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Warming temperatures elicit shifts in habitat use and geographic distributions of fishes, with une v en eff ects across lif e stages. Spawners and 
embryos often have narrower thermal tolerances than other life stages, and are thus particularly sensitive to warming. Here, we examine the 
spatiotemporal variability of thermal spawning habitat for Pacific cod in the eastern Bering Sea. Specifically, we use bottom temperatures from 

downscaled global climate models coupled with an e xperimentally -deriv ed hatch success and temperature relationship to predict how the spatial 
extent, mean latitude, and consistency of thermal spawning habitat has varied over time. Predictions are validated with observations of spawning 
adults and early larvae. We find that habitat a v ailability has not increased in the past but is predicted to increase and shift northward in the future, 
particularly if no climate change mitigation occurs. Habitat hotspots are consistent across shorter time periods but do shift across the shelf by 
the end of the century such that highly suitable areas in the past and present are not predicted to be suitable in the future. This work highlights 
the importance of coupling experimental data with climate models to identify the complex and mechanistic dynamics among temperature, life 
histories, and ecology, particularly under climate change. 
Keywords: biogeography, earth systems models, gadids, spawning dynamics, species distribution models. 
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Introduction 

Changing environmental conditions have elicited changes 
in the ecology , physiology , and life histories of marine fish 
(Parmesan and Yohe, 2003 ; Poloczanska et al., 2013 ). One 
of the most notable, widespread responses to environmen- 
tal change is shifts in patterns of habitat use and geo- 
graphic distributions (Pinsky et al., 2013 ; Burrows et al.,
2014 ). These include changes in seasonal use of habitat,
poleward distributional shifts, and movement of species into 
deeper waters (Dulvy et al., 2008 ; Fossheim et al., 2015 ).
Although such distributional shifts are likely related to a 
host of factors, few are as relevant across species and sys- 
tems as temperature. Changes in temperature have been 
linked to changes in habitat use and distribution across 
scales, ranging from individuals tracking preferred tempera- 
tures to the large-scale, global redistribution of populations 
and species (Pörtner and Farrell, 2008 ; Fredston et al., 2021 ).
Indeed, thermal limits and tolerance ranges—the range of 
temperatures a species can physiologically withstand—are 
thought to shape species distributions and set range bound- 
aries now and in the future (Sunday et al., 2019 ; Pörtner,
2021 ). 

The effect of temperature on organismal physiology is not 
static across an individual’s lifespan and, thus, thermal limits 
and tolerance typically change with size and ontogeny (Dahlke 
et al., 2020 ). These changes in thermal sensitivities translate 
into uneven shifts in habitat use and distribution across life 
stages (Barbeaux and Hollowed, 2018 ; Cote et al., 2021 ).
Received: 13 January 2023; Revised: 4 April 2023; Accepted: 8 May 2023 
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employee(s) and is in the public domain in the US. 
n particular, spawners and developing embryos are thought 
o exhibit the narrowest thermal tolerances, resulting in a
ight relationship between spawning habitat (the realized lo- 
ation and its characteristics where fish spawn) and temper- 
ture (Dahlke et al., 2018 , 2020 ; Pörtner, 2021 ). For exam-
le, reductions in the amount of thermally-suitable spawn- 
ng habitat (locations suitable for spawning based on embryo 
hermal tolerance) due to warming disproportionately affect 
assau Grouper ( Epinephelus striatus ) spawners, whose ther- 
al range is narrower than that of nonspawners (Asch and
risman, 2018 ). Additionally, compared to other life stages,
ggs typically occupy the least amount of habitat area (low-
st habitat extent) and have the highest habitat consistency 
same locations) over time (Ciannelli et al., 2015 , 2021 ). In
urn, these narrow thermal preferences of spawners and em- 
ryos collectively result in spatial or temporal (or both) con-
traints on spawning habitat, which encompasses the habitat 
f both eggs and spawners (Rijnsdorp et al., 2009 ; Ciannelli
t al., 2021 ). Thus, spawning habitat has been suggested not
nly to underlie reproductive potential but also may act as a
thermal bottleneck” that determines species’ vulnerability to 
 changing climate (Dahlke et al., 2020 ; Ciannelli et al., 2021 ).
Temperature-driven distributional shifts are linked to 

