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Abstract

Climate change is already impacting coastal communities, and ongoing and future shifts in
fisheries species productivity from climate change have implications for the livelihoods and
cultures of coastal communities. Harvested marine species in the California Current Large
Marine Ecosystem support U.S. West Coast communities economically, socially, and cultur-
ally. Ecological vulnerability assessments exist for individual species in the California Cur-
rent but ecological and human vulnerability are linked and vulnerability is expected to vary
by community. Here, we present automatable, reproducible methods for assessing the vul-
nerability of U.S. West Coast fishing dependent communities to climate change within a
social-ecological vulnerability framework. We first assessed the ecological risk of marine
resources, on which fishing communities rely, to 50 years of climate change projections. We
then combined this with the adaptive capacity of fishing communities, based on social indi-
cators, to assess the potential ability of communities to cope with future changes. Specific
communities (particularly in Washington state) were determined to be at risk to climate
change mainly due to economic reliance on at risk marine fisheries species, like salmon,
hake, or sea urchins. But, due to higher social adaptive capacity, these communities were
often not found to be the most vulnerable overall. Conversely, certain communities that
were not the most at risk, ecologically and economically, ranked in the category of highly vul-
nerable communities due to low adaptive capacity based on social indicators (particularly in
Southern California). Certain communities were both ecologically at risk due to catch com-
position and socially vulnerable (low adaptive capacity) leading to the highest tier of vulnera-
bility. The integration of climatic, ecological, economic, and societal data reveals that factors
underlying vulnerability are variable across fishing communities on the U.S West Coast, and
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CommunityVuln_PlosOne (for code) or on Dryad at
https://doi.org/10.5061/dryad.547d7wm9d (for
data). Certain data underlying the above values
presented in the study are publicly available.
Specifically, through Aquamaps: https://www.
aquamaps.org/ for species ranges to determine
ecological risk or by contacting Aquamaps at info.
aguamaps@gmail.com. Additional raster files
needed to construct species range files are
available here through the github page cited in this
paper: O’hara CC, Afflerbach JC, Scarborough C,
Kaschner K, Halpern BS. Aligning marine species
range data to better serve science and
conservation. PLoS One. 2017 May 3;12(5):
€0175739. https:/doi.org/10.1371/journal.pone.
0175739 and at the associated git repository
https://github.com/OHI-Science/IUCN-AquaMaps
(and as part of the code to rasterize species range
data available at the time of publication on github
here: https:/github.com/koehnl/CommunityVuln_
PlosOne). Social metric data for calculating
adaptive capacity for communities are available
through the CDC here: https://www.atsdr.cdc.gov/
placeandhealth/svi/data_documentation_
download.html The summarized tables of climate
variables experienced by species in their ranges
(output from the climate models), needed to
calculate ecological exposure, sensitivity, and risk,
will be available via Dryad (https:/datadryad.org/
stash) at the time of acceptance and publication
(here: https://doi.org/10.5061/dryad.547d7wm9d).
The underlying physical and biogeochemical
variables from the downscaled projections are
available upon request from authors Mike Jacox at
NOAA (michael.jacox@noaa.gov) or Jerome
Fiechter at UC Santa Cruz (fiechter@ucsc.edu).
Confidential vessel-level landings data may be
acquired by direct request from the Pacific
Fisheries Information Network (PacFIN) (https:/
pacfin.psmfc.org/) or the Departments of Fish and
Wildlife in California, Oregon, and Washington,
subject to a non-disclosure agreement. Aggregated
data used to determine top species landed for each
community and percent revenue from each species
for each community, and all associated R code is
publicly available at https:/github.com/koehnl/
CommunityVuln_PlosOne for R code and https://
doi.org/10.5061/dryad.547d7wm9d for aggregated
data (aggregated landings by ports can also be
found here https:/reports.psmfc.org/pacfin/f?p=
501:1000:::::: and go to “All species by port group”.
Values for community reliance (from NOAA
California Current Integrated Ecosystem
Assessment) are provided in the same Dryad
repository. Also, data on PacFIN ports and species
used are in the Dryad repository (here: https:/doi.
org/10.5061/dryad.547d7wm9d) formulated from

suggests the need to develop a variety of well-aligned strategies to adapt to the ecological
impacts of climate change.

Introduction

Coastal communities are on the front line of climate change. Sea level rise is already threaten-
ing shoreline infrastructure [1], and extreme weather events are resulting in the destruction of
the built environment along coastlines [2-4]. Climate change will also likely cause changes in
fisheries resource availability [5] as a result of distributional shifts in fisheries species, declines
in productivity, direct impacts on species due to warming, acidification, or declines in oxygen,
and indirect loss through food-web disturbances [6-8]. Potential subsequent reductions in
fisheries have significant implications for food security [9], culture [10] and livelihoods in
coastal communities [11]. The impacts of such changes will vary among communities, house-
holds and individuals (e.g.,[12]), and may exacerbate existing inequalities within and among
coastal communities [13]. The acute impacts of climate change on social-ecological systems
have created an urgent need to strengthen the ability of coastal communities to adapt.

Along the West coast of the United States, marine fish and invertebrates are already
experiencing substantial impacts from climate variability and change. Marine heat waves, such
as the “warm blob”, have likely led to losses of commercial harvest in the California Current
Ecosystem, including drastic declines in salmon abundance and landings, loss of revenue from
closures in the Dungeness crab (Metacarcinus magister) fishery due to harmful algal blooms,
and severe reduction in squid landings [14-19].

In total, fisheries in the U.S. portion of the California Current support over 220,000 jobs in
communities in the states of Washington, Oregon, and California, and lead to total sales from
commercial and recreational fishing in the region near $35 billion annually [20]. Community
connection to fisheries resources is not just economic; the California Current Ecosystem sup-
ports community well-being by sustaining cultural values and practices, connections to nature,
and social connections [21, 22]. These non-economic connections are particularly evident in
tribal communities like Neah Bay, Washington, where residents catch and consume an average
of 125 pounds per person of seafood annually and rely on subsistence catch to support cultur-
ally important household sharing networks and traditional knowledge [23]. Additionally, in
non-tribal communities along the U.S. West Coast, core components of individual and com-
munity well-being reside in the marine environment and in human interactions with it [22,
24], and resident fishers derive non-monetary benefits from fishing practices that support
expressions of identity and social capital [25].

Because communities rely upon fisheries economically and socially, the ecological impacts
of climate change on fisheries resources are likely to affect livelihoods and well-being in the
region. One way to assess these impacts is by describing vulnerability—the degree to which a
system is likely to experience harm due to exposure to a hazard [26]. Following the Intergov-
ernmental Panel on Climate Change (IPCC) [27], vulnerability to climate change can be con-
ceptualized as a combination of exposure to climate change, the degree to which a system is
affected by climate change (i.e., sensitivity), and the capacity to adapt to that change. In the
context of environmental management, vulnerability assessments are useful for building an
understanding of patterns of vulnerability (e.g., [28]), improving adaptation planning (e.g.,
[29]), and revealing patterns of inequity [30].

Ecological approaches to vulnerability assessment in fisheries systems typically focus on tar-
get species [31]. For instance, Crozier and colleagues [32] evaluated the vulnerability of Pacific
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salmon to climate change by assessing the magnitude of the projected change in conditions
resulting from climate shifts (exposure), the sensitivity of salmon to such changes, and the abil-
ity of salmon to modify phenotypes to cope with new climate conditions (adaptive capacity).
In contrast, approaches to vulnerability assessment rooted in social-ecological systems theory
(e.g., [33]), recognize that ecological and human vulnerability are linked [26] and thus inte-
grate biophysical and social exposure, sensitivity and adaptive capacity [34-39]. Cinner and
colleagues [35], for example, combined ecological exposure and sensitivity with social sensitiv-
ity and adaptive capacity to assess social-ecological vulnerability in 12 Kenyan coastal commu-
nities. Fully-integrated social-ecological vulnerability assessments developed at scales that
align geographically with existing governance systems allow for more frictionless uptake and
implementation of policies intended to reduce coastal community vulnerability (e.g., national
level: [40, 41]; regional level: [42, 43]). Because of the fast-changing ecological and social con-
texts of these assessments, those which can be easily updated with new data and that are scal-
able are less likely to become quickly outdated (see, for example, [44, 45] and references
therein).

Here, we develop and deploy an assessment that is grounded in both ecological and social-
ecological vulnerability approaches. Our goal is to identify communities reliant on the U.S.
California Current Ecosystem that are likely to become most imperiled by the impacts of cli-
mate change on fisheries. We first assess the ecological risk of the California Current major
fisheries species to climate change into the medium-term future (50 years). We next estimate
the degree to which fishing communities are at risk from climate-impacted fisheries species.
Finally, we integrate the climate risk faced by California Current fishing communities with the
adaptive capacity of these communities to assess the overall vulnerability of these coastal popu-
lations. Using readily available public data, our overall aim is to produce an assessment that is
easily reproducible, automatable, and scalable and in this case aligned with the scale of the fed-
eral fisheries governing body, the Pacific Fisheries Management Council (PFMC). In doing so,
we strive to provide needed information that can guide management interventions which
inform more equitable climate adaptation.

Methods
Overview

We adapted the vulnerability assessment framework outlined by Marshall and colleagues [46]
and Thiault and colleagues [47] to investigate the vulnerability of fishing communities (Fig 1).
We first determine ecological risk, a combination of the ecological exposure and ecological
sensitivity of target species to changing climate conditions (Table 1, Fig 1). Ecological risk
directly informs community exposure, such that ecological risk of each target species is
weighted by economic importance of those species for each community (Table 1). Community
sensitivity is determined by the economic reliance of communities on the fishing industry,
which when combined with community exposure, gives community risk to climate change
(Table 1). We then consider the adaptive capacity of fishing communities, or the ability to
adapt, absorb, and recover from climate change impacts, which is influenced by demographic
and social factors [48]. Combining community risk with community adaptive capacity gener-
ates the overall extent that communities are vulnerable to climate change, or “community vul-
nerability” (Table 1). We calculate ecological risk for approximately 50 years into the future so
that community vulnerability reflects medium-term future conditions. This time-frame is sim-
ilar to that considered by the PEMC Climate and Community Initiative [49, 50], and is 1) a
period where climate models and emissions are more certain (compared to further out, see
[51]); 2) long-enough in the future where climate trends have emerged; and 3), near-term
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Socioecological Vulnerability of
Climate Change on Fishing Communities

Assessment framework used to determine the coupled social-ecological likelihood of
fishing communities to be adversely affected by climate change on the U.S. West Coast.

Ecological = Economic

ECOLOGICAL RISK

Degree to which a speciesis
susceptible to climate
change.

Ecological Exposure

Degree to which a species is
subject to climate change

= Social

@ COMMUNITY EXPOSURE

Level of effects experienced
by a community from climate
change as determined by the
ecological risk and economic
importance of their target
species.

Economic Importance
Percent of total revenue for each
species for each community.

@ COMMUNITY RISK

Degree to which a
community is susceptible to
climate change.

Community Sensitivity
How likely a community is to be
affected by climate-driven

o COMMUNITY
VULNERABILITY

Degree to which a
community is susceptible to
climate change moderated
by its ability to adapt.

Community Adaptive Capacity
The ability to adapt, cope, and

impacts. changes on fisheries resources
based on its economic reliance

on commercial fishing.

change.

Ecological Sensitivity

How likely a species will be
affected by changes in
environmental conditions.

d
'
'
'
'
'
'
'
'
'
'

recover from impacts of climate :
'
'
'
'
'
'
'
'
'
'

SOCIAL FACTORS OF COMMUNITY ADAPTIVE CAPACITY

There are 15 factors that are used to calculate a community’s adaptive capacity:

D i 8 @

Socioeconomics

CLIMATE DRIVERS

Species sensitivity and exposure are
measured across four climate drivers:
Housing and

Household Compensation Minority Status

Below poverty and Disability and Language Transportation
o ﬂ 2 Unemployed m Age65+ m Disability = Minority ®m No vehicles ® People > rooms
Income (reversed) = Age 17-  ® Single parents ® Speak English < well ® 10+ units = Group quarters

Temp pH Oxygen Chlorophyll No high school diploma = Mobile homes

Fig 1. Vulnerability assessment framework. Framework used to determine the coupled social-ecological vulnerability of fishing communities to climate
change on the U.S. West Coast. The initial components of the framework are the ecological sensitivity and exposure to climate change of marine resources that
fishing communities depend on. Ecological sensitivity and exposure are determined for four climate change variables—temperature, pH, oxygen, and
chlorophyll-and are combined to determine ecological risk. Community exposure is derived by weighting ecological risk of species by the economic
importance to each community. When community exposure is combined with community sensitivity, this forms community risk to climate change. When
community risk is combined with adaptive capacity, which is made up of 15 social indicators, this produces overall community vulnerability which is made up
of ecological (yellow), economic (green), and social indicators (blue). Design by S] Bowden.

https:/doi.org/10.1371/journal.pone.0272120.9001

enough to still be management relevant. We focus our analysis on U.S. fishing communities in
the California Current Ecosystem and define a fishing community as a geographic location
that is a specified census designated place, with at least some level of commercial fishing activ-
ity associated with commercial fisheries along the continental U.S. West Coast (as defined by
the National Oceanic and Atmospheric Administration and California Current Integrated
Ecosystem Assessment, IEA [52]).

Ecological

As defined above, ecological risk is the extent to which fishery target species are predicted to
be affected by climate impacts. For ecological risk, we adapted the approach of Samhouri et al
[56], where ecological risk is a combination of the expected change in environmental
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Table 1. Terms and definitions used in the vulnerability framework for coupled social-ecological systems.

