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Dungeness crab (Cancer magister) is one of the most lucrative fisheries on the
United States (U.S.) west coast. There have been large spatial and temporal fluctuations
in catch, which reflect the interconnected influences of the coupled natural-human
fishery system. Changing ocean conditions are likely to further alter the magnitude and
distribution of Dungeness crab catch, the impacts of which will propagate ecologically
and through the social systems of fishing communities. Therefore, the effect of changing
ocean conditions on U.S. west coast Dungeness crab catch per unit effort (CPUE)
was used as an interdisciplinary case study to examine the susceptibility, a metric
that integrates Dungeness crab reliance and social vulnerability indices, of coastal
communities to changes in the fishery. Statistical models indicated that ocean conditions
influence commercial CPUE 3–5 years later and that CPUE is likely to decline in the
future as ocean conditions change. In particular, sea surface temperature scenarios for
2080 (+1.7 and +2.8◦C) reduced Dungeness crab CPUE by 30–100%, depending on
fishing port latitude. Declines in Dungeness crab CPUE were greater for southern port
communities than for northern port communities under both scenarios – demonstrating
greater exposure at the southern end of the species range. We show that U.S. west
coast communities are differentially susceptible to a decline in Dungeness crab catch,
with Washington communities being at least five times more susceptible than California
communities. Our overall assessment showed varying levels of risk (a combination of
exposure and susceptibility) for Dungeness crab fishing ports that do not necessarily
align with regional or fishery management boundaries.

Keywords: Dungeness crab, climate change, species distribution, ocean conditions, fisheries, coupled natural-
human system
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INTRODUCTION

Fisheries of the United States (U.S.) west coast are coupled
natural-human systems that cross state borders, and integrate
private and public sectors. They involve complex relationships
between coastal socio-economics, resource management,
and environmental factors. The integral role of humans
in fishery systems has been formally recognized with
a shift toward ecosystem-based management in natural
resource programs (ORAP, 2013). In addition, social
science research has begun to address vulnerabilities in
fishing-reliant communities (Norman et al., 2007; Himes-
Cornell et al., 2016; Moore et al., 2019). However, few
studies employ the interdisciplinary techniques necessary
to understand and address complex problems, like climate
change, involving fisheries (except see Ekstrom et al., 2015;
Mathis et al., 2015).

The consequences of changing ocean conditions due to
climate change are already being experienced across fishery
systems (Ritzman et al., 2018; Young et al., 2019). The
impacts include, but are not limited to, decreased ocean
production, altered food-web dynamics, and shifted species
distributions (Hoegh-Guldberg and Bruno, 2010). While there
are uncertainties in the spatial and temporal dimensions of future
ocean conditions, there are clear trends toward a changing ocean
in the California Current System (CCS) (Bograd et al., 2002;
Snyder et al., 2003; Bograd et al., 2008; Gruber et al., 2012;
Sydeman et al., 2013; Gentemann et al., 2017; Holsman et al.,
2019). In particular, sea surface temperature (SST) is expected to
increase both globally and within the CCS throughout the 21st
century (Holsman et al., 2019). Under the relatively conservative
RCP 4.5 W/m2 radiative forcing scenario, the CMIP5 multi-
model ensemble predicts a 1.7 ± 0.4◦C increase in SST within
the CCS by 2080, but other scenarios (e.g., RCP 8.5 W/m2)
predict up to a 2.8 ± 0.6◦C SST increase by 2080 (reviewed
in Jewett and Romanou, 2017). With changing SST and air
temperature, other ocean conditions are predicted to change,
including upwelling (Upw), physical spring transition (STI),
and the way in which these local ocean conditions correlate
with basin-scale indexes such as the Pacific Decadal Oscillation
(PDO), El Niño Southern Oscillation (ENSO), and North Pacific
Gyre Oscillation (NPGO) (Bograd et al., 2002; Bakun et al.,
2015; Jacox et al., 2016; Litzow et al., 2020). Oceanographic
changes within the next few decades will likely have substantial
and cascading implications for ocean systems, fisheries, and
coastal communities (Jones et al., 2015; Yen et al., 2016).
Distribution shifts have already been documented in species
found between 30 and 60◦N, and many observed shifts have
been correlated with global temperature increases (reviewed
in Lenoir and Svenning, 2015). Despite prior expectations,
species responses to climate change have not been uniform
and species distribution shifts have occurred at different rates
and directions (e.g., Perry et al., 2005; Nye et al., 2009;
Pinsky et al., 2013; Cheung et al., 2015). Marine species, in
particular, show considerable variation in the rate and direction
of shifts due to the complexity of changing ocean conditions.
This complexity results in considerable spatial variation in

the magnitude and direction of ocean condition changes
and, ultimately, species have tracked closely with local-scale
differences (Pinsky et al., 2013). Understanding the distribution
and abundance of marine species is necessary for implementing
appropriate fishery management strategies and assessing the
potential resilience of a fishery to environmental changes
(Ritzman et al., 2018).

Therefore, we aimed to elucidate the impact of changing
ocean conditions on coastal communities through the lens
of a socio-economically important fishery in the CCS. In
this study, we focused on commercial catch of Dungeness
crab (Cancer magister) delivered to fishing communities in
Washington, Oregon, and California. Currently, Dungeness crab
is the most lucrative single species fishery on the U.S. west
coast, generating about $200 million per year (Rasmuson, 2013;
PSMFC, 2014). Potential impacts associated with climate and
oceanographic changes and a resulting shift in the magnitude
and distribution of Dungeness crab catch in the CCS, are
expected to propagate through ecological and social systems,
affecting policy, fishing industries and the greater well-being
of many U.S. west coast communities. Major fishing ports
for Dungeness crab on the U.S. west coast range from large
cities like San Francisco, California to smaller, natural resource
dependent communities like Port Orford, Oregon (NOAA,
2017). Some of these areas may be more reliant on the
Dungeness crab industry than others, particularly where catch
represents a considerable proportion of economic input to the
community (PFMC, 2017).

Changes in ocean temperatures and currents may impact
survival and dispersal of Dungeness crab larvae in the CCS,
and subsequently the magnitude and distribution of commercial
catch along the U.S. west coast. The 3- to 4-month pelagic
larval stage of Dungeness crab is the most vulnerable life stage,
and the crabs become increasingly resilient to environmental
factors, like temperature, as they develop into adults (Ebert
et al., 1983). In addition to thermally induced physiological
effects on crab larvae, there can also be indirect effects, due
to changing ocean currents that are correlated with changes in
SST in the CCS (Botsford and Lawrence, 2002; Shanks et al.,
2010; Shanks, 2013). Therefore, it is possible that the cumulative
effect of increasing SST on larval Dungeness crab will alter the
abundance and distribution of adults available for harvest within
the CCS.

