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Abstract

Evaluating the strategies fishermen have used to respond to short-term climate variability
in the past can help inform our understanding of the adaptive capacity of a fishery in the
face of anticipated future change. Using historic fishery landings, climate records, and fish-
ermen surveys, we document how market squid fishermen respond to high seasonal and
interannual climate variability associated with the El Nifio Southern Oscillation (ENSO)
and responses to hypothetical future scenarios of low abundance and range shift. Overall,
fishermen have been able to adapt to dramatic shifts in the geographic range of the fishery
given their high mobility, with fishermen with larger vessels expressing a willingness to
travel greater distances than those with smaller vessels. Nearly half of fishermen stated that
they would switch fisheries if market squid decreased dramatically in abundance, although
fishermen who were older, had been in the fishery longer, were highly dependent on squid
for income, and held only squid and/or coastal pelagic finfish permits were less likely to
switch to another fishery in a scenario of lower abundance. While market squid fishermen
have exhibited highly adaptive behavior in the face of past climate variability, recent (and
likely future) range shifts across state boundaries, as well as closures of other fisheries,
constrain fishermen’s choices and emphasize the need for flexibility in management sys-
tems. Our study highlights the importance of considering connectivity between fisheries
and monitoring and anticipating trans-jurisdictional range shifts to facilitate adaptive fish-
ery management.
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1 Introduction

Temporal variability is inherent in natural resource-based sectors, including commercial
fisheries (Stoll et al. 2017), and is driven by human-induced global environmental change
(Halpern et al. 2015), naturally occurring climate phenomena (e.g., El Nifio Southern
Oscillation [ENSO] and Pacific Decadal Oscillation [PDO]) (Hollowed et al. 2001; Perretti
and Sedarat 2016), and socioeconomic pressures (e.g., migration to coastal communities and/
or changes in market dynamics/demand) (Bennett et al. 2016; Reddy et al. 2013). In social-
ecological systems, escalating environmental changes interact across scales with social and
economic changes, which can lead to feedback loops, abrupt change, and heightened exposure
to new types of risk (Reyers et al. 2018). Thus, it has become increasingly important to
understand whether and how communities and/or individuals dependent on natural resources
can adapt to change (Bennett et al. 2016; Cinner et al. 2012; Whitney et al. 2017). Despite
the importance of understanding adaptation to change, there are few examples of concrete
adaptation actions in marine and fishery systems (Lindegren and Brander 2018; Miller et al.
2018). This limits our ability to predict the capacity of fishermen and other marine resource
users to respond to future change (Coulthard and Britton 2015) as well as our understanding
of the potential for adaptation that can be incentivized through policy (van Putten et al. 2017).

The ways in which fishermen respond to climate change can be understood within the
broader perspective of resilience thinking, where responses fall along an adaptation continuum
— remaining/coping (e.g., no behavioral change), adapting (e.g., changing fishing strategies
or location), and transforming (e.g., switching fisheries or exiting a fishery) (Coulthard 2009;
Ojea et al. 2020; Rubio et al. 2021). One of the most common adaptive strategies fishermen
employ is diversification (Anderson et al. 2017), buffering income variability by targeting
multiple species or fisheries and allowing fishermen to shift between fisheries based on what
is most convenient, abundant, or valuable at a particular moment in time (Anderson et al.
2017; Kasperski and Holland 2013; Robinson et al. 2020). Another common strategy involves
changes in fishing activities, including how, where, and when to fish (Wilson 2017). Fishermen
may change method of harvest (Cinner et al. 2015), engage in seasonal fishing effort (Sievanen
2014), change the intensity of fishing effort/activity (Stoll et al. 2017), and/or diversify fishing
grounds (Young et al. 2019). Furthermore, in order to offset potential losses associated with
local declines in abundance and/or range shifts, fishermen can migrate to operate out of new
ports (Savo et al. 2017; Sievanen 2014; Young et al. 2019). Lastly, and generally the least
desirable option, fishermen may choose to exit the fishery and leave fishing altogether and
pursue alternative employment (Coulthard 2009; Johnson et al. 2014). Focusing on these
responses at the level of the individual fishermen is particularly important (but uncommon)
because ultimately, adaptive responses occur at this scale (Stoll et al. 2017).

From an ecological standpoint, ongoing climate change is causing unprecedented
changes in ocean and coastal conditions. In the California Current System (CCS), there is
considerable evidence of significant ocean warming (Schwing et al. 2010) and associated
changes in ocean stratification over the past century (Palacios et al. 2004). A recent study
found a robust increase in future Eastern Pacific ENSO sea surface temperature (SST) vari-
ability due to greenhouse warming-induced intensification of upper-ocean stratification,
as well as an increase in the number of strong Eastern Pacific El Nifio events (Cai et al.
2018). Projections show a robust and unambiguous signal of future surface warming in
the CCS, with predicted increases in SST between 2.5 and 5 °C by 2090 (Pozo Buil et al.
2021), along with changes in the timing and intensity of upwelling, which affects nutrient
and oxygen concentrations (Checkley and Barth 2009; Pozo Buil et al. 2021; Xiu et al.
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2018). These changes impact many commercial fisheries in the region such as market squid
(Doryteuthis opalescens), which has routinely ranked as the state of California’s top com-
mercial fishery in terms of volume (tons) and value (US dollars) (NMFES 2018).