hanges in population dynamics and fisheries productivity,
cosystem dynamics (e.g., species interactions), and socioe- 
onomic aspects such as increased fishing effort and altered 
anagement practices (Rogers et al., 2019 ). Such changes may

mpact spawning habitat by influencing the locations of either 
xploration of the Sea 2023. This work is written by (a) US Government 
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dult spawners or developing embryos. For example, a reduc-
ion in the area or temporal window for successful spawning
s correlated with reduced recruitment and stock reproduc-
ive potential, as well as altered stock-recruitment dynamics
Hayes et al., 1996 ; Dodson et al., 2019 ; Laurel and Rogers,
020 ). Additionally, changes in spawning habitat will likely
ffect the location and movement of adult fish, which in turn,
an determine catchability in fisheries monitoring surveys, as
ell as fishing opportunities, as fishers often have limitations
n where, when, and how they can fish (Haynie and Pfeif-
er, 2013 ; Rogers et al., 2019 ). Thus, understanding and pre-
icting how spawning habitat changes with temperature and
hether this confers changes in population and ecosystem dy-
amics can help us mitigate the effects of climate change on
he livelihoods and economies fishing supports. 
The Bering Sea supports some of the largest fisheries in the
orld yet is undergoing rapid environmental change (Fissel et
l., 2019 ; Stabeno and Bell, 2019 ). In particular, the dynam-
cs of sea ice play a major role in this system, as the timing
nd extent of seasonal ice affect many other physical and bio-
ogical factors. A region of cold ( < 2 ◦C) bottom water on the
ering Sea shelf—the cold pool—is formed during the freez-
ng and melting of seasonal sea ice, and years in which there
s a high areal ice extent are associated with a large cold pool
Stabeno et al., 2012 ). The cold pool is thought to act as a
arrier between arctic and subarctic communities and drive
atterns of distribution and habitat use of fishes in the region
Mueter and Litzow, 2008 ; Stevenson and Lauth, 2019 ). For
xample, many species avoid the cold pool and thus shift their
easonal distributions depending on its location and extent
Mueter and Litzow, 2008 ; Stevenson and Lauth, 2019 ). Re-
ent years have seen a reduction in the extent and duration
f sea ice and a concomitant shrinking (or disappearance) of
he cold pool, which is thought to underlie the recent north-
ard shifts of many species in the region (Mueter and Litzow,
008 ; Stabeno and Bell, 2019 ; Stevenson and Lauth, 2019 ).
owever, it remains unclear whether individuals’ and species’
esponses to changes in temperature are transitory or whether
edistributions are occurring on longer time scales. 
Pacific cod, Gadus macrocephalus , is one of the econom-