Term & Variable used in

equations

Ecological Exposure
e

ism

Ecological Sensitivity
Sim

im

Ecological risk
ei,m

Community Exposure
EC

Community Sensitivity
Sc

Community Risk
Rc

Community Adaptive
Capacity
Ac

Community vulnerability

VC

Definition

Degree to which a species is subject to (exposed to) changing environmental
conditions due to climate change. Calculated as the expected change in
environmental conditions a species will face in their range (overlap between the
historic range and future range of climate values a species experiences in its spatial
range where greater overlap = lower exposure). Species range data comes from
Aquamaps [53]. Average exposure for each species (i) for each climate model (1)
across four climate variables: temperature, pH, chlorophyll, and oxygen (Eq 1)

Conditions determining how likely a species will tolerate future changes in
environmental conditions. Here, use a proxy calculated as present-day breadth of
environmental conditions a species experiences in its range (where greater breadth
implies greater tolerance). Average sensitivity for each species (i) for each climate
model (m) across four climate variables: temperature, pH, chlorophyll, and oxygen
(Eq1)

Degree to which a species is susceptible to climate change. Combination of ecological
exposure and ecological sensitivity to climate change (calculated as the Euclidean
distance between sensitivity and exposure). Calculated for each species (i) and
climate model (m) (Eq 1)

Degree to which a community is subject to impacts of climate change based on the
species targeted by the community. Ecological risk for each species in the
community’s top 90% of landings, weighted by the percent revenue of each species
for that community (c) (Eq 2) (similar to methods in [37]).

Conditions determining how likely a community will be impacted by climate change.
Calculated as community economic reliance on commercial fishing (from IEA [52]
and see [54]). Calculated for each community (c).

Likelihood a community will be adversely affected by a climate change. Combination
of community exposure and community sensitivity calculated for each community
() (Eq 3).

Ability to adapt, absorb, and recover from climate change. Demographic and social
indicators are known to directly impact a community’s adaptability [48]. Made up of
a combination of social indicators from CDC [55]) for each community (c) where
highest adaptive capacity = 0 and lowest = 1, so that for all axes—adaptive capacity,
exposure, sensitivity—higher values equate to higher vulnerability.

Cumulative measure of potential climate change effects based on community
exposure, community sensitivity, and adaptive capacity calculated for each
community (c); calculated as the Euclidean distance between community sensitivity,
exposure, and adaptive capacity (where higher values of each are associated with
higher vulnerability) (Eq 4)

https://doi.org/10.1371/journal.pone.0272120.t001

conditions a species will face in their range (ecological exposure) and the present-day breadth
of environmental conditions a species experiences in its range (ecological sensitivity, where
greater breadth implies greater tolerance). To estimate ecological risk, we compiled data and

model output on commercial species ranges/distributions and environmental/climate condi-

tions in those ranges for species that are the top landed species for communities. These quanti-
tative methods are automatable through readily available data and scalable depending on
species and geographic range.

Ecological data. To determine the commercial fishery species that communities are most
dependent on, we relied upon landings receipts derived from the Pacific Fisheries Information
Network (PacFIN; http://pacfin.psmfc.org/) database for the years 2009-2018 (10-year range
to capture potential variability from year to year). Fish ticket data for 2009-2016 and 2017-
2018 were downloaded in April 2017 and June 2019, respectively (the final quarter of 2016 was
not complete at the time of the initial data query and not included in analysis, specifically 9/9/
2016 through 12/31/2016). To assess landings, we identified fishing ports recognized by the
Pacific Fisheries Management Council and state fish and wildlife agencies. Data on species
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landings are provided by PacFIN; however, PacFIN data aggregate multiple ports to higher
level PacFIN “port groups”. As a consequence, we assumed landings data for each individual
port are the same as the PacFIN port group that the individual port is a member of (see https://
pacfin.psmfc.org/pacfin_pub/codes.php for all port groupings). We excluded ports where a
high percent of landings data were confidential (see below). Because the PacFIN database is
updated as information is released from California, Oregon, and Washington Departments of
Fish and Wildlife to Pacific States Marine Fisheries Commission, it is possible that the top spe-
cies by landings and/or assignments of landings to ports may change over time (even poten-
tially becoming not confidential). The value of the method and framework introduced in this
paper is that the analysis can be updated in parallel as data is updated.

For each port, we calculated the total landed weight over the 10-year span, found the per-
cent of total landed weight each species comprised, and only considered the species that con-
tributed to the top 90% of landed weight for the remainder of our analyses. We focused on the
top 90% of landed weight, not revenue, to focus on the majority of what is caught in the com-
munity (versus a rare but highly valued species caught). Communities were removed if >20%
of landings were listed as “confidential” (species landed by <3 vessels) as the majority of data
either had <20% or more than 20% (break in the data) and then less then 75% of the landings
were accounted for if more then 20% was confidential. Catch was removed for landings listed
as “other” or “miscellaneous” and that made up less than 5% of catch. We determined species
level for “unidentified” catches of taxonomic families (unidentified urchins, unidentified hag-
fish, etc.) based on information from state fish and wildlife agencies (see S1 Table for which
species make up each group). Additional specifics on the preparation of landings data for anal-
ysis are provided in the S1 Appendix.

Our approach to ecological risk required historic and future climate data within species dis-
tributions. We chose four climate variables that may impact species and are major climate
drivers in the California Current System [57]; temperature, pH, oxygen, and chlorophyll (see
S1 Appendix for justification for each variable). We used multiple variables as recent studies
have indicated that using temperature alone to specifically predict range shifts can underesti-
mate or hide vulnerability [58] and these four variables have been used in other assessments
[28, 32, 59, 60].

Species specific distributions for all species in the top 90% of landings were collated from
Aquamaps [53] and we rasterized species range data using methods presented in O’Hara et al
[61]. Final data include species distributions for the U.S. West Coast area of 180-100W, 20-
60N, that are constrained further to the ocean model domain for climate variables (see below).
We developed extent of occurrence [62] for each species based on probability of occurrence
of > 0.4 across 50 km by 50 km grid cells. We only included areas with species probability of
occurrence > 0.4 because areas of low probability of occurrence may not actually be within a
species “core range” or relative suitable habitat and may only represent vagrant or extralimital
occurrences. Other studies have suggested a cut-off of 0.6 for relative habitat suitability (specif-
ically [63], but this study focused on marine mammals). A threshold of 0.4 is also often used or
tested (for example [56, 64, 65]) and is more precautionary; some species suitable habitat
ranges may be overestimated, but gives more confidence that we have captured the entire suit-
able habitat of a species.

A few species within the top 90% of landings by port had missing distribution data or distri-
butions primarily outside of our range. These species were either removed from analysis or
information from a closely related species was used depending on how prominent the species
were in the landings data (see S1 Appendix). Of the 72 species in the top 90% of landings (for
ports with <20% confidential and including species that make up unspecified species groups),
we were able to estimate climate risk for 68 of them, and use a surrogate species for 1, for a
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total of 69 species (S1 Table). For each species, the metric used for the climate experienced by
the species, for each climate variable (pH, temperature, oxygen, and chlorophyll), depended
on the species primary habitat (benthic or pelagic); e.g. bottom temperature was used for ben-
thic species and surface temperature for pelagic (see S1 Appendix on how primary habitat was
determined and metrics used for bottom versus surface, and see S1 Table for info for each
species).

We used a California Current configuration of the Regional Ocean Modeling System
(ROMS) coupled with a biogeochemical model (NEMUCSC) to simulate historical and future
climate conditions for temperature, pH, chlorophyll, or oxygen within species geographic
ranges [66, 67]. The ROMS-NEMUCSC model domain spans 30-48°N and from the coast to
134°W with a horizontal resolution of 0.1 degrees (~10 km) and 42 terrain-following vertical
levels. The coupled physical-biogeochemical model was forced by output from three global
earth system models (ESMs) via dynamical regional downscaling, using a “time-varying delta”
method for 1980-2100 under the CMIP5 high emissions scenario (RCP 8.5). The three global
ESMs were GFDL-ESM2M [68, 69]), HadGEM2-ES [70]), and IPSL-CM5A-MR [71]. These
three models were chosen because they capture the CMIP5 range of potential future physical
and biogeochemical change in the California Current Ecosystem. Hereafter, we refer to the dif-
terent downscaled climate projections as GFDL, IPSL, and HAD.

Calculations for ecological exposure and sensitivity were run with output from each of the
three ESMs downscaled climate projections. “Historical” climate experienced by species in
their ranges was calculated for the reference period 1980-2010, while future conditions were
calculated for 2030-2060 (using an approximately 30 year time period to capture decadal vari-
ability in climate change). To exclude numerical artifacts near the model open boundaries, we
only extracted data from 31-47°N and from the coast to 133°W, omitting ~100 km next to the
open boundaries. While some of the species ranges extend beyond the model boundaries, we
focus on the California Current domain that is proximate to the U.S. West Coast communities
of interest and for which the higher resolution downscaled climate projections can resolve
important finer-scale processes associated with coastal upwelling dynamics.

Ecological sensitivity and exposure. Ecological exposure of a species to a climate variable
is the expected change (future-historical) in that climate variable within the species” California
Current range. Here, exposure is defined by the overlap between the historic and future distri-
butions of climate conditions a species experiences. Specifically, for each species, ESM, and
environmental variable (temperature, pH, etc.), we found the percent of the distribution of
future values that falls in the 57-95% percentile range of the historical distribution, and then
subtracted it from 100%. Greater overlap between historic and future climate experienced
implies lower exposure to climate change, while lower overlap suggests higher exposure to
shifts in climate conditions. This method varies from Samhouri et al. [56] where exposure was
calculated as the change in the mean climate experienced between historic and future. We
used the percent of future values that fall within the historical distribution to capture both
magnitude of change in the mean as well as variability around the mean.

Ecological sensitivity was defined as the inverse of the current breadth of climate conditions
experienced by a species within its current spatial range. Following Dickinson et al. [72], the
climatic breadth is the percentile range (5"-95') experienced by each species in its historical
spatial distribution (calculated as the 95™ percentile value minus the 5™ percentile value and
inversed). Species with greater climatic breadth are assumed to be less sensitive.

Ecological sensitivity and exposure for each species were then determined for each climate
variable within each of the three downscaled climate projections. We log10-transformed expo-
sure and sensitivity for each of the four climate variables separately across species to minimize
influence of extreme values and then scaled to range between 0 and 1 for ease of interpretation
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and standardization (closer to 1 = higher sensitivity or exposure). We then combined estimates
of ecological sensitivity or exposure for each species by averaging across the four climate vari-
ables, giving species average ecological exposure (g;,,) and species average ecological sensitivity
(5;,,), for each species i and model m for all climate variables. This approach assumes that eco-
logical exposure and sensitivity to each climate variable for each species represent equal contri-
bution to overall ecological exposure and sensitivity to climate change.

Ecological risk. Estimates for average species’ ecological sensitivity and exposure were
then combined using Euclidean distance to find ecological risk (cf. [73]):

0,, = /(& — min(z,)" + (5., — min(s,))’ Eq1

where 0; ,,, is ecological risk for species i and model m, and ranges from zero to larger values.
This calculation means that risk increases with distance from the origin in exposure-sensitivity
space and that both exposure and sensitivity have equal contribution to risk. We averaged
across the three climate models and use these average values of ecological risk moving forward
(but see S2 Table for ecological risk calculated from each model). Ecological risk is moderately
correlated across models when species are ranked (Spearman rank correlation; R = 0.46-0.7,
S1 Fig). We also calculated ecological risk for additional species important to West Coast
Indigenous communities (see S3 Table). Olive rockfish was included in calculations though
was only caught by communities that were removed due to >20% confidential catch. Removal
of this species does not change risk values for the other species.

Community risk

Community exposure. Community exposure is the degree to which communities are
subject to the impact of climate change. Therefore, the exposure of a community is directly
related to ecological risk of the species they depend on. To estimate community exposure, we
weighted ecological risk for each species by the percent of total revenue for each species for
each community, and then summed across the weighted values. Since we have removed confi-
dential catch and species with missing information, the percent of revenue is not out of the
total revenue for that community, but the percent revenue of the total revenue for species in
the top 90% of landings for that community left after removing missing and confidential data.

E = Zigipi,c Eq2

Where E, is exposure for each community, 0, is average ecological risk per species across
the three climate models, and p; . is the proportion of revenue of species i in community c. We
then found the percentile ranking of the community exposure score across communities to
scale exposure for each community between 0 and 1. Note that we weighted by percent reve-
nue but weighting by percent landings (for species) produced similar rankings across commu-
nities (correlation coefficient = 0.94, see S2 Fig). Community exposure is highly correlated
across the three climate models that we averaged across to find average ecological risk (see S2
Fig, all correlations).

Community sensitivity. Community sensitivity reflects the conditions determining how
likely a community will be affected by climate change. Since we are primarily concerned with
changes in fisheries, we defined the sensitivity of a community to climate change as its eco-
nomic reliance on the commercial fishing industry. For each community, we used an index of
commercial fishery reliance that includes landings, revenue, permits and processing from the
California Current Integrated Ecosystem Assessment [52] for the year 2017 (most recent year
available). To scale commercial reliance between 0 and 1, we found the percentile rank for
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each community across reliance for all communities (which we denote S.), where multiple
communities had the lowest reliance and have sensitivity scores of 0.

Community risk. We combined community exposure and community sensitivity, using
Euclidean distance to get community risk (R,) for each community (where minimum exposure
and sensitivity are both 0).

R =\/(E)* +(S.)° Eq3

In calculations of community sensitivity, exposure, and risk, we used the species in the top
90% of landings (by weight) in current and recent years. We recognize that this species compo-
sition of landings may not be the same for future landings; however, absent other information
it was the best available information.

Community adaptive capacity

We next estimated the adaptive capacity of each fishing community. Here, adaptive capacity
refers to the ability of a community to cope with a hazard or pressure such as climate change
[74]. We based our analysis of adaptive capacity on Flanagan and colleagues’ [48] work, follow-
ing approaches similar to those used by Davies et al. [30] and Messager et al. [75] to assess the
vulnerability of communities to wildfire and flooding, respectively.