Market squid abundance exhibits substantial interannual variability due to variable recruit-
ment, growth, and survival of populations in response to fluctuating oceanographic conditions
associated with ENSO (Jackson and Domeier 2003; Perretti and Sedarat 2016; Zeidberg et al.
2006). Market squid populations decline drastically in unfavorable environments associated with
El Nifio events, characterized by warm SST and low productivity, and rebound rapidly during
favorable conditions associated with La Nifia events, characterized by cool SST and high pro-
ductivity (Reiss et al. 2004; van Noord and Dorval 2017). Such large-scale population variability
and periodic collapses of the fishery not only have a large economic toll on fishing communities,
but they also greatly disturb ecosystem food web dynamics given that market squid are one of the
state’s most important forage species (Alder and Pauly 2006; Morejohn et al. 1978).

In addition to volatility in landings and abundance, the fishery is subject to spatial
and phenological changes. Landings in the northern range of the fishery (north of Point
Conception, primarily out of Monterey Bay) traditionally take place from April through
November, while landings in the southern range of the fishery (south of Point Conception,
predominantly around the Channel Islands) traditionally take place from October through
March, due to regional and temporal differences in peak spawning (Porzio and Brady 2008).
Typically, only about 20% of the annual statewide squid catch comes from the northern
fishery, with the remainder caught in the southern fishery (Cavole et al. 2016). However,
the availability of market squid to the fleet can vary tremendously from year to year due to
regional oceanographic processes (Ralston et al. 2018). Numerous reports of market squid
in Oregon, Washington, and Alaska in 2015 and 2016 (Chambers 2016; Columbia Basin
Bulletin 2018, Miller 2015) support the prediction that the market squid population along
the US west coast shifted north in response to warm water events such as the “Blob” (Cavole
et al. 2016), and models based on fishery independent data show that squid has become
increasingly abundant in northern latitudes in the California Current over the past two
decades (Chasco et. al. 2022). In terms of changes in phenology, warmer ocean temperatures
cause squid to mature faster (Forsythe 2004) and recruit to spawning grounds earlier (i.e.,
before the seasonal peak in prey availability) (Sims et al. 2001). Accelerated maturation could
thus cause a “match-mismatch” scenario that alters critical trophic interactions (van Noord
and Dorval 2017). Concomitant shifts in species distributions, changes in phenology, and
reductions in abundance will redistribute resources available to local fishing communities,
possibly leading to revenue losses, disruptions in the processing and supply chain, and less
effective fishery management measures (e.g., Mills et al. 2013; Pinsky and Fogarty 2012).

Globalization of the seafood industry has also influenced fishery dynamics over time
through shifts in market dynamics and demand. In particular, the rapid expansion of seafood
markets to China (Crona et al. 2020; FAO 2020; Porzio and Brady 2008) caused the market
squid fishery to expand tremendously in scale. The majority of the commercial catch (~80%)
is exported to Asian and European markets, with China being the largest market (Porzio and
Brady 2008). Given the market squid fishery’s global market, it is also highly susceptible to
economic and market volatility associated with changes in international demand and/or tariffs
(Ess 2020; FAO 2020). For example, COVID-19-related market volatility was associated
with an 80% decline in total landings from~ 66,678 metric tons in 2017-2018 to~ 13,607
metric tons in both the 2019-2020 and 2020-2021 seasons. Furthermore, in the 2018-2019
season (pre-COVID-19), squid exported to China carried a 27% tariff, whereas in 2019-2020
season, the USA imposed an additional 25% for a total of 52% (value-added charges and duty
combined) (Ess 2020), resulting in very low prices offered to squid fishermen.
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The growing international demand coupled with subsequent increases in effort and land-
ings facilitated by newer, larger, and more efficient vessels and greater processing capacity
(PFMC 2008) prompted the California Department of Fish and Wildlife (CDFW) to develop
the Market Squid Fishery Management Plan (MSFMP) in 2005. The MSFMP established
several static management measures including a fixed seasonal catch limit of 118,000 t, two-
day weekend closures, light and gear restrictions, a restricted access program, and monitoring
programs (port sampling and logbooks) (CDFW 2005). While current management meas-
ures prevent excessive fishing effort and allow for critical periods of uninterrupted spawn-
ing (CDFW 2005), the static, equilibrium-based fishery control rules do not account for or
address climate-driven interannual variability in stock dynamics and productivity. Further-
more, despite the mobility afforded by the large vessels in the squid fleet, the implications of a
more permanent northerly range shift could have cascading ecological and economic impacts
and may require a shift from a state-based to a regional fishery management approach.

The magnitude of ongoing change (both climatic and socioeconomic) raises important
questions and concerns regarding market squid fishermen’s capacity to adapt to predicted
future climate change (Chavez et al. 2017; Stoll et al. 2017) and the implications of their
adaptive capacity for the future of the fishery. Whether due to cyclical climate variability
or market and regulatory influences on fishing dynamics, market squid fishermen have a
long history of adapting to challenging conditions. Here, we assess market squid fishermen’s
responses to past short-term climatic events associated with the ENSO cycle, particularly
the regional warming conditions associated with El Nifio events, as a proxy to reflect likely
response to future, more permanent warming trends. Using landings data and fishermen inter-
views, we present trends based on fishermen’s responses to previous ENSO events as well as
their stated responses to potential future scenarios including reductions in species’ abundance
and range shifts. We also evaluate how characteristics of individual fishermen (e.g., age, boat
size, dependence on squid, and access to additional permits) influence decision-making and
adaptive responses. We conclude with a discussion of the implications of our findings for the
adaptive capacity of the market squid fishery, as well as management considerations that will
be critical in ensuring fishery sustainability and adaptation in a changing climate.