cally important fish species that has been observed to ex-
and their summer distribution from the southeastern Bering
ea into the northern Bering Sea following an extensive and
rotracted marine heatwave and associated loss of sea ice in
he region (Stevenson and Lauth, 2019 ). While generally lit-
le is known about Pacific cod spawning in the Bering Sea,
his species spawns in the winter in the eastern Bering Sea
long the outer shelf break (around the 180 m isobath) near
hemchug Canyon and the Pribilof Islands, and along the
leutian Islands, particularly around Unimak Island (Figure
; Neidetcher et al., 2014 ; Rand et al., 2014 ). Although Pacific
od (like many groundfish species in the region) have been ob-
erved in the northern Bering Sea seasonally in summer mon-
toring surveys, it is unknown whether this area is currently
r will become thermally suitable for spawning. Compared
o other gadids (e.g., Polar cod Boreogadus saida , Saffron
od Eleginus gracilis , and Walleye pollock Gadus chalcogram-
us ), the spawning dynamics of Pacific cod are particularly
ensitive to temperature as embryos have a narrow thermal
ange for successful development and hatching ( Figure 2 ;
lderdice and Forrester, 1971 ; Bian et al., 2014 , 2016 ; Dahlke
t al., 2018 ; Laurel and Rogers, 2020 ; Cote et al., 2021 ). Such
 response to temperature for Pacific cod embryos has been
hown across multiple geographic regions (Strait of Georgia:
lderdice and Forrester, 1971 ; Japan: Bian et al., 2014 , 2016;
ulf of Alaska; Laurel and Rogers, 2020 ). More broadly,
mbryo thermal tolerances for marine fish typically follow
 Gaussian or Cauchy distribution, where hatch success is
ighest across a narrow range of temperatures (Tsoukali et
l., 2016 ). In the Gulf of Alaska, the closest location where
 relationship exists for Pacific cod, hatch success increases
teeply around 3 ◦C and drops around 7 ◦C, with the highest
uccess around 5 ◦C (Laurel and Rogers, 2020 ). Because Pa-
ific cod lay demersal eggs that adhere to the bottom for the
uration of development, their spawning dynamics are closely
ied to bottom temperature (Alderdice and Forrester, 1971 ).
ecent work in the Gulf of Alaska has shown that this nar-
ow thermal tolerance of egg survival reduced the availabil-
ty of thermally-suitable spawning habitat, which may have
ontributed to the stark decline in pre-recruit abundance and
tock reproductive potential for this species following the ma-
ine heatwave in 2014–2016 (Laurel and Rogers, 2020 ). How-
ver, in the comparatively colder waters of the Bering Sea, it
s unknown whether and when changes in bottom tempera-
ure may affect cod populations through potential shifts in
hermally-suitable spawning habitats. 
Here, we quantify how environmental temperature affects

he availability of thermally-suitable spawning habitat across
pace and time and how this may relate to changes in fisheries
roductivity for Pacific cod in the eastern Bering Sea. While
ealized spawning habitat is a confluence of ideal conditions
temperature, prey availability, predator refugia, etc.) for mul-
iple life stages, the tight relationship between temperature
nd hatch success for gadids, namely Pacific cod, offers the
pportunity to use thermally-suitable habitat (hereafter, “ther-
al spawning habitat”) to understand how realized spawning
abitat may change across space and time (e.g., Dahlke et al.,
018 ; Morley et al., 2018 ; Laurel and Rogers, 2020 ; Cote et
l., 2021 ). We ask whether (i) the extent or area of thermal
pawning habitat varies across space and time, (ii) the mean
atitude of thermal spawning habitat shifts northward over
ime, (iii) hotspots of thermal spawning habitat are consis-
ent across space and time, and finally, (iv) the availability of
hermal spawning habitat is correlated with recruitment. To
nswer these questions, we use bottom temperature from a re-
ional ocean climate model combined with an experimentally-
erived relationship between hatch success and temperature.
hese data and temperature time series allow us to predict
hermal spawning habitat suitability and associated metrics
panning 1970–2099 under two emission scenarios of the
hared Socioeconomic Pathway (SSP126 and SSP585; O’Neill
t al., 2016 ). These metrics that quantify the availability of
hermal spawning habitat allow us to infer important ecologi-
al, evolutionary, and economic implications of shifts in habi-
at use. We additionally validate our predictions of spawn-
ng habitat based on temperature with distributional data on
pawning adults and newly-hatched larvae. Ultimately, under-
tanding how spawning habitat dynamics are shifting over
ime and space will help identify future issues and concerns
egarding Pacific cod in the eastern Bering Sea. 