Management of Dungeness crab is atypical compared to
other U.S. west coast fisheries because total allowable catch
determinations are not based on calculations for sustainable
yield and do not incorporate a formal stock assessment (Davis
et al., 2017). Instead, managers estimate that the majority (>90%)
of legal-sized adult (approximately 4 years of age) male crab
are harvested every year (Botsford, 1984; Higgins et al., 1997;
Armstrong et al., 2003; Rasmuson, 2013). Even with these
uncertainties, the biological condition of the Dungeness crab
stock is considered to be healthy based on sustained catch
over the past 30+ years (Helliwell, 2009; Richerson et al.,
2020). However, there have been large spatial and temporal
fluctuations in historical commercial catch of Dungeness crab
along the U.S. west coast over the past four decades that reflect
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the interconnected influences of biological, environmental, and
social variability (reviewed in Rasmuson, 2013).

Using an interdisciplinary framework, we investigated how
changing ocean conditions affect commercial catch of Dungeness
crab and associated fishery communities of the U.S. west coast.
Through the process of four steps, our analysis utilized both
existing and novel metrics for exposure and susceptibility in
the Dungeness crab coupled natural-human system. We defined
the potential “exposure” of fishing communities to altered
Dungeness crab catch due to changing ocean conditions via
the first two steps. First, (1) we determined the spatial and
temporal relationship between various ocean conditions and
Dungeness crab commercial catch along the CCS from 1981
to 2017. Then, (2) this relationship was used to examine the
magnitude of change in Dungeness crab catch for U.S. west
coast port communities resulting from two ocean condition
scenarios. Next, (3) we assessed the degree to which changes in
Dungeness crab commercial catch may impact 18 fishery-reliant
CCS communities (Figure 1) by defining a novel “susceptibility”
score, which incorporated existing indices for fishery reliance and
social vulnerability. Finally, (4) we considered the overall picture
of “risk” to coastal communities via a qualitative assessment of
the combination of exposure and susceptibility.

MATERIALS AND METHODS

Data were obtained from multiple state, federal, and academic
sources (Supplementary Table S1). All analyses were performed
in R (v.3.5.0, R Core Development Team, 2018). The data and
analyses are described in greater detail below.

Commercial Catch per Unit Effort
We gathered historical Dungeness crab commercial catch data
(1981–2017) within the CCS for major U.S. west coast fishing
ports (two Washington regions, seven Oregon ports, and seven
California ports) (Supplementary Table S1). To normalize
commercial catch, we calculated an estimated catch per unit effort
(CPUE) by dividing the weight in kilograms (kg) of annual port
or region Dungeness crab commercial catch by the number of
Dungeness crab fish tickets (i.e., state department of fish and
wildlife landing receipts) reported at each location in each year.
Additionally, the proportional distribution of CPUE among U.S.
west coast ports for each year was determined by dividing each
port’s annual CPUE by the total annual CPUE across all ports.
Analyses by ODFW (2014) and Richerson et al. (2020) found
that fish tickets served as an adequate estimate of effort when
compared to logbooks. Limited access and availability of fishery
logbooks across all states and years necessitated estimation of
CPUE in this way.

Ocean Conditions
A time series of the ocean conditions occurring within or
affecting the CCS was compiled for 1977–2017 based on
our hypotheses about the impact of ocean conditions on
Dungeness crab survival and dispersal (Table 1, Figure 2, and
Supplementary Table S1). Four basin-scale ocean condition

FIGURE 1 | Map of the 18 major U.S. west coast port communities
considered in this study within the Washington, Oregon, Northern California,
and Central California management units. See Table 4 for port latitudes and
management regions.

indices were used in this study: PDO (sum of monthly averages
January through June), NPGO (sum of monthly averages January
through June), Multivariate ENSO Index (MEI; sum of monthly
averages January through June), and Southern Oscillation Index
(SOI; sum of monthly averages January through June) (Figure 2,
left column). In addition, four latitude-specific measurements
were used for 2- or 3-degree latitude increments, including:
SST (average of January through June), upwelling (Upw; sum of
daily Bakun upwelling index during the April through August
upwelling season), spring transition index (STI; day of year),
and northward Ekman transport (EkTrans; sum of monthly
averages January through June) (Figure 2, right column).
We used the northward component of EkTrans (metric tons
second−1 kilometer−1) to indicate the relative strength of the
California Current, with negative values indicating southward
flow (Nelson, 1977). Most of the ocean condition metrics were
summarized for January through June (Table 1) because CCS
Dungeness crab are planktonic larvae during that time, which is
hypothesized to be the life history stage most impacted by ocean
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TABLE 1 | List of ocean conditions analyzed for their relationship to Dungeness crab commercial catch per unit effort (CPUE) across the U.S. west coast, description of
how the ocean condition value was summarized for analysis, and its hypothesized effect on CPUE.

Ocean condition Summary value Hypothesized effect: greater CPUE
will be associated with a lagged effect of:

Pacific Decadal Oscillation (PDO) Sum of January–June monthly averages Stronger negative PDO (Shanks, 2013)

North Pacific Gyre Oscillation (NPGO) Sum of January–June monthly averages None (Shanks et al., 2010)

Multivariate El Niño Southern Oscillation
Index (MEI)

Sum of January–June monthly averages None (Shanks et al., 2010)

Southern Oscillation Index (SOI) Sum of January-June monthly averages None (Shanks et al., 2010)

Sea Surface Temperature (SST) Average January–June (2◦ latitude increments from 36◦N to 48◦N) Lower SST (Botsford and Lawrence, 2002)

Upwelling (Upw) Daily sum from April-August (3◦ latitude increments from 36◦N to 48◦N) Stronger Upw (Shanks, 2013)

Spring Transition Index (STI) Day of year (3◦ latitude increments from 36◦N to 48◦N) Earlier STI (Shanks and Roegner, 2007)

Northward component of Ekman
Transport (EkTrans)

Sum of January-June monthly averages (3◦ latitude increments from
36◦N to 48◦N)

More negative northward component of
EkTrans (Shanks, 2013)

A citation for the basis of the hypothesized effect is included.

conditions (Botsford et al., 1989; Botsford and Lawrence, 2002;
Rasmuson, 2013).