2 Methods

To understand how fishermen respond to changing conditions in the market squid fishery,
we used a convergent mixed methods framework and methodological triangulation (Olsen
2004). We conducted parallel analyses of quantitative fishery-dependent and climate data
and qualitative survey data to identify drivers of change relevant to the fishery, examine
how fishermen adapt in response to the aforementioned changes, and explore whether fish-
ermen’s responses differed based on relevant demographic and socio-economic character-
istics. By comparing information obtained from diverse sources, triangulation approaches
ensure greater validity and reliability (e.g., Islam et al. 2014; Whitney et al. 2017), and can
generate a deeper, contextual, and more comprehensive understanding of complex social-
ecological systems (Bennett et al. 2016; Frawley et al. 2021).

2.1 Fishery landings data and Oceanic Nifio Index

Fishery-dependent landings data were analyzed to explore patterns relating to fishermen’s
responses to change. Forty seasons (1980-2019) of market squid landings data were obtained
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through a confidential, non-disclosure agreement with CDFW. This type of data, known as
fishery-dependent data, is derived from the fishing process itself and is collected through self-
reporting by fishermen. Landing receipts provide detailed daily information on both quan-
tity (Ibs) and location (CDFW fishing block) of catch. These blocks (10x 10 nautical miles)
correspond to a three-digit database code that CDFW uses to record and aggregate all “fish
ticket” and landings data. Each entry corresponds to a unique fishing trip (N=102,001 total
trips/unique observations). We primarily focused on information pertaining to quantity and
location of catch. Given that data is self-reported by fishermen, it is prone to human error and
requires data cleaning. This entailed excluding catch data that was not in a recognized CDFW
fishing block and eliminating duplicate entries (in which every column was identical).

In order to understand how ENSO-related variability alters fishing patterns, catch data were
aggregated spatially (by fishing block) and temporally (by ENSO phenomenon). To explore
spatial changes in fishery landings during different ENSO phases, the percentage of total catch
obtained from each fishing block was calculated for each season. Each fishing season was
assigned to a group corresponding to the strength (weak, moderate, or strong) and type (El
Niflo, La Nifia, or neutral) of event that occurred during that season based on the Oceanic
Niflo Index (ONI) (see Electronic Supplemental Material [ESM], Table S1). The National
Oceanic and Atmospheric Administration’s (NOAA) Climate Prediction Center defines
ONI as the 3-month running mean of SST anomalies in the Nifio-3.4 region (i.e., 5°N-5°S,
120°-170°W), based on centered 30-year base periods updated every 5 years (NOAA 2019).
Events are defined as five consecutive overlapping 3-month periods at or above the+0.5 °C
anomaly for warm (El Nifio) events and at or below the—0.5 °C anomaly for cold (La Nifia)
events. The threshold is further broken down into weak (0.5 to 0.9° SST anomaly), moderate
(1.0 to 1.4°), and strong (>1.5°) events. Neutral events indicate seasons with no statistically
significant SST anomaly (i.e., those that did not exceed the +0.5 °C anomaly).

We explored both spatial and temporal variability in landings data in relation to past
ENSO events. To maintain consistency with fishermen interviews and because extreme
events tend to show the clearest signal of change, we focused our analysis on strong El
Niflo and La Nifia events, as well as neutral events. For the spatial component of our analy-
sis, we averaged the percent catch from each block across all seasons that fell into the same
event strength grouping. For seasons between 1980 and 1999, the given block may indicate
landing location versus fishing location due to discrepancies in data reporting between ear-
lier and later seasons, but still corresponds with the general latitude of fishing activity. All
spatial processing was conducted using the sf package (Pebesma 2018) in R. Mapped data
products were projected using the California Teale Albers (NAD83) (Patterson 2018). In
order to investigate temporal changes in landings as a function of ENSO, we calculated
the percentage of total season catch per month for each season, and then averaged monthly
percentages across seasons that fell into the same event strength grouping.

2.2 Fishermen surveys

Surveys were conducted with active squid fishermen between January 2017 and November
2018 with the goal of surveying an owner or boat operator representing as many active
squid vessel permits as possible. Permits were considered “active” if the vessel participated
in the fishery (landed and reported catch) in at least one of the previous three fishing sea-
sons (i.e., 2014-2015, 2015-2016, 2016-2017) based on a list of permits and landings data
obtained from the CDFW. Surveys were conducted at Ventura Harbor, the primary landing
port for squid, as well as non-port locations or by phone (if preferred or if fishermen were
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based outside of southern California). A total of 54 squid fishermen were interviewed, rep-
resenting 48% of total active vessels (both squid and squid lightboat) during the survey
period. The survey consisted of a series of multiple choice, Likert scale, and open-ended
questions related to changes in the fishery (i.e., timing, location, abundance, and other)
due to ENSO or other regional climate patterns in the last 5-10 years, responses to past
warm-water events, and responses to hypothetical lower abundance and species’ range shift
scenarios. The survey also included a series of multiple-choice and open-ended questions
relating to demographic and socio-economic characteristics that might influence fisher-
men’s responses to change.

