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ABSTRACT: The distributions of marine ectotherms are governed
by physiological sensitivities to long-term trends in seawater temper-
ature and dissolved oxygen. Short-term variability in these param-
eters has the potential to facilitate rapid range expansions, and the
resulting ecological and socioeconomic consequences may portend
those of future marine communities. Here, we combine physiological
experiments with ecological and demographic surveys to assess the
causes and consequences of sudden but temporary poleward range
expansions of a marine ectotherm with considerable life history
plasticity (California market squid, Doryteuthis opalescens). We show
that sequential factors related to resource accessibility in the core
range—the buildup of large populations as a result of competitive
release and climate-associated temperature increase and oxygen loss
that constrain aerobic activity—may drive these expansions. We
also reveal that poleward range expansion alters the body size—
and therefore trophic role—of invading populations, with potential
negative implications for socioeconomically valuable resident spe-
cies. To help forecast rapid range expansions of marine ectotherms,
we advocate that research efforts focus on factors impacting resource
accessibility in core ranges. Determining how environmental condi-
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tions in receiving ecosystems affect body size and how body size is
related to trophic role will help refine estimates of the impacts of
future marine communities.

Keywords: environmental variability, rapid range expansion, body
size, trophic ecology, Gulf of Alaska, California Current System.

Introduction

Understanding how marine ecosystems respond to climate
change is at the forefront of contemporary applied ecol-
ogy, with species extirpations and influxes being a central
focus because they cause ecological change through com-
munity reorganization (Parmesan 2006; Doney et al. 2012;
Ricciardi et al. 2020). Research exploring multidecadal
trends shows that the distributions of marine ectotherms
are associated with preferred ranges of abiotic conditions
(e.g., Pinsky et al. 2013; Deutsch et al. 2015, 2020), illu-
minating how sustained climate-related oceanographic
change could encourage range shifts over the long-term
(Lenoir and Svenning 2015). However, more dynamic
responses to variability, or environmental fluctuations
related to higher-frequency climate stochasticity (e.g., in-
tradecadal), have received less attention. Although corre-
sponding extirpations and influxes of species tend to be
temporary (Dayton and Tegner 1990; Cavole et al. 2016),
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depending on their timing and spatial scale, they can cause
lasting ecological change (Ruiz et al. 1997), for instance, via
priority effects (Gilman et al. 2010). Moreover, dynamic
range shifts often portend projected movements associated
with long-term environmental change and are therefore
useful for understanding how marine communities will re-
organize should these range shifts persist.

Marine species with short life cycles more readily shift
their distributions in association with long-term climate
change than those with slower turnover rates (Perry et al.
2005). Of the former, migratory species are particularly
equipped to respond dynamically to environmental vari-
ability by altering movement behavior (Bernhardt et al.
2020), sometimes traveling great distances to find suitable
conditions in ecosystems outside of their known range
(Dingle 2014). Migrations have usually evolved to be pre-
emptive, responding to cues that predict shifts in habitat
suitability (Dingle 2014; Bernhardt et al. 2020). As such,
the responses of highly motile marine migrants precede
responses of planktonic animals (or sessile animals with
planktonic offspring) whose geographic shifts are tied to
advection (Chelton et al. 1982; Sagarin et al. 1999; Lluch-
Belda et al. 2005; Cimino et al. 2021). While theoretical
modeling suggests that environmental variability enhances
selection for migratory behavior, it can also favor rapid life
cycle turnover, small body size, and increased relative fe-
cundity (Southwood 1977; Bernhardt et al. 2020). Animals
that are typified by these adaptations tend to exhibit boom-
bust dynamics under variable conditions, as their move-
ment behaviors can be restricted, which limits opportuni-
ties to explore farther afield (Cornelius et al. 2013; Dingle
2014). Nevertheless, cases of long-distance migrations in
small, short-lived (<1 year) insects, which involve sus-
tained movement over multiple generations, demonstrate
how such movements can be achieved under variable con-
ditions despite life history limitations (Pedgley et al. 1995;
Stefanescu et al. 2013; Dingle 2014).

While it is recognized that intradecadal climate fluc-
tuations are associated with alterations to the migratory
patterns of marine species (e.g., Hubbs and Schultz 1929;
Pearcy and Schoener 1987; Pearcy 2002; Lluch-Belda et al.
2005; Zeidberg and Robison 2007), it is less understood
how oceanographic variability specifically affects migrants
and causes them to move. Recent work has linked meta-
bolic physiology with climate-associated temperature in-
crease and oxygen loss in the world’s ocean, highlighting
the importance of the oxygen supply-demand relation-
ship in governing the distributions of marine ectotherms
(Deutsch et al. 2015, 2020; Wishner et al. 2018; Howard
et al. 2020). While considerable attention has focused on
the factors controlling hypoxia (Deutsch et al. 2011) and
how it affects marine ecosystems (Vaquer-Sunyer and Duarte
2008; Gilly et al. 2013), less attention has been given to the

effects of relatively small alterations to oxygen supplies at
levels well above hypoxic thresholds. Animals have evolved
to maximize aerobic activity to meet the highest persistently
available oxygen supplies (Seibel and Deutsch 2020), sug-
gesting that relatively small temperature and dissolved ox-
ygen shifts could impact maximum metabolic performance
and thus competitive ability.

Dispersal, altered migratory patterns, or range shifts
related to climate change can modify encounter rates be-
tween competitors or predators and prey and thereby
alter species abundances and distributions, leading to com-
munity reorganization (Cushing 1990; Sax et al. 2007;
Gilman et al. 2010; Blois et al. 2013). Theoretical and
empirical research in terrestrial systems suggests that in-
ferior competitors, perhaps as a result of their physiolog-
ical sensitivities to abiotic conditions, often have a higher
proclivity for dispersal (Grime 1977). Ecological release,
for instance, via a decline in competitor or predator abun-
dance, can allow such species to expand their ranges faster
and farther, potentially into regions with harsher abiotic
conditions than typically occupied with competitors pres-
ent (i.e., with reduced biotic pressures, more of the funda-
mental niche can be occupied; Keane and Crawley 2002;
Bruno et al. 2003). Changing conditions, either experi-
enced over time in a fixed location or the result of modi-
fied movement behavior, can alter life history character-
istics, such as body size (Post et al. 1999; Hoving et al.
2013; Sugianto et al. 2019). This can have reproductive
consequences related to fecundity or courtship-associated
competition and can affect the outcome of ecological in-
teractions or even lead to new interactions (Vasseur and
McCann 2005).

Although temperature and oxygen supply likely con-
strain the contemporary and future ranges of marine ecto-
therms (Deutsch et al. 2015, 2020), it has yet to be demon-
strated (1) how short-term variability in these parameters
could affect competitive ability and lead to rapid, tran-
sient movements beyond typical ranges; moreover, be-
cause the migratory capability of many marine species
is difficult to study, it is largely unknown (2) how exten-
sive the movements in response to environmental vari-
ability can be, (3) how these migrating species interact
with communities outside of their typical ranges, and
(4) how environmental conditions in new ecosystems
impact ecologically relevant life history characteristics
in such migrants. In this study we take an integrated ap-
proach to investigate these knowledge gaps in a study sys-
tem with numerous analogs globally.

Squid are excellent model marine ectotherms to investi-
gate how climate-associated variability in oxygen supply
could interact with metabolic physiology to affect migra-
tory patterns and how these alterations could lead to eco-
logical consequences. Many squid are abundant, highly



motile predators with remarkable life history plasticity
(e.g., Hoving et al. 2013) that inhabit dynamic current
systems throughout the world’s oceans from the surface
to the deep sea (Jereb and Roper 2010). Of these species,
many are known to compete for resources with ecologi-
cally similar fish (Packard 1972), but they possess traits
that result in physiological constraints. These include ex-
ceptionally high metabolic rates, energetically costly loco-
motion, and limited blood oxygen carrying capacity and
may make such squid particularly sensitive to variability
in temperature and oxygen supply (O’Dor and Webber
1986; Portner 2002; Seibel 2016). Moreover, squid popula-
tions are proliferating globally (Doubleday et al. 2016),
which may be related to ecological release via the decline
of fish populations (Caddy and Rodhouse 1998). Variabil-
ity in oceanographic currents (Checkley and Barth 2009),
physiological sensitivity, high migratory capacity (Sem-
mens et al. 2007), and ecological release suggest that abun-
dant, highly motile squid are poised to make rapid and
drastic alterations in their distribution (Zeidberg and
Robison 2007). High metabolic demand, midtrophic func-
tion, and life history flexibility suggest that their distribu-
tion shifts could have cascading ecological consequences.

The California market squid, Doryteuthis opalescens, is
a small (<30-cm), short-lived (<1 year), semelparous (sin-
gle reproductive cycle) squid primarily inhabiting the Cal-
ifornia Current System (CCS), an eastern boundary up-
welling ecosystem in the North Pacific Ocean. There, it is
primarily associated with nearshore slope and shelf hab-
itats (Zeidberg 2013). In response to climate-associated
oceanographic variability, D. opalescens has demonstrated
plasticity in life history characteristics and range-wide
changes in abundance. During warm climate periods,
squid mature at smaller sizes and younger ages and be-
come less abundant relative to cooler periods (Jackson
and Domeier 2003; Reiss et al. 2004). This suggests that
D. opalescens, like many r-strategists, exhibits boom-bust
cycling (Perretti 2014). Three lines of evidence indicate
that D. opalescens could also be capable of relatively sub-
stantial seasonal or nomadic migrations. First, conserva-
tive estimates suggest that 583-816 km could be traveled
in an individual’s lifetime (O’Dor 1988; Zeidberg 2004;
Payne and O’Dor 2006). Second, population genetic anal-
yses demonstrate substantial gene flow over the entire
range (Reichow and Smith 2001; Cheng et al. 2020). Fi-
nally, geographic trends in D. opalescens abundance reflect
seasonal shifts in productivity and temperature in the CCS
(Zeidberg 2013).

Periodically, D. opalescens has appeared in the Gulf of
Alaska (GOA; fig. 1), an ecosystem whose southern limit
is more than 1,200 km north of the northern extent of
the squid’s primary range. Past poleward range expansion
events of D. opalescens (1957-1958: Reid 1961; 1980-1984:
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Street 1983; Wing and Mercer 1990) were hypothesized
to occur in conjunction with climate shifts that caused
warmer-than-average conditions and to be associated with
ecological interactions between D. opalescens and GOA
species (Wing and Mercer 1990). However, no quantitative
assessment has been made. Over the past two decades, this
species has been detected intermittently in the GOA by
scientific surveys, most recently from 2015 onward. To in-
vestigate how climate-associated variability in environ-
mental conditions could interact with metabolic physiol-
ogy to encourage alterations to migratory patterns and
how these alterations could lead to ecological consequences,
we examine the causes and consequences of recent pole-
ward range expansions of D. opalescens (fig. 2).

Methods

Multigenerational Poleward Migration and
Short-Term Environmental Variability

Unless otherwise noted, all assumptions of statistical tests
were met, « was set to .05, and all analyses and data vi-
sualizations were implemented using R (ver. 3.5.2; R Core
Team 2018). Data underlying all analyses have been de-
posited in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.ksn02v75h; Burford 2021).

To examine how poleward range expansion of Dory-
teuthis opalescens could involve long-distance migration
sustained over multiple generations, we approximated the
poleward progression of D. opalescens from 2014 to 2017
using observations of this species from scientific survey data
in the CCS (Morgan et al. 2019) and GOA (NOAA AFSC
RACE 2017) and from reports by community members in
the GOA. The movement capability of D. opalescens has
been approximated from allometry-based measurements
made by remotely operated vehicles (average velocity =
0.21 m s™'; Zeidberg 2004) and from acoustic tagging efforts
(average velocity = 0.15 m s~'; Payne and O’Dor 2006).
Averaging these estimates suggests that a conservative ap-
proximation of geographic travel distance for D. opalescens
during its typical life span of 6 months (Zeidberg 2013) is
700 km independent of currents. Consistent with previous
work (O’Dor 1988), this estimate assumes 50% travel time
(12 h day™") during the period of maturation (last 3 months
of life; Zeidberg 2013).

We determined whether the movement capabilities
of this species align with the time and distance between
the observations of the poleward range expansion of D.
opalescens by calculating the time between observations
(in generations, with 6 months = 1 generation), the poten-
tial travel distance this species could achieve during that
time period (700 km generation '), and nearshore distance
between observations, or the shortest distance between
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Figure 1: Poleward range expansion of California market squid (Doryteuthis opalescens). The poleward range expansion of D. opalescens from
2015 to 2019 (and potentially onward) is similar to past events in 1957-1958 and 1980-1984 (Wing and Mercer 1990), with evidence of potential
recruitment and ecological activity. A and B show groups of D. opalescens in nearshore waters in Ketchikan, Alaska, in 2019 (photos: Trent
Matthews). C and D show clusters of D. opalescens egg capsules attached to a crab pot in Chatham Strait, Alaska, in 2017 (photos: Bryan Todd).
E shows a juvenile D. opalescens found in a Chinook salmon (Oncorhynchus tshawytscha) stomach in Sitka Sound, Alaska, in 2017 (Photo: Karen
Johnson). F shows juvenile D. opalescens found in a coho salmon (Oncorhynchus kisutch) stomach in Yakutat, Alaska, in 2017 (Photo: Casey

Mapes).

observations that does not go over land. Alternatively, if
the rate of poleward progression exceeds movement ca-
pacity, this would suggest that poleward range expansion
involves the proliferation of a small, typically undetected
population of D. opalescens in the GOA.

Large population size can reduce resource availability
via elevated intraspecific competition (Branch 1975; Liow
et al. 2011). Thus, we hypothesized that poleward range
expansion would be most likely to occur when squid abun-
dance was high in the CCS. However, it is thought that

the GOA cannot consistently support D. opalescens popu-
lations because it is typically too cold for the successful
development of D. opalescens eggs (Wing and Mercer
1990; Zeidberg 2013), which are laid in the benthos near-
shore and have the highest hatching success between 9°C
and 14°C (Zeidberg et al. 2011, 2012). Thus, increased
abundance in the CCS, when coupled with warming near-
shore conditions in the GOA, could be associated with
periods of sustained D. opalescens presence in the GOA.
Alternatively, if poleward range expansion of D. opalescens
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Figure 2: Path diagram outlining the hypotheses of our investigation into the potential causes and consequences of the poleward range
expansion of California market squid (Doryteuthis opalescens). Left, we hypothesized that poleward range expansion was related to multi-
generational migration in response to short-term environmental variability. Specifically, global climate variability would encourage poleward
movement from lower latitudes by influencing conditions related to energy availability and allow for recruitment at higher latitudes by in-
fluencing conditions related to offspring development. The contribution of migration to poleward range expansion would be contingent on
the species’ movement capacity. Right, we hypothesized that poleward range expansion was associated with coupled demographic and eco-
logical consequences. Specifically, populations at higher latitudes would grow larger and live longer than those at lower latitudes; larger body
size would be associated with distinct trophic impacts on important species in higher-latitude communities.

is primarily attributable to temperature and has limited
association with CCS squid abundance, this would suggest
that it primarily involves the rapid growth of a small resi-
dent GOA population.

To investigate the environmental context of poleward
range expansion of D. opalescens, we examined how the
probability of D. opalescens capture by the National Oce-
anic and Atmospheric Administration (NOAA) Alaska
Fisheries Science Center Groundfish Assessment Pro-
gram bottom trawl survey (NOAA AFSC RACE 2017;
supplemental PDF, supporting methods 1.1) was associ-
ated with regional and global environmental factors from
1999 to 2017 (n = 3,101 hauls; table S1 [tables S1-S7 are
available online]) using a generalized additive mixed ef-
fects model (GAMM) implemented in the mgcv package
(Wood 2011). We included a random effect term (stra-
tum) that accounted for unbalanced sampling of GOA

regions with different baseline probabilities for D. opa-
lescens capture (i.e., not all regions were sampled equally
every year). We modeled catch probability because D.
opalescens is caught infrequently (and in low abundance)
by this survey.

When assessing potential drivers of D. opalescens catch
probability in the GOA, we considered two region-specific
predictors and one global predictor (supplemental PDF, sup-
porting methods 1.2). The regional predictors were average
winter/spring (January to May) nearshore seawater temper-
ature in the GOA (NOAA CO-OPS 2019a), approximating
suitability for recruitment of D. opalescens, and average
log(x + 1)-transformed D. opalescens catch in the central
CCS (NOAA NMFS SWESC FED 2015), representing squid
abundance in the core range and thus a potential source pop-
ulation of migrants. The global predictor was average win-
ter/spring multivariate El Nifio Southern Oscillation (ENSO)
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Index (NOAA ERL PSD 2019), which represents a domi-
nant mode of intradecadal (relatively high-frequency) cli-
mate variability that influences environmental conditions
in the CCS and GOA (Stabeno et al. 2004; Checkley and
Barth 2009).