Spatial and Temporal Analyses of Ocean
Conditions and Commercial Catch
Generalized additive mixed models (GAMM) were used to
assess the spatial and temporal relationship between ocean
conditions and commercial Dungeness crab CPUE along the
U.S. west coast. To allow for the spatially variable effects of
ocean conditions on Dungeness crab CPUE and to account
for simultaneously testing the effects of ocean conditions at
multiple locations, we applied a variable coefficient GAMM
(VC_GAMM) framework. The VC_GAMM allows for variable
model intercepts and variable linear relationships between the

FIGURE 2 | Ocean conditions measurements from 1977 to 2017. Regional
factors (PDO, ENSO SOI, ENSO MEI, and NPGO) are monthly index values.
Local factors (EkTrans, SST, Upw, and STI) are shown, for example, at 45◦N.
Northward EkTrans (value × 10 = metric tons second−1 kilometer−1) are
shown as monthly values. SST (◦C), Upw (meters3 second−1 per 100 m of
coastline), and STI (day of year) are annual values.

response and the design variable (Bacheler et al., 2009; Bartolino
et al., 2011). These formulations are ideally suited to test for
the presence of either spatially (e.g., Ciannelli et al., 2012)
or temporally (e.g., Litzow et al., 2019) variable relationships
between ocean conditions and indices of fish productivity or
abundance. Dungeness crab span a large distributional range,
thus the effect of ocean conditions on catch is likely to be spatially
variable across latitude. This outcome could have important
societal implications because some fishing communities may
be more exposed to changing ocean conditions and associated
impacts on fisheries than others. Therefore, our analyses
compared two GAMM formulations: one with linear and spatially
fixed effects of ocean conditions on Dungeness crab CPUE
(stationary GAMM) and another with locally linear and spatially
variable effects of ocean conditions on CPUE (VC_GAMM)
depending on the port or region of commercial catch (n = 16).
The two model formulations are nested and thus can be
compared using a likelihood-ratio (LR) test, which tests the
null hypothesis that the likelihood of the unconstrained (i.e.,
VC_GAMM) and constrained (i.e., stationary GAMM) model
formulations are not significantly different from each other
(Litzow et al., 2019). The two model formulations can also be
compared based on the Akaike information criterion (AIC),
which is a metric of model performance that accounts for both
likelihood of the model parameters and complexity of the model
parameterization.

The GAMM and VC_GAMM were built using the R packages
‘mgcv’ (v.1.8-28; Wood, 2017; Wood, 2019) and ‘nlme’ (v.
3.1-139; Pinheiro et al., 2019). The CPUE data were natural
log transformed to meet the assumption of normality. The
summarized ocean conditions were then lagged 3, 4, and 5 years
in accordance with published literature that Dungeness crab are
caught in the CCS fishery at about age four (Botsford, 1984;
Johnson et al., 1986). For each of the eight ocean conditions, we
fit 26 models of latitudinally fixed (i.e., stationary GAMM) and
latitudinally variable (i.e., non-stationary VC_GAMM) effects for
all three time lags (3, 4, and 5 years). Each ocean condition
was considered separately and the suite of 26 models for each
ocean condition included all possible combinations of stationary
and/or non-stationary effects at one or multiple time lags
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(Supplementary Table S2). The general formulations for each
model type were:

Stationary GAMM:

yt,lat = αlat + β1 · OC(t−3) + β2 · OC(t−4)

+ β3 · OC(t−5) + εt,lat

Variable Coefficient GAMM:

yt,lat = αlat + β1lat · OC(t−3) + β2lat · OC(t−4)

+ β3lat · OC(t−5) + εt,lat

Where yt,lat is Dungeness crab CPUE at year ‘t’ and port
latitude (lat). OC is one of the eight ocean condition indices
listed in Table 1, at the three examined time lags (3, 4,
and 5 years). Each β term is the linear coefficient of the
lagged OC variable, and αlat is the model intercept. In the
VC_GAMM, model coefficients (αlat and β terms) are assumed
to be spatially variable according to a smooth function of
lat. In the stationary GAMM formulation, only the model
intercept αlat is assumed to be spatially variable, while β

terms are fixed. It is necessary for both formulations to allow
for spatially variable intercept αlat to account for the overall
trend of greater Dungeness crab catch at higher latitudes. The
error term (εt,lat) is assumed to be temporally autocorrelated
at lag = 1: εt,lat = ∂ + 8 εt−1,lat. Including a temporally
autocorrelated error structure ensures that potential temporal
trends in the model residuals does not bias estimates in the
uncertainty of model parameters. For each model, the parameter
8 was assessed to determine if an autocorrelation error variable
should be included.

The best model for each ocean condition was chosen based
on LR tests and AIC. The model with the lowest AIC value
was chosen as the best model if it was the reduced (simpler)
model. However, if the model with the lowest AIC value was the
more complex model, it had to be significantly different (LR test,
p < 0.1) from the reduced model to be chosen as the best model.
If the more complex model was not significantly different, then
the reduced model was chosen.

Changing Ocean Conditions and
Exposure to Reduced Commercial Catch
The CMIP5 multi-model ensemble of the International
Panel on Climate Change (IPCC) Fifth Assessment Report
(AR5) predicts that SST will increase by 0.3◦C decade−1

through the end of the century (Jewett and Romanou,
2017; IPCC, 2018). Therefore, to assess the exposure of
CCS port communities to reduced Dungeness crab commercial
due to changing ocean conditions, we estimated changes
in Dungeness crab CPUE across U.S. west coast ports
in relation to expected SST changes in the CCS. Change
in Dungeness crab CPUE was estimated based on the
predictions determined from the SST VC_GAMM and two
SST scenarios (Table 2) using the predict function in the
‘mgcv’ R package (Wood, 2019). The percent change in
predicted versus current Dungeness crab CPUE defined the
“exposure” component of our framework. We focused the

TABLE 2 | Possible future (2080) sea surface temperature (SST) scenarios for the
California Current System (CCS) based on the IPCC AR5.

Warming Scenario Radiative Forcing Trajectory Value

Moderate RCP 4.5 W/m2
+1.7◦C

High RCP 8.5 W/m2
+ 2.8◦C

Values represent the predicted change in CCS SST relative to the 1976–2005
average based on each Representative Concentration Pathway (RCP).

exposure metric on SST because of the high explanatory
power of SST on Dungeness crab CPUE and the degree of
confidence on the projected range of SST increase in the CCS
(Jewett and Romanou, 2017).

Reliance and Social Vulnerability of
Fishery-Dependent Communities
To determine the impact of a change in Dungeness crab CPUE
(exposure) on fishery dependent coastal communities along the
CCS, we first assessed the current importance of Dungeness crab
to these communities by utilizing existing indices for reliance
and vulnerability. The National Oceanic and Atmospheric
Administration designed frameworks to evaluate fishery reliance
and engagement of coastal communities (Norman et al., 2007;
Jepson and Colburn, 2013). In response to recent fishery closures,
the frameworks were adapted to produce indices specific to
the Dungeness crab commercial fishery (K. Norman and A.
Varney, personal communication; NOAA, 2017; Moore et al.,
2019). Dungeness crab commercial fishery reliance indices for
2015 from 64 U.S. west coast communities were shared with our
team (Supplementary Table S1; Norman and Varney, personal
communication; NOAA, 2017; Moore et al., 2019). Of these
communities, the major Dungeness crab commercial fishing
ports from California (7), Oregon (7), and Washington (4) were
selected (Figure 1). Reliance indices were used to determine the
quantitative importance of the Dungeness crab fishery to each
coastal community and were based on the following information:
Crab catch (pounds) per capita, crab revenue (USD) per capita,
and count of crab processors per capita. Although reliance indices
were calculated for only 1 year, the total Dungeness crab catch in
the CCS in 2015 (1.92 × 107 kg) was similar to the average catch
from 1981 to 2017 (1.90 × 107 kg) (based on Pacific Fisheries
Information Network annual data; Supplementary Table S1).