After familiarizing ourselves with the interview data, open-ended responses were
coded using an iterative, inductive approach (e.g., Maguire and Delahunt 2017) to iden-
tify themes relating to observed changes, adaptive strategies, and responses to hypothet-
ical scenarios. We reviewed and coded the data until no new themes emerged. Following
identification of themes, fishermen’s adaptive strategies and responses were analyzed
using descriptive (i.e., frequency, mean, and standard deviation) statistics. In order to
determine whether responses to hypothetical scenarios were associated with fishermen’s
demographic or socio-economic characteristics, we used inferential statistics (unpaired
two sample ¢ tests, non-parametric two-sample Wilcoxon rank test, and two proportion
z tests) within the R environment (R Core Team 2020). Fishermen’s responses were
coded into three distinct groups: continuing to participate in squid (including fisher-
men who did not change fishing strategies or behavior and those who did), switching
to another fishery, and exiting fishing (e.g., selling their permit or taking up non-fish-
ing employment). We selected ¢ tests under the assumption that both samples are ran-
dom, independent, and come from normally distributed populations (confirmed using
the Shapiro—Wilk test) with unknown but equal variance. If samples were not normally
distributed, we used the Wilcoxon rank test. When dealing with categorical data (e.g.,
resource dependence and type of additional fishery permit(s)), we used the two pro-
portion z test to determine if the proportions of categories in two group variables sig-
nificantly differed from each other. We considered fishermen to be primarily dependent
on squid if >60% of their total annual income was from squid. As we were interested
in understanding whether certain types of permits facilitate flexibility in response to
change, we grouped fishermen into two groups based on feasibility/ease of switching —
those holding only squid or coastal pelagic finfish permits (i.e., mackerel, anchovy, sar-
dine, bonito) in addition to squid and those holding other types of permits (e.g., salmon,
lobster, longline, crab, etc.) in addition to squid.

In order to visualize and explore spatial responses to change as reported by market squid
fishermen, participants were asked to identify and delineate fishing grounds during an
ENSO neutral season and during an El Nifio phase of ENSO. Fishermen either stated spe-
cific CDFW fishing blocks or provided ranges (minimum/maximum latitude or northern/
southern location) of fishing areas, which we then converted to fishing blocks. All coastal
fishing blocks within a stated range were included. We then generated choropleth maps
using the sf package (Pebesma 2018) in R to display the percentage of respondents who
reported fishing in a given block during El Nifio and neutral phases of ENSO. Lastly, in
order to determine whether distance traveled to fishing grounds varies between El Nifio
and neutral phases of ENSO, we calculated the distance traveled (after accounting for land
and the curvature of California’s coastline) from a fishermen’s home port to the centroid
of each specified fishing block for each ENSO phase independently. Distance data for
each individual fisherman were averaged and then compared for differences between each
ENSO neutral and El Nifio event years.
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2.3 Fishermen feedback session

Following completion of data analysis, we held a feedback session with squid fishermen to
present preliminary findings in order to get their feedback on data analysis and interpreta-
tion and answer outstanding questions that arose from preliminary data analysis. The ses-
sion was held in November 2019 with 11 fishermen in Ventura, CA, the primary port for
squid and where most fishermen are based during that time in the fishing season. Partici-
pants were recruited based on an opt-in question at the end of the survey (asking fishermen
if they wanted to participate).

3 Results

Results from both the fishermen surveys and landings data are presented thematically in
order to corroborate and compare findings.

3.1 Observed changes in fishery

There was substantial consensus among fishermen regarding observations of changes in
the fishery in relation to regional climate variability (particularly ENSO cycles) in the
past 5-10 years. Eighty-seven percent of fishermen acknowledged that they had noticed
changes, while only 2% had not. The remaining fishermen were not sure or had been in
the fishery for less than 5 years. Of the fishermen who had noticed changes, 79% noted
changes in abundance, 72% noted changes in location/range of squid, and 28% noted
changes in the seasonal availability of squid or timing of spawning events.

For each category of change, fishermen were asked to elaborate on the changes they
observed. Of the fishermen who observed changes in location/range of squid, 82% stated
that squid spawned farther north during El Nifio events, resulting in a more produc-
tive fishery in the northern range (i.e., north of Point Conception, primarily Monterey),
and 41% of respondents believed that squid spawned at deeper depths during El Nifio.
Several fishermen noted that the most recent El Nifio event (2015-2016, the “Blob”)
resulted in the most drastic range shifts, with large quantities of squid found in Hum-
boldt, Oregon, Washington, and Alaska.

Fishermen’s observations of a fairly recent northward range shift are consistent with
trends in fishery landings data. While the proportion of catch in the southern fishery his-
torically has been much greater than that of the northern fishery (except during strong El
Niflo events and sometimes during the year immediately after the event), since 2014-2015,
the proportion of catch in the northern fishery has increased (ESM, Fig. S1). Percentage
catch in the northern fishery increased from an average of 20.2% between 1990-1991 and
2013-2014 seasons to an average of 49.2% between 2014-2015 and 2018-2019 seasons.

Of the fishermen who noted changes in abundance, all agreed that there were fewer
squid during El Nifio events; however, fishermen attributed this decrease in abundance
to different factors. Seventy-six percent noted a decrease in abundance of squid as warm
temperatures and reduced prey availability (from decreases in upwelling) result in
higher mortality rates at each life history stage of squid. Several of these fishermen spe-
cifically noted that El Nifio-induced declines in abundance continue to affect the fishery
for 1 to 2 years after the event. Twenty-seven percent of fishermen who noticed changes
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in abundance reported that squid were unharvestable, believing they were likely spawn-
ing in atypical locations where they could not be easily accessed (i.e., further north or in
deeper offshore waters than what is commercially fished).

