisheries management will thus 
be vital to ensuring that fisheries continue to support livelihoods, 
food, and nutrition for billions of people, despite climate change 
(Costello et al., 2020; Free, Cabral, et al., 2022).
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