Like Flanagan et al. [48], we used an index of adaptive capacity based on metrics (n = 15)
nested within four themes: 1) socioeconomic—persons below poverty, unemployed civilians,
per capita income, persons with no high school diploma; 2) household composition/disability
—persons age 65+, persons age 17 and less, noninstitutionalized population with a disability,
number of single parent households; 3) minority status/language—persons of minority, per-
sons older than 5 that don’t speak English well; and 4) housing/transportation—housing struc-
tures with 10+ units, estimates of mobile homes, households with more people than rooms
(crowding), households with no vehicles, and persons in institutionalized group quarters.
These data are compiled by the Centers for Disease Control and Prevention (CDC) from the
American Community Survey and are presented as an index (called the CDC Social Vulnera-
bility index) averaged over years 2014-2018 [55]. Hereafter, we refer to this index as the “CDC
Index”.

The metrics used in the CDC Index are estimated at a census tract level; therefore, for each
port community, we found the census tracts that intersect with each community using the R
packages acs [76], sf [77], tidycensus [78], and tigris [79]. We first found the geographic
boundary of each community by state, and then found the census tracts that intersected at
least partially with each community boundary. We matched data from the CDC Index to the
census tracts in each community and averaged values across census tracts to find an overall
score for each community for each of the 15 metrics for 2018 CDC data. We percentile ranked
each of the 15 metrics across communities so that each metric is on the same scale (0 to 1),
then summed across metrics for each community, and percentile ranked again across commu-
nities so that adaptive capacity is on the same scale as community exposure and sensitivity (cf
[55]). This gives an index value between 0 and 1.

Increasing values of the CDC Index indicate worse conditions (e.g., more unemployment,
more households without vehicles, etc), so for the per capita income metric, we reversed the
percentile ranking (1 minus original ranking) so that higher values equal worse conditions in
line with the other metrics (cf. [55]). As larger values equate to worse conditions, we present
adaptive capacity as the CDC Index but where 0 (smallest value of the CDC Index) represents
the greatest capacity to adapt and 1 (highest value of CDC Index) reflects the lowest adaptive
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capacity. From this, all axes of vulnerability—sensitivity, exposure, and adaptive capacity-are
such that greater values equal greater vulnerability.

NOAA also calculates an annual social index using similar data [52], using methods
described in [37, 54]. The adaptive capacity generated using the NOAA index is highly corre-
lated to that generated using the CDC index (R = 0.94, see S1 Appendix for more information
on the NOAA index and S3 Fig for correlation). Because the CDC Index encompasses more
communities and the two indices are highly correlated, we show the results based solely on the
CDC Index.

Overall community vulnerability

We estimated community vulnerability as the Euclidean distance of community risk and adap-
tive capacity as:

V. =1/(R)"+ (AC)’ Eq4
where V. is community vulnerability by community (c), R, is community risk, and AC, is
adaptive capacity.

Note that across all methods of calculating ecological risk, community risk, and community
vulnerability, scaling values at various times in relation to averaging or calculating Euclidean
distance only minimally changes the results for species risk or final community vulnerability.
For example, re-scaling ecological sensitivity and exposure before calculating ecological risk
using Euclidean distance or re-scaling ecological risk by climate model before averaging, does
not qualitatively change the final result—communities with the highest vulnerability remain
the same, and rank order of communities with lower vulnerability shifts only slightly. As pre-
sented throughout the methods, estimates of each component (community sensitivity, expo-
sure, and adaptive capacity) were correlated across data and models showing that our results
are robust to certain sources of uncertainty (see supporting information figures). We do not
present further analysis of uncertainty for community vulnerability because, though we pres-
ent results across multiple sources of uncertainty for species risk and associated community
exposure (such as climate model used, weighting by revenue vs. landings, see supporting infor-
mation figures and tables), we do not have the equivalent ability to represent uncertainty for
the other components (only one measure of community sensitivity, only two adaptive capacity
sources). Therefore, we present analyses of uncertainty for the individual components where
we can, but not for the final community vulnerability scores. All analysis was completed using
R [80] in Rstudio [81].

Results
Ecological risk

Opverall, across climate models and climate variables (pH, oxygen, chlorophyll, and tempera-
ture), the species most at risk from projected climate change on the US West Coast include
Pacific hake (Merluccius productus), smelts (Atherinopsis californiensis, Spirinchus starksi,
Hypomesus pretiosus), salmon (Oncorhynchus spp.), Pacific herring (Clupea pallasii), spiny
lobster (Panulirus interruptus), sablefish (Anoplopoma fimbria), sharks (Alopias vulpinus,
Isurus oxyrinchus), albacore (Thunnus alalunga), bluefin tuna (Thunnus orientalis), and red
sea urchins (Strongylocentrotus franciscanus) (Fig 2, S2 Table). Some of these species such as
Pacific hake and sea urchins are at risk because of their high exposure to climate change, while
others (e.g, salmon, smelt, and Pacific herring) have high sensitivity to climate change because
they experience a relatively narrow range of environmental conditions within the California
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Current ecosystem. Many of the top at risk species had high exposure and/or sensitivity to
temperature (most smelt, hake, salmon) (54 Table). The top 10 most at risk species also had
high sensitivity to oxygen changes (except hake, but hake had high values for exposure and
sensitivity to pH). A few most at risk species had high exposure to chlorophyl changes or sensi-
tivity to pH changes (hake, sablefish and jack smelt), but no species in the top 10 at risk had
high sensitivity to chlorophyl changes or high exposure to pH (but see spiny lobster and red
sea urchin in the top 20).

Community risk

Communities such as Neah Bay WA, Everett WA, Longview WA, Westport WA, Point Arena
CA, Albion CA, (Fig 3, S5 Table) are highly at risk to climate change because they are reliant
on species that are at high ecological risk such as salmon, red sea urchins, or Pacific hake.
However, other communities with economies that depend heavily upon fisheries are highly
sensitive to climate impacts even though their catch of species at high ecological risk is rela-
tively low (e.g., Tomales CA, La Push WA, Chinook WA/Ilwaco port; S5 Table). The majority
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Fig 2. Ecological exposure and ecological sensitivity to climate changes for fisheries species. Ecological risk to climate change (changes in pH, temperature,
chlorophyll, and oxygen) which is the Euclidean distance between ecological exposure and ecological sensitivity. Ecological exposure and sensitivity are
averaged across the four climate variables (each ranging from 0 to 1) for each climate model and then averaged across three climate models for species in top
90% of landings (by weight) for US West Coast fishing communities. See S2 Table for individual species risk. Transparency of the name corresponds to
standard deviation in exposure (more transparent equals higher deviation/uncertainty) across the three climate models (relative to the other species groups).

https://doi.org/10.1371/journal.pone.0272120.9002
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of communities with 25% or more revenue from a single or multiple salmon species are in the
top ten percent of at-risk communities (Fig 3, S5 Table). Most communities with greater than
or approximately 20% of revenue from Pacific hake or sablefish were also in the top ten per-
cent of at-risk communities. Communities with high percent revenue from red sea urchins are
also highly at-risk when revenue from sea urchins is very high (near 100%, Point Arena and
Albion, CA), or the communities’ catch is made up of a high percent revenue from multiple
species with high ecological risk (for example, Santa Barbara-California spiny lobster, red sea
urchin, and sablefish; Gold Beach, OR-kelp greenling [Hexagrammos decagrammus] and red
sea urchins). Large catch of species somewhat at-risk ecologically, combined with high com-
munity sensitivity (i.e., economic dependence on fisheries), also leads to high community risk
(Chinook, WA, albacore catch). The only other community in the top 10% for community
risk, Tomales, CA, has reliance on a few species at moderate ecological risk but has high com-
munity sensitivity (see S5 Table).

Washington and Oregon have disproportionately higher numbers of at-risk communities
compared to California. Communities in Washington and Oregon receive much of their reve-
nue from species with high ecological risk; thus, a higher percent of communities in Washing-
ton and Oregon (46% and 29%) ranked at higher risk (i.e., top 10 percentile, risk > 1.077) to
climate change than in California (5%) (S5 Table). This is especially true for Washington as 6
of the top 10 communities by risk are in Washington (other 4 in California). Revenue of
greater ~20% from the highest risk species like salmon, hake, and/or sablefish (all in the top 10
species for ecological risk) leads to higher community risk, but most California communities
have low percent revenue from these species. Communities in Northern California exhibit the
greatest range and variability in community risk, with several communities in the lowest 10
percentile (Pleasant Hill, Oakland, Fortuna) and others in the highest (e.g., Point Arena,
Albion, Fort Bragg), and still with many others in the middle (e.g., Arroyo Grande, Klamath,
Fieldbrook) but with lower community risk than any of the communities in Oregon and
Washington.

Community adaptive capacity

Adaptive capacity in fishing communities was greatly influenced by socioeconomic factors
overall, but other social themes that contributed most to adaptive capacity varied by region (Fig
4). Communities with the lowest adaptive capacity had the highest values for indicators such as
high percent in poverty, low per capita income, high unemployment, and high percent with no
high school diploma (S4A and S4B Fig, S6 Table). Adaptive capacity was most correlated with
socioeconomics overall (Fig 4B). In Southern California communities with low adaptive capac-
ity were also associated with minority status/language indicators, specifically percent minority
and percent of the population that does not speak English well, as well as housing and transpor-
tation indicators (Fig 4C). Overall, our estimates of adaptive capacity were lowest for Southern
California fishing communities (Fig 4, S5 Table). In addition to socioeconomic factors, Wash-
ington, Oregon, and Northern California fishing communities with low adaptive capacity also
had relatively high values for household composition/disability indicators (Fig 4).

Community vulnerability

Integrating community risk and adaptive capacity to estimate community vulnerability to cli-
mate change reveals that communities from each state rank in the highest quadrant of vulnera-
bility but communities in Washington and California are the most vulnerable (Figs 5 and 6).
The inclusion of adaptive capacity produces a much different picture of vulnerability com-
pared to estimates of community risk that omit adaptive capacity (Fig 6).

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 12/29


https://doi.org/10.1371/journal.pone.0272120

PLOS ONE U.S. West Coast fishing community vulnerability to climate change

% Revenue [l 1.00 ] 0.75 [ 050 = 025  0.00

Landings by Washington Communities Landings by Oregon Communities
Risk I?is{t(
NEAH BAY (NEA)- 1.35 GOLD BEACH (GLD)- -
EVERETT (EVR)- 1.24 PORT ORFORD (ORF)- i
LONGVIEW (OCR)- || =2 ASTORIA (AST)- 1.09
WESTPORT (WPT)- 1=19; NEWPORT(NEW)-SgN | | ool | | | | | [ | N | =l00=
LA PUSH (LAP)- 1.17  WINCHESTER BAY (WIN)- [ ) 1.03
CHiNookuwe)- | | | [ | | WM | | | | || || ‘W& || ||| | [_|- 113 BANDON (BDN)- 1.02
BELLINGHAM (BLL)- 1.05 FLORENCE (FLR)- 1.02
LA CONNER (LAC)- || 1.04 GARIBALDI (TLL)- ] 0.99
TACOMA (TAC)- ] 0.94 PACIFIC CITY (PCC)- 0.97
SEQUIM (SEQ)- | | 0.92 COOS BAY (COS)- 0.95
BLAINE (BLN)- || 0.91 DEPOE BAY (DPO)- 0.93
PORT ANGELES (PAG)- || - 0.91 BROOKINGS (BRK)- 0.93
ANACORTES (ANA)- 09 S
NEHALEM (NHL)-
SEATTLE (SEA)- || 0.88 L I N N (I U - .., 098
o : T T s S : P FS QLIS LSy & L® &S
c}‘\é\%'gg)@sﬁ@f\é‘é\ ‘Z“(\\Q_é\@cd\%é\\ib‘&OObéoq}oé\}g\yb“&é‘&(@ﬁk\éQ egjé@zéé 96;&-&)5)\\ @\w on@(\o rﬁé\ z?§ \*Jé’o Q,sé\%";& Qé\c\? ) rz?& \'>°(§ *@0 cg’@ B ¢ °§ o4 %’"‘g\
FRIES IR S S S XL S g O O &> Q2 § L X J Y & &
TLF T & f S Vo\,o‘z\gfeg’ﬁ & e T TE TFSEE F T S
<& ¢ &
Landings by N. California Communities Landings by S. California Communities
Risk i
POINT ARENA (ARE)- I 1.36 IRLEt
ALBION (ALB)- 1533 SANTA BARBARA (SB)- 1215
FORT BRAGG (BRG)- s R B DA .
TOMALES (TML)- =12 il T
MORROBAY(MRO)-L |_ M | U (| 1 L LI T L LI 11 T 1L B[ 11 M1 1 DANA POINT (DNA)-
MOSS LANDING (MOS)-’ () 11.'0f ©NA) ‘ THE
LITTLE RIVER (OMD)- 1 '8% |
AVILA BEACH (AVL)- ] J
BERKELEY (BKL)- 105 NEWPORT BEACH (NWB) 1.04
TRINIDAD (TRN)- | | 8.99
SANTA CRUZ (CR2)- .98 J
HALF MOON BAY (PRN)- || 0.95 OXNARD (OXN) 1.04
FIELDS LANDING (FLN)- W 09
RICHMOND (RCH)- 0.94
BOLINAS (BOL)- | 0.91 SAN DIEGO (SD)- 0.97
EUREKA (ERK)- 0.9
MONTEREY (MNT)- o 0.9
CRESCENT CITY (CRS)- | 0.89 PORT HUENEME (HNM)- 0.91
KLAMATH (ODN)- l 0.83
SAUSALITO (SLT)- 0.8
SAN FRANCISCO (SF)- || 0.78 VENTURA (VEN)- 0.89
ALAMEDA (ALM)- | 0.73
LANCASTER (OLA)- || 0.7
ARROYO GRANDE (OSL)- || 0.59 SOLANA BEACH (OSD)- 0.87
STINSON BEACH (OSM)- 0.47
SOLVANG (OBV)- o 00345
FIELDBROOK (OCA)- LETA (OBV)-
TIMBER COVE (BDG)- ] 0.33 0 S Bt
PLEASANT HILL (OSF)- l g.gg
OAKLAND (OAK)- : ]
PORTUNA (OB |11 11T T T T A% CAN. FLINTRIDGE (OLA) I 0.7
SHE S OLEESE L E N ST L ADAF DD OSSR LELES® Ey e P
S O P s N IO S P S i X SIS G P SRS
AV P AN % o) Qs 2 g > . L & & O LS I
é\é‘x K @ 9 & oi\\‘?Q}'b RN f;\\%o" < W EPeY 2 (gy"’ © 0§°®$%ob K¢ ‘Q@Qo’\”
&F <& & & © &
High species risk Low species risk

Fig 3. Percent revenue composition by community for species landed. Major fishery landings by community by state, where transparency of red is based on percent
revenue for that species/catch group (solid red = greater percent revenue). Percent revenue is out of the total revenue for that community, for the species that were in the
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https://doi.org/10.1371/journal.pone.0272120.9003

In some cases, not including adaptive capacity masks communities that are imperiled. In
California, for instance, National City ranks 27" (out of 259) in risk, but when adaptive capac-
ity is included, it rises to 3" (Fig 6, see S5 Table for other examples). Indeed, the inclusion of
adaptive capacity exposes a number of California fishing communities that may be less resil-
ient to climate change than expected when considering only community exposure and sensi-
tivity (Fig 6d, S5 Table). Many communities in Southern California ranked lowest for adaptive
capacity and had the highest values for social indicator Theme 3—minority status/language.