A multi-point social vulnerability analysis in 2014 provided
information on the current overall socio-economic stability of
each coastal community (Supplementary Table S1; Varney,
2018). Social vulnerability refers to the socioeconomic and
demographic factors that determine a community’s ability to
withstand hardships and is commonly used in risk assessment.
In this case, we used social vulnerability to assess the level
of disruption that would occur in a community given an
interference in the lucrative Dungeness crab fishery. Community
Social Vulnerability Index (CSVI) was calculated for all U.S.
west coast communities using the following information:
Metrics of personal disruption, population composition,
poverty, labor force, housing characteristics, housing disruption,

Frontiers in Marine Science | www.frontiersin.org 5 June 2020 | Volume 7 | Article 401

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00401 June 12, 2020 Time: 20:6 # 6

Magel et al. Dungeness Crabs and Coastal Communities

and retiree migration (Varney, 2018). CSVI values were
rescaled to be positive.

Coastal Community Susceptibility to a
Change in Dungeness Crab CPUE
To determine the relative degree to which a change in Dungeness
crab CPUE could impact coastal communities, we combined
Dungeness crab-specific fishery reliance indices with CSVI into
a novel “susceptibility” score. Our susceptibility score for each
community was calculated as the product of CSVI and reliance.
CSVI encapsulates the relative ability of communities to weather
hardships, where lower indices indicate a community that is less
vulnerable in the face of an unwanted event due to its social
well-being. The reliance index denotes the per capita presence
of the Dungeness crab fishery in the community relative to other
communities, which expresses how important the fishery is to the
economic and social well-being of the community. The value of
the product, susceptibility, was used to represent the vulnerability
of a community, scaled by reliance on Dungeness crab and
is a quantitative representation of the degree to which each
community would be influenced by a change in Dungeness crab
CPUE. Communities that are both heavily reliant on Dungeness
crab and socially vulnerable would have high susceptibility
scores, highlighting the scaling effect of these two properties.
In contrast, communities with either high vulnerability and
low reliance on Dungeness crab, or low vulnerability and high
reliance on crab would have similar susceptibility scores. Finally,
a community with both low reliance and vulnerability, would
be the least susceptible because they are generally resilient to
change, and a change in the Dungeness crab fishery would not

have a large impact on the community. The compounded risk
for each community was examined by comparing the exposure
to a change in Dungeness crab CPUE under increased SST
scenarios with a region-specific susceptibility score. Although
exact terminology differs, similar approaches have been adopted
in other recent studies examining the exposure-vulnerability of
coastal communities to changing ocean conditions (e.g., Ekstrom
et al., 2015; Mathis et al., 2015).

RESULTS

Relationship Between Ocean Conditions
and Dungeness Crab Commercial Catch
Commercial Catch per Unit Effort
From 1981 to 2017, Dungeness crab commercial catch within 16
major ports/regions of the CCS varied annually (total U.S. west
coast mean catch = 985,183 kg; Figure 3). Standardized catch (kg
of crab landed per number of fish tickets), or CPUE, also varied
annually (Figure 3 and Supplementary Figures S1–S4). As a
result, there was variation in the annual proportional distribution
of CPUE along the CCS (defined as each port’s percent of the
total U.S. west coast CPUE) (Figure 4). Total U.S. west coast
CPUE was significantly correlated with total U.S. west coast catch
(Pearson’s r = 0.92, p < 0.001).

Spatial and Temporal Analyses of Ocean Conditions
and Commercial Catch
The results of the stationary GAMM and non-stationary
VC_GAMM and selected models are listed in Table 3 and
described below. There was support (R2

adj = 0.54, LR test:

FIGURE 3 | Total commercial catch of Dungeness crab in kilograms (kg) per year (solid line) and catch per unit effort (dashed line) from 1981 to 2017 for the U.S.
west coast, including 16 ports/regions in Washington, Oregon, and California. Catch per unit effort (CPUE) was calculated as kg caught per number of fish tickets
per year. Data were provided by WDFW 2018, ODFW 2018, and CDFW 2018. Supplementary Figures S1–S4 show CPUE by port for each region.
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FIGURE 4 | Percent of total Dungeness crab commercial catch per unit effort (CPUE) landed annually in 16 U.S. west coast ports from 1981 to 2017. Warm colors
indicate a high percentage of the total annual CPUE and cool colors indicate a low percentage of the total annual CPUE. Total annual CPUE was calculated as
kilograms caught per number of fish tickets per year. Ports correspond to those shown in Figure 1 and latitudes are listed in Table 4.

p = 0.09) for a model of Dungeness crab ln(CPUE) along the U.S.
west coast that includes a spatially (latitudinally) homogeneous
effect of PDO lagged by 4 years and a spatially variable effect of
PDO lagged by 5 years (Supplementary Figure S5). At a 4-year
lag, there was an inverse relationship between Dungeness crab
ln(CPUE) and PDO (coefficient: −0.029). Furthermore, at a 5-
year lag the coefficient ranged from −0.042 to −0.0085, and was
a stronger negative correlation at southern latitudes compared to
northern latitudes (Supplementary Figure S5).

There was support (R2
adj = 0.50, LR test: p = 0.06) for a

model that includes a spatially homogeneous and positive effect
of NPGO lagged by 4 (coefficient: 0.173) and 5 (coefficient:
0.068) years (Supplementary Figure S6). There was support
(R2

adj = 0.46, LR test: p = 0.07) for a model that includes a
spatially homogeneous and negative effect of MEI lagged by 3
and 5 years (coefficient: −0.12 at both lags) (Supplementary
Figure S7). In addition, there was a spatially variable effect of MEI
lagged by 4 years and the coefficient ranged from−0.206 to 0.065,
indicating a strong negative relationship at northern latitudes
and a weak positive relationship was observed at southern
latitudes (Supplementary Figure S7). The effect of ENSO was
also examined using SOI and support was found (R2

adj = 0.47, LR
test: p = 0.14) for a model that includes a spatially homogeneous
effect of SOI lagged 3, 4, and 5 years (Supplementary Figure S8).
This model indicates a positive relationship between ln(CPUE)
and SOI lagged by 3 years (coefficient: 0.142), 4 years (coefficient:
0.067), and 5 years (coefficient: 0.145).