To account for potential delayed effects between pre-
dictors and the response, we examined their correlation
at 0-2-year time lags and selected the time lag with the
highest correlation to include in the model. CCS squid
catch was therefore lagged by 2 years, while ENSO and
temperature were not lagged. When assessing collinear-
ity, we found that ENSO had a moderate positive cor-
relation with temperature (Pearson correlation coefficient =
0.66, P < .001 ), which caused variance inflation factors to
exceed the recommended threshold of 3 (Fox and Weis-
berg 2011). We therefore removed the ENSO predictor,
as temperature is directly relatable to the biology of D.
opalescens.

We assessed the explanatory value of nonparametric
and parametric interactions between D. opalescens catch
probability and the environmental predictors by fitting
multiple GAMMs and selecting the most parsimonious
model (supplemental PDF, supporting methods 1.3). To
evaluate how predictors were related to the response,
we used the most parsimonious model to calculate the re-
sponse over their full range while holding the other pre-
dictor at an average value (temperature = 9.15°C, CCS
squid = 2.47) and sampling region at that with the max-
imum probability of D. opalescens catch (stratum “50,” or
shelf habitats shallower than 113 m in the southeastern
GOA; von Szalay and Raring 2018).

We hypothesized that the primary mechanism of D.
opalescens poleward range expansion involved an influx
of squid from lower latitudes. Competition and abiotic
conditions related to metabolism are known to drive both
recruitment success and distribution shifts in other taxa
(e.g., Zimmermann et al. 2008; Meier et al. 2012; Deutsch
et al. 2015). Such factors may be particularly relevant for
physiologically sensitive animals with rapid turnover rates,
such as D. opalescens and other squid. Northern anchovy
(Engraulis mordax) and Pacific sardine (Sardinops sagax)
are particularly relevant competitors of D. opalescens in
the CCS (supplemental PDF, supporting methods 1.4).
Competitive release via the decline of anchovy and sardine
populations (Lindegren et al. 2013; MacCall et al. 2016)
could therefore lead to higher abundance of D. opalescens
in the CCS, a portion of which would then undertake pole-
ward movement in response to sustained reduction in aer-
obic habitat potential. Alternatively, a lack of association
between CCS squid abundance and the abundance of fish
competitors or aerobic habitat potential would indicate
that bottom-up factors influencing prey availability may
be more relevant.

To investigate factors that might have affected the abun-
dance and competitive ability of D. opalescens in the CCS,
we examined how D. opalescens catch by the NOAA South-
west Fisheries Science Center Rockfish Recruitment and
Ecosystem Assessment pelagic trawl survey (NOAA NMFS
SWESC FED 2015; supplemental PDF, supporting meth-
ods 1.2) was associated with regional and global envi-
ronmental factors from 1999 to 2018 (n = 576 hauls; ta-
ble S1) using a GAMM. By-haul catch per unit effort of D.
opalescens was adjusted for normality with a log(x + 1)
transformation, and we included a random effect term
(station) to account for unbalanced sampling. We mod-
eled catch (instead of capture probability) because D.
opalescens is caught frequently (and in high abundance)
by this survey.

When assessing potential drivers of D. opalescens catch
in the CCS, we considered ENSO as a global predictor and
two regional predictors: average log(x + 1)-transformed
combined catch of anchovy and sardine from the CCS pe-
lagic trawl survey, representing the abundance of compet-
itors in the core range, and average winter/spring meta-
bolic index (¢; see below) in the CCS, estimating the
aerobic activity obtainable by D. opalescens in nearshore
waters. To account for potential delayed effects between
predictors and the response, we examined their correlation
at 0-2-year time lags and selected the time lag with the
highest correlation to include in the model. All environmen-
tal predictors were therefore lagged by 1 year except CCS
anchovy and sardine catch, which was lagged by 2 years.

The term ¢ is the ratio of the environmental oxygen
supply to the oxygen supply necessary for routine meta-
bolic demand as a function of temperature (Deutsch et al.
2015) and is equivalent to factorial aerobic scope (FAS;
Seibel and Deutsch 2020). We calculated ¢ for D. opa-
lescens from a seawater temperature and dissolved oxygen
time series (2003-2019; Monterey Bay Aquarium 2019;
fig. S1A [figs. S1-S5 are available online]; supplemental
PDF, supporting methods 1.4) and the temperature de-
pendence of hypoxia vulnerability, as measured by critical
oxygen partial pressure (P fig. S1B). This was deter-
mined from closed-system respirometry experiments of
groups of D. opalescens (n = 14 groups composed of
309 individuals) across an ecologically relevant tempera-
ture range (7.5°C-19°C; supplemental PDF, supporting
methods 1.6). To validate our P, measurements, we experi-
mentally determined FAS (the ratio of maximum and rou-
tine metabolic demand; Halsey et al. 2018) for D. opalescens
at an intermediate temperature (14°C) using intermittent-
flow swim tunnel respirometry (fig. S1C; supplemental PDF,
supporting methods 1.6) and compared it with P, at the
same temperature.

We assessed the explanatory value of nonparametric and
parametric interactions between D. opalescens catch and



the environmental predictors by fitting multiple GAMMSs
and selecting the most parsimonious model (supplemen-
tal PDF, supporting methods 1.5). To evaluate how pre-
dictors were related to the response, we used the most
parsimonious model to calculate the response over their
full range while holding the other predictors at average
values (CCS anchovy and sardine = 1.16, ¢ = 3.51,
ENSO = —0.32) and sampling station at that with the
average D. opalescens catch.

Demographic Effects of Environmental Conditions

Asa short-lived, semelparous species, size and age at sexual
maturity in D. opalescens (and other squid with similar life
histories) represent the terminal size and age of an indi-
vidual and are therefore a reliable metric for comparison
(Jackson and Domeier 2003; Jackson 2004; Hoving et al.
2013). To assess whether poleward range expansion into
the GOA might influence the life history characteristics
of D. opalescens as opposed to lower-latitude residence in
the CCS, we compared the size (dorsal mantle length;
mm) and age (days) of sexually mature squid concurrently
collected in the GOA and CCS.

The age of D. opalescens specimens was estimated by
counting increments in the microstructure of squid stato-
liths (Arkhipkin and Shcherbich 2012; Arkhipkin et al.
2018; supplemental PDF, supporting methods 1.7). Ho-
mologues to fish otoliths, statoliths are calcareous struc-
tures located in squid’s organs of equilibrium (statocysts)
in the cartilaginous cranium. As with otoliths, growth in-
crements are deposited on statoliths at regular intervals.
Laboratory validation has shown that in D. opalescens,
statoliths have a daily deposition rate for at least the first
54 days after hatching, and this rate may be assumed for
the duration of the life span (Jackson and Domeier
2003).

The GOA is typically cooler and more productive than
the CCS (Stabeno et al. 2004; Checkley and Barth 2009);
thus, squid that developed in the GOA could have grown
larger and older at maturity than squid in the CCS. Alter-
natively, a lack of size or age differentiation between eco-
systems might indicate the ubiquity of relatively warm
and unproductive conditions in the northeast Pacific ow-
ing to El Nifo and coincident high-pressure anomalies
during the study period (Bond et al. 2015). We examined
the initial effects of poleward range expansion on the life
history characteristics of D. opalescens by comparing age
and size at maturity between GOA and CCS squid col-
lected in 2016 using general linear models (supplemental
PDF, supporting methods 1.8). In each model, collection
(GOA 2016 or CCS 2016) was the independent variable,
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and to account for variation attributable to sex and size
or age, we included sex (male or female) and size (dorsal
mantle length; mm) or age (days) as covariates.

Prolonged warming and limited productivity are thought
to be responsible for recent sustained declines in size at
maturity of other Pacific squid (e.g., Frawley et al. 2019).
Sustained climate shifts encompassing the study period may
have led to decreased size at maturity of D. opalescens over
time in the CCS and GOA. Indeed, the size of D. opalescens
captured by the fishery in the central CCS (Monterey Bay)
declined before our study period (1948-2006; Brady 2008).
Alternatively, the absence of such declines in the CCS or
GOA may indicate the availability of ecosystem-specific
features that enabled squid to maintain or increase size and
age at maturity amid prolonged warming, including regional
upwelling or localized prey sources.

To investigate how the life history characteristics of D.
opalescens in higher-latitude populations may have shifted
as the poleward range expansion event has progressed, we
compared age and size at maturity between GOA squid
collected in 2016 and 2017 using general linear models
(supplemental PDF, supporting methods 1.8). To under-
stand how life history characteristics of D. opalescens in
lower-latitude populations may have shifted during the
poleward range expansion event, we explored how squid
size at maturity has shifted in the CCS from July 2016 to
August 2019 (supplemental PDF, supporting methods 1.7)
using an analysis of covariance with day of study period
(0-1,101) as the independent variable and sex (male or fe-
male) as the covariate.

To further contextualize the life history characteristics
of D. opalescens during the poleward range expansion
event, we compared the size of mature squid in the GOA
and CCS from our study with similar field-contextualized
historical records made more than a half century ago in
the CCS. Squid from our study were collected in the GOA
from 2016 to 2017 and in the CCS from 2016 to 2019 as
previously described. Data from Fields (1965) were used
to represent the size of mature squid from 1948 to 1962
in the CCS (supplemental PDF, supporting methods 1.7),
which were collected from the commercial fishery in the
same location as our CCS squid (Monterey Bay).

Early life history growth rates of D. opalescens and close
relatives increase with temperature and prey availability,
while the effect of salinity is relatively minor (Villanueva
2000; Vidal et al. 2002; Villanueva et al. 2007). Because
spring and summer in the GOA encompass periods of rel-
atively high seawater temperature and nearshore primary
productivity (Brickley and Thomas 2004; Stabeno et al.
2004), squid that hatched during these seasons would
grow to the largest sizes and oldest ages. Squid that hatched
in fall and winter, when temperature and nearshore pro-
ductivity are relatively low (Brickley and Thomas 2004;
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Stabeno et al. 2004), would grow to smaller sizes and youn-
ger ages at maturity.

To investigate how environmental conditions in early
ontogeny might influence the life history characteristics
of D. opalescens in the GOA, we assessed how hatching
season was related to the size and age of mature squid us-
ing general linear models (supplemental PDF, supporting
methods 1.8) with hatching season (winter, spring, sum-
mer, or fall) as the independent variable and sex and year
of capture as covariates. Hatching date, which we calcu-
lated by subtracting age at maturity from capture date,
was used to assign squid to hatching season.

Ecological Impacts Enabled by Larger Body Size

To investigate how D. opalescens might affect ecologically
and economically important constituents of nearshore
GOA communities through interspecific competition, pre-
dation, and its suitability as a prey item, we used stable iso-
tope analysis of carbon and nitrogen to assess integrated
diet over time (supplemental PDF, supporting informa-
tion 1.9). We examined D. opalescens and several other spe-
cies also collected in the GOA that were likely to have had
direct or indirect trophic interactions with D. opalescens
(Fields 1965; Karpov and Cailliet 1978; Morejohn et al.
1978; Wing and Mercer 1990). Species selection for this
analysis balanced collection feasibility with ecological rele-
vance and did not necessarily represent the complete food
web with which D. opalescens interacted.

To account for isotopic variation attributable to loca-
tion and time, samples were collected in the vicinity of
Baranof and Chichagof Islands in southeast Alaska (the
region containing and adjacent to Sitka Sound) primarily
from 2016 to 2018 in winter or spring (table S2). Because
of sampling constraints during the period of interest,
existing data on stable isotope composition for several spe-
cies were also used (Fergusson et al. 2018; Hanselman et al.
2018; Strasburger et al. 2018; Kosma 2019; J. M. Straley,
unpublished data). Preservation and processing methods
of these samples were similar to our own and are described
in detail by the published references (table S2).

In the CCS, D. opalescens is an opportunistic mid-
trophic predator that primarily feeds on small crustaceans,
such as krill (Euphausiidae; Fields 1965; Karpov and Cail-
liet 1978; Morejohn et al. 1978; Wing and Mercer 1990).
However, at larger body sizes D. opalescens will also feed
on small fish (Fields 1965; Karpov and Cailliet 1978). Mid-
trophic GOA species that overlapped with D. opalescens in
space and time during poleward range expansion, includ-
ing Pacific herring (Clupea pallasii) and juvenile sablefish
(Anoplopoma fimbria), have similar foraging strategies
and prey (Whitehead et al. 1988; Armstrong 1996; Coutré

et al. 2015). This would suggest the potential for interspe-
cific competition between D. opalescens and these species,
which have high socioeconomic importance in the GOA
(SeaBank 2018). In particular, if squid grew to larger sizes,
they would be in competition for prey with more piscivo-
rous species, such as juvenile sablefish (Armstrong 1996;
Sturdevant et al. 2009; Coutré et al. 2015).

To visualize the potential for competition between D.
opalescens and key constituents of GOA nearshore com-
munities, we represented the isotopic niche space of all
species included in this analysis by plotting 6"°N versus
6"C and calculating 95% prediction intervals (PIs) around
the respective bivariate means. From functions in the
SIBER package (Jackson et al. 2011), trophic overlap was
quantified by calculating isotopic niche width using Bayes-
ian standard ellipse area corrected for sample size (SEAc;
%0%). We then calculated the area of SEAc overlap be-
tween D. opalescens and species with at least some 95%
PI overlap with D. opalescens (Parnell and Jackson 2013).
Niche space overlap, an index of the potential for competi-
tion, was determined as the percentage of a species’ SEAc
occupied by that of D. opalescens.

According to dietary work in the CCS (Fields 1965;
Karpov and Cailliet 1978), we would expect D. opalescens
to primarily feed on krill and other small crustaceans in
the GOA. However, if squid grew to relatively large sizes
at maturity, then small fish, such as juvenile salmon (Onco-
rhynchus spp.) and herring, with which the squid over-
lapped in space and time during poleward range expansion,
could also comprise their diet. Salmon and herring have
high socioeconomic importance in the GOA (SeaBank
2018).

To determine potential trophic links between D. opa-
lescens and key constituents of GOA communities, we cal-
culated the contribution of potential prey species to the
isotopic signature of D. opalescens using Bayesian isotopic
mixing models (Moore and Semmens 2008) run from
functions in the MixSIAR package (Stock and Semmens
2016; supplemental PDF, supporting methods 1.9). To ex-
amine how the diet of D. opalescens has changed over the
course of the GOA proliferation event, we additionally ran
a separate model that included sampling year as a factor
(sampling months were relatively consistent; table S2).
Large copepods (Calanoida; >2.5 mm in total length), krill,
juvenile salmon, and herring were selected as potential
prey species to include in both mixing models (supplemen-
tal PDF, supporting methods 1.9).

As an abundant midtrophic species, D. opalescens is
consumed by many important upper-trophic-level spe-
cies in the CCS (Morejohn et al. 1978), including adult
Chinook salmon (Oncorhynchus tshawytscha) and coho
salmon (Oncorhynchus kisutch; Brodeur et al. 2014). Dur-
ing past and present poleward range expansion events,



D. opalescens has been found in the stomach contents of
adult Chinook and coho salmon in the GOA (Wing and
Mercer 1990; fig. 1E, 1F). Thus, given the squid’s availabil-
ity in the GOA, both Chinook salmon and coho salmon
would likely prey on D. opalescens.

Using Bayesian isotopic mixing models, we investi-
gated the extent to which D. opalescens was preyed on
by upper-trophic-level species in the GOA by estimating
the contribution of D. opalescens to the isotopic signature
of adult Chinook and coho salmon. Three additional po-
tential prey species from our data set were selected to in-
clude in each predator’s Bayesian isotopic mixing model:
large copepods, krill, and Pacific herring (supplemental
PDF, supporting methods 1.9). These species are present
and all are known to be preyed on by adult Chinook and
coho salmon (Reid 1961; Landingham and Sturdevant
1998; Weitkamp and Sturdevant 2008).

To further investigate the value of D. opalescens as a
prey item for upper-trophic-level species in the GOA, we
compared the energy density of D. opalescens with four
common forage fish (table S3, pt. A; supplemental PDF,
supporting methods 1.10), primarily using data from
published references (Vollenweider et al. 2011; Hanselman
et al. 2018; Chenoweth et al. 2021). In the CCS, D. opa-
lescens has energy density comparable to or slightly lower
than forage fish (Morejohn et al. 1978; Zeidberg 2013), and
we hypothesized that the same would be true in the GOA.
To assess how energy density was related to species while
accounting for differences in body size, we used a general
linear model (supplemental PDF, supporting methods 1.8)
with species as the independent variable and size as the
covariate. Size was included in terms of length: dorsal
mantle length (mm) was used for squid and fork length
(mm) was used for fish.