In other instances, the relatively high adaptive capacity of some communities appears to
mitigate the risk inherent in their reliance on species at ecological risk from climate change.
For example, a number of Washington communities along the Columbia River from the port
group “Other Columbia River [OCR]” (e.g., Longview, Cathlamet, Puget Island, Washougal,
Camas, and Ridgefield) are reliant on species such as salmon that are threatened by climate
change. Thus, these communities were among the highest ranked communities for risk (Figs 3
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adaptive capacity (where greater values = lower adaptive capacity) for each geographic region.

https://doi.org/10.1371/journal.pone.0272120.9004

and 6a), but their relatively high adaptive capacity mitigates some of the ecological risk, lower-
ing their overall vulnerability (Fig 6, S5 Table).

Some communities ranked high no matter if we considered community risk or community
vulnerability. These include cases where the community relies heavily on species at high eco-
logical risk from climate change and adaptive capacity is low (e.g., Neah Bay, WA; Point
Arena, CA amongst others; Fig 6, S5 Table). Alternatively, many communities that make up
the “Other San Francisco” port group focus on fishery species that are at lower ecological risk
due to climate change, and they have relatively high adaptive capacity, and ranked the lowest
for both community risk and vulnerability (S5 Table).

Note, there are two communities where we miss high valued species in the landings compo-
sition because we looked at the top 90% of landings by weight instead of revenue. These are
Westport, WA where using species composition by revenue instead would likely lower the vul-
nerability of the community because the missing species are less at risk species, and Fields
Landing, CA where vulnerability would likely remain the same since the missing species are of
similar risk as those used.

Discussion

Vulnerability is a boundary concept (one that translates and is understood across disciplines)
[82] grounded in theory that spans the social and biophysical sciences [83], and is a critical ele-
ment of ecosystem-based management [84-86]. Our social-ecological vulnerability assessment
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Fig 5. Community vulnerability as a function of community risk versus adaptive capacity (where greater values = lower adaptive
capacity). Quadrants represent high, medium, or low community vulnerability where communities can have medium vulnerability either be
having low adaptive capacity (and low risk) or high adaptive capacity but high risk. Points are color coordinated by state. All states have
communities with high vulnerability but the most vulnerable communities are disproportionately represented in Washington and California.

https://doi.org/10.1371/journal.pone.0272120.9005

of fishing communities of the California Current revealed a number of fishery species at risk
from climate change, pinpointed communities that are highly dependent on these species, and
highlighted communities with varying capacity to adapt to disruptions in fisheries species and
fisheries economies. Our results emphasize that focusing solely on either the ecological risk to
fishery species, the economic dependence of communities on fishing or the adaptive capacity
of communities provides an incomplete evaluation of the potential vulnerability of fishing
communities to climate change. Therefore, similar to recent conclusions by Payne et al [39],
there is likely no single solution that can be applied to address vulnerability moving forward.
Indeed, our work highlights that what we observe is not climate vulnerability in itself, but vul-
nerability revealed through our method of questioning (cf. [87]). Reducing the vulnerability
actually experienced by the 259 U.S. West Coast communities we investigated requires that the
breadth of an assessment aligns with the full set of factors that contribute to vulnerability.

Our work reveals that fishing communities across all states of the West Coast of the U.S. are
highly vulnerable to climate change. These include towns such as Neah Bay and Longview in
Washington State and National City, Oxnard, and Imperial Beach in California where rela-
tively low adaptive capacity contributes to increased vulnerability. Thus, increasing adaptive
capacity and economic diversification of fisheries could be beneficial to such communities (see
also [88]). Our results suggested that adaptive capacity rankings were mainly driven overall by
socio-economic metrics (adaptive capacity correlated most with socioeconomics than other
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Fig 6. Top communities by risk, adaptive capacity, and vulnerability, as well as difference in rank scores between risk
and vulnerability by community. Communities ranked by risk (top left) and adaptive capacity (top right), community
vulnerability (bottom left) across the U.S. West Coast. Communities labeled are those in top 5 percentile of risk, adaptive
capacity, or vulnerability. Considering social information (adaptive capacity) compared to solely ecological/economic data
(risk) changes which communities are in the top for most imperiled, though others are ranked high across the board. Also, the
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“difference” (bottom right) is the rank position of the community based on vulnerability (#1 rank is most vulnerable) minus
it’s rank position from risk.

https://doi.org/10.1371/journal.pone.0272120.9006

social indicators), and, indeed, economic assets are often cited as a key component of adaptive
capacity (e.g., [30, 89, 90]). As such, management strategies that build financial assets as well as
foster economic flexibility can improve adaptive capacity. For instance, quota swapping/inter-
changeable quota, and side payments have been discussed as potential opportunities to
increase flexibility [91, 92]. Additionally, Barnes and colleagues [93] show that beyond build-
ing financial assets, attention to social networks, education, risk perception and fostering
agency can greatly enhance adaptive capacity of fishing communities.

Our work also shows that certain communities in California are moderately vulnerable to
climate change because, although they exhibit low community risk, they have low adaptive
capacity. Thiault et al. [88] suggest that such communities have high latent vulnerability. For
instance, our analysis suggests that Santa Paula, California has relatively low vulnerability
because of a high percent of landings of California market squid (Doryteuthis opalescens)—a
species with relatively low exposure to the ecological impacts of climate change (within this
study). However, the relatively low adaptive capacity of Santa Paula means that predicted
declines in squid populations (e.g., [94]) or a focus on more at-risk species (e.g. sea urchins),
could reveal an underlying vulnerability resulting from the relatively low adaptive capacity of
the community. In cases such as these, investments in adaptive capacity will reduce latent vul-
nerability, allow communities to become better prepared for future impacts, and improve the
resilience of these communities (see [95]).

In contrast, other communities are moderately vulnerable to climate change because they
exhibit high levels of community risk, but have high adaptive capacity. The high community
risk mainly results from the dependence of these communities on species that are at high risk
from climate change. These communities are “potential adapters” [88]. Although these com-
munities are vulnerable, they have the capacity to diversify the species they target (e.g., [96]),
invest in emerging fisheries [97], or expand into other maritime ventures [98]. As species’ dis-
tributions shift [5, 6, 99], communities may be able to adapt and target species that were previ-
ously not easily accessible [100]. For example, predicted shifts in Pacific sardine (Sardinops
sagax) distribution could lead to increased catch of this species in the northernly portion of the
California Current system [66, 101], a potentially adaptative response as other highly at risk
species that these communities target become less accessible. However, as noted, certain socio-
economic factors (see [102]) and/or management regulations and flexibility [100, 103] may
influence fisher ability to take advantage of such shifts.

Our analysis suggests that Indigenous communities may be particularly vulnerable to future
climate change (see also, [104])—some of the communities that we scored among the most
vulnerable have large Indigenous populations (e.g., Neah Bay and La Push, home of the Makah
Tribe and Quileute Nation, respectively). Cultures of coastal Indigenous people are closely tied
to particular marine species [105, 106]), and food security of these communities depends on
access to seafood [107]. For example, our results showed high ecological risk for salmon spe-
cies—a major food source for many West Coast tribes and species that play significant cultural
and social roles in Indigenous communities [108, 109]. We did show that adaptive capacity led
to lower vulnerability compared to risk for the port group “Other Columbia River ports” that
likely includes many Indigenous communities and tribal landings on salmon, but this may
illustrate the challenges with using broad geographic census tract information to represent
community adaptive capacity (see discussion below), where multiple cultural communities
may be represented.
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Importantly, our assessment of adaptive capacity relied on census data and thus may pro-
vide an incomplete portrayal for Indigenous communities. Measures of adaptive capacity
based on census data directly or indirectly emphasize economic assets. In particular, our use of
a standard, empirical data-based index for adaptive capacity is certainly imperfect for Indige-
nous communities where locally value-based, cultural indicators may more accurately repre-
sent Indigenous community resilience and adaptability (see [110]). Additionally, domains of
adaptive capacity such as flexibility, social organization and learning [93] are not captured by
our approach. Also, because communities are socially-constructed based on both shared
meaning and geography, using census data as a proxy for communities is imperfect. Nonethe-
less, we chose to use census data because these data are widely used due to their coverage and
availability, and because they are available for the entire U.S. West Coast at a scale relevant to
policy and management.

Indeed, our work both follows from and utilizes some of the national, cross-regional com-
munity social indicators, developed from census and fisheries data nationally, and provided to
the public and to fishery management councils (FMCs) by National Marine Fisheries Service
social scientists as part of a broad move toward enhancing and expanding social metrics avail-
able for integrated social-ecological approaches [54, https://www.fisheries.noaa.gov/national/
socioeconomics/social-indicators-coastal-communities]. In both our reproducible use of cen-
sus data and our decision to operationalize our approach at the scale of the census-designated
place, the same geographic unit in use for the NMFS’ community social indicators approach,
we have sought to augment the NMFS community indicators with additional layers of analysis
appropriate to more specific interests in climate vulnerabilities and impacts. Accordingly,
while our work is distinct from similar climate-oriented innovations for NMFS social indica-
tors in other fishery management regions [37], it is generally in keeping with the aim of devel-
oping the community social vulnerability indicators and information available for a
framework that accounts for climate exposure, sensitivity and risk. In effect, our approach
presents a replicable means of expanding the utility of NMFS social indicators as potential
tools for management, with particular attention to climate change. Additionally, by using the
more universal CDC index, future work could look at vulnerability of geographic communities
across multiple climate stressors (see for instance [30] and use of the CDC index to determine
community vulnerability to wildfires).

A caveat to developing a high-level, quantitative, automatable, tool for assessing vulnerabil-
ity for communities across ecological, economic, and social dimensions is that no particular
focus is put on any one dimension and detailed specifics may be overlooked when working at
the scale of this study. On the ecological side, our high-level analysis did not account for indi-
rect impacts of climate change on species or impacts across species life stages which is illus-
trated by Dungeness crab results. Specifically, Dungeness crab larvae are at risk to climate
change [111, 112], but our analysis focused on adult life stages and showed low risk for Dunge-
ness crab. Moreover, studies that incorporated food web effects found risk to Dungeness crabs
due to effects on prey from pH changes [113]; but such indirect effects were not accounted for
here. An additional caveat is that there is widespread concern about shifts in species distribu-
tions due to climate change [114], which we did not model explicitly here (though is indirectly
captured in changes in climate variables experienced by a species); such work remains an
important area of future research. Our assessment also does not include species in Alaska tar-
geted by West Coast fishermen which is outside the scope of our study. Finally, our method
for calculating ecological risk does not take into account seasonal shifts in distributions for
migratory species; we used full ranges (with probability of occurrence >0.4), potentially result-
ing in an overestimate or underestimate of risk for these species.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 18/29


https://www.fisheries.noaa.gov/national/socioeconomics/social-indicators-coastal-communities
https://www.fisheries.noaa.gov/national/socioeconomics/social-indicators-coastal-communities
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

For adaptive capacity, the social indicators we used are at a geographic community scale
and therefore, may not capture specific qualities of particular persons engaged in fishing. Fish-
ers themselves likely have varying adaptive capacity at an individual level or fleet level, outside
of the geographic community as a whole, and future work should assess more specified adapt-
ability. Moving forward, assessments of vulnerability could incorporate information from sur-
veys aimed at eliciting individual fishers’ perceptions on adaptive capacity, since information
that captures personal experiences likely better captures an individual person’s ability to adapt
[115] (and see [116]), compared to broad community assessments such as the census. Though
the scope of our analysis may exaggerate or understate vulnerabilities or risk for certain com-
munities or species, our results were robust across multiple sources of uncertainty, data (three
climate models, two adaptive capacity indicators, revenue versus landings data) and methods
of calculations (see S1-S3 Figs) and therefore, represents an overall picture of communities
likely to be vulnerable to future climate change.