Finally, of the fishermen who observed changes in the timing and seasonality of fish-
ery events in recent years and during past El Nifio events, 82% said that peak fishery
landings occurred months earlier, while 18% mentioned that the catch was less seasonal
(i.e., occurring year-round versus peaking late in the season). Landings data also showed
that during ENSO neutral and strong La Nifia seasons, the majority of catch takes place
in the southern fishery, whereas during strong El Nifio events, catch is concentrated in
the northern fishery. The proportion of catch in the northern fishery during El Nifio
seasons (0.71 +0.18) was, on average, significantly greater than both ENSO neutral sea-
sons (0.21 £0.09) (#(7)=5.56, p=8.5% 107 and strong La Nifia seasons (0.05+0.09)
(1(6)=6.55, p=6.1x10"%) (Fig. 1). These spatial shifts in the fishery also affect the
timing of peak catch. During ENSO neutral and La Nifia seasons, the majority of catch
occurs between October and March, which coincides with the timing of peak spawning
in the southern portion of their range. During strong El Nifio seasons, however, peak
landings occur much earlier in the season, between April and September (Fig. 2).

3.2 Fishermen’s responses to change
3.2.1 Previous El Nifio events

Seventy-six percent of fishermen said that they had changed their fishing strategies in
response to previous El Nifio events. Of the respondents who altered their fishing strate-
gies, 59% shifted their effort north and fished primarily in the northern range of the fishery,
24% fished deeper, 17% fished further offshore, and 15% temporarily exited the fishery
(either tying up their boat for the season or switching to another fishery) (ESM, Fig. S2). In
addition to changes in the location of fishing activity, fishermen also reported traveling sig-
nificantly farther from their home ports during El Nifio events versus ENSO neutral fishing
seasons (Fig. 3). During El Nifio events, fishermen traveled, on average, 171.6 km (106.6
mi) further to fish than during ENSO neutral seasons (#(61.9)=2.9, p=0.005).

When self-reported changes in fishing location are viewed spatially (by CDFW fish-
ing block), the latitudinal patterns in fishing activity during El Nifio and neutral phases
of ENSO show clear differences (Fig. 4). In an ENSO neutral fishing season, the fishery
is distributed in coastal waters from San Francisco to the California-Mexico border, with
the majority of participants fishing south of Point Conception and throughout the Chan-
nel Islands. During strong El Nifio events, the total fishing area expands and effort is con-
centrated in central/northern California. Eight fishermen noted that they had traveled well
beyond the border and into southern/central Oregon during historically strong El Nifio
events. Fishermen’s reported changes in fishing location/effort (i.e., northward) during El
Niflo events are consistent with spatial trends in fishery landings data (Fig. 1).

3.2.2 Range shift

In addition to understanding how fishermen have responded to past climate variability, we
also sought to understand how participants would respond to a hypothetical scenario in
which the fishery range shifted north beyond the historical species distribution. Responses
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Fig.3 Mean distance to reported market squid fishing locations during neutral (n=>52 fishermen) and El
Nifio (n=41 fishermen) phases of the El Nifio Southern Oscillation (ENSO). The distance from a fish-
erman’s home port to the centroid of each reported California Department of Fish and Wildlife (CDFW)
fishing block was calculated for each ENSO phase. Individual distance data were averaged and sorted into
non-overlapping bins of equal length

to this scenario were highly consistent, with 94% of fishermen saying that they would
travel to catch squid in other locations (ESM, Fig. S3). Of these fishermen, 87% stated that
they would travel an unlimited distance, mentioning Oregon, Washington, and/or Alaska
as potential fishing locations due to the mobility afforded by their large vessels. However,
18% of those fishermen provided other contingencies that might affect their willingness
to pursue squid, including economic feasibility and consistency of fishing, market price/
value, and availability or proximity of offloading facilities. The remaining 14% of fisher-
men who were willing to travel said they would travel with limitations on distance, gen-
erally setting Monterey and/or San Francisco as their northern limit. The fishermen who
stated that they would travel with limitations or not travel at all in response to a hypotheti-
cal range shift had significantly smaller vessels on average than the fishermen who stated
that they were willing to travel an unlimited distance (mean difference 23.7 ft [7.22 m])
(1(42)=6.5, p=T7.7x107%).

3.2.3 Lower abundance

Fishermen were also posed with a hypothetical scenario of lower abundance of squid in the
future. In the event of low squid abundance, 46% of the participants said that they would
switch to another fishery (ESM, Fig. S4). Alaskan salmon was the most commonly men-
tioned fishery that fishermen would switch to, and it was the second most commonly held
permit in addition to squid. While coastal pelagic species permits (i.e., sardine, anchovy,
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Fig.4 Market squid fishing grounds during neutral (n=52 fishermen) and El Nifio (n=40 fishermen)
phases of the El Nifio Southern Oscillation (ENSO). Values indicate the percentage of fishermen who
reported fishing in a given California Department of Fish and Wildlife fishing block (10 10 nautical miles)
for each ENSO phase. Note that blocks with less than 2 entries were excluded

mackerel, bonito) were the most commonly held additional permits, this was the least com-
monly mentioned alternative fishery choice (Fig. 5). Approximately 41% of fishermen
stated that they would continue to participate in the squid fishery, with 35% of fishermen
reporting they would do so with altered fishing strategies (e.g., increasing distance trave-
led, increasing effort, or fishing a longer season) and 6% stating they would continue with-
out changes in effort and/or behavior (ESM, Fig. S4). Additional responses to a hypotheti-
cal reduction in abundance include permanently exiting the fishing industry and/or seeking
non-fishing employment (~7%) and temporarily dropping out of fishing for the remainder
of the season (or until conditions improve) (~6%). Seventeen fishermen gave first and sec-
ond resorts (i.e., for low abundance and very low abundance scenarios); however, overall
trends remained the same, but with an increase in the number of fishermen who stated they
would quit fishing or sell their permit and/or seek non-fishing employment (as a second
resort) (ESM, Fig. S5).