ethods 

he Bering Sea encompasses a latitudinal range of > 1000 km
etween the Alaska Peninsula and the Bering Strait, transi-
ioning from a subarctic to an arctic ecosystem from south
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Figure 1. A map of the eastern Bering Sea, identifying locations where 
historical and contemporary spawning aggregations of Pacific cod have 
been documented (Aleutian Islands, particularly Unimak Island, along the 
outer shelf edge near Zhemchug Can y on, and around the Pribilof Islands, 
based on Neidetcher et al. , 2014 and Rand et al. , 2014 ). The 50, 100, and 
180 m isobaths are indicated by the light blue, medium blue, and dark 
blue colors, respectively, and outline the inner, middle, and outer shelves. 
The northern and southeastern Bering Sea are delineated by the 60 ◦N 

latitude (Stabeno et al. , 2012 ). 
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to north ( Figure 1 ). The eastern portion is characterized by a 
broad, shallow ( < 200 m depth) shelf that stretches > 500 km 

from shore; it can be divided into the southeastern and north- 
eastern Bering Sea (northern Bering Sea) at around 60 ◦N 

based on differences in physical, chemical, and biological 
oceanography (Coachman, 1986 ; Stabeno et al., 2012 ). In par- 
ticular, the northern Bering Sea has a greater areal extent of 
sea ice and is generally characterized by colder temperatures.
The southern Bering Sea can be further subdivided along iso- 
baths into the inner (coastline to 50 m), middle (50–100 m),
and outer shelves (100–180 m) based on the unique oceano- 
graphic and bathymetric characteristics of each domain (Fig- 
ure 1; Coachman, 1986 ). The cold pool is a predominant fea- 
ture of the middle shelf, although it can occasionally extend 
onto the inner shelf in years with extensive sea ice (Stabeno 
et al., 2012 ). The outer shelf is known for its high productiv- 
ity resulting from regional tidal mixing, eddies, and transverse 
circulation (Mizobata et al., 2006 ). 

Bottom temperature hindcasts and projections 

To evaluate changes in the availability of thermal spawn- 
ing habitat, we use a regional ocean model known as the 
Bering10K. The Bering10K model is an implementation of 
the Regional Ocean Modeling System (ROMS), with a do- 
main spanning the Bering Sea and northern Gulf of Alaska 
and including explicit ocean, sea ice, and biogeochemical com- 
onents (Kearney et al., 2020 ; Cheng et al., 2021 ; Hermann
t al., 2021 ). For this study, we used several different simu-
ations from this model. The first, which we refer to as the
indcast, covers the period of 1970–2020 and is driven by
urface and boundary conditions from the Climate Forecast 
ystem operational analysis (Saha et al., 2010 ). This is a re-
nalysis product, so this simulation captures the true inter- 
nnual and decadal variability of the time period. The re-
aining simulations downscale long-term forecast simula- 
ions from the Coupled Model Intercomparison Project Phase 
 (CMIP6; Cheng et al., 2021 ; Hermann et al., 2021 ). The
ownscaled suite includes simulations forced by three differ- 
nt parent models: Community Earth System Model version 
-Community Atmospheric Model version 6 (CEMS2-CAM6,
ereafter “CESM”), Geophysical Fluid Dynamics Labora- 
ory Earth System Model version 4.1 (GFDL-ESM4; hereafter,
GFDL”), and MIROC-Earth System Version 2 for Long-term 

imulations (MIR OC-ES2L; hereafter, “MIR OC”). For each 
arent model, we downscaled the latter portion of the his-
orical simulation (1985–2015) and two different emission 
cenarios (2015–2099): SSP126 (low emission scenario) and 
SP585 (high emission scenario; Cheng et al., 2021 ; Hermann
t al., 2021 ). These particular parent models and emission sce-
arios were chosen to capture as much of the envelope of un-
ertainty from the larger CMIP6 suite as possible, given the
omputing and time constraints of the regional downscaling 
rocess. 
From each of these simulations, we extracted weekly- 