Confidentiality requirements for specific landings data led to the need to remove certain
ports where a higher percent of landings were confidential, including the removal of certain
communities that are potentially highly vulnerable. Approximately 16% of communities were
removed because of a high percent of confidential landings data. Though we do not have all
landings (and therefore can’t calculate exposure), we can calculate sensitivity and adaptive
capacity for the removed communities. Of those communities, four and seven had high sensi-
tivity and low adaptive capacity respectively (90th percentile of all communities) and thus have
a higher likelihood of having high vulnerability, though it is ultimately dependent on the
unknown exposure (see S7 Table). In particular, Taholah, WA, a community with a large
Indigenous population, scored high for sensitivity and low for adaptive capacity, consistent
with our findings about the climate change vulnerability of coastal Indigenous communities.
One of our objectives of this work was to create a reproducible, automatable assessment that is
generally aligned with the scale of the federal fisheries governing body, the PEMC, so that the
assessment may be used by the Council. Should the PEMC choose to use this assessment meth-
odology, they may want to work with state Fish and Wildlife agencies to access certain confi-
dential fisheries data under their jurisdiction in order to gain a broader understanding of
fishing community vulnerability. Additionally, further work could focus specifically on com-
munities with majority confidential landings but high sensitivity and low adaptive capacity.

The recent release of the sixth assessment from the IPCC [117] emphasizes the urgent need
to strengthen the ability of coastal communities to adapt to our changing oceans. Climate
change is disrupting fisheries across the world, impacting individual livelihoods and testing
the resilience of coastal communities. Our results reveal that not all fishing communities are
equally threatened by climate change, and mechanisms underlying disparities in climate vul-
nerability differ: ecological, economic and social factors each influence vulnerability but their
contribution varies among communities. Recognition that the foundation of climate vulnera-
bility varies among communities highlights the need to consider a diversity of solutions that
have the potential to reduce the exposure and sensitivity while increasing the adaptive capacity
of communities. Also, which communities are vulnerable and how they experience that vul-
nerability may change through time, or may change as we acquire more knowledge on climate
change impacts. Importantly, climate change disproportionately burdens under-resourced
and marginalized communities and can exacerbate existing inequities; however, existing
approaches to climate risk in fisheries do not always adequately reflect reality. The methods we
develop here provide a systematic, rigorous and scalable means to identify those fishing com-
munities that are excessively affected by climate change. With analyses such as the one we pres-
ent here, our hope is that we can move swiftly to chart a course to a more resilient and just
future for all those who depend on fisheries and healthy oceans.
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Supporting information

S1 Appendix. Supporting methods.
(DOCX)

S1 Fig. Correlations between ecological risk derived from three different climate models.
Correlations between ranked estimates of species ecological risk to climate change derived
from three different downscaled climate projection models—Geophysical Fluid Dynamics
Laboratory Earth System’s Model GFDL-ESM2M ([68,69]; referred to as “GFDL”), the Met
Office Hadley Centre Earth Systems Model HadGEM2-ES ([70]; “HAD”), and the Institut
Pierre Simon Laplace Model IPSL-CM5A-MR ([71]; “IPSL”). Correlation coefficient is given
in red.

(TIF)

S2 Fig. Correlations between community exposure derived from three different climate
models. Correlations between ranked estimates of community exposure to climate change
derived from three estimates of species risk from three different downscaled climate projection
models—Geophysical Fluid Dynamics Laboratory Earth System’s Model GFDL-ESM2M
([68,69]; referred to as “GFDL”), the Met Office Hadley Centre Earth Systems Model Had-
GEM2-ES ([70]; “HAD”), and the Institut Pierre Simon Laplace Model IPSL-CM5A-MR ([71];
“IPSL”). And correlation between ranked community exposure estimates when species risk is
weighted by percent landings by species versus percent revenue. Correlation coefficient is
given in red.

(TTF)

S3 Fig. Correlations between indices of adaptive capacity. Correlation between two ranked
estimates of adaptive capacity via social indicators-the CDC index [55] and the NOAA index
from the Integrated Ecosystem Assessment for the California Current [52] for U.S. West coast
communities (correlation coefficient in red).

(TIF)

$4 Fig. A. Social indicator ranked scores for communities in Washington and Oregon. Per-
cent rank scores for each social indicator theme from the CDC that make up adaptive capacity
for each fishing community in Washington and Oregon, ordered from least adaptive (top) to
most adaptive community (bottom). Top 10 percent of least adaptive communities are labeled
in red. Theme 1 is socioeconomic indicators, Theme 2 is made up of household composition/
disability indicators, Theme 3 consists of minority status/language indicators and Theme 4 is
community housing and transportation indicators. Percent ranks are not rescaled by state so
still comparable across state. For every state, all communities with low adaptability rank high
for theme 1, but Southern California is the only location where least adaptable rank high for
theme 3, and these communities have lowest adaptability overall. B. Social indicator ranked
scores for communities in Northern and Southern California. Percent rank scores for each
social indicator theme from the CDC that make up adaptive capacity for each fishing commu-
nity in Northern and Southern California, ordered from least adaptive (top) to most adaptive
community (bottom). Top 10 percent of least adaptive communities are labeled in red. Theme
1 is socioeconomic indicators, Theme 2 is made up of household composition/disability indi-
cators, Theme 3 consists of minority status/language indicators and Theme 4 is community
housing and transportation indicators. Percent ranks are not rescaled by state so still compara-
ble across state. For every state, all communities with low adaptability rank high for theme 1,
but Southern California is the only location where least adaptable rank high for theme 3, and
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these communities have lowest adaptability overall.
(TIF)

S1 Table. Species that make-up the top 90% of landings for West Coast fishing communi-
ties. Species (common name, scientific name, and pacFIN code) in the top 90% of landings for
fishing communities on the US West Coast, for ports where <20% of catch is confidential. For
catch that was labeled as an “unspecified” group (see PacFIN code column, https://pacfin.
psmfc.org/pactin_pub/data_rpts_pub/code_lists/sp_tree.txt), species that make up all unspeci-
fied species groups are listed and numbers indicate which are grouped together. Primary habi-
tat (benthic [or demersal] vs. pelagic) determines which climate variables (for example surface
temperature versus bottom temperature) are used when calculating ecological risk for each
species (see supplemental information).

(DOCX)

S2 Table. Species-specific ecological exposure, sensitivity, and risk derived from three cli-
mate models. Ecological exposure, sensitivity, and risk (Euclidean distance between exposure
and sensitivity) of species to climate change, averaged across exposure and sensitivity to tem-
perature, pH, oxygen, and chlorophyll, using three different climate models (GFDL, HAD,
and IPSL), and average exposure, sensitivity, and risk across the three models for all species (in
the top 90% of landings for communities and species that were not removed due to missing
data or other reason, see supplemental information). Ordered from most to least ecologically
at risk (Risk rank).

(DOCX)

§3 Table. Species-specific ecological exposure, sensitivity, and risk derived from three cli-
mate models for additional species. Ecological exposure, sensitivity, and risk of species to cli-
mate change, averaged across exposure and sensitivity to temperature, pH, oxygen, and
chlorophyll, using three different climate models (GFDL, HAD, and IPSL) for a subset of spe-
cies in the California Current including species caught by Indigenous populations. Average
risk is the average across the three models.

(DOCX)

S4 Table. Species-specific ecological exposure and sensitivity to each climate variable.
Average exposure and sensitivity (across the three climate models, HAD, IPSL, GFDL) to each
climate variable (temperature, pH, chlorophyll, and oxygen) for each species in the risk assess-
ment. Species are order from most at risk (overall) to least.

(DOCX)

§5 Table. Community exposure, sensitivity, adaptive capacity, and vulnerability for West
Coast fishing communities. Fishing communities included in the analysis, pacFIN port
group/name (https://pacfin.psmfc.org/pacfin_pub/data_rpts_pub/code_lists/pc_tree.txt) that
each community is part of, axes of community vulnerability, and overall community vulnera-
bility scores and rankings for each community. Community exposure is the average ecological
risk (across climate models) weighted by percent revenue of species for each community.
Adaptive capacity, based on social indicators, is calculated so that smaller values (closer to 0)
equal greater adaptive capacity and greater values (close to 1) equal lower adaptive capacity.
Risk is calculated as the Euclidean distance between exposure and sensitivity and vulnerability
is the Euclidean distance between exposure, sensitivity, and adaptive capacity. Rank values are
from most vulnerable, most at risk, or least adaptive, to least vulnerable, least at risk, or most
adaptive, respectively.

(DOCX)
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S6 Table. Social indicator scores that make-up adaptive capacity for each West Coast fish-
ing community. For each community, social indicators, percentile ranked, that make up adap-
tive capacity within four themes: 1) socioeconomic—persons below poverty, unemployed
civilians, per capita income, persons with no high school diploma; 2) household composition/
disability—persons age 65+, persons age 17 and less, noninstitutionalized population with a
disability, number of single parent households; 3) minority status/language—persons of
minority, persons older than 5 that don’t speak English well; and 4) housing/transportation—
housing structures with 10+ units, estimates of mobile homes, households with more people
than rooms, households with no vehicles, and persons in institutionalized group quarters.
Communities are listed from lowest adaptive capacity to highest.

(DOCX)

S$7 Table. Community sensitivity and adaptive capacity for West Coast fishing communi-
ties removed from analysis because of confidential data (unable to calculate exposure).
Fishing communities removed from analysis because of confidential landings data. Adaptive
capacity, based on social indicators, is calculated so that smaller values (closer to 0) equal
greater adaptive capacity and greater values (close to 1) equal lower adaptive capacity. Sensitiv-
ity is community economic reliance on commercial fishing. Values are from percentile ranks
across all communities (included and removed).

(DOCX)

S1 Data.
(DOCX)

Acknowledgments

We would like to thank Kristin Kaschner, Kathleen Kesner-Reyes, Cristina Garilao, and Eliza-
beth David for all their help with providing Aquamaps data. We also thank Donald E. Velas-
quez, Bob Sizemore, Timothy Zepplin, Corey Niles, Todd Neahr, Lorna Wargo, and others
with Washington or California Fish and Wildlife for help with identification of “unidentified”
catch, as well as Gregory Jensen for help with clam range distribution. Thank you to Casey
O’Hara for help with coding for species’ range maps. We greatly acknowledge Brad Stenberg
for help with PacFIN data questions. Finally, we thank S] Bowden for the design of Fig 1.

Author Contributions

Conceptualization: Laura E. Koehn, Laura K. Nelson, Jameal F. Samhouri, Alison C. Cullen,
Phillip S. Levin.

Data curation: Laura E. Koehn, Laura K. Nelson, Jameal F. Samhouri, Karma C. Norman,
Michael G. Jacox, Jerome Fiechter, Mercedes Pozo Buil.

Formal analysis: Laura E. Koehn, Jameal F. Samhouri, Michael G. Jacox, Jerome Fiechter,
Mercedes Pozo Buil.

Funding acquisition: Alison C. Cullen, Phillip S. Levin.
Investigation: Laura E. Koehn, Michael G. Jacox, Jerome Fiechter, Mercedes Pozo Buil.

Methodology: Laura E. Koehn, Laura K. Nelson, Jameal F. Samhouri, Karma C. Norman,
Michael G. Jacox, Alison C. Cullen, Jerome Fiechter, Mercedes Pozo Buil, Phillip S. Levin.

Project administration: Laura E. Koehn, Alison C. Cullen, Phillip S. Levin.

Resources: Phillip S. Levin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 22/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272120.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272120.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272120.s013
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

Software: Laura E. Koehn, Jameal F. Samhouri, Michael G. Jacox, Jerome Fiechter, Mercedes
Pozo Buil.

Supervision: Alison C. Cullen, Phillip S. Levin.
Validation: Jameal F. Samhouri, Karma C. Norman.
Visualization: Laura E. Koehn, Laura K. Nelson, Phillip S. Levin.

Writing - original draft: Laura E. Koehn, Laura K. Nelson, Jameal F. Samhouri, Karma C.
Norman, Phillip S. Levin.

Writing - review & editing: Laura E. Koehn, Laura K. Nelson, Jameal F. Samhouri, Karma C.
Norman, Michael G. Jacox, Alison C. Cullen, Jerome Fiechter, Mercedes Pozo Buil, Phillip
S. Levin.

References

1. Bhattachan A, Jurjonas MD, Moody AC, Morris PR, Sanchez GM, Smart LS, et al. Sea level rise
impacts on rural coastal social-ecological systems and the implications for decision making. Environ-
mental Science and Policy. Elsevier Ltd; 2018. pp. 122—134. https://doi.org/10.1016/j.envsci.2018.10.
006

2.  Kunz M, Mihr B, Kunz-Plapp T, Daniell JE, Khazai B, Wenzel F, et al. Investigation of superstorm
Sandy 2012 in a multi-disciplinary approach. Nat Hazards Earth Syst Sci. 2013; 13: 2579-2598.
https://doi.org/10.5194/nhess-13-2579-2013

3. Padgett J, DesRoches R, Nielson B, Yashinsky M, Kwon O-S, Burdette N, et al. Bridge Damage and
Repair Costs from Hurricane Katrina. J Bridg Eng. 2008; 13: 6—14. https://doi.org/10.1061/(ASCE)
1084-0702(2008)13:1(6)

4. Wang X, Xu LL, Cui SH, Wang CH. Reflections on coastal inundation, climate change impact, and
adaptation in built environment: progresses and constraints. Adv Clim Chang Res. 2020; 11: 317-331.
https://doi.org/10.1016/j.accre.2020.11.010

5. Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson R, Zeller D, et al. Large-scale redistribu-
tion of maximum fisheries catch potential in the global ocean under climate change. Glob Chang Biol.
2010; 16: 24-35. https://doi.org/10.1111/].1365-2486.2009.01995.x

6. Sumaila UR, Cheung WWL, Lam VWY, Pauly D, Herrick S. Climate change impacts on the biophysics
and economics of world fisheries. Nat Clim Chang. 2011; 1: 449-456. https://doi.org/10.1038/
NCLIMATE1301

7. Doney SC, Ruckelshaus M, Emmett Duffy J, Barry JP, Chan F, English CA, et al. Climate Change
Impacts on Marine Ecosystems. Ann Rev Mar Sci. 2012; 4: 11-37. https://doi.org/10.1146/annurev-
marine-041911-111611 PMID: 22457967

8. Barange M, Perry RI. Physical and ecological impacts of climate change relevant to marine and inland
capture fisheries and aquaculture. In: Cochrane K, De Young C, Soto D, Bahri T, editors. In: Climate
Change Implications for Fisheries and Aquaculture: Overview of Current Scientific Knowledge. no
530. Rome, FAO: FAO; 2009. pp. 7-106. Available: http://www.fao.org/docrep/012/i0994€/i0994e00.
htm

9. Koehn JZ, Allison EH, Franz N, Wiegers ES. How Can the Oceans Help Feed 9 Billion People? In:
Levin P, Poe M, editors. Conservation for the Anthropocene Ocean: Interdisciplinary Science in Sup-
port of Nature and People. Elsevier Inc.; 2017. pp. 65-88. https://doi.org/10.1016/B978-0-12-805375-
1.00004-0

10. Mathews DL, Turner NJ. Ocean Cultures: Northwest Coast Ecosystems and Indigenous Management
Systems. In: Levin P, Poe M, editors. Conservation for the Anthropocene Ocean: Interdisciplinary Sci-
ence in Support of Nature and People. Elsevier Inc.; 2017. pp. 169-206. https://doi.org/10.1016/
B978-0-12-805375-1.00009-X

11.  Bindoff NL, Cheung WWL, Kairo JG, Aristegui J, Guinder VA, Hallberg R, et al. Changing ocean,
marine ecosystems, and dependent communities. IPCC Spec Rep Ocean Cryosph a Chang Clim.
2019; 477-587.