We also compared the lipid and protein content of D.
opalescens with two common forage fish (table S3, pt. B;
supplemental PDF, supporting information 1.10), primar-
ily using data from a published reference (Vollenweider
et al. 2011). In the CCS, D. opalescens has relatively low
lipid content and high protein content compared with
forage fish (Morejohn et al. 1978; Zeidberg 2013), and we
hypothesized that the same would be true in the GOA.
We calculated 95% confidence intervals (CIs) around the
mean lipid and protein content for each species using stan-
dard deviations and the t-distribution (n — 1 df).

Results

Multigenerational Poleward Migration and Short-Term
Environmental Variability

Long-distance migration sustained over several genera-
tions is a potential mechanism for poleward range expan-
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sion of Doryteuthis opalescens. The geographic migratory
capability of D. opalescens, which we conservatively ap-
proximated at 700 km life span™', accounted for the time
and distance between observations of its poleward pro-
gression from June 2014 to July 2017 (fig. 34, 3B). Accord-
ingly, potential travel distance of D. opalescens over this
time span exceeded the distance between all observations
(fig. 3B). This neither precludes nor supports the alterna-
tive hypothesis of rapid growth of an undetected resident
population.

Poleward range expansion of D. opalescens had little
association with nearshore temperature in the GOA, which
approximated the suitability for recruitment of D. opa-
lescens. By contrast, there was a positive association with
time-lagged shifts in the abundance of lower-latitude pop-
ulations—a potential source population of migrants—fur-
ther supporting the hypothesis of multigenerational pole-
ward migration. The most parsimonious GAMM related
the capture probability of D. opalescens by the GOA bot-
tom trawl survey to average log(x + 1)-transformed CCS
D. opalescens catch from 2 years before with a parametric
dependency (z = 2.94, P = .003; fig. 4B, 4C; table S4,
pt. B) and to average winter/spring nearshore tempera-
ture with a cubic spline dependency (z = 3.47, P = .21;
fig. 4A, 4D; table S4, pt. B). The model with predictors fit
significantly better than a null (intercept-only) model
(x* = 65.4, df =19, P<.001). Average winter/spring
multivariate ENSO Index was not correlated with CCS squid
catch (Pearson correlation coefficient [PCC] = —0.09,
P = .65) but had a moderate positive correlation with
temperature (see “Methods”).

The abundance of D. opalescens in the core range,
which constitutes a population that could supply migrants
to the GOA, had a negative association with the time-
lagged abundance of fish competitors, a positive associa-
tion with time-lagged aerobic habitat potential, and little
association with time-lagged ENSO. The most parsimo-
nious GAMM related log(x + 1)-transformed catch of D.
opalescens by the CCS pelagic trawl survey to average
log(x + 1)-transformed anchovy and sardine catch from
2 years before with a cubic spline dependency (F = 102,
P <.001; fig. 4B, 4E; table 4, pt. D), to average winter/
spring metabolic index (¢) from the year before with a
cubic spline dependency (F = 23.8, P < .001; fig. 4B, 4F;
table S4, pt. D), and to average winter/spring ENSO
from the year before with a parametric dependency (t =
—1.45, P = .15; fig. S2; table S4, pt. D; R* = 0.61,
df = 40, P < .001; table S4, pt. C). In 2015 average win-
ter/spring ¢ was lower than any other year in the time
series except for 2004 (table S5, pt. B), preceding pole-
ward range expansion of D. opalescens. ENSO was not
correlated with CCS anchovy and sardine catch (PCC =
0.23, P = .41) or dissolved oxygen trends in the CCS
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Figure 3: Poleward range expansion of California market squid (Doryteuthis opalescens) could have involved long-distance migration
sustained over multiple generations. A, Map showing the Gulf of Alaska (GOA) and California Current System (CCS), with both regions shaded
in gray. B, Approximate progression of the poleward range expansion of D. opalescens from 2014 to 2017 aligns with the species’ movement
capabilities: (1) anomalous abundance of D. opalescens in the northern CCS in June 2014, (2) D. opalescens captured offshore of Baker Island,
Alaska, in August 2015, (3) large numbers of spawning D. opalescens observed in Sitka Sound, Alaska, in January 2016, and (4) in addition to
other locations, D. opalescens captured offshore of Katmai National Park in the northwestern GOA in July 2017. Observation references (Obs.
ref.): 1 indicates Morgan et al. (2019), 2 indicates NOAA AFSC RACE (2017), and 3 indicates this study. Distance between observations is the
shortest distance that does not go over land. Totals are included below the last three columns to highlight the approximate number of generations
it may have taken to travel the distance from the northern CCS to the northwest GOA.

(PCC = 0.33, P = .23), but it had a moderate positive
correlation with temperature trends in the CCS (PCC =
0.53, P < .001); the latter two parameters were the envi-
ronmental components of ¢ (figure SIA). We also derived
¢ from the temperature sensitivity of critical oxygen par-
tial pressure (P.;) in D. opalescens (fig. S1B). We found
that P, had a weak positive association with tempera-
ture; it was lowest at 13°C, but this difference was signif-
icant only compared with P; at 19°C (table S5, pt. A).
Measurements of P, were validated by measurements of
FAS in D. opalescens (fig. S1C; supplemental PDF, sup-

porting methods 1.4); for a 41-g squid at 14°C, P (4.84
kPa) was similar to FAS (4.04).

Demographic Effects of Environmental Conditions

Poleward range expansion was associated with changes
in life history parameters of D. opalescens. Squid in the
GOA may have initially achieved larger sizes and older
ages at maturity compared with those that resided at
lower latitudes (fig. 54). GOA squid in 2016 were on av-
erage 67 days older (t = 7.44, df = 36.7, P <.001) and
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Figure 5: Poleward range expansion was associated with demographic consequences for California market squid (Doryteuthis opalescens).
A, Age and size at sexual maturity of squid collected in the California Current System (CCS; Monterey Bay, CA) in 2016 (red), Gulf of
Alaska (GOA; Sitka Sound, AK) in 2016 (black), and GOA in 2017 (blue). Ellipses represent 95% confidence intervals (CIs) of the respective
bivariate means. The age and size of sexually mature D. opalescens approximate the maximum life span and size, respectively, because this
species is semelparous and dies shortly after reproduction. The average age of mature squid in the GOA and CCS in 2016 was 255 and
188 days, respectively; average size was 156 and 139 mm, respectively. In 2017 in the GOA, average age and size at maturity was 215 days
and 139 mm, respectively. B, Size of sexually mature male and female squid collected in the CCS (Monterey Bay) over time. Lines are predictions of
an analysis of covariance model relating squid size to day of study period with sex as a covariate (females are indicated by filled circles; males
are indicated by open triangles); shaded ribbons represent 95% Cls. Squid size at maturity in the CCS steadily declined over time, with male
D. opalescens growing 5.35 mm larger than females on average. C, Comparison of size at sexual maturity between male and female squid in the
CCS and GOA. Male-biased sexual size dimorphism was present in mature squid in the CCS but absent from mature squid in the GOA (see
“Results”). D, Size at maturity of squid collected in the GOA in 2016 and 2017 with respect to hatching month and season. Hatching month
was determined according to the date of capture and age at maturity. The average size of mature squid in the GOA was 144 mm. W = winter;
Sp = spring; Su = summer; F = fall. E, Size distributions of sexually mature D. opalescens from the GOA (Sitka Sound) and CCS (Monterey
Bay) during the recent poleward range expansion event compared with the historical size distribution of squid in the CCS (Monterey Bay) as
estimated from data reported by Fields (1965). Solid and dotted vertical lines represent the means and 95% Cls, respectively, of each distri-
bution. The average size of male and female squid (95% CI) was 144 + 9.6 and 145 + 8.6 mm in the GOA from 2016 to 2017 (respectively),
147 1.7 and 143 = 1.7 mm in the CCS from 1948 to 1962 (respectively), and 130 & 1.9 and 124 & 1.8 mm in the CCS from 2016 to 2019 (re-
spectively). The age range of mature male and female D. opalescens in the GOA was 146-291 and 164-320 days, respectively; the respective size
range was 106-183 and 105-167 mm. The age range of mature male and female D. opalescens in the CCS was 137-290 and 149-228 days, respec-
tively; the respective size range was 68-170 and 92-151 mm.



17 mm larger (t = 4.30,df = 40.6, P < .001) at maturity
than CCS squid collected during the same period. In neither
comparison were there significant effects of covariates (sex
and size or age).

Life history characteristics for higher-latitude popula-
tions of D. opalescens may have shifted as the poleward
range expansion event has progressed (fig. 54). GOA
squid were 40 days older (+ = —2.71, P = .008) and
17 mm larger (+ = —2.66, P = .01) in 2016 than they
were in 2017. In these comparisons there was no effect
of sex, but there was a significant interaction between size
or age and year, with a positive size-age association in
2017 but not 2016 (fig. S3). Including these interactions, age
(R* = 0.35, F; s = 13.5, P <.001; table S6, pt. A) and
size (R* = 0.35, F, s = 13.5, P < .001; table S6, pt. B) at
maturity were significantly related to year in the GOA.

Life history characteristics for lower-latitude popula-
tions of D. opalescens may have similarly shifted as the
poleward range expansion event has progressed (fig. 5B).
Squid size at maturity in the CCS steadily declined from
July 2016 to August 2019 at a rate of 6 mm year ' (F =
158, P < .001; table S7, pt. A). In this comparison there
was a significant effect of sex (males were 5.35 mm larger
than females on average; F = 35.5, P < .001; fig. 5C) but
no significant interaction between size and sex. Note that
in previous comparisons no sexual size dimorphism was
detected in GOA squid (fig. 5C)

Squid at higher latitudes during poleward range expan-
sion grew to some of the largest sizes and oldest ages
documented for this species, reaching sizes comparable
to those recorded more than a half century ago at lower
latitudes (fig. 5E). In contrast, D. opalescens that resided
at lower latitudes during poleward range expansion were
generally smaller than historical sizes (fig. 5E), exhibiting
some of the smallest sizes and youngest ages at maturity
recorded for this species.

Environmental conditions in early ontogeny may have
influenced the life history characteristics of mature D.
opalescens captured in the GOA (figs. 5D, S4). Squid that
hatched in spring and summer grew larger (F = 17.3,
P <.001; table S7, pt. C) and older (F = 29.8, P < .001;
table S7, pt. D) than squid that hatched in fall and winter.
There was a significant effect of capture year in the former
comparison (F = 7.57, P = .008), as squid grew larger
in 2016 than they did in 2017 (see above). There was a sig-
nificant effect of sex in the latter comparison (F = 4.27,
P = .04), with females obtaining slightly older ages at
maturity (12 days) than males.

Ecological Impacts Enabled by Larger Body Size

Results are consistent with the hypothesis that D. opa-
lescens competed for shared resources with ecologically
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and economically important constituents of nearshore
GOA communities during poleward range expansion.
We found substantial overlap in the isotopic niche space
of D. opalescens and juvenile sablefish (fig. 6B): the Bayes-
ian standard ellipse area corrected for sample size (SEAc;
%0°) of D. opalescens occupied 56% of that of juvenile sa-
blefish. No other species in our data set (fig. 6A) had SEAc
overlap with D. opalescens.

Results also suggest that D. opalescens could have preyed
on important constituents of nearshore GOA communi-
ties during poleward range expansion. The Bayesian iso-
topic mixing model estimated that across years (2016-
2018), D. opalescens had a generalist foraging strategy in
the GOA, with no one prey item emerging as markedly
dominant (fig. 6C). However, when estimates were made
for each year, a different picture emerged. Forage fish
may have constituted a large proportion of D. opalescens
diet in 2016, when squid grew largest in the GOA, but small
crustaceans appear to be the primary prey in 2017 and
2018, when squid grew smaller. The prey with the highest
contribution estimate in 2016 (average = 1 SD) was juve-
nile salmon (0.93 +0.12), and in 2017 and 2018 it was
krill (0.75+0.40 and 0.61 +0.36, respectively). In all
years, the mixing model estimated a low contribution of
Pacific herring (range = 0.04-0.11) and large copepods
(range = 0.01-0.19) to squid diet. The model result indi-
cating a large contribution of juvenile salmon to the diet of
squid was largely attributed to 2016, the year in which
squid were sampled in the winter when juvenile salmon
are typically at low availability in nearshore waters (see
“Discussion”).

During poleward range expansion, D. opalescens was
likely consumed by important upper-trophic-level spe-
cies in the GOA. Bayesian isotopic mixing models sug-
gested that out of four prey species, D. opalescens occu-
pied the second-highest proportion of adult Chinook
salmon diets (fig. 6D) and the third-highest proportion
of adult coho salmon diets (fig. 6E).

Upper-trophic-level species that consumed D. opa-
lescens instead of common forage fish in the GOA may
have gathered comparable energy supply but lower lipid
content and higher protein content. Squid in the GOA
had significantly higher energy density than juvenile sa-
blefish (¢ = —2.81, P = .006) and comparable energy
density to the other GOA forage fish in our data set
(fig. 7A; table S6, pt. C; R* = 0.38, Foos = 8.23, P<
.001). There was no significant effect of size in this com-
parison, but there was a significant interaction between
size and species (table S6, pt. C). Without a size inter-
action, juvenile sablefish are equivalent in energy den-
sity to D. opalescens. While the protein content of D.
opalescens was higher than that of Pacific herring and
juvenile sablefish, the lipid content of D. opalescens was



A
Chinook Salmono California .

15 o market squid
°\8 Goho saimon #7 Juvenile sablefish
~ Juvenile salmon
Z AW
wn
"o 10 —

(e}
5 Copepods
I I T T T T
-26 -24 -22 -20 -18 -16

1.00{ C

8°C (o)

squid

4

o
S
:
O

I~

8N (%)

16

14 —

10 —

California
market squid

-22

Chinook salmon

-20

-18

8°C (%)

_.
o
IS)

:

m

-16

coho salmon

ke -
S o
c ©
- S 2
B £ S
5 0.751 T 0.751 % 0.751
g‘ - n *
%) 8 | o
y— =
0 0.501 £ 0.501 S 0.50 1
c e [&]
S o 5
B (o] [
Q 0.25 S 0.251 | 2 0.25
o 5 o
Q o
0.00 © 0.00 O 0.001
T T T T o T T T T T T T T
9 A 9 O D ) QO Y
F &S FoS e F o ©
o » Q o (@ () X N Q2
R % O R NG *0‘\ R NG .c}\
S NZ & < N S < N $
] Q O @ a O @ 6{0 O
& @ QT & W QT S ®
N » % 0@\ v o"(\\
‘ &
N &

Figure 6: Poleward range expansion was associated with trophic links between California market squid (Doryteuthis opalescens) and im-
portant species in higher-latitude communities. A, Stable isotope signatures of D. opalescens and ecologically and economically important
constituents of nearshore marine communities in the Gulf of Alaska (GOA): adult coho salmon (Oncorhynchus kisutch), adult Chinook
salmon (Oncorhynchus tshawytscha), juvenile sablefish (Anoplopoma fimbria), adult Pacific herring (Clupea pallasii), large copepods
(Calanoida; >2.5 mm in total length), krill (Euphausiidae), and juvenile salmon (hatchery-raised juvenile coho salmon, hatchery-raised ju-
venile chum salmon [Oncorhynchus keta], and wild juvenile pink salmon [Oncorhynchus gorbuscha]). The pelagic colonial tunicate
Pyrosoma atlanticum represents the signature of an offshore primary consumer. Data are colored by species, with ellipses representing
95% prediction intervals (PIs) to highlight the potential for niche space overlap. B, There was a 56% overlap in the Bayesian standard ellipse
area corrected for sample size (SEAc; %o% not pictured) of D. opalescens and juvenile sablefish, indicating a potential for competition.
C, Bayesian mixing model estimates of the proportions of potential prey contributing to the diet of D. opalescens in the GOA. Dark horizontal
lines indicate the median values, boxes indicate the inner and outer quartiles, and vertical lines indicate the minima and maxima of the data.
The top two prey items in terms of the proportion that they contributed to the isotopic signature of D. opalescens across years were juvenile
salmon (mean =+ 1 SD; 0.32 +0.16) and krill (0.27 = 0.14). D, Bayesian mixing model estimates of the proportions of potential prey con-
tributing to the diet of Chinook salmon in the GOA, with boxes and lines representing the same attributes as in C; D. opalescens occupied the
second-highest proportion (0.29 + 0.11). E, Bayesian mixing model estimates of the proportions of potential prey contributing to the diet of
coho salmon in the GOA, with boxes and lines representing the same attributes as in C; D. opalescens occupied the third-highest proportion
(0.06 = 0.05). Upper-trophic-level species, including adult salmon, may have preyed on D. opalescens in the GOA during the recent pole-
ward range expansion event (also see fig. 1E, 1F).
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Figure 7: During poleward range expansion, California market squid (Doryteuthis opalescens) likely had energy density similar to com-
mon forage fish at higher latitudes but with lower lipid content and higher protein content. A, Energy content with respect to size of D.
opalescens collected in the Gulf of Alaska (GOA) compared with that of four key GOA forage fish species: juvenile sablefish (Anoplopoma
fimbria), hatchery-raised juvenile coho salmon (Oncorhynchus kisutch), hatchery-raised juvenile chum salmon (Oncorhynchus keta), and
Pacific herring (Clupea pallasii). Raw values are shown with points; crosses are used to distinguish coho from chum salmon. Length is
dorsal mantle length for D. opalescens and fork length for fish. There was no significant relationship between energy density and size in
juvenile coho salmon, D. opalescens, or Pacific herring, but there was a significant positive relationship in juvenile chum salmon (t =
3.38, P = .004) and juvenile sablefish (¢ = 3.57, P = .001). Lines represent the corresponding predictions of significant linear regres-
sions examining the association between energy density and size. Only the energy density—size relationship in chum salmon was signif-
icantly different from that of D. opalescens (table S6, pt. C). The energy density of D. opalescens is comparable to forage fish in the GOA
when variation attributable to size is considered—the only significant difference in energy density is between squid and juvenile sable-
fish, with squid having greater energy density at a common size (128 mm; table S6, pt. C). Relative to squid (22.3 kJ g dry mass™"), there
was a difference of —5.17 for juvenile sablefish, 2.96 for Pacific herring, 0.86 for juvenile coho salmon, and 3.91 for juvenile chum
salmon (all k] g dry mass™'). Without a size interaction, juvenile sablefish are equivalent in energy density to D. opalescens (difference
of 0.34 kJ g dry mass ™). B, Lipid and protein content of D. opalescens (1.61 = 0.25 and 18.4 = 0.49, respectively) compared with that of key GOA
forage fish species: Pacific herring (7.8 = 0.14 and 16.3 + 0.16, respectively) and juvenile sablefish (15.5 = 3.39 and 13.3 # 0.31, respectively).