Consistent with other temperature-related oceanic indices
(e.g., PDO), there was support (R2

adj = 0.51, LR test: p = 0.02)
for a model that includes a spatially homogeneous and negative
effect of SST lagged by 3 (coefficient: −0.110) and 4 (coefficient:

−0.269) years and a spatially variable effect of SST lagged by
5 years (Figures 5A,B). At lag 5, the coefficient ranged from
−0.443 to −0.582 and was stronger at southern latitudes than
northern latitudes (Figure 5C).

There was support (R2
adj = 0.43, LR test: p = 0.05) for a model

that includes a spatially variable effect of Upw lagged by 5 years
(coefficient range: −1.12e−5 to 4.04e−5; Supplementary Figure
S9). There is a stronger, positive relationship at southern latitudes
and a weaker, negative relationship at northern latitudes. On
the other hand, there was limited support for a model of STI
(R2

adj = 0.42, LR test: p = 0.46) with a spatially homogeneous
and negative effect lagged by 3 years (coefficient: −7.73e−4;
Supplementary Figure S10). There was also limited support
(R2

adj = 0.45, LR test: p = 0.77) for a model of that includes a weak
and positive relationship between ln(CPUE) and the northward
component of EkTrans lagged by 3 years (coefficient: 7.72e−4;
Supplementary Figure S11).

Exposure: Change to Dungeness Crab
Commercial Catch Under SST Scenarios
Predictions for a +1.7 or +2.8◦C increase in CCS SST
indicated that Dungeness crab ln(CPUE) along the U.S.
west coast would decrease under these two scenarios
(Figure 6A and Supplementary Table S3). This change
was latitudinally variable and a larger decrease in ln(CPUE)
was found for southern latitudes than northern latitudes.
The +1.7◦C SST scenario decreased ln(CPUE) by 30–90%,
depending on latitude, and the +2.8◦C SST scenario decreased
ln(CPUE) even more dramatically (45–100%; Figure 6B).
Therefore, there was greater exposure (i.e., a larger decrease
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TABLE 3 | Selected models of individual ocean conditions lagged 3, 4, or 5 years and Dungeness crab commercial catch per unit effort ln(CPUE) along the U.S. west
coast, including the adjusted R2 and delta Akaike information criterion (AIC) for each model.

Ocean condition Model* R2
adj Delta AIC

Pacific Decadal Oscillation (PDO) yt,lat = αlat + β1·PDO(t−4) + β2lat·PDO(t−5) + εt,lat 0.54 0

North Pacific Gyre Oscillation (NPGO) yt,lat = αlat + β1·NPGO(t−4) + β2·NPGO(t−5) + εt,lat 0.50 19

Multivariate El Niño Southern Oscillation Index (MEI) yt,lat = αlat + β1·MEI(t−3) + β2lat·MEI(t−4)+β3·MEI(t−5) + εt,lat 0.46 39

Southern Oscillation Index (SOI) yt,lat = αlat + β1·SOI(t−3) + β2lat·SOI(t−4) + β3·SOI(t−5) + εt,lat 0.47 39

Sea Surface Temperature (SST) yt,lat = αlat + β1·SST(t−3) + β2·SST(t−4) + β3lat·SST(t−5) + εt,lat 0.51 49

Upwelling (Upw) yt,lat = αlat + β1·Upw(t−5) + εt,lat 0.43 43

Spring Transition Index (STI) yt,lat = αlat + β1·STI(t−3) + εt,lat 0.42 48

Northward component of Ekman Transport (EkTrans) yt,lat = αlat + β1·EkTrans(t−3) + εt,lat 0.45 31

The best model for each ocean condition was selected based on Likelihood Ratio tests and AIC. *Model abbreviations: y, ln(CPUE); t, year; lat, latitude; α, to intercept; β,
ocean condition coefficient, and ε, error (includes auto-correlation at lag 1 and a random term).

FIGURE 5 | Coefficients of SST lagged by (A) 3 years, (B) 4 years, and (C) 5 years in the selected VC_GAMM of Dungeness crab commercial ln(CPUE) along the
U.S. west coast (Table 3). The latitude of ports corresponding to each of the circular symbols are listed in Table 4. Blue symbols represent negative coefficients and
the size of the symbol scales with the magnitude of the coefficient.

in CPUE due to increased SST) at the southern end of
the species range.

Risk for Coastal Communities
Quantitative Importance of Dungeness Crab to
Coastal Communities
Because paired CPUE data and socio-economic indices (reliance
and CSVI) were not available for all 18 selected coastal
communities, we divided them into four regions that reflect

the U.S. west coast fishery management divisions: Washington,
Oregon, Northern California, and Central California. Compared
to all communities across the CCS, Westport, Washington was
an outlier with a very high Dungeness crab reliance index
(Table 4). Regardless of inclusion or exclusion of Westport,
Washington port communities had the highest reliance on
the Dungeness crab fishery, followed by Oregon, Central
California, and Northern California (Table 4 and Figure 7).
When social vulnerability was compared between the four
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FIGURE 6 | (A) Mean Dungeness crab ln(CPUE) along the U.S. west coast from 1981 to 2017 (solid line) and VC_GAMM predicted CPUE along the U.S. west coast
under two future SST scenarios: +1.7◦C (dashed) and +2.8◦C (dotted). (B) VC_GAMM predicted percent decrease in Dungeness crab ln(CPUE) by latitude along the
U.S. west coast based on two future SST scenarios: +1.7◦C (dashed) and +2.8◦C (dotted).

U.S. west coast regions, Oregon had the highest CSVI,
followed by Washington, Northern California, and Central
California (Table 4).

Coastal Community Susceptibility and Risk to
Changing Dungeness Crab CPUE
The calculated susceptibility score (product of reliance and CSVI)
and the percent decrease in Dungeness crab CPUE under future
SST scenarios shows that the overall risk of a shift in Dungeness
crab CPUE is moderate to high across the CCS, depending on the
level of SST warming (Table 4). Below, we discuss these results
specific to each management region.

Washington port communities
Predictions from the SST VC_GAMM indicated that the
northern portion of the CCS Dungeness crab fishery is the
least exposed to a change in CPUE due to changes in SST
(32.31–50.08% decrease in CPUE, depending on latitude and
SST scenario; Table 4). The four Washington port communities
exhibited high reliance on the Dungeness crab fishery (mean
reliance = 9.72), likely due to low human populations
(reliance is calculated per capita) and high Dungeness crab
catch. Furthermore, social vulnerability of the Washington
communities ranked second highest of the four CCS regions
examined (mean CSVI = 11.17). Given high reliance and high
CSVI, Washington had the highest regional susceptibility score
regardless of whether Westport was included or excluded (mean
including Westport = 113.58, mean excluding Westport = 66.72).
Although exposure is lower for Washington than southern
management regions, high susceptibility of the ports in this
region indicates higher overall risk that Washington coastal
communities would be negatively impacted by a decrease in
Dungeness crab CPUE from changing ocean conditions.