veraged bottom temperature, defined as the mean temper- 
ture over the bottom (deepest) 5 m of the water column at
ach horizontal (latitude–longitude) location. We removed all 
emperature values outside of the season (January–April) and 
athymetric range (shallower than 250 m) of known spawn- 
ng (Neidetcher et al., 2014 ; Rand et al., 2014 ). We also only
ncluded grid cells for which the Bering10K bottom tempera- 
ure output has been validated against observations collected 
uring the Alaska Fisheries Science Center’s groundfish sur- 
ey, although this resulted in the removal of very few grid cells
s this region is largely shallower than 250 m (Kearney et al.,
020 ; Figure 2 a–c). 
Global climate models—and, thus, regionally downscaled 
odels driven by global models—can show systematic mis- 
atches between their output and real-world values stemming 
rom a variety of different factors, including coarse resolution,
implified processes, and imperfect understanding of physical 
nd ecosystem processes (Hawkins et al., 2013 ). A small bias
n simulated bottom temperature could strongly impact our 
rojections of present-day and future thermal spawning habi- 
at due to the narrow, fixed thermal range that defines this
abitat. To mitigate these systematic differences, we adjusted 
he projected temperature values following Holsman et al.
2020) . Essentially, this method calculates the bias by compar-
ng the Bering10K results driven by the “free-running”CMIP6 
lobal projections over the reference period with the corre- 
ponding results driven by the observed global conditions over 
hat same period (the hindcast). The specific equation for ad-
usting temperature values is 

T ′ fut, y = T 
hind, 

−−→ 

re f 
+ 

σ
hind, 

−−→ 

re f 

σ
fut, 

−→ 

re f 

(
T fut, y − T̄ 

fut, 
−−→ 

re f 

)
, 

here T ′ fut, y is the adjusted projected timeseries, T fut, y is the 
aw projected time series, T 

hind, 
−−→ 

re f 
is the mean of the hind-
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Figure 2. The predicted average bottom temperature in the eastern Bering Sea during March by the end of the century for both emission scenarios is 
higher than the historical period and is generally below the optimum temperature for successful hatching of Pacific cod eggs aside from the outer shelf 
south of ∼57 ◦N. The bottom temperature averaged over a 20-year period in March in the past (a; historical period, 1970–1999) and at the end of the 
century (2080–2099) for two emission scenarios (b, low; c, high) from the Bering10K ROMS model. (d) The thermal response of hatch success 
measured experimentally for Pacific cod as modified from Laurel and Rogers (2020) . 
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ast during the reference years 
−−→ 

re f (1980–2014), T̄ 
fut, 

−−→ 

re f 
is

he mean of the raw projected timeseries during the reference

ears 
−−→ 

re f , σ
hind, 

−−→ 

re f 
is the standard deviation of the hindcast

uring the reference years 
−−→ 

re f , and σ
fut, 

−→ 

re f 
is the standard

eviation of the raw projected time series during the rever-

nce years 
−−→ 

re f . The means and standard deviations of tem-
erature for the reference years were averaged for a given ma-
ine sub-region as defined by the Bering Sea Ecosystem Study
nd Bering Sea Integrated Ecosystem Research Program (see
igler et al., 2010 for more details). We also explored how
he choice of reference period affected adjusted temperature
alues. Specifically, we used two alternative reference periods
1990–2014 and 2006–2014) but found that the adjusted tem-
eratures were robust to the choice of reference period (Figure
1). 

hermal spawning habitat availability 

o identify temporal patterns in the availability of thermal
pawning habitat and provide a basis for calculating area
nd mean latitude, we calculated an annual index of ther-
al spawning habitat suitability. We did so by combining
he experimentally-derived relationship between hatch success
nd temperature from Laurel and Rogers (2020) , as described
y the Cauchy model ( Figure 2 d), with the hindcasts and pro-
ections of bottom temperature from the Bering10K output.
his resulted in a proportion successful hatch for each grid
ell for each week from January to April for each year span-
ing 1970–2099; these values were averaged on a monthly
nd then yearly basis and were standardized on a scale from
ero to one (following Dahlke et al., 2018 ; Cote et al., 2021 ).
To understand how the area thermally suitable for spawn-