far below that of Pacific herring and juvenile sablefish
(fig. 7B).
Discussion

Multigenerational Poleward Migration and Short-Term
Environmental Variability

Our data are consistent with the scenario that the causes
of poleward range expansion of Doryteuthis opalescens

began in the contemporary core range of this species,
the CCS. We found evidence for a time-lagged association
between D. opalescens abundance in the core range and
the capture probability of this species at higher latitudes
in the GOA that aligns with its migratory capabilities
(fig. 3B; Zeidberg 2004; Payne and O’Dor 2006). Catch
probability of D. opalescens in the GOA was always very
low, likely reflecting limitations of the best available sci-
entific survey data source (supplemental PDF, supporting
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methods 1.1). However, relative to the mean value, catch
probability increased by 288% from the minimum to max-
imum time-lagged CCS D. opalescens abundance (fig. 4C).
Therefore, influxes of squid that ultimately originated from
lower-latitude populations could have at least initially con-
tributed to poleward range expansions of this species, which
would suggest that the seasonal or nomadic migratory be-
havior of D. opalescens (Zeidberg 2013) could be augmented
to undertake long-distance migration.

These movements are potentially analogous to migra-
tions in small, comparably short-lived (<1 year) insects,
such as the nomadic migrations of desert locust (Schisto-
cerca gregaria) and the seasonal migrations of the painted
lady butterfly (Vanessa cardui). Similar to the migrations
of larger-bodied, longer-lived migrants, their movements
track suitable habitats for foraging and reproduction (Pedgley
et al. 1995; Stefanescu et al. 2013; Dingle 2014). However, a
key difference is that the migrations of short-lived insects
are completed over multiple generations (e.g., sustained move-
ment over six generations is required for V. cardui to com-
plete seasonal migrations of thousands of kilometers). Sim-
ilarly, the hypothesized poleward migration of D. opalescens
from the northern CCS to the western GOA in 2014-2017,a
distance of 2,500 km completed over 37 months, required sus-
tained movement over approximately six generations (fig. 34,
3B). This movement, which extended more than 1,000 km
beyond any documented occurrence of this species in the
GOA (Wing and Mercer 1990; Jereb and Roper 2010), is
well within the realm of the highly motile squid’s capabil-
ities. In addition, D. opalescens could have taken advantage
of currents in the northeastern Pacific to further increase
its movement potential (Zeidberg 2004; Payne and O’Dor
2006). The prevailing surface currents are equatorward in
the CCS, but the deeper (>200-m) Davidson Current flows
poleward (Checkley and Barth 2009). Prevailing currents
flow counterclockwise in the eastern GOA (North Pacific
Gyre), which is effectively poleward (Stabeno et al. 2004).

We hypothesized that warming temperatures in the
GOA would facilitate poleward range expansion of D.
opalescens (Wing and Mercer 1990) by enhancing the re-
cruitment of emigrants. Indeed, two major appearances
of this species in the GOA since 1999, one in the early
2000s and another from 2015 onward (fig. 44), overlap
with periods of relatively warm nearshore temperature
related to ENSO (see “Results”) and coincident high-
pressure anomalies (Bond et al. 2015). However, we did
not detect a significant association between nearshore
temperature and capture probability of D. opalescens in
the GOA (fig. 4D; table S4, pt. B). The overall model fit
was underdispersed (dispersion parameter = 0.50), which
could have masked truly significant relationships. Our anal-
ysis used temperature trends in winter and spring based on
monthly averages (see “Methods” and supplemental PDF,

supporting methods 1.2), which ranged from 8.24°C to
10.3°C over the past 20 years (average = 9.15°C). This
overlaps with the lower end of thermal conditions that led
to the highest hatching success of D. opalescens in lab ex-
periments (9°C-14°C; Zeidberg et al. 2011), which are
the same conditions under which the majority of eggs are
laid in the CCS (10°C-14°C; Zeidberg et al. 2012). How-
ever, it should be noted that our analysis masked higher-
frequency temperature fluctuations, which could temporarily
drop below 8°C in winter and spring during years when
D. opalescens was present in the GOA. Daily or weekly
fluctuations in temperature are important for ectotherm
physiology; for example, when the California mussel (Myti-
lus californianus) is exposed to a 2-h heat-stress bout, it
gains improved heat tolerance for up to 3 weeks, encom-
passing the typical frequency of heat-stress events in the
wild (Moyen et al. 2020). The relevance of similarly high-
frequency variability in temperature for squid is not clear
given our current understanding of squid physiology.

Ecological release during range expansions and inva-
sions is often associated with the occupation of harsher
abiotic conditions compared with those typically inhabited
in species” home ranges (Keane and Crawley 2002; Gilman
et al. 2010). This is due to a reduction in biotic pressures,
allowing for a greater proportion of the fundamental niche
to be occupied (Bruno et al. 2003). Potential evidence of
recruitment (in the form of egg laying and juvenile pres-
ence) during the most recent poleward range expansion
event (fig. 1C-1F) and in past events (Wing and Mercer
1990) indicates that temperature may not have overly re-
stricted egg development. Local spawning during poleward
migration would have enhanced the pace and extent of the
poleward movement of D. opalescens.

Our analyses indicate that the poleward range expan-
sion of D. opalescens was preceded by competitive release
in the CCS. At a fundamental level, species’ abundances
and distributions are controlled by factors that influence
energy supply and demand. Competition can thereby
drive population fluctuations by altering the availability
of shared energy resources—impacting both resource
abundance and the effort required to access the resource
(Liow et al. 2011). This may be particularly relevant for
active squid, as they compete with ecologically similar fish
for shared prey (Packard 1972) but have aerobic con-
straints related to physiology and metabolism (O’Dor
and Webber 1986; Portner 2002; Seibel 2016). We found
that variability in the abundance of ecologically similar
fish competitors, anchovy and sardine (Whitehead et al.
1988; Jereb and Roper 2010), was associated with D. opa-
lescens abundance in the CCS (fig. 4E; table S4, pt. D):
declines in anchovy and sardine were followed by surges
in squid abundance 2 years later. Relative to the average
value, catch of D. opalescens increased by 202% from



the maximum to the minimum time-lagged fish value. In
2014 D. opalescens abundance had recovered from
its lowest levels during higher abundance of anchovy and
sardine in the mid-2000s to reach levels greater than those
recorded in the previous 20 years (fig. 4B). This was also
observed in the northern extent of the CCS (Morgan et al.
2019). Competitive release via the crash of ecologically
similar fish populations (Lindegren et al. 2013; MacCall
et al. 2016) may therefore have allowed large squid pop-
ulations to develop via improved access to prey (Caddy
and Rodhouse 1998; Doubleday et al. 2016). While we
do not know the precise influence of anchovy and sardine
versus other ecologically similar fishes that are undoubt-
edly in competition with D. opalescens for prey, anchovy
and sardine are particularly relevant competitors to con-
sider because their populations have experienced sub-
stantial recent and historical declines. The causes of their
collapse have been suggested to be a combination of
climate-related shifts in ocean conditions, past harvesting
pressure, and recent predator recovery (Lindegren et al.
2013; MacCall et al. 2016).

In the struggle for control over energy resources, tem-
perature and oxygen supply have compounding effects
on squid and other marine ectotherms: the solubility of
oxygen in seawater decreases with increasing temperature
(Somero et al. 2015), while oxygen demand increases
(Deutsch et al. 2015). Oxygen diffusivity, which increases
with temperature, can offset this effect but only partially
(Verberk et al. 2011). Hypoxia vulnerability in D. opa-
lescens, as measured by critical oxygen partial pressure
(P.i), had only a weak positive association with tempera-
ture across an ecologically relevant range (7.5°C-19°C).
The temperature sensitivity coefficient was 0.1, which
falls on the lower end of the range recorded for diverse spe-
cies (—0.2 to 1.3; Deutsch et al. 2020), with other studied
squid having higher values than D. opalescens (longfin in-
shore squid, Doryteuthis pealeii = 0.31 [Deutsch et al.
2020]; Humboldt squid, Dosidicus gigas = 0.62 [Trueblood
and Seibel 2013]). In fact, aerobic habitat potential for
D. opalescens, as estimated using the metabolic index (¢;
Deutsch et al. 2015), changes more strongly with dissolved
oxygen than seawater temperature within the ecologically
relevant temperature range (fig. S1D). Because dissolved
oxygen (and seawater temperature) can be spatially hetero-
geneous in the CCS (supplemental PDF, supporting meth-
ods 1.4; Checkley and Barth 2009), using measurements
recorded in a single location could have impacted our esti-
mation of how ¢ changed over time.

Our data support the notion that D. opalescens, like
many species, has evolved to maximize its aerobic activity
in alignment with the highest persistently available oxygen
supplies in its typical habitat (Seibel and Deutsch 2020).
At an intermediate temperature (14°C), we found that
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FAS for D. opalescens (FAS = 4.04) was similar to hypoxia
vulnerability (P.; = 4.84 kPa), validating our P, mea-
surements. Compared with the FAS of other studied squid
(longfin inshore squid = 5.85; Humboldt squid = 4.38;
Trueblood and Seibel 2013; Deutsch et al. 2020), that of
D. opalescens was slightly lower. Because ¢ is equivalent
to FAS (Seibel and Deutsch 2020), the product of FAS
and P, at the intermediate temperature suggests that
19.5 kPa is the oxygen partial pressure required for maxi-
mum aerobic activity in this species (see eq. [1] in Seibel
and Deutsch 2020), which is close to air saturation under
normal conditions (21 kPa). This is slightly higher than a
previous estimate for D. opalescens at 15°C (18.5 kPa;
Seibel and Deutsch 2020) derived from literature values
(O’Dor 1982; Burford et al. 2019).

Large population size can reduce resource availability
via elevated intraspecific competition and contribute to
decisions to migrate (e.g., Branch 1975), particularly if en-
vironmental conditions shift to further reduce resource
availability (Liow et al. 2011). Our results indicate that
this may have been involved in poleward range expansions
of D. opalescens. We found that periods of reduction in
aerobic habitat potential related to climate variability (see
“Results”) were followed by declines in squid abundance in
the CCS (fig. 4F; table S$4, pt. D)—suggesting emigration
or death and associated reductions in local recruitment. Rel-
ative to the average value, D. opalescens catch decreased by
178% from the maximum to the minimum time-lagged ¢.
On average, ¢ was 3.51 in the typical habitat of D.
opalescens in the CCS (fig. 4B; i.e., aerobic activity allowed
by this habitat is typically 3.5 times greater than routine ac-
tivity levels). But in January to May 2015, following the
peak in squid abundance, ¢ fell to 3.17 (fig. 4B), which
was lower than all but one winter/spring period in the past
15 years (table S5, pt. B). A ¢ of about 3 is typically asso-
ciated with the warm limit of a species’ range (Deutsch
et al. 2015), and this may have forced some portion of
the already-large D. opalescens population in the CCS to
migrate poleward in search of more suitable, less crowded
habitat. The associated reduction in recruitment effort or
success may have contributed to the sharp decline in D.
opalescens abundance observed in the core range from
2015 to 2016 (fig. 4B). A similar pattern of environmental
factors—competitive release, D. opalescens population surge,
and sustained reduction in ¢ (fig. 4B)—may have contrib-
uted to similar poleward range expansion of this species
into the GOA in the early 2000s (fig. 44). However, we lack
the oxygen data to determine ¢ for D. opalescens in the
core range leading up to this event.

These results support recent hypotheses—relatively small
reductions to environmental oxygen supplies, at levels well
above hypoxic thresholds (Vaquer-Sunyer and Duarte 2008;
Gilly et al. 2013), could elevate the cost of important
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behaviors, reducing competitive ability and driving species’
movements (Deutsch et al. 2015). Our results addition-
ally suggest that ecological release, which can amplify the
extent of range expansions once they are underway (Keane
and Crawley 2002), may also set the stage for these events
to occur under environmental variability in species with
boom-bust dynamics, such as D. opalescens (Perretti 2014).

A relatively large body of research has focused on peri-
odic poleward invasions of Humboldt squid into the CCS
and GOA. Although D. gigas differs from D. opalescens in
some life history, physiological, and behavioral aspects, by
integrating this research with our results we can develop a
better understanding of why and how squid undertake
rapid, drastic movements. Our results suggest that two se-
quential factors in species’ core ranges are likely to drive
the initial movement into a new ecosystem: (1) enhanced
availability of energetic resources allowing for the buildup
of large populations and (2) a subsequent environmental
disturbance reducing the availability of energetic resources,
forcing some portion of the large population to move. This
aligns with the circumstances at lower latitudes before the
poleward intrusions of D. gigas. Large populations of large-
bodied D. gigas developed by exploiting seasonal produc-
tivity cycles fueled by wind-driven upwelling (Markaida
et al. 2005; Robinson et al. 2016; Frawley et al. 2019). Cli-
mate variability then interrupted seasonal productivity
cycles while increasing temperature (Robinson et al. 2016;
Frawley et al. 2019), simultaneously decreasing energy
availability and increasing metabolic demand (Rosa and
Seibel 2010). Such perturbations were generally followed
by declines in body size and fishery landings (but not nec-
essarily biomass) at lower latitudes (Hoving et al. 2013;
Frawley et al. 2019) and the appearance of large D. gigas
in the CCS (Pearcy 2002; Zeidberg and Robison 2007)
and GOA (Cosgrove 2005; Wing 2006).

Results from studies exploring the behavior of D. gigas
suggest two factors that are likely to drive movements once
squid are in the new ecosystem: (1) prey availability and
(2) suitable spawning habitat availability (Field et al. 2013;
Stewart et al. 2013a, 2013b, 2014). These factors might ex-
plain the progression of D. opalescens through the GOA
during the most recent poleward range expansion event
(fig. 3A, 3B) and why this species has (probably) not yet
become permanently established in the GOA. Ontogenetic
onshore-offshore and seasonal alongshore migrations of
D. opalescens known from the CCS (Zeidberg 2013) could
be undertaken in the GOA to exploit seasonal onshore-
offshore patterns in productivity and consistent geographic
alongshore productivity gradients (Brickley and Thomas
2004). Interannual variability in temperature might eventu-
ally restrict or negate spawning efforts via cold temperatures
and ultimately end temporary intrusions of D. opalescens in
the GOA (Brickley and Thomas 2004; Stabeno et al. 2004).

In a warmer future, however, squid could be released from
such limitations.

Our investigation examines a species that, like many
other ecologically and economically important squid, is
not commonly monitored by scientific survey efforts (Zeid-
berg 2013; Rodhouse et al. 2014; Arkhipkin et al. 2020).
Thus, inferences of abundance and distribution must be
made according to data sources that may not completely
capture relevant trends (supplemental PDF, supporting
methods 1.1 and 1.2). It should also be noted that there
are potentially important predictors that we did not con-
sider in our models. Those include bottom-up factors, such
as prey availability, and top-down factors, such as fishing
pressure. The former tends to be a more common predic-
tor of squid abundance than the latter because commer-
cially harvested squid have rapid population turnover
and are therefore thought to be more buffered from top-
down pressures compared with their longer-lived verte-
brate counterparts (Rodhouse et al. 2014). The goal of this
study was to focus on competition and environmental
factors influencing competitive ability, as these are known
to interact with energy supply and demand to influence
population fluctuations and migratory decisions in other
taxa (Liow et al. 2011) but are largely unapplied to squid
(Rodhouse et al. 2014).