We found that fishermen’s age, the number of years they had participated in the fish-
ery, the percent of total income derived from squid, and the type of additional fisheries
permits held all influenced fishermen’s stated responses to hypothetical low squid abun-
dance. On average, fishermen who stated they would exit the fishing industry were signifi-
cantly older than those who stated that they would switch to another fishery (mean differ-
ence 17.6 years), (#(27)=3.08, p=0.005). Similarly, fishermen who stated that they would
switch to another fishery had participated in commercial squid fishing for fewer years than
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Fig.5 Stacked barplot showing the number of market squid fishermen who hold permits for additional fish-
eries (total number indicated by italicized value) out of those who stated they would switch to an alternative
fishery in response to hypothetical lower abundance (n=25). The yellow bar indicates the number of fisher-
men who stated they would switch to each fishery, and the turquoise bar shows the total number of fisher-
men who hold a given fishery permit, but would not choose to switch to it as an alternative to squid

those who stated that they would quit/exit fishing (W=90, p=0.008). Resource depend-
ence, or percent of total income from commercial squid fishing, also differed between
response groups. Fishermen who are primarily dependent on squid (i.e.,>60% of total
annual income) were significantly more likely to state that they would continue to par-
ticipate in the squid fishery (0.95) given a hypothetical decline in abundance than switch
to another fishery (0.3) (z=3.92, p=8.9x 107>). Fishermen primarily dependent on squid
were also significantly more likely to state that they would exit the fishing industry (1) than
switch to another fishery (0.3) (z=2.04, p=0.02). The type of additional fishery permits
that fisherman held also significantly influenced fishermen’s stated response to hypotheti-
cal lower abundance. Fishermen who only held squid and coastal pelagic finfish permits
(versus those holding other additional permits) were significantly more likely to state that
they would either continue to fish for squid or exit the fishing industry (0.92) than switch to
another fishery (0.27) (z=4.44, p=9.2% 1079).
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4 Discussion

Our mixed-methods approach employed complementary data sources to investigate fisher-
men’s responses to climate variability in the market squid fishery. Findings were consistent
between quantitative and qualitative data sources, strengthening the validity of our results.
This mixed-methods approach also provided a more in-depth, contextual, and comprehen-
sive understanding of fishermen’s adaptive capacity in regards to how they have responded
to past change as well as considerations for how they might respond to future change.

Short-term variability in ocean and climate conditions associated with ENSO has
resulted in notable changes in the market squid fishery over the past several decades. Dur-
ing past El Nifio events, fishermen have observed marked reductions in squid abundance
and/or availability, northward and possibly depth-related changes in spawning location,
and changes in timing of peak fishery landings. Given projections of an increase in the fre-
quency and intensity of strong eastern Pacific El Nifio events (Cai et al. 2018) coupled with
the species’ high sensitivity to fluctuating environmental conditions (van Noord and Dorval
2017), the market squid fishery will likely be subject to significant changes in the future.
As climate change continues to shift the distribution of squid northward and potentially
deeper, fishermen will experience economic and logistical challenges associated with shift-
ing fishery operations, including learning about and fishing in geographically new areas
and traveling further to reach more favorable grounds, likely raising safety concerns and
increasing fuel, bait, and crew costs (e.g., Chavez et al. 2017; Pinsky and Fogarty 2012).
Additionally, due to the very high perishability of the product as well as the limited infra-
structure for offloading, processing, and cold freezer storage in northern ports, potential
expansion in areas where the fishery is emerging is currently limited.

4.1 Implications for adaptive capacity in the market squid fishery
4.1.1 Mobility

Market squid fishermen have exhibited highly adaptive behavior when faced with past
ENSO-related changes in the fishery, and they expressed confidence in their ability to con-
tinue to adapt to hypothetical future scenarios of species’ range shifts and low abundance.
The majority of participants were able to cope with changes in the fishery associated with
past El Nifio events by shifting the location (north) or depth (deeper) of fishing, which was
facilitated by large and mobile vessels characteristic of the market squid fleet. This is in
line with other studies that found that high mobility can buffer fishing communities from
the effects of environmental change (Sievanen 2014; Young et al. 2019). When posed with
a hypothetical future scenario in which the fishery range shifted north beyond the historical
focus, nearly all fishermen were willing to travel great distances to target market squid in
other locations. While attachment to a particular place can limit fishermen’s willingness to
travel far from their home fishing grounds (Cinner et al. 2018; Seara et al. 2016; Shaffril
et al. 2015), highly mobile fleets may be less likely to express strong attachment to fish-
ing in a particular place (NOAA 1993), and squid fishermen already cover large ranges
while fishing. During the feedback session, fishermen noted that this willingness to travel
has increased dramatically over the last 5 years due to higher demand for squid. They also
noted that many individuals had quickly responded to previous challenges relating to lim-
ited offloading infrastructure in northern California by using mobile pumps.
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While greater mobility enables fishermen to adapt to fluctuations in stock distribution
and abundance, short- or long-term migration could have significant socio-economic con-
sequences for fishing communities. In addition to economic and logistical consequences to
the fishermen themselves (discussed above), shoreside services that support market squid
fisheries, including traditional ports, processors, dealers, and supply houses, could experi-
ence reduced revenue and income flow as fishermen migrate from their traditional grounds
to land and process their catch in new locations (Chavez et al. 2017).