12. Cinner JE, Adger WN, Allison EH, Barnes ML, Brown K, Cohen PJ, et al. Building adaptive capacity to
climate change in tropical coastal communities. Nat Clim Chang. 2018; 8: 117-123. https://doi.org/10.
1038/s41558-017-0065-x

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 23/29


https://doi.org/10.1016/j.envsci.2018.10.006
https://doi.org/10.1016/j.envsci.2018.10.006
https://doi.org/10.5194/nhess-13-2579-2013
https://doi.org/10.1061/%28ASCE%291084-0702%282008%2913%3A1%286%29
https://doi.org/10.1061/%28ASCE%291084-0702%282008%2913%3A1%286%29
https://doi.org/10.1016/j.accre.2020.11.010
https://doi.org/10.1111/j.1365-2486.2009.01995.x
https://doi.org/10.1038/NCLIMATE1301
https://doi.org/10.1038/NCLIMATE1301
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
http://www.ncbi.nlm.nih.gov/pubmed/22457967
http://www.fao.org/docrep/012/i0994e/i0994e00.htm
http://www.fao.org/docrep/012/i0994e/i0994e00.htm
https://doi.org/10.1016/B978-0-12-805375-1.00004%26%23x2013%3B0
https://doi.org/10.1016/B978-0-12-805375-1.00004%26%23x2013%3B0
https://doi.org/10.1016/B978-0-12-805375-1.00009-X
https://doi.org/10.1016/B978-0-12-805375-1.00009-X
https://doi.org/10.1038/s41558-017-0065-x
https://doi.org/10.1038/s41558-017-0065-x
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Otto IM, Reckien D, Reyer CPO, Marcus R, Le Masson V, Jones L, et al. Social vulnerability to climate
change: a review of concepts and evidence. Reg Environ Chang. 2017; 17: 1651-1662. https://doi.
org/10.1007/s10113-017-1105-9

Bond NA, Cronin MF, Freeland H, Mantua N. Causes and impacts of the 2014 warm anomaly in the
NE Pacific. Geophys Res Lett. 2015; 42: 3414—-3420. https://doi.org/10.1002/2015GL063306

Wells ML, Trainer VL, Smayda TJ, Karlson BSO, Trick CG, Kudela RM, et al. Harmful algal blooms
and climate change: Learning from the past and present to forecast the future. Harmful Algae. 2015;
49: 68-93. https://doi.org/10.1016/j.hal.2015.07.009 PMID: 27011761

Santora J, Hazen E, Schroeder |, Bograd S, Sakuma K, Field J. Impacts of ocean climate variability on
biodiversity of pelagic forage species in an upwelling ecosystem. Mar Ecol Prog Ser. 2017; 580: 205—
220. https://doi.org/10.3354/meps 12278

National Marine Fisheries Service. Fisheries economics of the United States 2015. U.S. Department
of Commerce, NOAA Tech. Memo. NMFS-F/SPO-170; 2017.

Fisher MC, Moore SK, Jardine SL, Watson JR, Samhouri JF. Climate shock effects and mediation in
fisheries. Proc Natl Acad Sci U S A. 2021;118. https://doi.org/10.1073/pnas.2014379117 PMID:
33397723

Holland DS, Leonard J. Is a delay a disaster? economic impacts of the delay of the california dunge-
ness crab fishery due to a harmful algal bloom. Harmful Algae. 2020; 98: 101904. https://doi.org/10.
1016/j.hal.2020.101904 PMID: 33129461

National Marine Fisheries Service. Fisheries Economics of the United States Report, 2016. U.S. Dept.
of Commerce, NOAA Tech. Memo. NMFS-F/SPO-187a; 2018. Available: https://www.fisheries.noaa.
gov/resource/document/fisheries-economics-united-states-report-2016

Poe MR, Levin PS, Tolimieri N, Norman K. Subsistence fishing in a 21st century capitalist society:
From commodity to gift. Ecol Econ. 2015; 116: 241-250. https://doi.org/10.1016/j.ecolecon.2015.05.
003

Poe MR, Norman KC, Levin PS. Cultural Dimensions of Socioecological Systems: Key Connections
and Guiding Principles for Conservation in Coastal Environments. Conserv Lett. 2014; 7: 166—175.
https://doi.org/10.1111/conl.12068

Political Sepez J. and social ecology of contemporary Makah subsistence hunting, fishing and shellfish
collecting practices. PhD. dissertation, Department of Anthropology, University of Washington. 2001.

Breslow SJ, Sojka B, Barnea R, Basurto X, Carothers C, Charnley S, et al. Conceptualizing and opera-
tionalizing human wellbeing for ecosystem assessment and management. Environ Sci Policy. 2016;
66: 250—259. https://doi.org/10.1016/j.envsci.2016.06.023

Holland DS, Abbott JK, Norman KE. Fishing to live or living to fish: Job satisfaction and identity of west
coast fishermen. Ambio. 2020; 49: 628—639. https://doi.org/10.1007/s13280-019-01206-w PMID:
31161600

Turner BL, Kasperson RE, Matsone PA, McCarthy JJ, Corell RW, Christensene L, et al. A framework
for vulnerability analysis in sustainability science. Proc Natl Acad Sci U S A. 2003; 100: 8074—8079.
https://doi.org/10.1073/pnas.1231335100 PMID: 12792023

IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il
to the Fourth AssessmentReport of the Intergovernmental Panel on Climate Change. Parry ML, Can-
ziani OF, Palutikof JP, van der Linden PJ, Hanson CE, editors. Cambridge University Press, Cam-
bridge, UK; 2007. Available: https://www.ipcc.ch/report/ar4/wg2/

Hare JA, Morrison WE, Nelson MW, Stachura MM, Teeters EJ, Griffis RB, et al. A Vulnerability
Assessment of Fish and Invertebrates to Climate Change on the Northeast U.S. Continental Shelf.
Hiddink JG, editor. PLoS One. 2016; 11: e0146756. https://doi.org/10.1371/journal.pone.0146756
PMID: 26839967

Fogarty HE, Cvitanovic C, Hobday AJ, Pecl GT. Prepared for change? An assessment of the current
state of knowledge to support climate adaptation for Australian fisheries. Rev Fish Biol Fish. 2019; 29:
877-894. https://doi.org/10.1007/s11160-019-09579-7

Davies IP, Haugo RD, Robertson JC, Levin PS. The unequal vulnerability of communities of color to
wildfire. Jones JA, editor. PLoS One. 2018; 13: e0205825. https://doi.org/10.1371/journal.pone.
0205825 PMID: 30388129

Malone EL, Engle NL. Evaluating regional vulnerability to climate change: purposes and methods.
Wiley Interdiscip Rev Clim Chang. 2011; 2: 462—-474. https://doi.org/10.1002/wcc.116

Crozier LG, McClure MM, Beechie T, Bograd SJ, Boughton DA, Carr M, et al. Climate vulnerability
assessment for Pacific salmon and steelhead in the California Current Large Marine Ecosystem. Dias
JM, editor. PLoS One. 2019; 14: e0217711. https://doi.org/10.1371/journal.pone.0217711 PMID:
31339895

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 24/29


https://doi.org/10.1007/s10113-017-1105-9
https://doi.org/10.1007/s10113-017-1105-9
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1016/j.hal.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27011761
https://doi.org/10.3354/meps12278
https://doi.org/10.1073/pnas.2014379117
http://www.ncbi.nlm.nih.gov/pubmed/33397723
https://doi.org/10.1016/j.hal.2020.101904
https://doi.org/10.1016/j.hal.2020.101904
http://www.ncbi.nlm.nih.gov/pubmed/33129461
https://www.fisheries.noaa.gov/resource/document/fisheries-economics-united-states-report-2016
https://www.fisheries.noaa.gov/resource/document/fisheries-economics-united-states-report-2016
https://doi.org/10.1016/j.ecolecon.2015.05.003
https://doi.org/10.1016/j.ecolecon.2015.05.003
https://doi.org/10.1111/conl.12068
https://doi.org/10.1016/j.envsci.2016.06.023
https://doi.org/10.1007/s13280-019-01206-w
http://www.ncbi.nlm.nih.gov/pubmed/31161600
https://doi.org/10.1073/pnas.1231335100
http://www.ncbi.nlm.nih.gov/pubmed/12792023
https://www.ipcc.ch/report/ar4/wg2/
https://doi.org/10.1371/journal.pone.0146756
http://www.ncbi.nlm.nih.gov/pubmed/26839967
https://doi.org/10.1007/s11160-019-09579-7
https://doi.org/10.1371/journal.pone.0205825
https://doi.org/10.1371/journal.pone.0205825
http://www.ncbi.nlm.nih.gov/pubmed/30388129
https://doi.org/10.1002/wcc.116
https://doi.org/10.1371/journal.pone.0217711
http://www.ncbi.nlm.nih.gov/pubmed/31339895
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Folke C. Resilience: The emergence of a perspective for social-ecological systems analyses. Glob
Environ Chang. 2006; 16: 253—267. https://doi.org/10.1016/j.gloenvcha.2006.04.002

Moore SK, Cline MR, Blair K, Klinger T, Varney A, Norman K. An index of fisheries closures due to
harmful algal blooms and a framework for identifying vulnerable fishing communities on the U.S. West
Coast. Mar Policy. 2019; 110: 103543. https://doi.org/10.1016/j.marpol.2019.103543

Cinner JE, Huchery C, Darling ES, Humphries AT, Graham NAJ, Hicks CC, et al. Evaluating social
and ecological vulnerability of coral reef fisheries to climate change. PLoS One. 2013;8. https://doi.
org/10.1371/journal.pone.0074321 PMID: 24040228

Wilson TJB, Cooley SR, Tai TC, Cheung WWL, Tyedmers PH. Potential socioeconomic impacts from
ocean acidification and climate change effects on Atlantic Canadian fisheries. PLoS One. 2020; 15:
e0226544. https://doi.org/10.1371/journal.pone.0226544 PMID: 31923278

Colburn LL, Jepson M, Weng C, Seara T, Weiss J, Hare JA. Indicators of climate change and social
vulnerability in fishing dependent communities along the Eastern and Gulf Coasts of the United States.
Mar Policy. 2016; 74: 323-333. https://doi.org/10.1016/J.MARPOL.2016.04.030

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

Payne MR, Kudahl M, Engelhard GH, Peck MA, Pinnegar JK. Climate risk to European fisheries and
coastal communities. Proc Natl Acad Sci. 2021; 118: €2018086118. https://doi.org/10.1073/pnas.
2018086118 PMID: 34583987

Barange M, Merino G, Blanchard JL, Scholtens J, Harle J, Allison EH, et al. Impacts of climate change
on marine ecosystem production in societies dependent on fisheries. Nat Clim Chang. 2014; 4: 211—
216. https://doi.org/10.1038/nclimate2119

Siegel KJ, Cabral RB, McHenry J, Ojea E, Owashi B, Lester SE. Sovereign states in the Caribbean
have lower social-ecological vulnerability to coral bleaching than overseas territories. Proc R Soc B
Biol Sci. 2019; 286: 20182365. https://doi.org/10.1098/rspb.2018.2365 PMID: 30963826

Rogers LA, Griffin R, Young T, Fuller E, St. Martin K, Pinsky ML. Shifting habitats expose fishing com-
munities to risk under climate change. Nature Climate Change. Nature Publishing Group; 2019. pp.
512-516. https://doi.org/10.1038/s41558-019-0503-z

Ekstrom JA, Suatoni L, Cooley SR, Pendleton LH, Waldbusser GG, Cinner JE, et al. Vulnerability and
adaptation of US shellfisheries to ocean acidification. Nature Climate Change. Nature Publishing
Group; 2015. pp. 207-214. https://doi.org/10.1038/nclimate2508

Bastille K, Hardison S, deWitt L, Brown J, Samhouri J, Gaichas S, et al. Improving the IEA Approach
Using Principles of Open Data Science. Coast Manag. 2021; 49: 72—89. https://doi.org/10.1080/
08920753.2021.1846155

Tallis H, Levin PS, Ruckelshaus M, Lester SE, McLeod KL, Fluharty DL, et al. The many faces of eco-
system-based management: Making the process work today in real places. Mar Policy. 2010; 34:
340-348.