Oregon port communities
The SST VC_GAMM predicted higher exposure of Oregon
Dungeness crab CPUE to SST changes than for Washington
(32.05–69.07% decrease in CPUE, depending on latitude and SST
scenario; Table 4). The seven Oregon port communities exhibited
wide variability in reliance on the Dungeness crab fishery and
CSVI. Examining the region as a whole, reliance of Oregon
communities ranked second highest (mean reliance = 2.51)
and social vulnerability ranked second highest of the four
CCS regions (mean CSVI = 11.59). Combining reliance and
CSVI, the susceptibility of Oregon communities was second
highest of the four CCS regions (mean susceptibility = 29.30).
Similar to Washington, high susceptibility scores reflected
the socio-economic importance of Dungeness crab in Oregon
port communities, particularly in small, natural resource-based
communities like Port Orford and Winchester Bay. Oregon had a
lower susceptibility score than Washington, but greater exposure
indicates that the risk of this region to a change in Dungeness crab
CPUE from changing ocean conditions is still relatively high.

Northern California port communities
Northern California port communities showed higher exposure
to changes in CPUE predicted by the SST VC_GAMM than
Washington or Oregon (51.64–79.62% decrease in CPUE,
depending on latitude and SST scenario; Table 4). The three
Northern California communities had the lowest reliance on
the Dungeness crab fishery (mean reliance = 0.48) and the
highest social vulnerability score (mean CSVI = 12.50). Taken
together, however, the susceptibility of this region ranked lowest
of the four CCS regions (mean susceptibility = 6.31). Despite
having greater exposure than Washington or Oregon, northern
California communities may be at lower risk to a decrease
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TABLE 4 | Reliance index, community social vulnerability index (CSVI), susceptibility score, and predicted percent decrease in ln(CPUE) by port and by region (NOAA,
2017; Varney, 2018).

Region Port community Latitude Reliance
score

CSVI Port
susceptibility

Region
susceptibility

% Decrease in
ln(CPUE) (+1.7◦C)

% Decrease in
ln(CPUE) (+1.7◦C)

Washington Westport 46.89 21.15 12.01 254.17 66.72* 32.32 33.72

Tokeland 46.71 5.78 12.36 71.41

Ilwaco 46.31 7.65 12.34 94.43 35.13

Chinook 46.28 4.3 7.98 34.31

Oregon Astoria 46.19 0.73 9.64 7.03 37.87

Garibaldi 45.56 3.03 13.53 41.01 32.05

Newport 44.62 1.18 10.47 12.33 46.38

Winchester 43.68 9.06 9.78 88.64 29.30 43.24 42.17

Coos Bay 43.38 0.54 11.54 6.24 46.37

Port Orford 42.75 2.62 17.58 46.06 41.48

Brookings 42.07 0.44 8.6 3.78 47.82

Northern Crescent City 41.77 0.57 14.81 8.49 51.64 53.34

California Eureka 40.79 0.13 10.74 1.38 6.31 53.19

Fort Bragg 39.44 0.76 11.94 9.06 55.19

Central Bodega Bay 38.32 8.95 4.57 40.86 62.06

California San Francisco 37.73 0.01 6.11 0.06 12.07 65.5 74.74

Monterey 36.6 0.08 6 0.49 79.85

Morro Bay 35.37 0.92 7.49 6.87 91.53

See Supplementary Table S1 for reliance and CSVI data sources. Susceptibility was calculated as the product of reliance and CSVI. Red indicates higher scores and blue
indicates lower scores. Percent decrease in ln(CPUE) was predicted using the SST VC_GAMM with a +1.7◦C future scenario. *The Washington region mean susceptibility
score excludes Westport because of its status as an outlier, with an anomalously high reliance index.

in Dungeness crab CPUE due to low susceptibility – driven
primarily by low reliance.

Central California port communities
The southernmost Dungeness crab ports had the greatest
exposure to CPUE changes due to SST increases, according to
the VC_GAMM (62.06–100.00% decrease in CPUE, depending
on latitude and future SST scenario; Table 4). Large human
populations within central California and generally lower
Dungeness crab catch likely resulted in lower reliance on the
fishery (mean reliance = 2.38). Furthermore, the overall social
vulnerability within this region is also low compared to other
CCS regions (mean CSVI = 6.04). The overall susceptibility of
the central California region to decreased Dungeness crab CPUE
was low (mean susceptibility = 12.07). Despite high exposure
for the southern portion of the CCS, central California coastal
communities exhibit low risk of being negatively impacted by
a decrease in Dungeness crab CPUE due to changing ocean
conditions. Although the overall risk of a distribution shift to
central California is low, it is also important to consider ports
individually. For instance, Bodega Bay has high susceptibility and
exposure. Therefore, this specific port is at a much higher risk to
a change in Dungeness crab CPUE compared to other ports in
the same region.

DISCUSSION

The impacts of climate change on marine systems will alter
ecosystem-scale functions including productivity, food web and
disease dynamics, and species distributions (Hoegh-Guldberg
and Bruno, 2010). Many of these changes are already occurring

in the CCS (Snyder et al., 2003) and our analyses indicate
that changing ocean conditions could impact the abundance
and distribution of commercial catch of the socio-economically
important Dungeness crab. These effects will not be confined to
the Dungeness crab fishery, but will impact many economically
important fisheries on the U.S. west coast and globally. In
particular, studies have projected a greater than 10% reduction
in catch potential for continental U.S. exploited fisheries by mid-
century (Cheung et al., 2010; Barange et al., 2014). Although
global fishery assessments are critical to our understanding
of climate change, there is also value in addressing fine-
scale impacts at the level of individual fisheries. Our study
provides a framework for evaluating an individual fishery and
the risks for the communities that rely on it, and will be
useful when adapting fisheries management strategies in response
to climate change.

Importance of Ocean Conditions for
Dungeness Crab
Statistical analysis of Dungeness crab CPUE and ocean
conditions identified a mix of relationships that were lagged by
3–5 years. This finding upholds previous work and confirms
the importance of favorable ocean conditions, such as negative
PDO and positive SOI indices, for promoting larval crab survival
and transport in the CCS (Botsford and Lawrence, 2002; Shanks
et al., 2010; Shanks, 2013). We found support for a mix of
latitudinally stationary and non-stationary models, indicating
that the influences of various ocean conditions on Dungeness
crab CPUE are spatially variable, and are likely specific to
different time lags. However, U.S. west coast fishery management
often operates under the assumption that harvestable-sized
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FIGURE 7 | Dungeness crab reliance index for 2015 versus social vulnerability (CSVI) for 2014. Reliance scores consider per capita engagement in the Dungeness
crab fishing industry, while CSVI indicates the overall vulnerability of a community. This figure excludes Westport, WA, which had anomalously high reliance and
moderate vulnerability (Table 4).