Given that fishermen with larger vessels are more mobile, fleet composition could
shift toward larger vessels if the range of squid continues to expand. Such a shift would
have implications for catch efficiency as larger vessels can capture and store greater
quantities of squid with less effort than smaller vessels. In addition, larger vessels with
greater engine power will likely have higher total catch due to their ability to exploit
distant (and potentially less exploited) fishing grounds and deal with adverse weather and
ocean conditions, thus potentially increasing fishing days (e.g., Robinson et al. 2020). A
shift toward larger vessels could also push smaller vessel owners and operators, typical of
those with lightboat and brail/scoop permits, out of the fleet. Fishermen noted during the
feedback session that market squid permits are increasingly owned by large corporations
rather than by the fishermen operating the boats, as large seafood processing companies
have bought out independent fishermen to secure their supply over competing buyers
(Rahaim 2016). This recent trend toward consolidation, coupled with a potential shift
toward larger vessels as the fishery expands northward, may push the remaining smaller-
scale owner operators out of the fishery. To date, fishermen based in northern California
who wanted to participate in the emerging squid fishery have been restricted by the
extremely high cost of entry, incompatible vessels (and gear), inflexible permitting which
was based on historical participation in the fishery, and a lack of offloading, storage, and
processing infrastructure (Chambers 2016; Chavez et al. 2017).

4.1.2 Diversification

As ocean systems continue to be affected by climate change, the fishing industry and
associated management systems must adapt and develop novel ways to ensure sustainable
fisheries into the future. In the USA, many fisheries are managed by limited entry permit
systems that restrict access to help prevent overexploitation. However, the high cost of per-
mits and overall lack of flexibility in permitting and quota allocation also prevents fisher-
men from diversifying their target stocks as changes in the climate, ecosystem, and fishery
occur, ultimately reducing their adaptive capacity (Gourlie 2017; Mills et al. 2013). To
viably continue to participate in fishing in light of ongoing climate change, fishermen need
the flexibility to adjust where, when, and what they catch, which necessitates flexibility in
the management system.

While the majority of market squid fishermen held permits for multiple fisheries, we
found that the degree of flexibility afforded by holding additional permits is contingent on the
type of additional permit(s) held, as well as the status of the stock and economic value of the
fishery. The most frequently held additional permit for market squid fishermen is for coastal
pelagic finfish fisheries (i.e., Pacific sardine, Pacific mackerel, and northern anchovy), given
their overlapping ranges, gear and vessel requirements (i.e., round haul gear such as purse
seines and drum seines), and personnel (i.e., crew, buyers, and shoreside receivers and pro-
cessors) (Pomeroy et al. 2002). This interconnected fishery system has historically enhanced
flexibility, as fishermen have shifted effort among these fisheries in response to fluctuations in
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resource availability or demand associated with climate (given that the species favor different
ENSO phases), market, and regulatory changes (Aguilera et al. 2015; Pomeroy et al. 2002).
However, the closure of the Pacific sardine fishery in 2015, as well as reductions in demand
and thus value of anchovy and mackerel fisheries, now undercut the advantages of having a
coastal pelagic finfish permit, meaning the most complementary and commonly held addi-
tional permit that market squid fishermen hold no longer increases flexibility. While most
market squid fishermen stated that they would move or shift target species in response to
climate perturbations, a smaller group, primarily older fishermen who had been in the fishery
longer, were highly dependent on squid for income, and who held only squid and/or coastal
pelagic finfish permits, stated they would resort to temporarily or permanently exiting fishing
in response to climate-induced declines in market squid abundance.

4.1.3 Adaptive permit allocation

Adaptive, responsive, and proactive management and decision-making frameworks are
essential to mitigate impacts of climate change on fisheries (FAO 2020). Distributive
conflicts and policy revisions are already occurring in states where stocks straddle
management boundaries but are undergoing a spatial redistribution. For example, warming
ocean temperatures along the East Coast of the USA have resulted in large-scale northward
shifts in fishery stocks for the summer flounder (Paralichthys dentatus) and black sea bass
(Centropristis striata) fisheries. Fishermen in northern regions of these species’ ranges
either do not have permits for landing and processing the fish, or quotas, which are based
on historical fishery catch, are allocated primarily to southern states (Dubik et al. 2019;
MAFMC 2021). The misalignment between fish allocations and their geography, which
has generated frustration in the fleets and conflict between management authorities, led
to policy revisions seeking to equitably reallocate quota; however, the process has been
highly contentious (Suatoni 2020). This will be an emerging issue on the West Coast as
species shift beyond the jurisdictions in which they are traditionally managed, which is
already occurring with market squid.

To facilitate access to market squid for fishermen based out of northern California ports,
new legislation has recently been passed to initiate an Experimental Fishing Permit (EFP)
program for small-scale operators from Point Arena to the California/Oregon border (Marine
fisheries: experimental fishing permits 2018). This trial EFP could provide new opportuni-
ties for local fishermen in these northern California ports (e.g., Eureka, Fort Bragg, and
Crescent City) who are currently dealing with closures and/or declines of previously abun-
dant and commercially important species (e.g., salmon, groundfish, herring, abalone, and
sea urchin) (Bates and Hildebrand 2018; Pomeroy et al. 2010). Proponents of this trial EFP
state that it would enable collection of real-time fishing reports on northern California mar-
ket squid stocks and resource availability, which could be utilized to test and develop more
dynamic management strategies within a smaller fleet or cooperative. Programs such as this
have the potential to facilitate adaptive permit allocation (on a small scale), promote col-
laborative and cooperative fisheries research, and decrease the likelihood of conflict with
fishermen in northern parts of the state as fisheries migrate northward.