ng changes, we calculated the extent or area of thermal
pawning habitat. For this, following Dahlke et al. (2018) and
ote et al. (2021) , we summed the area of all grid cells that
eached two threshold values–0.9, “core thermal spawning
abitat area” and 0.5, “potential thermal spawning habitat
rea”—at any point across the time period examined (i.e., if a
ingle month reached the threshold or two to four months cu-
ulatively reached the threshold). We chose these thresholds
ased on those in other studies that examine thermal spawn-
ng habitat availability (e.g., Dahlke et al., 2018 ; Cote et al.,
021 ). This yielded yearly area estimates for January to April
or both core and potential thermal spawning habitat area.
hird, we calculated the mean latitude of both core and poten-
ial thermal spawning habitat area for each year (i.e., for core
rea, mean latitude would equal the average latitude of all grid
ells for which standardized hatch success was > 0.9) to under-
tand whether core and potential thermal spawning habitat
rea are shifting northward, as is commonly seen across ma-
ine species as temperatures rise (Pinsky et al., 2013 ). Finally,
e examined the consistency of locations harbouring core and
otential thermal spawning habitat area over space and time,
hich helps us understand how reliable or predictable a par-
icular location is for successful spawning. To do so, we calcu-
ated the percentage of years a given grid cell was greater than
r equal to the two threshold values (0.9 and 0.5, or core and
otential thermal spawning habitat area). 

orrelating thermal spawning habitat with 

ecruitment 

o determine whether the availability of thermal spawning
abitat relates to year-class strength (a proxy for recruitment),
e obtained estimates of abundance of age-0 Pacific cod and
ssociated error from the stock assessment model, an age-
tructured model fit to survey and fishery data (Thompson
t al., 2021 ). We then estimated the Pearson’s correlation co-
fficient for the relationship between age-0 abundance (log-
ransformed) and the annual index of thermal spawning habi-
at suitability (averaged across space for each year) and area
both core and potential). We also calculated the ratio between
he number of (age-0) recruits and spawning stock biomass
nd assessed whether this ratio was correlated with the an-
ual index of thermal spawning habitat suitability and area
f core and potential thermal spawning habitat. 

alidating spawning location 

o validate our predictions of spawning habitat based on tem-
erature, we examined the distribution of newly-hatched lar-
ae around the months of known spawning (January–April)
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in the eastern Bering Sea (Neidetcher et al., 2014 ; Rand et 
al., 2014 ). Specifically, we mapped the distribution of larval 
density from ichthyoplankton surveys conducted by NOAA 

Alaska Fisheries Science Center’s Ecosystems and Fisheries- 
Oceanography Coordinated Investigations (EcoFOCI) for all 
years ( n = 24; 1979, 1991, 1993–1997, 1999, 2000, 2002,
2003, 2005–2017) and stations available. These surveys use 
paired bongo nets with 333 or 505 m mesh and sample via 
oblique tows from the surface to 100 m depth (or from 10 m 

off the bottom for shallower water; Matarese et al., 2003 ).
We limited these data to the months of April–June as lar- 
vae were most frequently caught during these months and in- 
cluded only individuals < 6 mm in length (larvae are ∼4 mm 

in length upon hatching and grow ∼0.30–0.40 mm per day; 
Laurel et al., 2008 ). Additionally, we compare our predictions 
of spawning habitat based on temperature to the distributions 
of spawning fish reported by Neidetcher et al. (2014) and re- 
cent tagging work on adult Pacific cod in the Bering Sea during 
the winter (Thompson et al., 2021 ). 