Demographic Effects of Environmental Conditions

Although there are notable exceptions in the deep sea
(Hoving et al. 2015; Hoving and Robison 2017; Schwarz
et al. 2018), most squid, including D. opalescens, are r-
strategists, with short life spans and semelparity (Jackson
2004; Jereb and Roper 2010). Yet many of such species
have remarkable plasticity in life history characteristics at
maturity, variation which can be attributable to environ-
mental conditions. Cooler, more productive conditions
allow for squid to obtain larger body sizes and longer life
spans relative to warmer, less productive conditions (Jack-
son and Domeier 2003; Hoving et al. 2013; Frawley et al.
2019). For instance, Hoving et al. (2013) reported a 288%
flexibility in body size and a 159% flexibility in age at ma-
turity (both with respect to the minimum value) in D. gigas
specimens collected over a 9-year period in the eastern Pa-
cific Ocean. The largest mature D. gigas were collected in
the massively productive Humboldt Current System off
South America, whereas the smallest mature D. gigas were
sampled following a warm period in the Gulf of California,
Mexico, a semienclosed sea (Hoving et al. 2013). Subse-
quently, even smaller D. gigas have been recorded in the
latter region (Hoving et al. 2019). We found 169% flexibil-
ity in body size and a 134% flexibility in age at maturity
(both with respect to the minimum value) in D. opalescens
collected over a 4-year period in the northeast Pacific,



which we suspect was primarily attributable to differences
in the environmental conditions experienced by squid in-
volved in poleward movement versus lower-latitude resi-
dence. Squid that reached the GOA in 2016 grew 36% older
and 12% larger relative to those that remained in the CCS
(fig. 5A), suggesting that they were able to exploit cooler,
more productive conditions during the initial phase of
poleward range expansion.

In polygynous species, such as D. opalescens, males and
females exhibit different strategies of growth in relation
to reproduction, often resulting in sexual size dimorphism
where males mature at larger sizes than females. In polyg-
ynous and polygynandrous mammals, males and females
can exhibit divergent responses to environmental variation
(Post et al. 1999; Sugianto et al. 2019); for example, in the
red deer (Cervus elaphus) warming winters were associated
with increased body size in males and decreased body size
in females, amplifying sexual size dimorphism (Post et al.
1999). We found no difference in size at maturity between
male and female squid in the GOA (fig. 5C). Yet during the
same time period, typical sexual size dimorphism was ap-
parent in squid that resided at lower latitudes in the CCS,
with males growing 4% larger at maturity than females on
average (fig. 5B, 5C). Polygyny and sexual size dimorphism
is prevalent in squid—a notable exception being the dia-
mondback squid (Thysanoteuthis rhombus), which exhib-
its monogamy (Jereb and Roper 2010). In the case of
D. opalescens in the GOA, environmental variability ulti-
mately facilitated residence in an ecosystem with cooler con-
ditions than the typical range (Stabeno et al. 2004; Checkley
and Barth 2009). It is not known whether temperature dif-
ferentially affects the development of male and female squid.

Post etal. (1999) additionally found that early vegetation
emergence reduced body size differences between male
and female red deer following warm winters because this
allowed females to invest more in body condition (and thus
grow larger and live longer), whereas males did not make
such investments. Within typical ranges, migratory squid
that inhabit large, dynamic current systems typically time
spawning so that their offspring hatch in alignment with pro-
ductivity peaks (O’Dor 1992), which can be accomplished by
spreading population units to maximize recruitment chance
(O’Dor and Coelho 1993). In the GOA, D. opalescens that
were older at maturity hatched in spring and summer, while
squid that matured at younger ages hatched in fall and win-
ter (fig. S4; table S7, pt. D). Primary productivity in the GOA
is lowest in winter, and in nearshore waters it is highest in
spring and summer, while it peaks in offshore waters in fall
(Brickley and Thomas 2004). Access to higher levels of pro-
ductivity in early ontogeny could therefore have caused fe-
male D. opalescens in the GOA to delay maturation and re-
production and instead invest more in body condition and
growth relative to males.
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Body size in D. opalescens is positively associated with
female fecundity (Macewicz et al. 2004) and presumably
male reproductive success, as this species has a lek-like
mating system involving male-male competition for access
to females (Zeidberg 2013). As a coarse comparison, the
potential fecundity difference between squid of average
size in the GOA and CCS in 2016, which differed in age
at maturity by 40 days, was estimated as 596 oocytes (using
eq. [15] in Macewicz et al. 2004). However, any fecundity
benefits associated with increased body size in the GOA
were potentially moderated by growth rates, which we
did not assess. Experimental research shows that the early
life history growth rates of squid that are closely related to
D. opalescens increase with temperature (Villanueva 2000)
and decrease in response to periods of low salinity, while
the effect of photoperiod is comparably negligible (Villa-
nueva et al. 2007). In the GOA, the lowest seawater tem-
perature and freshwater runoff occurs in winter and spring
and the highest occurs in summer and fall (Stabeno et al.
2004). Larger sizes at maturity were obtained by D. opa-
lescens that hatched in spring and summer, while those that
hatched in fall and winter grew to smaller sizes (fig. 5D;
table S7, pt. C). In addition to warmer temperatures,
D. opalescens that were born in spring and summer presum-
ably had greater access to energetic resources (i.e., higher
productivity nearshore; Brickley and Thomas 2004) than
those born in fall and winter (despite any putative effects
of freshwater runoff)—this may have been critical in al-
lowing them to obtain relatively large size and long life span
for this species.

Variation in the life history characteristics of D. opa-
lescens may also have been related to sustained climate
shifts encompassing the study period. The body size of
mature squid from 2016 to 2019 in the CCS steadily de-
creased at 6% year ' relative to the average CCS size
(fig. 5B; table S7, pt. A). Although we lack a similarly long
time series of mature D. opalescens body size measure-
ments in the GOA, from 2016 to 2017 age at maturity de-
clined by 17% relative to the average GOA age, while size
at maturity declined by 12% relative to the average GOA
size (fig. 5A). Concomitant size declines over 25° of lati-
tude could reflect broader environmental shifts affecting
the entire northeast Pacific Ocean. Frawley et al. (2019)
implicated the recent sustained decline in size at matu-
rity of D. gigas in the Gulf of California with a 2010 phase
shift in decadal oceanic expressions (Pacific Decadal Os-
cillation and ENSO) that ultimately prolonged warming
and limited productivity in that region following El Nio.

Environmental forcing over longer timescales, such as
multidecadal cycles (Chavez et al. 2003), may also be rel-
evant. Sustained size declines of D. opalescens from 1948
to 2006 have been reported in specimens captured by the
commercial fishery in Monterey Bay (Brady 2008). More
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than a half century ago, male and female D. opalescens
in the CCS grew 12% and 15% larger than they are today
(fig. 5E; Fields 1965). In fact, squid that we sampled in
2016-2019 exhibited some of the smallest sizes and youn-
gest ages at maturity recorded for this species. Because
there were discrepancies in collection methods, caution
must be used when interpreting such size differences (Elahi
et al. 2020). While we acknowledge these constraints, our
data additionally show that the body sizes of mature D.
opalescens in the GOA in 2016-2017 were comparable to
those recorded more than a half century ago in the CCS
(fig. 5E; Fields 1965). In addition, mature squid in the GOA
achieved older maximum ages than have been recorded in
the CCS for over two decades (Jackson 1994; Butler et al.
1999; Jackson and Domeier 2003). This suggests that de-
spite long-term trends (Brady 2008), D. opalescens retained
the ability to obtain historical sizes, which was putatively
unlocked by poleward migration.

Ecological Impacts Enabled by Larger Body Size

Environmentally altered life history characteristics can af-
fect the outcome of ecological interactions or even lead
to new interactions (Vasseur and McCann 2005). Thus,
in the case of the poleward range expansion of D. opa-
lescens, new ecological interactions were facilitated not
only by expansion into new habitat but also by the attain-
ment of larger adult body sizes. In the GOA, we found sub-
stantial overlap between the isotopic niche space of D.
opalescens and juvenile sablefish (fig. 6B), which indicates
the potential for competition between these species. This
aligns with the distribution and opportunistic foraging
strategy of both species: juvenile sablefish live in nearshore
habitats (Armstrong 1996), where adult D. opalescens are
primarily observed in the GOA, and both species are vora-
cious predators that feed on a range of invertebrates
(Karpov and Cailliet 1978; Coutré et al. 2015; Callahan
etal. 2021). In addition, fish can dominate the diet of juve-
nile sablefish depending on their availability (Coutré et al.
2015; Callahan et al. 2021); although D. opalescens primar-
ily feeds on krill and copepods in the CCS, fish become
more important prey items as squid get larger (Fields
1965; Karpov and Cailliet 1978). Thus, the appearance of
relatively large D. opalescens in the GOA could have re-
duced the accessibility of invertebrate and fish prey for ju-
venile sablefish.

Juvenile sablefish are highly migratory and at 4-5 years
of age recruit to deeper waters, where they are pursued by
a commercial fishery (Hanselman et al. 2018). Any puta-
tive effects of increased competition from lower-latitude
emigrants would be reflected by variability in juvenile
abundance and distribution and future commercial land-
ings—which are highly dependent on the maturation of

juveniles (Hanselman et al. 2018). In 2015, when D. opa-
lescens was detected in the southeastern GOA during
the initial stages of the most recent poleward range expan-
sion event, reports showed a spike in juvenile sablefish
abundance in the western GOA. As D. opalescens spread
northwest across the GOA through 2017, few reports of
juvenile sablefish exist, and dietary analyses showed rela-
tively low stomach contents (Callahan et al. 2021). Larger
numbers of juvenile sablefish have returned to sites in the
southeastern GOA 1in fall of 2018, but the body condition
of maturing sablefish in recent years was lower than aver-
age (Hanselman et al. 2018). At a smaller spatial scale, a
similar pattern was observed during the poleward range
expansion of D. opalescens: the nearshore bays in the Sitka
Sound region, which normally support uncharacteristically
large populations of juvenile sablefish, were instead devoid
of this species and occupied by D. opalescens.

In addition to potential competition, predation by in-
vading D. opalescens may have affected important species
in the GOA. Like invasions of D. gigas in the CCS (Field
et al. 2013), D. opalescens appeared to have a generalist
foraging strategy throughout poleward range expansion
(fig. 6C). In January and February of 2016, when D. op-
alescens in the GOA matured at the largest sizes (fig. 5A),
our analysis estimated juvenile salmon as its primary prey
item (see “Results”). However, this was before the release
of that year’s juvenile hatchery salmon and the typical
out-migration of most juvenile wild salmon (Weitkamp
and Sturdevant 2008; Quinn 2018; NSRAA 2020). While
this could have resulted from predation on juvenile salmon
from the previous year or early out-migrants, it is also pos-
sible that squid were feeding on other forage fishes not in
our data set, such as Pacific sand lance (Ammodytes hexa-
pterus) or juvenile walleye pollock (Gadus chalcogram-
mus). However, squid were observed aggregating near
salmon hatchery release sites and actively feeding on juve-
nile salmon at night in Sitka Sound in the spring of 2016
and 2017 (A. Bowers, personal communication). Squid ac-
tivity in the GOA aligns with some of the lowest marine
survival (<1%) and subsequent return of spawning adults
recorded for some salmon stocks in southeast Alaska in
the past several decades (ADFG 2019). Numerous abiotic
and biotic factors potentially affected salmon marine sur-
vival during this period, including marine heat waves
(e.g., “the blob;” Bond et al. 2015; Cavole et al. 2016) and
predation by other species, such as juvenile sablefish
(Sturdevant et al. 2009; Coutré et al. 2015) and humpback
whale (Megaptera novaeangliae; Chenoweth and Criddle
2019; Kosma et al. 2019). The emergence of a new predator
may have interacted with existing stressors to further re-
duce marine survival of salmon, similar to predation of
Pacific hake (Merluccius productus) by D. gigas during this
squid’s range expansions into the CCS (Zeidberg and



Robison 2007; Field et al. 2013). Subsequently, in 2017 and
2018, when squid obtained smaller sizes at maturity in the
GOA, krill instead appeared to be the dominant prey item,
although some of the difference could potentially be attrib-
utable to trophic baseline shifting across years, which we
were not able to rule out (Wild et al. 2020). This shift
in prey during poleward range expansion suggests that en-
vironmentally altered life history characteristics, specifi-
cally those that allowed squid to obtain larger sizes at ma-
turity, facilitated harmful ecological interactions between
D. opalescens and important GOA species (Vasseur and
McCann 2005).

In the CCS, D. opalescens is a valuable prey item for
numerous species (Morejohn et al. 1978). Presumably, if
upper-trophic-level species in the GOA took advantage
of this new resource, then depending on its energetic value,
putative effects of D. opalescens competition and predation
on ecosystem function could potentially be offset. Isotopic
mixing models indicated that adult Chinook and coho
salmon may have consumed D. opalescens, although the
proportional contribution to coho salmon diet was quite
low (fig. 6D, 6E). As with the isotopic modeling for D. opa-
lescens, gathering prey data for adult salmon balanced col-
lection feasibility with ecological relevance (supplemental
PDF, supporting methods 1.9), and our results should
therefore be interpreted within these constraints. Salmon
diets in the GOA show considerable variability in time
and space, and although we were not able to assess all po-
tentially important prey items, the species we included in
addition to D. opalescens were all present and known prey
of both salmon species (Reid 1961; Landingham and Stur-
devant 1998; Weitkamp and Sturdevant 2008). Mixing
model estimates of salmon predation on D. opalescens in
the GOA are supported by observations of D. opalescens
in the stomach contents of Chinook and coho salmon in
Sitka Sound and Yakutat, Alaska, respectively, in 2017
(fig. 1E, 1F). Both salmon species fed on D. opalescens
when it was present in the GOA from 1980 to 1984 (Wing
and Mercer 1990) and are known to feed on D. opalescens
in the CCS (Brodeur et al. 2014).

Upper-trophic-level species in the GOA that were most
likely to eat D. opalescens given its availability, such as
Chinook salmon, were those that normally pursue forage
fish. We found that squid in the GOA had comparable
or greater energy density than common GOA forage fish
(fig. 7A; table S6, pt. C). However, the energy density of
D. opalescens is primarily derived from protein, whereas
the forage fish have much higher lipid content (fig. 7B).
Protein metabolism is energetically expensive compared
with lipid metabolism (Schmidt-Nielsen 1997)—consum-
ing D. opalescens instead of common forage fish may have
therefore allowed upper-trophic-level species to gather
comparable energy supply, but in doing so they likely en-
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countered more difficulty with energy storage. However,
realistic quantification of the energetic value of prey should
include the energy required to access the prey. For in-
stance, coho salmon, which exhibit relatively high marine
survival compared with Chinook salmon, commonly feed
on small crustacean prey (fig. 6E; Weitkamp and Sturde-
vant 2008), which are less energy dense than forage fish
but are presumably more readily gathered (Weitkamp and
Sturdevant 2008). It is unknown how the energy cost of cap-
turing D. opalescens, or any social squid for that matter,
compares with that required to capture ecologically similar
forage fish.

Conclusions

Throughout the world’s oceans, squid and other marine
ectotherms are poised to undertake rapid movements in
response to increasing environmental variability (Thorn-
ton et al. 2014), thereby transporting biomass between
ocean systems (Arkhipkin 2013). We suggest that these
events are likely to occur given the development of large
populations followed by a disturbance that affects inter-
specific or intraspecific competitive ability. In the case of
poleward range expansion of Doryteuthis opalescens, com-
petitive release may have allowed for large populations to
develop at lower latitudes, where subsequent temporary
reduction in aerobic habitat potential associated with cli-
mate variability likely drove some portion of the popula-
tion to move poleward. Recent research has related bioge-
ography to long-term metabolic suitability, and our work
shows the potential importance of relatively small, short-
term variability in determining the movement behavior
of physiologically sensitive marine ectotherms. To help
contextualize rapid range expansions, we advocate that
forecasting efforts consider factors that impact resource
accessibility in core ranges, such as competition and envi-
ronmental conditions that constrain aerobic activity.