Marshall NA, Tobin RC, Marshall PA, Gooch M, Hobday AJ. Social Vulnerability of Marine Resource
Users to Extreme Weather Events. Ecosystems. 2013; 16: 797-809. https://doi.org/10.1007/s10021-
013-9651-6

Thiault L, Jupiter SD, Johnson JE, Cinner JE, Jarvis RM, Heron SF, et al. Harnessing the potential of
vulnerability assessments for managing social-ecological systems. Ecol Soc. 2021;26. https://doi.org/
10.5751/es-12167-260201

Flanagan BE, Gregory EW, Hallisey EJ, Heitgerd JL, Lewis B. A Social Vulnerability Index for Disaster
Management. J Homel Secur Emerg Manag. 2011;8. https://doi.org/10.2202/1547-7355.1792

Pacific Fishery Management Council. Report on Regional Workshops focusing on the Implications of
Climate Change for West Coast Fisheries and Fishing Communities. Agenda ltem 1.2, Attachment 1,
March 2021. 2021. Available: https://www.pcouncil.org/documents/2021/02/i-2-attachment-1-report-
on-regional-workshops-focusing-on-the-implications-of-climate-change-for-west-coast-fisheries-and-
fishing-communities.pdf/

Pacific Fishery Management Council. 2040 Scenarios for West Coast Fisheries. Climate and Commu-
nities Initiative. Pacific Fishery Management Council’s Climate and Communities Core Team; 2020.
Available: https://www.pcouncil.org/documents/2020/11/scenarios-for-west-coast-fisheries-climate-
and-communities-initiative.pdf/

Kirtman B, Power SB, Adedoyin AJ, Boer GJ, Bojariu R, Camilloni |, et al. Chapter 11—Near-term cli-
mate change: Projections and predictability. Climate Change 2013: The Physical Science Basis Con-
tribution of Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. IPCC, Cambridge University Press; 2013. pp. 95-1028.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 25/29


https://doi.org/10.1016/j.gloenvcha.2006.04.002
https://doi.org/10.1016/j.marpol.2019.103543
https://doi.org/10.1371/journal.pone.0074321
https://doi.org/10.1371/journal.pone.0074321
http://www.ncbi.nlm.nih.gov/pubmed/24040228
https://doi.org/10.1371/journal.pone.0226544
http://www.ncbi.nlm.nih.gov/pubmed/31923278
https://doi.org/10.1016/J.MARPOL.2016.04.030
https://doi.org/10.1016/j.fishres.2014.09.010
https://doi.org/10.1073/pnas.2018086118
https://doi.org/10.1073/pnas.2018086118
http://www.ncbi.nlm.nih.gov/pubmed/34583987
https://doi.org/10.1038/nclimate2119
https://doi.org/10.1098/rspb.2018.2365
http://www.ncbi.nlm.nih.gov/pubmed/30963826
https://doi.org/10.1038/s41558-019-0503-z
https://doi.org/10.1038/nclimate2508
https://doi.org/10.1080/08920753.2021.1846155
https://doi.org/10.1080/08920753.2021.1846155
https://doi.org/10.1007/s10021-013-9651-6
https://doi.org/10.1007/s10021-013-9651-6
https://doi.org/10.5751/es-12167-260201
https://doi.org/10.5751/es-12167-260201
https://doi.org/10.2202/1547-7355.1792
https://www.pcouncil.org/documents/2021/02/i-2-attachment-1-report-on-regional-workshops-focusing-on-the-implications-of-climate-change-for-west-coast-fisheries-and-fishing-communities.pdf/
https://www.pcouncil.org/documents/2021/02/i-2-attachment-1-report-on-regional-workshops-focusing-on-the-implications-of-climate-change-for-west-coast-fisheries-and-fishing-communities.pdf/
https://www.pcouncil.org/documents/2021/02/i-2-attachment-1-report-on-regional-workshops-focusing-on-the-implications-of-climate-change-for-west-coast-fisheries-and-fishing-communities.pdf/
https://www.pcouncil.org/documents/2020/11/scenarios-for-west-coast-fisheries-climate-and-communities-initiative.pdf/
https://www.pcouncil.org/documents/2020/11/scenarios-for-west-coast-fisheries-climate-and-communities-initiative.pdf/
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Harvey C, Garfield N (Toby), Williams G, Tolimieri N, Andrews K, Barnas K, et al. Ecosystem Status
Report of the California Current for 2019—-20: A Summary of Ecosystem Indicators Compiled by the
California Current Integrated Ecosystem Assessment Team (CCIEA). 2020. https://doi.org/10.25923/
E5RB-9F55

Kaschner K, Kesner-Reyes K, Garilao C, Rius-Barile J, Rees T, Froese R. AquaMaps: Predicted
range maps for aquatic species. World wide web electronic publication, www.aquamaps.org, Version
10/2019 (preliminary). Acquired from Cristina Garilao on January 15th 2020 and 2/28/2020; 2019.

Jepson M, Colburn LL. Development of social indicators of fishing community vulnerability and resil-
ience in the US Southeast and Northeast regions. U.S. Dept. of Commerce., NOAA Technical Memo-
randum NMFS-F/SPO-129, 64 p; 2013.

Centers for Disease Control [CDC] and Prevention/ Agency for Toxic Substances and Disease Regis-
try/ Geospatial Research, Analysis and SP. CDC/ATSDR Social Vulnerability Index 2018 Database
Washington, Oregon, and California. 2020 [cited 29 Apr 2020]. Available: https://www.atsdr.cdc.gov/
placeandhealth/svi/documentation/pdf/SVI2018Documentation_01192022_1.pdf

Sambhouri JF, Earl L, Barcelo C, Bograd S, Brodeur R, Cianelli L, et al. Assessment of risk due to cli-
mate change for coastal pelagic species in the California Current marine ecosystem. In: Arvey CJ,
Garfield N, Hazen EL, Williams GD, editors. California Current Integrated Ecosystem Assessment:
Phase Il Report. The California Current Integrated Ecosystem Assessment: Phase 1l Report.; 2013.
Available: https://www.integratedecosystemassessment.noaa.gov/sites/default/files/2018-12/20.
CPSClimateChangeRisk_2013_FINAL.pdf.

Checkley DM, Barth JA. Patterns and processes in the California Current System. Prog Oceanogr.
20009; 83: 49-64. https://doi.org/10.1016/j.pocean.2009.07.028

McHenry J, Welch H, Lester SE, Saba V. Projecting marine species range shifts from only temperature
can mask climate vulnerability. Glob Chang Biol. 2019; 25: 4208—4221. https://doi.org/10.1111/gcb.
14828 PMID: 31487434

Spencer PD, Hollowed AB, Sigler MF, Hermann AJ, Nelson MW. Trait-based climate vulnerability
assessments in data-rich systems: An application to eastern Bering Sea fish and invertebrate stocks.
Glob Chang Biol. 2019; gcb.14763. https://doi.org/10.1111/gcb.14763 PMID: 31531923

Jones MC, Cheung WWL. Using fuzzy logic to determine the vulnerability of marine species to climate
change. Glob Chang Biol. 2018; 24: €719—e731. https://doi.org/10.1111/gcb.13869 PMID: 28948655

O’Hara CC, Afflerbach JC, Scarborough C, Kaschner K, Halpern BS. Aligning marine species range
data to better serve science and conservation. Guralnick R, editor. PLoS One. 2017; 12: e0175739.
https://doi.org/10.1371/journal.pone.0175739 PMID: 28467508

Gaston KJ, Fuller RA. The sizes of species’ geographic ranges. J Appl Ecol. 2009; 46: 1-9. https://doi.
org/10.1111/j.1365-2664.2008.01596.x

Kaschner K, Tittensor DP, Ready J, Gerrodette T, Worm B. Current and future patterns of global
marine mammal biodiversity. PLoS One. 2011;6. https://doi.org/10.1371/journal.pone.0019653 PMID:
21625431

Selig ER, Turner WR, Troéng S, Wallace BP, Halpern BS, Kaschner K, et al. Global Priorities for
Marine Biodiversity Conservation. Rotjan RD, editor. PLoS One. 2014; 9: €82898. https://doi.org/10.
1371/journal.pone.0082898 PMID: 24416151

Selig ER, Longo C, Halpern BS, Best BD, Hardy D, Elfes CT, et al. Assessing Global Marine Biodiver-
sity Status within a Coupled Socio-Ecological Perspective. Guichard F, editor. PLoS One. 2013; 8:
€60284. https://doi.org/10.1371/journal.pone.0060284 PMID: 23593188

Fiechter J, Pozo Buil M, Jacox MG, Alexander MA, Rose KA. Projected Shifts in 21st Century Sardine
Distribution and Catch in the California Current. Front Mar Sci. 2021; 8: 874. https://doi.org/10.3389/
fmars.2021.685241

Pozo Buil M, Jacox MG, Fiechter J, Alexander MA, Bograd SJ, Curchitser EN, et al. A Dynamically
Downscaled Ensemble of Future Projections for the California Current System. Front Mar Sci. 2021; 8:
324. https://doi.org/10.3389/fmars.2021.612874

Dunne JP, John JG, Adcroft AJ, Griffies SM, Hallberg RW, Shevliakova E, et al. GFDL’s ESM2 global
coupled climate-carbon earth system models. Part I: Physical formulation and baseline simulation
characteristics. J Clim. 2012; 25: 6646—6665. https://doi.org/10.1175/JCLI-D-11-00560.1

Dunne JP, John JG, Shevliakova S, Stouffer RJ, Krasting JP, Malyshev SL, et al. GFDL’s ESM2 global
coupled climate-carbon earth system models. Part |I: Carbon system formulation and baseline simula-
tion characteristics. J Clim. 2013; 26: 2247-2267. https://doi.org/10.1175/JCLI-D-12-00150.1

Collins WJ, Bellouin N, Doutriaux-Boucher M, Gedney N, Halloran P, Hinton T, et al. Development and
evaluation of an Earth-System model—HadGEM2. Geosci Model Dev. 2011; 4: 1051-1075. https://
doi.org/10.5194/gmd-4-1051-2011

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 26/29


https://doi.org/10.25923/E5RB-9F55
https://doi.org/10.25923/E5RB-9F55
http://www.aquamaps.org
https://www.atsdr.cdc.gov/placeandhealth/svi/documentation/pdf/SVI2018Documentation_01192022_1.pdf
https://www.atsdr.cdc.gov/placeandhealth/svi/documentation/pdf/SVI2018Documentation_01192022_1.pdf
https://www.integratedecosystemassessment.noaa.gov/sites/default/files/2018-12/20.CPSClimateChangeRisk_2013_FINAL.pdf
https://www.integratedecosystemassessment.noaa.gov/sites/default/files/2018-12/20.CPSClimateChangeRisk_2013_FINAL.pdf
https://doi.org/10.1016/j.pocean.2009.07.028
https://doi.org/10.1111/gcb.14828
https://doi.org/10.1111/gcb.14828
http://www.ncbi.nlm.nih.gov/pubmed/31487434
https://doi.org/10.1111/gcb.14763
http://www.ncbi.nlm.nih.gov/pubmed/31531923
https://doi.org/10.1111/gcb.13869
http://www.ncbi.nlm.nih.gov/pubmed/28948655
https://doi.org/10.1371/journal.pone.0175739
http://www.ncbi.nlm.nih.gov/pubmed/28467508
https://doi.org/10.1111/j.1365-2664.2008.01596.x
https://doi.org/10.1111/j.1365-2664.2008.01596.x
https://doi.org/10.1371/journal.pone.0019653
http://www.ncbi.nlm.nih.gov/pubmed/21625431
https://doi.org/10.1371/journal.pone.0082898
https://doi.org/10.1371/journal.pone.0082898
http://www.ncbi.nlm.nih.gov/pubmed/24416151
https://doi.org/10.1371/journal.pone.0060284
http://www.ncbi.nlm.nih.gov/pubmed/23593188
https://doi.org/10.3389/fmars.2021.685241
https://doi.org/10.3389/fmars.2021.685241
https://doi.org/10.3389/fmars.2021.612874
https://doi.org/10.1175/JCLI-D-11-00560.1
https://doi.org/10.1175/JCLI-D-12-00150.1
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92,

93.

94.

Dufresne JL, Foujols MA, Denvil S, Caubel A, Marti O, Aumont O, et al. Climate change projections
using the IPSL-CM5 Earth System Model: From CMIP3 to CMIP5. Clim Dyn. 2013; 40: 2123-2165.
https://doi.org/10.1007/s00382-012-1636-1

Dickinson MG, Orme CDL, Suttle KB, Mace GM. Separating sensitivity from exposure in assessing
extinction risk from climate change. Sci Rep. 2014; 4: 1-6. https://doi.org/10.1038/srep06898 PMID:
25367429

Sambhouri JF, Levin PS. Linking land- and sea-based activities to risk in coastal ecosystems. Biol Con-
serv. 2012; 145: 118-129. https://doi.org/10.1016/j.biocon.2011.10.021

Cutter SL, Finch C. Temporal and spatial changes in social vulnerability to natural hazards. Proc Natl
Acad Sci U S A. 2008; 105: 2301-2306. https://doi.org/10.1073/pnas.0710375105 PMID: 18268336

Messager ML, Ettinger AK, Murphy-Williams M, Levin PS. Fine-scale assessment of inequities in
inland flood vulnerability. Appl Geogr. 2021; 133: 102492. hitps://doi.org/10.1016/j.apgeog.2021.
102492

Glenn EH. acs: Download, Manipulate, and Present American Community Survey and Decennial Data
from the US Census. 2019. Available: https://cran.r-project.org/package=acs

Pebesma EJ. Simple features for R: standardized support for spatial vector data. R J. 2018; 10: 439.