Sensitivity analyses 

Although the shape of the hatch success—temperature rela- 
tionship from Laurel and Rogers (2020) is consistent with 
studies on other marine fishes (i.e., survival rates are high- 
est across a narrow range of temperatures and the shape is 
similar to a Gaussian or Cauchy distribution; Tsoukali et al.,
2016 ), and those specifically on Pacific cod from other ge- 
ographic regions (Japan: Bian et al., 2014 , 2016; Strait of 
Georgia: Alderdice and Forrester, 1971 ), we examine how 

uncertainty in this relationship affects our predictions of the 
availability of thermal spawning habitat. To do so, we boot- 
strapped the three parameters from the Cauchy model 500 
times, selected ten random subsets of parameter combinations,
and then estimated the thermal spawning habitat suitability 
index for each of these combinations. We then fit linear re- 
gressions for the hindcast period and both emission scenarios 
of the projection period to compare with the linear trend of 
the thermal spawning habitat suitability time series calculated 
from parameters reported by Laurel and Rogers (2020) . Be- 
cause Laurel and Rogers (2020) also examined the fit of the 
hatch success—temperature data to a Gaussian distribution,
we repeated these sensitivity analyses using a Gaussian dis- 
tribution (bootstrapped parameters from a Gaussian model,
calculated thermal spawning habitat suitability indices, and 
fit linear regressions to examine the trend in thermal spawn- 
ing habitat suitability over time). The absolute scale of ther- 
mal habitat suitability varied slightly depending on the value 
of the parameters (Figures S2, S3). However, the linear trend 
of thermal habitat suitability over time as estimated from the 
Cauchy models did not vary, and while the Gaussian models 
tended to estimate faster rates of increase (slopes of the lin- 
ear trend), the slopes overlapped with those from the Cauchy 
models (Figures S4, S5). Thus, we present the results using 
the hatch success—temperature relationship from Laurel and 
Rogers (2020) . 

Results 

Bottom temperature hindcasts and projections 

Winter bottom waters on the southeastern Bering Sea shelf 
are predicted to warm considerably by the end of the cen- 
ury ( Figure 2 a–c, Figure 3 a and b, Figure S6, S7). Prior to
he beginning of the 21st century, environmental conditions 
n the southeastern Bering Sea, including bottom temperature,
howed high interannual variability. From the early 2000s to 
he present, the environmental and oceanographic conditions 
or consecutive years were relatively similar, leading to the 
ategorization of years into “warm” or “cold” stanzas last- 
ng four to six years ( sensu Stabeno, et al., 2012 ). In the fu-
ure, this pattern of alternating warm and cold stanzas per-
ists until around the middle of the century, after which tem-
erature increases steadily and no more “cold” years/stanzas 
re predicted to occur ( Figure 3 a and b). In contrast to the
outheastern Bering Sea, the northern Bering Sea has histor- 
cally been less thermally variable as it is dominated by a
igh areal ice extent for almost half of the year, which causes
ottom temperatures to remain cold, a trend that persists 
ven into the future ( Figure 2 b and c, Figure S6, S7). In-
eed, the winter bottom temperatures for the entire northern 
ering Sea remain below 0 ◦C through the end of the century
nder the low emission scenario, and under the high emis-
ion scenario, much of the region remains below 0 ◦C with
he western edge warming to around 2 ◦C ( Figure 2 b and c,
igure S7). 
Over the 50-year historical period, yearly- and spatially- 

veraged bottom temperature varied up to 1.9 ◦C across the
astern Bering Sea shelf but did not increase over time (mean
lope and 95% confidence intervals [CI] = 0.006, −0.003–
.014; Figure 3 a and b). In contrast, the projected bottom
emperature under both emission scenarios did increase over 
ime (mean slope and 95% CI for low = 0.009, 0.006–0.012
nd high = 0.37, 0.29–0.044 emission scenarios; Figure 3 a
nd b). By mid-century, bottom temperature is predicted to 
ncrease up to 2.9 ◦C and 3.8 ◦C under the low and high
mission scenario, respectively, and by the end of the cen-
ury, up to 3.5 ◦C and 5.0 ◦C under the low and high emis-
ion scenario, respectively. Under both emission scenarios,
he CESM model predicts the greatest temperature increases 
hile the other two models show more modest increases (
igure 3 a and b). Such model discrepancy has been docu-
ented; for example, Cheng et al. (2021) show that the CESM
odel predicts temperatures that are warmer than observa- 
ions while the GFDL and MIROC models predict temper- 
tures that are colder than observations. These differences 
n temperature projections are due, in part, to differences in
he extent of seasonal sea ice among models (Cheng et al.,
021 ). 
Spatially, the (yearly-averaged) bottom temperature on 