Because the invaded ecosystem was generally cooler and
more productive than the core range, poleward range ex-
pansion unlocked large body sizes that have been relatively
absent from lower-latitude D. opalescens populations for
more than a half century. Large body size likely facilitated
new, potentially harmful ecological interactions between
D. opalescens and important species at higher latitudes
and alterations to regional carbon flow. Competition with
juvenile sablefish for shared prey and predation on juve-
nile salmon may have impacts on adult populations and
thus socioeconomic consequences. These fish are the basis
of fisheries, professions, products, and services collectively
worth billions of US dollars annually and are integral to the
subsistence and traditions of marginalized native cultures
(SeaBank 2018).
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More broadly, our results show how the demographic
and ecological consequences of marine ectotherm range
expansions are coupled. Understanding how body size is
associated with relevant environmental gradients, such as
temperature (Verberk et al. 2020) and trophic interactions
(Keppeler et al. 2020), will therefore improve the resolution
of the ecological impacts of future marine community
reorganization. Such information will help forecast how
invaders behave and interact in receiving ecosystems
(Ricciardi et al. 2020), which will help resolve complexities
in theoretical generalizations of ecosystem function, such
as allometric trophic networks (Martinez 2020), resulting
from dispersal and migration. Because of the importance
of ecological, physiological, and behavioral variation, rela-
tionships determined at the level of taxon or functional
group will probably be more informative for specific eco-
systems than generalized relationships.

Acknowledgments

We thank Madison Kosma for providing stable isotope
data of juvenile salmon; Ron Heintz for providing energy
content data of juvenile sablefish and stable isotope data
of large copepods, pelagic tunicates, and juvenile sablefish;
the Resource Assessment and Conservation Engineering
Division Groundfish and Shellfish Assessment Programs
of the National Oceanic and Atmospheric Administration
(NOAA) Fisheries Alaska Fisheries Science Center for pro-
viding data collected during their standardized bottom
trawl surveys in the waters off Alaska; the NOAA National
Marine Fisheries Service Fisheries Ecology Division (espe-
cially John Field and Keith Sakuma) for providing data
collected during the Rockfish Recruitment and Ecosystem
Assessment Survey; the Monterey Bay Aquarium for pro-
viding data collected from their seawater intake; Madison
Bashford, Ted Reimer, and Jody Beers for assistance with
respirometry experiments; and the many who assisted with
squid collection in Monterey Bay. We are also grateful to
Angie Bowers, Roger Vallion, Janet Clarke, Kristina Tir-
man, Kent Bovee, Sitka Sound Science Center staft in-
volved with the Scientist in Schools program, and many
students at Sitka High School for assistance with sample
and data collection. Karen Johnson, Trent Matthews, Bryan
Todd, and Casey Mapes generously provided images of
squid in figure 1. Our statistical methods were improved
by feedback from Rachel Crane and Nicole Moyen. The
manuscript benefited from helpful comments provided
by John Field, George Somero, Bruce Robison, William
Gilly, and Jeremy Goldbogen. This research was funded
by a Myers Oceanographic and Marine Biology Trust
Grant to B.P.B., a Conchologists of America Academic
Grant to B.P.B,, an Ester M. Lederberg Research Grant to

B.P.B.,, and a National Science Foundation grant (NSF
10S-1655529) to M.W.D. B.P.B. was funded by the Stanford
Graduate Fellowship, and H.-J.T.H. was funded by the Ger-
man Research Foundation (Deutsche Forschungsgemein-
schaft, DFG) under DFG grant HO 5569/2-1 (Emmy Noe-
ther Junior Research Group).

Statement of Authorship

B.PB., LAW, and RS. designed research; B.P.B.,
H.-].T.H., J.M.S., and M.W.D. acquired funding; B.P.B.,
L. AW, RS, and N.C. developed methods and experi-
mental design; B.P.B., LA.W.,, RS., EM.C,, and A.S. col-
lected data; B.P.B. and L.A.W. analyzed data; B.P.B. val-
idated and visualized data; B.P.B., LAW., RS., EM.C,,
N.C, H.-J.T.H., ].M.S., and M.W.D. provided resources;
R.E., H.-].T.H.,J.M.S., and M.W.D. provided supervision;
B.P.B. wrote the original draft of the manuscript; and
B.P.B, LAW,RS, EM.C, RE, N.C, H-].T.H, and MW.D.
edited the manuscript.

Data and Code Availability

The data generated in this study have been deposited in the
Digital Dryad Repository (https://doi.org/10.5061/dryad
.ksn02v75h; Burford 2021). Data gathered from published
work or online data sets have been collated for reader con-
venience but are also available from the corresponding
references. The R code necessary to reproduce results using
the data provided is available on GitHub (https://github
.com/benjaminpburford/alaska-squid) and Zenodo (https://
doi.org/10.5281/zenodo.5722595).

Literature Cited

ADFG (Alaska Department of Fish and Game). 2019. Chinook Salmon
Research Initiative. https://www.adfg.alaska.gov/index.cfm?adfg
= chinookinitiative.main.

Arkhipkin, A. I. 2013. Squid as nutrient vectors linking south-
west Atlantic marine ecosystems. Deep-Sea Research II 95:7-20.
Arkhipkin, A. I, V. A. Bizikov, Z. A. Doubleday, V. V. Laptikhovsky,
F. V. Lishchenko, C. Perales-Raya, and P. R. Hollyman. 2018.
Techniques for estimating the age and growth of molluscs:

Cephalopoda. Journal of Shellfish Research 37:783-792.

Arkhipkin, A. I, L. C. Hendrickson, I. Paya, G. J. Pierce, R. H.
Roa-Ureta, J. P. Robin, and A. Winter. 2020. Stock assessment
and management of cephalopods: advances and challenges for
short-lived fishery resources. ICES Journal of Marine Science
78:714-730.

Arkhipkin, A. T, and Z. N. Shcherbich. 2012. Thirty years’ progress
in age determination of squid using statoliths. Journal of the Ma-
rine Biological Association of the United Kingdom 92:1389-1398.

Armstrong, R. H. 1996. Alaska’s fish: a guide to selected species.
Alaska Northwest Books, Anchorage, AK.


https://doi.org/10.5061/dryad.ksn02v75h
https://doi.org/10.5061/dryad.ksn02v75h
https://github.com/benjaminpburford/alaska-squid
https://github.com/benjaminpburford/alaska-squid
https://doi.org/10.5281/zenodo.5722595
https://doi.org/10.5281/zenodo.5722595
http://www.adfg.alaska.gov/index.cfm?adfg=chinookinitiative.main
http://www.adfg.alaska.gov/index.cfm?adfg=chinookinitiative.main

Bernhardt, J. R, M. I. O’Connor, J. M. Sunday, and A. Gonzalez.
2020. Life in fluctuating environments. Philosophical Transac-
tions of the Royal Society B 375:20190454.

Blois, J. L., P. L. Zarnetske, M. C. Fitzpatrick, and S. Finnegan.
2013. Climate change and the past, present, and future of biotic
interactions. Science 341:499-504.

Bond, N. A, M. F. Cronin, H. Freeland, and N. Mantua. 2015.
Causes and impacts of the 2014 warm anomaly in the NE Pacific.
Geophysical Research Letters 42:3414-3420.

Brady, B. C. 2008. Long-term changes in biological characteristics
and fishery of Loligo opalescens. MS thesis. San Jose State Uni-
versity, California.

Branch, G. M. 1975. Mechanisms reducing intraspecific competi-
tion in Patella spp.: migration, differentiation and territorial be-
haviour. Journal of Animal Ecology 44:575-600.

Brickley, P. J., and A. C. Thomas. 2004. Satellite-measured seasonal
and inter-annual chlorophyll variability in the northeast Pacific
and coastal Gulf of Alaska. Deep-Sea Research II 51:229-245.

Brodeur, R. D.,J. C. Buchanan, and R. L. Emmett. 2014. Pelagic and
demersal fish predators on juvenile and adult forage fishes in the
northern California Current: spatial and temporal variations.
California Cooperative Oceanic Fisheries Investigations Report
55:96-117.

Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003. Inclusion
of facilitation into ecological theory. Trends in Ecology and
Evolution 18:119-125.

Burford, B. P. 2021. Data from: Rapid range expansion of a marine
ectotherm reveals the demographic and ecological consequences
of short-term variability in seawater temperature and dissolved
oxygen. American Naturalist, Dryad Digital Repository, https://
doi.org/10.5061/dryad.ksn02v75h.

Burford, B. P., N. Carey, W. F. Gilly, and J. A. Goldbogen. 2019.
Grouping reduces the metabolic demand of a social squid. Ma-
rine Ecology Progress Series 612:141-150.

Butler, J., D. Fuller,and M. Yaremko. 1999. Age and growth of market
squid (Loligo opalescens) off California during 1998. California Co-
operative Oceanic Fisheries Investigations Report 40:191-195.

Caddy, J. F., and P. G. Rodhouse. 1998. Cephalopod and ground-
fish landings: evidence for ecological change in global fisheries?
Reviews in Fish Biology and Fisheries 8:431-444.

Callahan, M. W., A. H. Beaudreau, R. A. Heintz, F. ]. Mueter, and
M. C. Rogers. 2021. Temporal and age-based variation in juvenile
sablefish diet composition and quality: inferences from stomach
contents and stable isotopes. Marine and Coastal Fisheries 13:
396-412.

Cavole, L. M., A. M. Demko, R. E. Diner, A. Giddings, I. Koester,
C. M. Pagniello, M. L. Paulsen, et al. 2016. Biological impacts of
the 2013-2015 warm-water anomaly in the northeast Pacific:
winners, losers, and the future. Oceanography 29:273-285.

Chavez, F. P, J. Ryan, S. E. Lluch-Cota, and M. Niquen. 2003.
From anchovies to sardines and back: multidecadal change in
the Pacific Ocean. Science 299:217-221.

Checkley, D. M., Jr., and J. A. Barth. 2009. Patterns and processes
in the California Current System. Progress in Oceanography 83:
49-64.

Chelton, D. B, P. A. Bernal, and J. A. McGowan. 1982. Large-scale
interannual physical and biological interaction in the California
Current. Journal of Marine Research 40:1095-1125.

Cheng, S. H., M. Gold, N. Rodriguez, and P. H. Barber. 2020.
Genome-wide SNPs reveal complex fine scale population struc-

Range Expansion of a Marine Ectotherm 000

ture in the California market squid fishery (Doryteuthis opalescens).
Conservation Genetics 22:97-110.

Chenoweth, E. M., K. M. Boswell, A. S. Friedlaender, M. V. McPhee,
J. A. Burrows, R. A. Heintz, and J. M. Straley. 2021. Confronting
assumptions about prey selection by lunge-feeding whales using a
process-based model. Functional Ecology 35:1722-1734.

Chenoweth, E. M., and K. R. Criddle. 2019. The economic impacts
of humpback whale depredation on hatchery-released juvenile
pacific salmon in southeast Alaska. Marine and Coastal Fisher-
ies 11:62-75.

Cimino, M. A., M. G. Jacox, S. J. Bograd, S. Brodie, G. Carroll, E. L.
Hazen, B. E. Lavaniegos, et al. 2021. Anomalous poleward advec-
tion facilitates episodic range expansions of pelagic red crabs in
the eastern North Pacific. Limnology and Oceanography 66:
3176-3189.

Cornelius, J. M., H. E. Watts, H. Dingle, and T. P. Hahn. 2013. Ob-
ligate versus rich patch opportunism: evolution and endocrine
mechanisms. General and Comparative Endocrinology 190:76-80.

Cosgrove, J. A. 2005. The first specimens of Humboldt squid in
British Columbia. PICES Press 13:30-31.

Coutré, K. M., A. H. Beaudreau, and P. W. Malecha. 2015. Tem-
poral variation in diet composition and use of pulsed resource
subsidies by juvenile sablefish. Transactions of the American
Fisheries Society 144:807-819.

Cushing, D. H. 1990. Plankton production and year-class strength
in fish populations: an update of the match/mismatch hypothesis.
Pages 249-293 in J. H. S. Blaxter and A. J. Southward, eds. Ad-
vances in Marine Biology. Vol. 26. Academic Press, London.

Dayton, P. K., and M. J. Tegner. 1990. Bottoms beneath troubled
waters: benthic impacts of the 1982-1984 El Nifo in the tem-
perate zone. Pages 433-472 in P. W. Glynn, ed. Elsevier Ocean-
ography Series. Vol. 52. Elsevier, Amsterdam.

Deutsch, C., H. Brix, T. Ito, H. Frenzel, and L. Thompson. 2011.
Climate-forced variability of ocean hypoxia. Science 333:336-339.

Deutsch, C., A. Ferrel, B. Seibel, H. O. Portner, and R. B. Huey.
2015. Climate change tightens a metabolic constraint on marine
habitats. Science 348:1132-1135.

Deutsch, C., J. L. Penn, and B. Seibel. 2020. Metabolic trait diver-
sity shapes marine biogeography. Nature 585:557-562.

Dingle, H. 2014. Migration: the biology of life on the move. Ox-
ford University Press, Oxford.

Doney, S. C., M. Ruckelshaus, J. E. Duffy, J. P. Barry, F. Chan, C. A.
English, H. M. Galindo, et al. 2012. Climate change impacts on
marine ecosystems. Annual Review of Marine Science 4:11-37.

Doubleday, Z. A., T. A. Prowse, A. Arkhipkin, G. J. Pierce, J.
Semmens, M. Steer, S. C. Leporati, et al. 2016. Global prolifer-
ation of cephalopods. Current Biology 26:R406-R407.

Elahi, R, L. P. Miller, and S. Y. Litvin. 2020. Historical com-
parisons of body size are sensitive to data availability and eco-
logical context. Ecology 101:¢03101.

Fergusson, E. A, J. Watson, A. Gray, and J. Murphy. 2018. Annual
survey of juvenile salmon, ecologically-related species, and
biophysical factors in the marine waters of southeastern Alaska,
May-August 2016. NPAFC Doc. 1771. North Pacific Anadro-
mous Fish Commission, Vancouver.

Field, J. C., C. Elliger, K. Baltz, G. E. Gillespie, W. F. Gilly, R. L.
Ruiz-Cooley, D. Pearse, J. S. Stewart, W. Matsubu, and W. A.
Walker. 2013. Foraging ecology and movement patterns of jumbo
squid (Dosidicus gigas) in the California Current System. Deep-Sea
Research II 95:37-51.


https://doi.org/10.5061/dryad.ksn02v75h
https://doi.org/10.5061/dryad.ksn02v75h

000 The American Naturalist

Fields, W. G. 1965. The structure, development, food relations, repro-
duction and life history of squid, Loligo opalescens Berry. Califor-
nia Department of Fish and Game Fisheries Bulletin 131:1-108

Fox, J., and S. Weisberg. 2011. An R companion to applied regres-
sion. 2nd ed. Sage, Thousand Oaks, CA.

Frawley, T. H., D. K. Briscoe, P. C. Daniel, G. L. Britten, L. B.
Crowder, C. J. Robinson, and W. F. Gilly. 2019. Impacts of a
shift to a warm-water regime in the Gulf of California on jumbo
squid (Dosidicus gigas). ICES Journal of Marine Science 76:
2413-2426.

Gilly, W. F., J. M. Beman, S. Y. Litvin, and B. H. Robison. 2013.
Oceanographic and biological effects of shoaling of the oxygen
minimum zone. Annual Review of Marine Science 5:393-420.

Gilman, S. E., M. C. Urban, J. Tewksbury, G. W. Gilchrist, and
R. D. Holt. 2010. A framework for community interactions under
climate change. Trends in Ecology and Evolution 25:325-331.

Grime, J. P. 1977. Evidence for the existence of three primary
strategies in plants and its relevance to ecological and evolution-
ary theory. American Naturalist 111:1169-1194.

Halsey, L. G, S. S. Killen, T. D. Clark, and T. Norin. 2018. Explor-
ing key issues of aerobic scope interpretation in ectotherms: ab-
solute versus factorial. Reviews in Fish Biology and Fisheries
28:405-415.

Hanselman, D. H., C. J. Rodgveller, C. R. Lunsford, S. K. Shotwell,
K. B. Echave, P. W. Malecha, and K. H. Fenske. 2018. Assessment
of the sablefish stock in Alaska. Pages 1-218 in Stock assessment
and fishery evaluation report for the groundfish resources of the
GOA and BS/AIL North Pacific Fishery Management Council,
Anchorage, AK.

Hoving, H. J. T., F. A. Fernandez-Alvarez, E. J. Portner, and W. F.
Gilly. 2019. Same-sex sexual behaviour in an oceanic ommas-
trephid squid, Dosidicus gigas (Humboldt squid). Marine Biology
166:33.

Hoving, H. J. T., W. F. Gilly, U. Markaida, K. J. Benoit-Bird, Z. W.
Brown, P. Daniel, J. C. Field, L. Parassenti, B. Liu, and B. Campos.
2013. Extreme plasticity in life-history strategy allows a migratory
predator (jumbo squid) to cope with a changing climate. Global
Change Biology 19:2089-2103.

Hoving, H. J. T., V. V. Laptikhovsky, and B. H. Robison. 2015.
Vampire squid reproductive strategy is unique among coleoid
cephalopods. Current Biology 25:R322-R323.