Walker K. tidycensus: Load US Census Boundary and Attribute Data as “tidyverse” and ‘sf’-Ready
Data Frames. 2020. Available: https://cran.r-project.org/package=tidycensus

Walker K. tigris: Load Census TIGER/Line Shapefiles. 2020. Available: https://cran.r-project.org/
package=tigris

R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2020. Available: https://www.r-project.org/

Rstudio Team. RStudio: Integrated Development Environment for R. Boston, MA: RStudio, PBC;
2020. Available: http://www.rstudio.com/

Clark WC, Tomich TP, Van Noordwijk M, Guston D, Catacutan D, Dickson NM, et al. Boundary work
for sustainable development: Natural resource management at the Consultative Group on Interna-
tional Agricultural Research (CGIAR). Proc Natl Acad Sci U S A. 2016; 113: 4615-4622. https://doi.
org/10.1073/pnas.0900231108 PMID: 21844351

Hodgson EE, Essington TE, Samhouri JF, Allison EH, Bennett NJ, Bostrom A, et al. Integrated risk
assessment for the blue economy. Front Mar Sci. 2019; 6: 609. https://doi.org/10.3389/fmars.2019.
00609

Burgman M. Risks and decisions for conservation and environmental management. Cambridge, UK:
Cambridge University Press; 2005. https://doi.org/10.1017/CB0O9780511614279

Holsman K, Samhouri J, Cook G, Hazen E, Olsen E, Dillard M, et al. An ecosystem-based approach to
marine risk assessment. Ecosyst Heal Sustain. 2017; 3: e01256. https://doi.org/10.1002/ehs2.1256

Dawson C, Levin PS. Moving the ecosystem-based fisheries management mountain begins by shifting
small stones: A critical analysis of EBFM on the U.S. West Coast. Mar Policy. 2019; 100: 58—65.
https://doi.org/10.1016/J.MARPOL.2018.11.005

Heisenberg W. Physics and philosophy: The revolution in modern science. Harper New York; 1958.

Thiault L, Gelcich S, Marshall N, Marshall P, Chlous F, Claudet J. Operationalizing vulnerability for
social—ecological integration in conservation and natural resource management. Conserv Lett. 2019
[cited 7 Oct 2019]. https://doi.org/10.1111/conl. 12677

Smit B, Wandel J. Adaptation, adaptive capacity and vulnerability. Glob Environ Chang. 2006; 16:
282-292. https://doi.org/10.1016/j.gloenvcha.2006.03.008

Yohe G, Tol RSJ. Indicators for social and economic coping capacity—Moving toward a working defini-
tion of adaptive capacity. Glob Environ Chang. 2002; 12: 25—40. https://doi.org/10.1016/S0959-3780
(01)00026-7

Ojea E, Pearlman |, Gaines SD, Lester SE. Fisheries regulatory regimes and resilience to climate
change. Ambio. 2017; 46: 399—412. https://doi.org/10.1007/s13280-016-0850-1 PMID: 27854068

Palacios-Abrantes J, Rashid Sumaila U, Cheung WWL. Challenges to transboundary fisheries man-
agement in north america under climate change. Ecol Soc. 2020; 25: 1-17. https://doi.org/10.5751/
ES-11743-250441

Barnes ML, Wang P, Cinner JE, Graham NAJ, Guerrero AM, Jasny L, et al. Social determinants of
adaptive and transformative responses to climate change. Nat Clim Chang. 2020; 10: 823-828.
https://doi.org/10.1038/s41558-020-0871-4

Ralston S, Dorval E, Ryley L, Sakuma KM, Field JC. Predicting market squid (Doryteuthis opalescens)
landings from pre-recruit abundance. Fish Res. 2018; 199: 12—18. https://doi.org/10.1016/j.fishres.
2017.11.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 27/29


https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1038/srep06898
http://www.ncbi.nlm.nih.gov/pubmed/25367429
https://doi.org/10.1016/j.biocon.2011.10.021
https://doi.org/10.1073/pnas.0710375105
http://www.ncbi.nlm.nih.gov/pubmed/18268336
https://doi.org/10.1016/j.apgeog.2021.102492
https://doi.org/10.1016/j.apgeog.2021.102492
https://cran.r-project.org/package=acs
https://cran.r-project.org/package=tidycensus
https://cran.r-project.org/package=tigris
https://cran.r-project.org/package=tigris
https://www.r-project.org/
http://www.rstudio.com/
https://doi.org/10.1073/pnas.0900231108
https://doi.org/10.1073/pnas.0900231108
http://www.ncbi.nlm.nih.gov/pubmed/21844351
https://doi.org/10.3389/fmars.2019.00609
https://doi.org/10.3389/fmars.2019.00609
https://doi.org/10.1017/CBO9780511614279
https://doi.org/10.1002/ehs2.1256
https://doi.org/10.1016/J.MARPOL.2018.11.005
https://doi.org/10.1111/conl.12677
https://doi.org/10.1016/j.gloenvcha.2006.03.008
https://doi.org/10.1016/S0959-3780%2801%2900026-7
https://doi.org/10.1016/S0959-3780%2801%2900026-7
https://doi.org/10.1007/s13280-016-0850-1
http://www.ncbi.nlm.nih.gov/pubmed/27854068
https://doi.org/10.5751/ES-11743-250441
https://doi.org/10.5751/ES-11743-250441
https://doi.org/10.1038/s41558-020-0871-4
https://doi.org/10.1016/j.fishres.2017.11.009
https://doi.org/10.1016/j.fishres.2017.11.009
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE

U.S. West Coast fishing community vulnerability to climate change

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

Dawson TP, Jackson ST, House JI, Prentice IC, Mace GM. Beyond predictions: Biodiversity conserva-
tion in a changing climate. Science. American Association for the Advancement of Science; 2011. pp.
53-58. https://doi.org/10.1126/science.1200303 PMID: 21454781

Anderson SC, Ward EJ, Shelton AO, Adkison MD, Beaudreau AH, Brenner RE, et al. Benefits and
risks of diversification for individual fishers. Proc Natl Acad Sci U S A. 2017; 114: 10797—10802.
https://doi.org/10.1073/pnas.1702506114 PMID: 28923938

Bell RJ, Odell J, Kirchner G, Lomonico S. Actions to Promote and Achieve Climate-Ready Fisheries:
Summary of Current Practice. Mar Coast Fish. 2020; 12: 166—190. https://doi.org/10.1002/mcf2.
10112

Badjeck MC, Allison EH, Halls AS, Dulvy NK. Impacts of climate variability and change on fishery-
based livelihoods. Mar Policy. 2010; 34: 375-383. https://doi.org/10.1016/j.marpol.2009.08.007

Cheung WWL, Brodeur RD, Okey TA, Pauly D. Projecting future changes in distributions of pelagic
fish species of Northeast Pacific shelf seas. Prog Oceanogr. 2015; 130: 19-31. https://doi.org/10.
1016/j.pocean.2014.09.003

Papaioannou EA, Selden RL, Olson J, McCay BJ, Pinsky ML, St. Martin K. Not All Those Who Wander
Are Lost—Responses of Fishers’ Communities to Shifts in the Distribution and Abundance of Fish.
Front Mar Sci. 2021; 8: 741. https://doi.org/10.3389/fmars.2021.669094

Smith JA, Muhling B, Sweeney J, Tommasi D, Pozo Buil M, Fiechter J, et al. The potential impact of a
shifting Pacific sardine distribution on U.S. West Coast landings. Fish Oceanogr. 2021; 30: 437—454.
https://doi.org/10.1111/fog.12529

Cinner JE, Daw T, McClanahan TR. Socioeconomic Factors that Affect Artisanal Fishers’ Readiness
to Exit a Declining Fishery. Conserv Biol. 2009; 23: 124—130. https://doi.org/10.1111/j.1523-1739.
2008.01041.x PMID: 18778267

Holsman KK, Hazen EL, Haynie A, Gourguet S, Hollowed A, Bograd SJ, et al. Towards climate resil-
iency in fisheries management. Anderson E, editor. ICES J Mar Sci. 2019; 76: 1368—1378. https://doi.
org/10.1093/icesjms/fsz031

Jantarasami LC, Novak R, Delgado R, Marino E, McNeeley S, Narducci C, et al. Tribes and Indige-
nous Peoples. In: Reidmiller DR, Avery CW, Easterling DR, Kunkel KE, Lewis KLM, Maycock TK,

et al., editors. Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assess-
ment, Volume Il. U.S. Global Change Research Program; 2018. https://doi.org/10.7930/NCA4.2018.
CH15

Garibaldi A, Turner N. Cultural keystone species: implications for ecological conservation and restora-
tion. Ecol Soc. 2004;9.

Okamoto DK, Poe MR, Francis TB, Punt AE, Levin PS, Shelton AO, et al. Attending to spatial social—
ecological sensitivities to improve trade-off analysis in natural resource management. Fish Fish. 2020;
21:1-12. https://doi.org/10.1111/faf.12409

Cisneros-Montemayor AM, Pauly D, Weatherdon L V., Ota Y. A Global Estimate of Seafood Con-
sumption by Coastal Indigenous Peoples. Clark TD, editor. PLoS One. 2016; 11: e0166681. https://
doi.org/10.1371/journal.pone.0166681 PMID: 27918581

Dittmer K. Changing streamflow on Columbia basin tribal lands-climate change and salmon. Clim
Change. 2013; 120: 627—-641. https://doi.org/10.1007/s10584-013-0745-0

Columbia River Inter-Tribal Fish Commission. Salmon Culture | Pacific Northwest tribes, Columbia
River salmon. 2021 [cited 11 Jul 2021]. Available: https://www.critfc.org/salmon-culture/tribal-salmon-
culture/

Donatuto J, Campbell L, Trousdale W. The “value” of values-driven data in identifying Indigenous
health and climate change priorities. Clim Change. 2020; 158: 161-180. https://doi.org/10.1007/
$10584-019-02596-2

Miller JJ, Maher M, Bohaboy E, Friedman CS, McElhany P. Exposure to low pH reduces survival and
delays development in early life stages of Dungeness crab (Cancer magister). Mar Biol. 2016; 163: 1—
11. https://doi.org/10.1007/s00227-016-2883-1

Hodgson EE, Essington TE, Kaplan IC. Extending Vulnerability Assessment to Include Life Stages
Considerations. Hewitt J, editor. PLoS One. 2016; 11: e0158917. https://doi.org/10.1371/journal.
pone.0158917 PMID: 27416031

Marshall KN, Kaplan IC, Hodgson EE, Hermann A, Busch DS, McElhany P, et al. Risks of ocean acidi-
fication in the California Current food web and fisheries: ecosystem model projections. Glob Chang
Biol. 2017; 23: 1525—1539. https://doi.org/10.1111/gcb.13594 PMID: 28078785

Morley JW, Selden RL, Latour RJ, Frolicher TL, Seagraves RJ, Pinsky ML. Projecting shifts in thermal
habitat for 686 species on the North American continental shelf. MacKenzie BR, editor. PLoS One.
2018; 13: e0196127. https://doi.org/10.1371/journal.pone.0196127 PMID: 29768423

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 28/29


https://doi.org/10.1126/science.1200303
http://www.ncbi.nlm.nih.gov/pubmed/21454781
https://doi.org/10.1073/pnas.1702506114
http://www.ncbi.nlm.nih.gov/pubmed/28923938
https://doi.org/10.1002/mcf2.10112
https://doi.org/10.1002/mcf2.10112
https://doi.org/10.1016/j.marpol.2009.08.007
https://doi.org/10.1016/j.pocean.2014.09.003
https://doi.org/10.1016/j.pocean.2014.09.003
https://doi.org/10.3389/fmars.2021.669094
https://doi.org/10.1111/fog.12529
https://doi.org/10.1111/j.1523-1739.2008.01041.x
https://doi.org/10.1111/j.1523-1739.2008.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/18778267
https://doi.org/10.1093/icesjms/fsz031
https://doi.org/10.1093/icesjms/fsz031
https://doi.org/10.7930/NCA4.2018.CH15
https://doi.org/10.7930/NCA4.2018.CH15
https://doi.org/10.1111/faf.12409
https://doi.org/10.1371/journal.pone.0166681
https://doi.org/10.1371/journal.pone.0166681
http://www.ncbi.nlm.nih.gov/pubmed/27918581
https://doi.org/10.1007/s10584-013-0745-0
https://www.critfc.org/salmon-culture/tribal-salmon-culture/
https://www.critfc.org/salmon-culture/tribal-salmon-culture/
https://doi.org/10.1007/s10584-019-02596-2
https://doi.org/10.1007/s10584-019-02596-2
https://doi.org/10.1007/s00227-016-2883-1
https://doi.org/10.1371/journal.pone.0158917
https://doi.org/10.1371/journal.pone.0158917
http://www.ncbi.nlm.nih.gov/pubmed/27416031
https://doi.org/10.1111/gcb.13594
http://www.ncbi.nlm.nih.gov/pubmed/28078785
https://doi.org/10.1371/journal.pone.0196127
http://www.ncbi.nlm.nih.gov/pubmed/29768423
https://doi.org/10.1371/journal.pone.0272120

PLOS ONE U.S. West Coast fishing community vulnerability to climate change

115. Grothmann T, Patt A. Adaptive capacity and human cognition: The process of individual adaptation to
climate change. Glob Environ Chang. 2005; 15: 199—213. https://doi.org/10.1016/j.gloenvcha.2005.
01.002

116. Norman K, Holland D, Abbott J, Phillips A. Community-level fishery measures and individual fishers:
Comparing primary and secondary data for the U.S. West Coast. Ocean Coast Manag. 2022; 224:
106191. https://doi.org/10.1016/j.ocecoaman.2022.106191

117. IPCC. Climate change 2021: the physical science basis. Contribution of Working Group | to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. Geneva: Intergovernmental
Panel on Climate Change; 2021. Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger
S, et al., editors. Cambridge University Press; 2021.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272120  August 17, 2022 29/29


https://doi.org/10.1016/j.gloenvcha.2005.01.002
https://doi.org/10.1016/j.gloenvcha.2005.01.002
https://doi.org/10.1016/j.ocecoaman.2022.106191
https://doi.org/10.1371/journal.pone.0272120