4.1.4 Trans-jurisdictional fishery management

The northward shift in market squid catch also has implications for trans-jurisdictional
fishery management. Historically, the market squid fishery has been managed by the state
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of California, given that the vast majority of catch occurs within state waters. As such,
geographic movement of resources across political boundaries in a state-managed fish-
ery raises important discussions regarding whether and how fishermen follow the fish,
the allocation of permits to potential new fishery entrants, the social impacts of shifts in
fishery resources, trans-jurisdictional institutional coordination, and sustainable fishery
management.

With warming ocean temperatures, market squid have been increasingly found in large
aggregations outside of California, such as in Oregon, Washington, and Alaska (Cham-
bers 2016; Columbia Basin Bulletin 2018; Soley 2018). This trend was corroborated dur-
ing surveys and follow-up sessions, where fishermen mentioned that people had traveled
well beyond the California state line and into southern/central Oregon to land squid during
recent strong El Nifio events. In fact, from 2016 to 2020, nearly 25.4 million pounds of
market squid were landed in Oregon ports (ODFW 2021), with a catch value of approxi-
mately $6 million in 2020 (Tims 2021). In 2021, in response to these recent increases, the
Oregon Department of Fish and Wildlife (ODFW) implemented new regulations specific
to market squid fishing in state waters, including a weekend closure (similar to California
to allow for uninterrupted spawning), rib line requirements (to reduce bycatch and destruc-
tion of benthic habitat), and logbook requirements for lightboats (to track participation and
effort). Given the consistency of squid landings in Oregon since 2016, ODFW has plans to
establish a control date for a limited entry fishery in the near future, although information
regarding qualifying criteria, permit allocation, and quota have yet to be determined (T.
Buell, personal communication, September 29, 2021).

A more permanent and northward range shift across fixed jurisdictional or management
boundaries (e.g., to Oregon, Washington, Alaska, or Canada) would likely lead to conflicts
over property rights and resource access, raising complex discussions regarding coordina-
tion and equity (Pinsky and Mantua 2014; Pinsky et al. 2018). Given the high mobility of
the current fleet of California permit holders, it is likely that these individuals will advocate
for continued fishing rights as stocks shift north. Still, decisions regarding who would have
access to emerging fisheries and how quota and permits would be allocated are likely to
be contentious given the extremely high value nature of the fishery, as vested stakeholder
interests vie with new regional interest groups. However, a shift in species range could also
create a unique opportunity to work to develop more flexible and adaptive trans-jurisdic-
tional management systems.

5 Conclusions

Given the high interannual variability in market squid stocks (driven by the species’ high
sensitivity to ENSO), the fleet has a long history of overcoming uncertainty and adapting
to change. Market squid fishermen have employed diverse strategies to buffer against envi-
ronmental and associated income variability, and have expressed confidence in their ability
to continue to adapt to future change. However, as climate change intensifies, the capac-
ity of fishermen, and associated fishery management systems, to adapt to novel conditions
may be tested.

Our research revealed two key responses to historical shifts in market squid abundance
and distribution: shifts in fishing grounds and shifts in target species. Due to the industrial
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nature of the fishery, characterized by large and highly mobile vessels, the fleet has been
able to track northward shifts in stock distribution, frequently traveling several hundred
miles from their home ports to harvest market squid during historically strong El Nifio
events. Despite significantly greater costs associated with travel and increased effort, given
the extremely high value of this fishery, many fishermen (particularly those with large ves-
sels) are willing to travel an unlimited distance in the event of future range shifts. In recent
years, however, market squid have appeared in large quantities in locations well beyond the
fishery’s historic focus, raising questions about whether current management systems and
allocation policies will be sufficient to manage the stock in the future. While market squid
fishermen are remarkably flexible when it comes to shifting fishing locations, shifting to
alternative species can be more challenging. In the past, the interconnectedness of market
squid and other coastal pelagic species facilitated shifting target species during unfavorable
environmental and/or market conditions. However, regulations and markets now constrain
market squid fishermen’s ability to take advantage of coastal pelagic species, and access to
other permit types is limited. Understanding how fishermen’s connections to other fisher-
ies, as well as the status and economic value of these fisheries, influence their response to
change is critical to assessing a fishery’s adaptive capacity.

Given observed and predicted changes in the market squid fishery, it is important to
plan for fishery management under future climate conditions. Monitoring stocks and track-
ing potential distribution shifts in areas beyond traditional market squid fishery bounda-
ries can help inform future management considerations and challenges, anticipate poten-
tial conflicts over resource allocation, and evaluate the need to develop novel management
approaches. Engaging in preliminary discussions with fishermen and managers and plan-
ning ahead for cooperative management in regions where the fishery is emerging could
also help to prevent conflicts associated with trans-jurisdictional species range shifts. Con-
tinued and planned engagement with fishermen to understand what facilitates or inhibits
adaptation can increase both the effectiveness of policies and the resilience of fishing com-
munities to climate change.

Fishermen’s responses to past change serve as a valuable tool for anticipating their
capacity to adapt to future change. While there is extensive literature on adaptive capac-
ity and vulnerability frameworks in fishery systems, this study provides concrete exam-
ples of observed and implemented adaptation actions evidenced from historic catch records
and fishermen’s own stated adaptive responses. The challenges and potential opportunities
associated with species’ range shifts that are highlighted in this study serve as a preview of
the types of changes and associated responses that are likely to occur or are already occur-
ring in other fisheries. Identifying cases and examples of successful adaptation is critical
for developing adaptation strategies and policies that will enhance existing capacities to
sustain fisheries under ongoing climate change.
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