Hoving, H. J. T., and B. H. Robison. 2017. The pace of life in deep-
dwelling squids. Deep-Sea Research I 126:40-49.

Howard, E. M., J. L. Penn, H. Frenzel, B. A. Seibel, D. Bianchi, L.
Renault, F. Kessouri, M. A. Sutula, J. C. McWilliams, and C.
Deutsch. 2020. Climate-driven aerobic habitat loss in the Cali-
fornia Current System. Science Advances 6:eaay3188.

Hubbs, C. L., and L. P. Schultz. 1929. The northward occurrence of
southern forms of marine life along the Pacific Coast in 1926.
California Department of Fish and Game Fisheries Bulletin
15:234-240.

Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop. 2011. Com-
paring isotopic niche widths among and within communities:
SIBER—Stable Isotope Bayesian Ellipses in R. Journal of Ani-
mal Ecology 80:595-602.

Jackson, G. D. 1994. Statolith age estimates of the loliginid squid
Loligo opalescens (Mollusca: Cephalopoda): corroboration with
culture data. Bulletin of Marine Science 54:554-557.

. 2004. Advances in defining the life histories of myopsid

squid. Marine and Freshwater Research 55:357-365.

Jackson, G. D., and M. L. Domeier. 2003. The effects of an extraordinary
El Nifio/La Nifia event on the size and growth of the squid Loligo
opalescens oft southern California. Marine Biology 142:925-935.

Jereb, P., and C. F. E. Roper. 2010. Cephalopods of the world: an
annotated and illustrated catalogue of cephalopod species
known to date. Vol. 2. Myopsid and oegopsid squids. FAO Spe-
cies Catalogue for Fishery Purposes. FAO, Rome.

Karpov, K. A,, and G. M. Cailliet. 1978. Feeding dynamics of Loligo
opalescens. California Department of Fish and Game Fisheries
Bulletin 169:45-65.

Keane, R. M., and M. J. Crawley. 2002. Exotic plant invasions and
the enemy release hypothesis. Trends in Ecology and Evolution
17:164-170.

Keppeler, F. W., C. G. Montana, and K. O. Winemiller. 2020. The
relationship between trophic level and body size in fishes depends
on functional traits. Ecological Monographs 90:¢01415.

Kosma, M. 2019. Foraging tactics of humpback whales feeding near
salmon hatchery-release sites in southeast Alaska. MS thesis. Uni-
versity of Alaska, Fairbanks.

Kosma, M. M., A. J. Werth, A. R. Szabo, and J. M. Straley. 2019.
Pectoral herding: an innovative tactic for humpback whale for-
aging. Royal Society Open Science 6:191104

Landingham, J. H., and M. V. Sturdevant. 1998. Feeding habits of
juvenile Pacific salmon in marine waters of southeastern Alaska
and British Columbia. Fishery Bulletin 96:285-302.

Lenoir, J., and J. C. Svenning. 2015. Climate-related range shifts—a
global multidimensional synthesis and new research directions.
Ecography 38:15-28.

Lindegren, M., D. M. Checkley, T. Rouyer, A. D. MacCall, and
N. C. Stenseth. 2013. Climate, fishing, and fluctuations of sardine
and anchovy in the California Current. Proceedings of the National
Academy of Sciences of the USA 110:13672-13677.

Liow, L. H., L. Van Valen, and N. C. Stenseth. 2011. Red queen:
from populations to taxa and communities. Trends in Ecology
and Evolution 26:349-358.

Lluch-Belda, D., D. B. Lluch-Cota, and S. E. Lluch-Cota. 2005.
Changes in marine faunal distributions and ENSO events in
the California Current. Fisheries Oceanography 14:458-467.

MacCall, A. D., W. J. Sydeman, P. C. Davison, and J. A. Thayer.
2016. Recent collapse of northern anchovy biomass off California.
Fisheries Research 175:87-94.

Macewicz, B. J., J. R. Hunter, N. C. Lo, and E. L. LaCasella. 2004.
Fecundity, egg deposition, and mortality of market squid (Loligo
opalescens). Fishery Bulletin 102:306-327.

Markaida, U,, J. J. Rosenthal, and W. F. Gilly. 2005. Tagging studies
on the jumbo squid (Dosidicus gigas) in the Gulf of California,
Mexico. Fishery Bulletin 103:219-226.

Martinez, N. D. 2020. Allometric trophic networks from individuals
to socio-ecosystems: consumer-resource theory of the ecological
elephant in the room. Frontiers in Ecology and Evolution 8:92.

Meier, E. S., H. Lischke, D. R. Schmatz, and N. E. Zimmermann.
2012. Climate, competition and connectivity affect future mi-
gration and ranges of European trees. Global Ecology and Bio-
geography 21:164-178.

Monterey Bay Aquarium. 2019. Monterey Bay Aquarium Seawater
Intake. Accessed at NOAA Environmental Research Division’s
Data Access Program, http://erddap.cencoos.org/erddap/.

Moore, J. W., and B. X. Semmens. 2008. Incorporating uncertainty
and prior information into stable isotope mixing models. Ecol-
ogy Letters 11:470-480.


http://erddap.cencoos.org/erddap/

Morejohn, G. V., J. T. Harvey, and L. T. Krasnow. 1978. The im-
portance of Loligo opalescens in the food web of marine
vertebrates in Monterey Bay, California. California Department
of Fish and Game Fisheries Bulletin 169:67-98.

Morgan, C. A,, B. R. Beckman, L. A. Weitkamp, and K. L. Fresh.
2019. Recent ecosystem disturbance in the northern California
Current. Fisheries 44:465-474.

Moyen, N. E,, R. L. Crane, G. N. Somero, and M. W. Denny. 2020.
A single heat-stress bout induces rapid and prolonged heat ac-
climation in the California mussel, Mytilus californianus. Pro-
ceedings of the Royal Society B 287:20202561.

NOAA AFSC RACE (National Oceanic and Atmospheric Admin-
istration, Alaska Fisheries Science Center, Resource Assessment
and Conservation Engineering Division). 2017. Alaska Ground-
fish Bottom Trawl Survey Data. Accessed at NOAA Alaska
Fisheries, https://www.fisheries.noaa.gov/alaska/.

NOAA CO-OPS (National Oceanic and Atmospheric Administra-
tion, Center for Operational Oceanographic Products and Ser-
vices). 2019a. Sitka, 9451600. Accessed at NOAA Environmental
Research Division’s Data Access Program, https://erddap.aoos
.org/erddap/.

NOAA ERL PSD (National Oceanic and Atmospheric Administra-
tion, Earth System Research Laboratories, Physical Sciences Labo-
ratory). 2019. Multivariate ENSO Index version 2. Accessed at
NOAA Earth Systems Research Laboratory, https://www.esrl.noaa
.gov/.

NOAA NMFS SWESC FED (National Oceanic and Atmospheric
Administration, National Marine Fisheries Service, Southwest
Fisheries Science Center, Fisheries Ecology Division). 2015.
Rockfish Recruitment and Ecosystem Assessment Survey, Catch
Data. Accessed at NOAA Environmental Research Division’s
Data Access Program, https://coastwatch.pfeg.noaa.gov/erddap/.

NSRAA (Northern Southeast Regional Aquaculture Association).
2020. 2020 Annual Management Plan Medvejie Creek Hatchery
and Sawmill Creek Hatchery. NSRAA, Sitka, AK.

O’Dor, R. K. 1982. Respiratory metabolism and swimming perfor-
mance of the squid, Loligo opalescens. Canadian Journal of Fish-
eries and Aquatic Sciences 39:580-587.

. 1988. The energetic limits on squid distributions. Mala-

cologia 29:113-119.

. 1992. Big squid in big currents. South African Journal of
Marine Science 12:225-235.

O’Dor, R. K,, and M. L. Coelho. 1993. Big squid, big currents and
big fisheries. Pages 385-396 in T. Okutani, R. K. O’Dor, and T.
Kubodera, eds. Recent advances in cephalopod fisheries biology.
Tokai University Press, Tokyo.

O’Dor, R. K, and D. M. Webber. 1986. The constraints on cepha-
lopods: why squid aren’t fish. Canadian Journal of Zoology 64:
1591-1605.

Packard, A. 1972. Cephalopods and fish: the limits of convergence.
Biological Reviews 4:241-307.

Parmesan, C. 2006. Ecological and evolutionary responses to re-
cent climate change. Annual Review of Ecology, Evolution,
and Systematics 37:637-669.

Parnell, A., and A. Jackson. 2013. siar: stable isotope analysis in
R. R package version 4.2. https://CRAN.R-project.org/package
=siar.

Payne, J., and R. O’Dor. 2006. Comparing squid optimal cost of
transport speed to actual field migrations: new data from 40-g
Loligo opalescens. GLOBEC Report 24:16-18.

Range Expansion of a Marine Ectotherm 000

Pearcy, W. G. 2002. Marine nekton off Oregon and the 1997-98 El
Nifo. Progress in Oceanography 54:399-403.

Pearcy, W. G., and A. Schoener. 1987. Changes in the marine biota
coincident with the 1982-1983 El Nifio in the northeastern sub-
arctic Pacific Ocean. Journal of Geophysical Research: Oceans
92:14417-14428.

Pedgley, D. E,, D. R. Reynolds, and G. M. Tatchell. 1995. Long-
range insect migration in relation to climate and weather: Africa
and Europe. Pages 3-29 in V. A. Drake and A. G. Gatehouse, eds.
Insect migration: tracking resources through space and time.
Cambridge University Press, Cambridge.

Perretti, C. T. 2014. The boom and bust dynamics of California
market squid (Doryteuthis opalescens). PhD diss. University of
California, San Diego.

Perry, A. L, P. ]. Low, J. R. Ellis, and J. D. Reynolds. 2005. Climate
change and distribution shifts in marine fishes. Science 308:
1912-1915.

Pinsky, M. L., B. Worm, M. J. Fogarty, J. L. Sarmiento, and S. A.
Levin. 2013. Marine taxa track local climate velocities. Science
341:1239-1242.

Portner, H. O. 2002. Environmental and functional limits to mus-
cular exercise and body size in marine invertebrate athletes.
Comparative Biochemistry and Physiology A 133:303-321.

Post, E., R. Langvatn, M. C. Forchhammer, and N. C. Stenseth.
1999. Environmental variation shapes sexual dimorphism in
red deer. Proceedings of the National Academy of Sciences of
the USA 96:4467-4471.

Quinn, T. P. 2018. The behavior and ecology of Pacific salmon and
trout. University of Washington Press, Seattle.

R Core Team. 2018. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.
https://www.R-project.org/.

Reichow, D., and M. Smith. 2001. Microsatellites reveal high levels
of gene flow among populations of the California squid Loligo
opalescens. Molecular Ecology 10:1101-1109.

Reid, G. M. 1961. Stomach content analysis of troll-caught king
and coho salmon in southeastern Alaska, 1957-58. Special Sci-
entific Report—Fisheries No. 379. United States Department of
the Interior Fish and Wildlife Service, Washington, DC.

Reiss, C. S., M. Maxwell, J. R. Hunter, and A. Henry. 2004. Inves-
tigating environmental effects on population dynamics of Loligo
opalescens in the southern California Bight. California Cooper-
ative Oceanic Fisheries Investigations Reports 45:87-97.

Ricciardi, A., J. C. Iacarella, D. C. Aldridge, T. M. Blackburn, J. T.
Carlton, J. A. Catford, J. T. Dick, et al. 2020. Four priority areas
to advance invasion science in the face of rapid environmental
change. Environmental Reviews 29:119-141.

Robinson, C. J., J. Gémez-Gutiérrez, U. Markaida, and W. F. Gilly.
2016. Prolonged decline of jumbo squid (Dosidicus gigas) land-
ings in the Gulf of California is associated with chronically low
wind stress and decreased chlorophyll a after El Nifio 2009-
2010. Fisheries Research 173:128-138.

Rodhouse, P. G., G. J. Pierce, O. C. Nichols, W. H. Sauer, A. L.
Arkhipkin, V. V. Laptikhovsky, M. R. Lipinski, et al. 2014. En-
vironmental effects on cephalopod population dynamics: impli-
cations for management of fisheries. Pages 99-233 in E. A. G.
Vidal, ed. Advances in Marine Biology. Vol. 67. Academic Press,
New York.

Rosa, R., and B. A. Seibel. 2010. Metabolic physiology of the
Humboldt squid, Dosidicus gigas: implications for vertical migration


https://www.fisheries.noaa.gov/alaska/
https://erddap.aoos.org/erddap/
https://erddap.aoos.org/erddap/
https://www.esrl.noaa.gov/
https://www.esrl.noaa.gov/
https://coastwatch.pfeg.noaa.gov/erddap/
https://CRAN.R-project.org/package=siar
https://CRAN.R-project.org/package=siar
https://www.R-project.org/

000 The American Naturalist

in a pronounced oxygen minimum zone. Progress in Oceanography
86:72-80.

Ruiz, G. M., J. T. Carlton, E. D. Grosholz, and A. H. Hines. 1997.
Global invasions of marine and estuarine habitats by non-
indigenous species: mechanisms, extent, and consequences. Amer-
ican Zoologist 37:621-632.

Sagarin, R. D., J. P. Barry, S. E. Gilman, and C. H. Baxter. 1999.
Climate-related change in an intertidal community over short
and long time scales. Ecological Monographs 69:465-490.

Sax, D. F., J. ]. Stachowicz, J. H. Brown, J. F. Bruno, M. N. Dawson,
S. D. Gaines, R. K. Grosberg, et al. 2007. Ecological and evolu-
tionary insights from species invasions. Trends in Ecology and
Evolution 22:465-471.

Schmidt-Nielsen, K. 1997. Animal physiology: adaptation and en-
vironment. Cambridge University Press, Cambridge.

Schwarz, R., U. Piatkowski, and H. J. T. Hoving. 2018. Impact of
environmental temperature on the lifespan of octopods. Marine
Ecology Progress Series 605:151-164.

SeaBank. 2018. SeaBank 2018 Annual Report. SeaBank, Jakarta.
http://www.thealaskatrust.org/seabank-annual-report-web.

Seibel, B. A. 2016. Cephalopod susceptibility to asphyxiation via
ocean incalescence, deoxygenation, and acidification. Physiology
31:418-429.

Seibel, B. A., and C. Deutsch. 2020. Oxygen supply capacity in ani-
mals evolves to meet maximum demand at the current oxygen
partial pressure regardless of size or temperature. Journal of Ex-
perimental Biology 223:jeb210492.

Semmens, J. M., G. T. Pecl, B. M. Gillanders, C. M. Waluda, E. K.
Shea, D. Jouffre, T. Ichii, et al. 2007. Approaches to resolving ceph-
alopod movement and migration patterns. Reviews in Fish Biology
and Fisheries 17:401-423.

Somero, G. N., J. M. Beers, F. Chan, T. M. Hill, T. Klinger, and S. Y.
Litvin. 2015. What changes in the carbonate system, oxygen, and
temperature portend for the northeastern Pacific Ocean: a physio-
logical perspective. BioScience 66:14-26.

Southwood, T. R. 1977. Habitat, the templet for ecological strate-
gies? Journal of Animal Ecology 46:337-365.

Stabeno, P.J.,N. A. Bond, A. J. Hermann, N. B. Kachel, C. W. Mordy,
and J. E. Overland. 2004. Meteorology and oceanography of the
northern Gulf of Alaska. Continental Shelf Research 24:859-897.

Stefanescu, C., F. Paramo, S. Akesson, M. Alarcén, A. Avila, T. Brere-
ton, J. Carnicer, et al. 2013. Multi-generational long-distance mi-
gration of insects: studying the painted lady butterfly in the western
Palaearctic. Ecography 36:474-486.

Stewart, J. S., J. C. Field, U. Markaida, and W. F. Gilly. 2013a. Be-
havioral ecology of jumbo squid (Dosidicus gigas) in relation to
oxygen minimum zones. Deep-Sea Research IT 95:197-208.

Stewart, J. S., W. F. Gilly, J. C. Field, and J. C. Payne. 2013b.
Onshore-offshore movement of jumbo squid (Dosidicus gigas)
on the continental shelf. Deep-Sea Research II 95:193-196.

Stewart, J. S., E. L. Hazen, S. J. Bograd, J. E. Byrnes, D. G. Foley, W. F.
Gilly, B. H. Robison, and J. C. Field. 2014. Combined climate- and
prey-mediated range expansion of Humboldt squid (Dosidicus gi-
gas), a large marine predator in the California Current System. Global
Change Biology 20:1832-1843.

Stock, B. C., and B. X. Semmens. 2016. MixSIAR GUI user manual
version 3.1. https://github.com/brianstock/MixSIAR, https://doi
.org/10.5281/zenodo.1209993.