Dungeness crabs are age 4 (Rasmuson, 2013). This analysis
suggests that the relationship between ocean conditions and
Dungeness crab commercial harvest may be more dynamic and
could explain inaccuracies in commercial catch projected using
only larval abundance 4 years prior (i.e., Shanks et al., 2010).

Overall, we found that the models explaining the largest
amount of variance were those with PDO, SST, and NPGO,
individually. Consistent with our findings, negative PDO
conditions during the vulnerable early life history stages of
Dungeness crab, and other exploited marine fish, have been
shown to increase survival to harvestable size (Mantua et al.,
1997; Botsford and Lawrence, 2002; Shanks, 2013). Although SST
can be correlated to large scale ocean conditions, like PDO, most
previous work on Dungeness crab has not explicitly examined
SST (except see Botsford and Lawrence, 2002). However,
our analysis indicates a strong, negative relationship between
Dungeness crab CPUE and lagged SST. In addition, we identified
a positive relationship with NPGO, which was unexpected
given that Shanks et al. (2010) found no correlation between
NPGO and Dungeness crab larval recruitment. However, this
newly identified association corroborates other indications that,
since the late 1980’s, NPGO has had a greater influence on
regional physical and biological variables in the North Pacific
Ocean (Di Lorenzo et al., 2008; Litzow et al., 2020), including

novel impacts to salmon (Kilduff et al., 2015) and seabirds
(Schmidt et al., 2014). The lack of strong support for models
of STI and EkTrans was also contrary to our expectations given
previous work of Shanks and Roegner (2007) and Shanks (2013).
Although we did find support for an upwelling model, the
influence of Upw was spatially variable and indicated a greater
dependence of southern Dungeness crab CPUE to onshore
advection of larvae and upwelling-fueled primary productivity
(Shanks, 2013).

While we focus on the SST model for the purpose of
determining exposure of CPUE to changing ocean conditions,
it is important to recognize that SST is closely correlated with
other climate-related phenomena. For example, increasing SST
is likely to increase occurrences of hypoxic events (Grantham
et al., 2004; Chan et al., 2008) and algal blooms that release
domoic acid in the CCS (McKibben et al., 2017). These SST-
related phenomena have already had detrimental ecological and
socio-economic consequences for the Dungeness crab industry
and are likely to influence future abundance, distribution, and
accessibility of Dungeness crab along its entire range. Hypoxia
causes mass mortality events in adult and juvenile Dungeness
crab (Grantham et al., 2004). Harmful algal blooms that release
domoic acid result in the bioaccumulation of the neurotoxin
in Dungeness crab and other shellfish (Schultz et al., 2013),
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leading to fishery closures due to the risks of human consumption
(Trainer et al., 2007). The occurrence of domoic acid events on
the U.S. west coast are expected to increase with warmer ocean
conditions (McKibben et al., 2017). Ocean acidification is also
expected to negatively impact Dungeness crab, primarily through
indirect effects via shellfish prey species (Marshall et al., 2017),
but Bednaršek et al. (2020) found that larval crabs are already
experiencing exoskeleton dissolution under present acidification
levels. The lack of sufficient time series precluded our ability to
explore the relationship between ocean acidification, hypoxia,
and Dungeness crab. Similar to the impact of ocean conditions
considered in this study, the impacts of these climate-related
phenomena are likely to vary spatially and temporally. Therefore,
further analyses are needed to determine how these complex
events will shape the future of the U.S. west coast Dungeness crab
industry and other important fisheries.

Exposure of the CCS to Ocean
Condition-Driven Changes in Dungeness
Crab Catch
Our analysis showed that increasing SST in the CCS would
decrease U.S. west coast CPUE of Dungeness crab with larger
decreases in CPUE projected for the RCP 8.5 W/m2 radiative
forcing scenario (+2.8◦C) compared to RCP 4.5 W/m2 (+1.7◦C).
Decreases in CPUE would likely be caused by a shift in offshore
distribution and accessibility of Dungeness crab to the fishing
industry. However, the decrease in CPUE may not be monotonic
along the coast, as the best model included a non-stationary effect
of SST at a 5-year lag. Under both warming scenarios, our model
found greater exposure of Dungeness crab CPUE to SST for
southern latitude ports than northern latitude ports and indicates
the possibility for a northward distribution shift of U.S. west coast
Dungeness crab. Furthermore, there may be regional differences
in the rate of SST warming, which could accentuate a northward
distribution shift.

There is a generally good consensus that SST will increase
in the CCS (IPCC, 2018) and other studies have also used
SST to project or analyze species movements under climate
change (e.g., Pinsky et al., 2013; Yen et al., 2016). It is less
clear how large scale ocean-atmosphere climate patterns, such
as PDO and NPGO, will shift in the future (Newman et al.,
2016). In addition, local-scale differences in shelf dynamics could
cause important spatial variability in temperature and upwelling
(timing and strength). These uncertainties are not captured in
our models. Reported changes in coastal winds and upwelling are
spatially variable and have not resulted in a clear intensification
of upwelling (Bakun et al., 2010; Sydeman et al., 2014). This
spatial variability may explain why there was less support for the
models of Upw and STI. However, the importance of upwelling
dynamics in driving Dungeness crab dynamics, as well as other
important fishery species, is well documented (Barth et al., 2007;
Shanks and Roegner, 2007) and the relationship between climate,
upwelling, and Dungeness crab is an important avenue for future
investigation. Recent advances in upwelling index calculations
may further elucidate the importance of upwelling (Jacox et al.,
2018). Overall, Dungeness crab are affected by a variety of oceanic

conditions and our findings highlight important implications
of a changing ocean for fishing communities involved in the
Dungeness crab industry.

Importance of Dungeness Crab to
Coastal Communities
Economically valuable fisheries provide a direct link between
changing ocean conditions and communities. U.S. west coast
communities showed varying levels of social vulnerability and
reliance on the Dungeness crab fishery that did not necessarily
align with regional or management boundaries. Combining these
metrics into a susceptibility score allowed us to determine
that the risk of a change in Dungeness crab distribution or
availability is unequal, with generally greater consequences for
northern communities.

Given the projected decrease in Dungeness crab catch with
increased SST, communities with the greatest potential for
exposure were those in the central California management
region. Although the likelihood of communities such as Morro
Bay and Monterey experiencing a reduction in catch of
Dungeness crab was relatively high, their overall susceptibility
was low. On the other hand, Bodega Bay had higher reliance on
the Dungeness crab fishery and was the most susceptible of the
central California communities.

Oregon and Washington were less exposed to changes
in Dungeness crab catch due to increased SST compared
to California. However, many of these communities showed
high social vulnerability and, ultimately, higher susceptibility.
Therefore, the risk of reduced Dungeness crab catch would
likely be more detrimental to communities in Oregon and
Washington. As noted above, Bodega Bay, California represents
a potential exception to this pattern. In addition, communities
across the CCS have already been impacted by other climate-
related phenomena and the subsequent management responses,
including closures for the presence of domoic acid in crabs and
hypoxia-related mass mortality of adult crab. Expected increases
in the potency, duration, and occurrence rate of harmful algal
blooms in marine systems (Gobler et al., 2017) point to increased
domoic acid-related fishery closures across the U.S. west coast
(McKibben et al., 2017). These closures can be economically
damaging and may be the most immediate threat from changing
ocean conditions to the Dungeness crab industry and associated
coastal communities (Ritzman et al., 2018; Moore et al., 2019).

One caveat of this discussion is the fact that CSVI captures
overall vulnerability of the “community of place” and is not
specific to participants in the commercial fishing industry, which
represents the “community of interest” (McMillan and Chavis,
1986; Nasar and Julian, 1995). Our analysis has captured only
the potential risk for the larger community, but it is likely that
individual community members would be differentially impacted
depending on their connection to the fishery. For instance,
fishermen and others directly involved in the fishing industry
may experience more impacts than the larger community. This
limitation also applies to other recent studies of exposure-
vulnerability analyses of fisheries (e.g., Ekstrom et al., 2015;
Mathis et al., 2015), but has not received much attention
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in the literature due to the challenges of characterizing sub-
community level impacts (PFMC, 2017). Furthermore, socio-
economic indices may not adequately capture intricate natural-
human connections woven into fishing communities (Lavoie
et al., 2018). However, by calculating a susceptibility score, we are
able to apply the notion of vulnerability specifically to the relative
importance of Dungeness crab in each community. This provides
a general picture of how communities might be differentially
susceptible to a change in the Dungeness crab fishery and may
be useful for anticipating the needs of individual communities in
the face of declining catch potential.

Study Limitations
In general, it is analytically challenging to capture the effect
of individual ocean conditions on marine species due to the
myriad of interacting physical and biological factors, variability
in ocean conditions at multiple spatial and temporal scales,
and often limited data on the distribution and abundance.
Given these complexities and limited data on certain important
ocean conditions, our modeling approach allowed us to describe
historical trends and project CPUE under increased SST
scenarios, but lacks mechanistic explanation for these changes.
In the absence of mechanistic understanding, our projected
future changes in CPUE with increased SST are based on
the assumption that underlying mechanisms are linear and
will continue unchanged into the future. However, synergies
between temperature, ocean acidification, and hypoxia have been
shown to alter the thermal tolerance of marine species (Pörtner
et al., 2005). If the relationship between CPUE and SST has an
energetic basis, then there are likely to be non-linearities and
thresholds in the response of Dungeness crab to temperature.
For example, Metzger et al. (2007) showed that elevated CO2
concentrations dramatically reduced the heat tolerance of edible
crabs (Cancer pagurus).

For this analysis, we had to limit our inference to that of
Dungeness crab CPUE due to the lack of available information
about the actual offshore abundance and distribution of crab.
Management of Dungeness crab does not include a formal stock
assessment and adequate spatial information captured in fishing
vessel logbooks is not available for all regions along the U.S.
west coast. Without consistent logbook information, it is difficult
to estimate fishing effort across all three states. Therefore, we
standardized catch across ports and years using fish tickets
following ODFW (2014). We assumed that if fishermen delivered
crab to a port close to where it was caught, then an estimate
of Dungeness crab commercial CPUE across U.S. west coast
ports would be reflective of offshore abundance and distribution
along the coast. A recent analysis of the Dungeness crab fishery
logbooks and fish tickets by Richerson et al. (2020) found that
delivery port was a good proxy for offshore catch area in Oregon.
In addition, total catch was a good indication of the abundance
of legal-sized male crabs (Richerson et al., 2020). Thus, a change
in the magnitude or distribution of CPUE across ports could
indicate a change in the offshore abundance or distribution of
Dungeness crab associated with ocean conditions.

Although our data covered 36 years, some ocean condition
factors operate on longer time scales. For instance, the data only

spanned two major oscillations in PDO, which may have limited
our ability to effectively describe the relationship between PDO
and CPUE. Other ocean conditions not included in this analysis,
due to insufficient data, may also contribute to Dungeness crab
survival and distribution along the U.S. west coast, including
hypoxia and ocean acidification. Such data could improve our
mechanistic understanding of changes in Dungeness crab CPUE.
These limitations reiterate the value of collecting long-term data
series related to the success of socio-economically important
fisheries under climate change.

Socio-economic data in our analysis were temporally limited
and represent only a snapshot of each community. Indices
obtained were based on 2014 (CSVI) and 2015 (Dungeness crab
reliance) and may not be a comprehensive representation of the
community condition from 1981 to 2017; however, these data
represent warm ocean years in the CCS that may be common in
the future (Cavole et al., 2016; Moore et al., 2019). In particular,
2015 was an anomalous year with the presence of “The Blob”
of warm water in the N.E. Pacific Ocean (Kintisch, 2015; Di
Lorenzo and Mantua, 2016; McCabe et al., 2016) and significant
commercial fishery closures due to the presence of domoic acid
(Ritzman et al., 2018). Future work should evaluate whether
and how communities have historically fluctuated in their social
vulnerability and reliance on fisheries and, furthermore, what
community scenarios may be observed in the future. Long
term data of reliance and vulnerability would allow for a
more complete evaluation of community susceptibility, risk, and
adaptive capacity.

Future Directions
Climate change is creating scenarios that are environmentally,
ecologically, and socially novel. We found that decreased
Dungeness crab catch from increasing ocean temperature has the
potential to greatly impact fishery participants and U.S. west coast
communities. In addition, substantial risks to the Dungeness
crab fishery exist from other climate-related phenomena (e.g.,
domoic acid, hypoxia, and ocean acidification) that often
co-occur with temperature. This study provides a valuable
framework for understanding the social and ecological impacts
of one important fishery in a single analysis, however, we
recognize that this examination is insufficient to capture the
full risk of climate change on U.S. west coast communities.
For instance, many exposure-vulnerability analyses suffer from
limited understanding of social and ecological adaptive capacity,
particularly the timescales over which they operate. The social-
ecological context of marine fisheries provides a particularly
promising avenue for exploring adaptive capacity and untangling
the complexity of coupled natural-human systems. There is
great potential for future work to understand the possibility
for resilience and adaptation in both coastal communities and
target species. Among other social factors that contribute to
adaptive capacity, flexibility to change strategies (Cinner and
Barnes, 2019) is particularly salient to fishery systems where
catch diversification (Kasperski and Holland, 2013; Cline et al.,
2017) and the ability to adapt the distribution of fishery effort
to track target species’ distributions as they move with climate
(Perry et al., 2005) can reduce economic risk. Successful adaptive
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fishery management in a time of ocean change should rely on an
understanding of projected fishery changes as well as the risks to
coastal communities across the species’ current and future ranges.
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