Strasburger, W. W., J. H. Moss, K. A. Siwicke, E. Yasumiishi, A. L.
Pinchuk, and K. H. Fenske. 2018. Eastern Gulf of Alaska Ecosys-

tem Assessment, July through August 2017. NOAA Technical
Memorandum NMFS-AFSC-367. US Department of Commerce,
Washington, DC.

Street, D. 1983. Squid fishery development project of southeast
Alaska. Alaska Fisheries Development Foundation, Anchorage, AK.

Sturdevant, M. V., M. F. Sigler, and J. A. Orsi. 2009. Sablefish pre-
dation on juvenile Pacific salmon in the coastal marine waters of
southeast Alaska in 1999. Transactions of the American Fisher-
ies Society 138:675-691.

Sugianto, N. A, C. Newman, D. W. Macdonald, and C. D. Bues-
ching. 2019. Extrinsic factors affecting cub development contribute
to sexual size dimorphism in the European badger (Meles meles).
Zoology 135:125688.

Thornton, P. K., P. J. Ericksen, M. Herrero, and A. J. Challinor.
2014. Climate variability and vulnerability to climate change:
a review. Global Change Biology 20:3313-3328.

Trueblood, L. A., and B. A. Seibel. 2013. The jumbo squid, Dosidicus
gigas (Ommastrephidae), living in oxygen minimum zones. I. Oxy-
gen consumption rates and critical oxygen partial pressures. Deep-
Sea Research II 95:218-224.

Vaquer-Sunyer, R., and C. M. Duarte. 2008. Thresholds of hypoxia
for marine biodiversity. Proceedings of the National Academy
of Sciences of the USA 105:15452-15457.

Vasseur, D. A., and K. S. McCann. 2005. A mechanistic approach
for modeling temperature-dependent consumer-resource dynam-
ics. American Naturalist 166:184-198.

Verberk, W. C,, D. Atkinson, K. N. Hoefnagel, A. G. Hirst, C. R.
Horne, and H. Siepel. 2020. Shrinking body sizes in response
to warming: explanations for the temperature-size rule with
special emphasis on the role of oxygen. Biological Reviews 96:
247-268.

Verberk, W. C., D. T. Bilton, P. Calosi, and J. I. Spicer. 2011. Oxygen
supply in aquatic ectotherms: partial pressure and solubility to-
gether explain biodiversity and size patterns. Ecology 92:1565-
1572.

Vidal, E. A., F. P. DiMarco, J. H. Wormuth, and P. G. Lee. 2002. In-
fluence of temperature and food availability on survival, growth
and yolk utilization in hatchling squid. Bulletin of Marine Science
71:915-931.

Villanueva, R. 2000. Effect of temperature on statolith growth of
the European squid Loligo vulgaris during early life. Marine Bi-
ology 136:449-460.

Villanueva, R., N. A. Moltschaniwskyj, and A. Bozzano. 2007. Abi-
otic influences on embryo growth: statoliths as experimental tools
in the squid early life history. Reviews in Fish Biology and Fish-
eries 17:101-110.

Vollenweider, J. J., R. A. Heintz, L. Schaufler, and R. Bradshaw.
2011. Seasonal cycles in whole-body proximate composition
and energy content of forage fish vary with water depth. Marine
Biology 158:413-427.

von Szalay, P. G., and N. W. Raring. 2018. Data report: 2017 Gulf
of Alaska bottom trawl survey. NOAA Technical Memorandum
NMEFS-AFSC-374. US Department of Commerce, Washington,
DC.

Weitkamp, L. A., and M. V. Sturdevant. 2008. Food habits and
marine survival of juvenile Chinook and coho salmon from ma-
rine waters of southeast Alaska. Fisheries Oceanography 17:
380-395.

Whitehead, P. J. P, G. J. Nelson, and T. Wongratana. 1988. Clu-
peid fishes of the world (suborder Clupeoidei). An annotated


http://www.thealaskatrust.org/seabank-annual-report-web
https://github.com/brianstock/MixSIAR
https://doi.org/10.5281/zenodo.1209993
https://doi.org/10.5281/zenodo.1209993

and illustrated catalogue of the herrings, sardines, pilchards,
sprats, anchovies and wolf-herrings. FAO Species Catalogue.
Vol. 7. FAO, Rome.

Wild, L. A., F. Mueter, B. Witteveen, and J. M. Straley. 2020. Ex-
ploring variability in the diet of depredating sperm whales in the
Gulf of Alaska through stable isotope analysis. Royal Society
Open Science 7:191110.

Wing, B. L. 2006. Unusual invertebrates and fish observed in the
Gulf of Alaska, 2004-2005. PICES Press 14:26-28.

Wing, B. L., and R. W. Mercer. 1990. Temporary northern range
extension of the squid Loligo opalescens in southeast Alaska. Ve-
liger 33:238-240.

Wishner, K. F,, B. A. Seibel, C. Roman, C. Deutsch, D. Outram, C. T.
Shaw, M. A. Birk, et al. 2018. Ocean deoxygenation and zooplank-
ton: very small oxygen differences matter. Science Advances 4:
eaau5180.

Wood, S. N. 2011. Fast stable restricted maximum likelihood
and marginal likelihood estimation of semiparametric generalized
linear models. Journal of the Royal Statistical Society B 73:3-36.

Zeidberg, L. D. 2004. Allometry measurements from in situ video
recordings can determine the size and swimming speeds of juve-
nile and adult squid Loligo opalescens (Cephalopoda: Myopsida).
Journal of Experimental Biology 207:4195-4203.

. 2013. Doryteuthis opalescens, opalescent inshore squid.
Pages 159-204 in R. Rosa, G. ]. Pierce, and R. O’Dor, eds.
Advances in squid biology, ecology and fisheries. I. Myopsid
squids. Nova Science, New York.

Zeidberg, L. D., J. L. Butler, D. Ramon, A. Cossio, K. L. Stierhoff,
and A. Henry. 2012. Estimation of spawning habitats of market
squid (Doryteuthis opalescens) from field surveys of eggs off
central and southern California. Marine Ecology 33:326-336.

Zeidberg, L. D., G. Isaac, C. L. Widmer, H. Neumeister, and W. F.
Gilly. 2011. Egg capsule hatch rate and incubation duration of the
California market squid, Doryteuthis (=Loligo) opalescens: in-
sights from laboratory manipulations. Marine Ecology 32:468-479.

Zeidberg, L. D., and B. H. Robison. 2007. Invasive range expansion
by the Humboldt squid, Dosidicus gigas, in the eastern North
Pacific. Proceedings of the National Academy of Sciences of
the USA 104:12948-12950.

Zimmermann, J., S. I Higgins, V. Grimm, J. Hoffmann, T.
Miinkemiiller, and A. Linstddter. 2008. Recruitment filters in a pe-
rennial grassland: the interactive roles of fire, competitors, mois-
ture and seed availability. Journal of Ecology 96:1033-1044.

References Cited Only in the Online Enhancements

Birk, M. A., E. L. McLean, and B. A. Seibel. 2018. Ocean acidifica-
tion does not limit squid metabolism via blood oxygen supply.
Journal of Experimental Biology 221:jeb187443.

Booth, J. A. T., E. E. McPhee-Shaw, P. Chua, E. Kingsley, M.
Denny, R. Phillips, S. J. Bograd, L. D. Zeidberg, and W. F. Gilly.
2012. Natural intrusions of hypoxic, low pH water into near-
shore marine environments on the California coast. Continental
Shelf Research 45:108-115.

Chaui-Berlinck, J. G., L. H. Alves Monteiro, C. A. Navas, and J. E. P.
Bicudo. 2002. Temperature effects on energy metabolism: a dy-
namic system analysis. Proceedings of the Royal Society B 269:15-19.

Checkley, D. M., Jr., P. Ayon, T. R. Baumgartner, M. Bernal, J. C.
Coetzee, R. Emmett, R. Guevara-Carrasco, et al. 2009. Habitats.
Pages 12-44 in D. M. ChecKley Jr., J. Alheit, Y. Oozeki, and C.

Range Expansion of a Marine Ectotherm 000

Roy, eds. Climate change and small pelagic fish. Cambridge Uni-
versity Press, Cambridge.

Cleveland, R. B., W. S. Cleveland, J. E. McRae, and I. Terpenning.
1990. STL: a seasonal-trend decomposition. Journal of Official
Statistics 6:3-73.

DeNiro, M. J., and S. Epstein. 1978. Influence of diet on the distri-
bution of carbon isotopes in animals. Geochimica et Cosmo-
chimica Acta 42:495-506.

Fiorito, G., A. Affuso, J. Basil, A. Cole, P. de Girolamo, L. D’angelo,
L. Dickel, et al. 2015. Guidelines for the care and welfare of
cephalopods in research—a consensus based on an initiative by
CephRes, FELASA and the Boyd Group. Laboratory Animals
49:1-90.

Harianto, J., N. Carey, and M. Byrne. 2019. respR—an R package
for the manipulation and analysis of respirometry data. Meth-
ods in Ecology and Evolution 10:912-920.

Hoffman, J. C., and T. T. Sutton. 2010. Lipid correction for carbon
stable isotope analysis of deep-sea fishes. Deep-Sea Research I
57:956-964.

Hu, M. Y., Y. J. Guh, M. Stumpp, J. R. Lee, R. D. Chen, P. H. Sung,
Y. C. Chen, P. P. Hwang, and Y. C. Tseng. 2014. Branchial
NH, " -dependent acid-base transport mechanisms and energy metab-
olism of squid (Sepioteuthis lessoniana) affected by seawater acid-
ification. Frontiers in Zoology 11:55.

Humboldt State University/CeNCOOS (Central and Northern
Californian Ocean Observing System). 2019. Trinidad Shore Sta-
tion. Accessed from NOAA Environmental Research Division’s
Data Access Program, http://erddap.cencoos.org/erddap/.

Killen, S. S., T. Norin, and L. G. Halsey. 2017. Do method and spe-
cies lifestyle affect measures of maximum metabolic rate in fishes?
Journal of Fish Biology 90:1037-1046.

Lenth, R. V. 2016. Least-squares means: the R package lsmeans.
Journal of Statistical Software 69:1-33.

Lipinski, M. R,, and L. G. Underhill. 1995. Sexual maturation in
squid: quantum or continuum? South African Journal of Marine
Science 15:207-223.

Miller, T. W., and R. D. Brodeur. 2007. Diets of and trophic re-
lationships among dominant marine nekton within the north-
ern California Current ecosystem. Fishery Bulletin 105:548-559.

Miller, T. W., R. D. Brodeur, G. Rau, and K. Omori. 2010. Prey
dominance shapes trophic structure of the northern California
Current pelagic food web: evidence from stable isotopes and
diet analysis. Marine Ecology Progress Series 420:15-26.

Minagawa, M., and E. Wada. 1984. Stepwise enrichment of "*N along
food chains: further evidence and the relation between 6"°N and
animal age. Geochimica et Cosmochimica Acta 48:1135-1140.

Muggeo, V. M. 2003. Estimating regression models with unknown
breakpoints. Statistics in Medicine 22:3055-3071.

Nadler, L. E,, S. S. Killen, E. C. McClure, P. L. Munday, and M. L
McCormick. 2016. Shoaling reduces metabolic rate in a gregarious
coral reef fish species. Journal of Experimental Biology 219:2802—
2805.

Navarro, J., M. Coll, C. J. Somes, and R. J. Olson. 2013. Trophic
niche of squids: insights from isotopic data in marine systems
worldwide. Deep-Sea Research I 95:93-102.

NOAA CO-OPS (National Oceanic and Atmospheric Administra-
tion, Center for Operational Oceanographic Products and Ser-
vices). 2019b. Yakutat, 9453220. Accessed at NOAA Environ-
mental Research Division’s Data Access Program, http://erddap
.a0os.org/erddap/.


http://erddap.cencoos.org/erddap/
http://erddap.aoos.org/erddap/
http://erddap.aoos.org/erddap/

000 The American Naturalist

. 2019c. Point Reyes, 9415020. Accessed at NOAA Envi-
ronmental Research Division’s Data Access Program, http://
erddap.aoos.org/erddap/.

NOAA NCEI (National Oceanic and Atmospheric Administra-
tion, National Centers for Environmental Information). 2021.
Optimum Interpolation Sea Surface Temperature (OISST). Ac-
cessed from NOAA Environmental Research Division’s Data
Access Program, http://erddap.aoos.org/erddap/.

Norin, T., and T. D. Clark. 2016. Measurement and relevance of
maximum metabolic rate in fishes. Journal of Fish Biology 88:
122-151.

Parnell, A. C, R. Inger, S. Bearhop, and A. L. Jackson. 2010.
Source partitioning using stable isotopes: coping with too much
variation. PLoS ONE 5:e9672.

Payne, N. L., B. M. Gillanders, R. S. Seymour, D. M. Webber, E. P.
Snelling, and J. M. Semmens. 2011. Accelerometry estimates
field metabolic rate in giant Australian cuttlefish Sepia apama
during breeding. Journal of Animal Ecology 80:422-430.

Phillips, D. L., R. Inger, S. Bearhop, A. L. Jackson, ]. W. Moore, A. C.
Parnell, B. X. Semmens, and E. J. Ward. 2014. Best practices for
use of stable isotope mixing models in food-web studies. Cana-
dian Journal of Zoology 92:823-835.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core Team. 2018.
nlme: linear and nonlinear mixed effects models. R package ver-
sion 3.1-137. https://CRAN.R-project.org/package = nlme.

Pitcher, T. J. 1983. Heuristic definitions of fish shoaling behaviour.
Animal Behaviour 31:611-613.

Post, D. M. 2002. Using stable isotopes to estimate trophic posi-
tion: models, methods, and assumptions. Ecology 83:703-718.

Post, D. M., C. A. Layman, D. A. Arrington, G. Takimoto, J.
Quattrochi, and C. G. Montana. 2007. Getting to the fat of
the matter: models, methods and assumptions for dealing with
lipids in stable isotope analyses. Oecologia 152:179-189.

Ralston, S., E. Dorval, L. Ryley, K. M. Sakuma, and J. C. Field.
2018. Predicting market squid (Doryteuthis opalescens) landings
from pre-recruit abundance. Fisheries Research 199:12-18.

Ralston, S., J. C. Field, and K. M. Sakuma. 2015. Long-term vari-
ation in a central California pelagic forage assemblage. Journal
of Marine Systems 146:26-37.

Rogers, N. J., M. A. Urbina, E. E. Reardon, D. J. McKenzie, and R. W.
Wilson. 2016. A new analysis of hypoxia tolerance in fishes using
a database of critical oxygen level (P;). Conservation Physiology
4:cow012.

Sakuma, K. M., J. C. Field, N. J. Mantua, S. Ralston, B. B. Marinovic,
and C. N. Carrion. 2016. Anomalous epipelagic micronekton as-
semblage patterns in the neritic waters of the California Current
in spring 2015 during a period of extreme ocean conditions.
California Cooperative Oceanic Fisheries Investigations Report
57:163-183.

Schwarz, R, and J. A. A. Perez. 2010. Growth model identification
of short-finned squid Illex argentinus (Cephalopoda: Ommas-
trephidae) off southern Brazil using statoliths. Fisheries Research
106:177-184.

Seibel, B. A. 2007. On the depth and scale of metabolic rate vari-
ation: scaling of oxygen consumption rates and enzymatic activ-
ity in the Class Cephalopoda (Mollusca). Journal of Experimen-
tal Biology 210:1-11.

Spady, B. L., T. J. Nay, J. L. Rummer, P. L. Munday, and S. A.
Watson. 2019. Aerobic performance of two tropical cephalopod
species unaltered by prolonged exposure to projected future car-
bon dioxide levels. Conservation Physiology 7:c0z024.

Stauffer, G., comp. 2004. NOAA protocols for groundfish bottom
trawl surveys of the nation’s fishery resources. NOAA Technical
Memorandum NMFS-F/SPO-65. US Department of Commerce,
Washington, DC.

Wild, L. A,, E. M. Chenoweth, F. J. Mueter, and J. M. Straley. 2018.
Evidence for dietary time series in layers of cetacean skin using
stable carbon and nitrogen isotope ratios. Rapid Communications
in Mass Spectrometry 32:1425-1438.

Wood, C. M. 2018. The fallacy of the P.;—are there more useful
alternatives? Journal of Experimental Biology 221:jeb163717.
Zanden, M. J. V., and J. B. Rasmussen. 2001. Variation in §'°N and
6"C trophic fractionation: implications for aquatic food web

studies. Limnology and Oceanography 46:2061-2066.

Associate Editor: Sylvain Pincebourde
Editor: Jennifer A. Lau

California market squid, Doryteuthis opalescens. Photo credit: B. Burford.


http://erddap.aoos.org/erddap/
http://erddap.aoos.org/erddap/
http://erddap.aoos.org/erddap/
https://CRAN.R-project.org/package=nlme