he outer shelf edge, particularly the southern shelf edge,
emained warmer ( ∼4 ◦C) than the middle or inner shelf
uring the historical period. Over this time, warmer bot- 
om temperatures expanded from the outer shelf edge to 
he middle and even inner shelf, primarily in the south-
astern areas of both domains (Figure S6). The middle 
nd inner shelves north of 57 ◦N generally remained cooler
 < 0 ◦C; Figure S6). In the future, warmer bottom tempera-
ures are projected to spread across the shelf from the outer
dge to the inner shelf, primarily in the southeast, partic-
larly south of 59 ◦N (Figure S7). Similar to the histori-
al period, the middle and inner shelves north of 57 ◦N–
0 ◦N remain cooler, even by the end of the century (Figure
7). 
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Figure 3. Temperature, thermal spawning habitat suitability index, area, and mean latitude are highly variable but increase over time by the end of the 
century, particularly if no climate mitigation occurs. Time series of (a and b) bottom temperature, (c and d) index of Pacific cod thermal spawning habitat 
suit abilit y, (e–h) thermal spawning habitat area, and (i–l) mean latitude averaged over January to April of each year for all three global climate models 
regionally downscaled for the Bering10K ROMS model (colors, see text in panels (a) and (b) for both low (left panels; a, c, e, g, i, and k) and high (right 
panels; b, d, f, h, j, and l) emission scenarios. In all panels, the vertical gray line indicates 2020, and the smoothed gray line in the foreground is the 
11-year running mean of the hindcast and projection of each respective variable. 
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hermal spawning habitat suitability and 

ssociated metrics 

ndex of thermal spawning habitat suitability 
he dynamics of bottom temperature over space and time
ranslate into similar dynamics of thermal spawning habitat
uitability for both the historical and future periods ( Figure
 c and d). Overall, the thermal spawning habitat suitability
ndex, while highly variable over the entire period, is projected
o increase by the end of the century. Such increases in thermal
pawning habitat suitability are due to the bottom tempera-
ures approaching, but not exceeding, the optimum tempera-
ure for successful hatching across large regions of the eastern
ering Sea shelf. 
0  
From 1970–2020, the thermal spawning habitat suitabil-
ty index varied considerably ( Figure 3 c and d). As with tem-
erature during this time, the thermal spawning habitat suit-
bility index was more similar in consecutive years until the
hermal regime switched (i.e., from a cold to warm stanza).
owever, there was no significant directional trend in thermal
pawning habitat suitability over the course of the entire his-
orical period, likely due to the colder bottom temperatures
emaining on the eastern Bering Sea shelf (mean slope and
5% CI = 0.0007, -0.0003–0.002). In the future, the thermal
pawning habitat suitability index is predicted to rise, partic-
larly under the high emission scenario (mean slope and 95%
I for the low = 0.0008, 0.0004–0.001 and high = 0.003,
.002–0.004 emission scenario; Figure 3 c and d). Indeed,
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Figure 4. Core and potential thermal spawning habitat are concentrated on the outer shelf and shift and expand spatially towards the middle shelf by the 
end of the century, particularly under the high emission scenario. Maps of both core (thermal spawning habitat suitability ≥ 0.9) and potential ( ≥ 0.5) 
thermal spawning habitat for the historical (1 970–1 999), current (2001–2020), and last 20 years of the projected period (2080–2099; indicated by the 
black bold text labels above the plots) for Pacific cod. Thermal spawning habitat suitability was averaged across each respective time period and for the 
last 20 years of the projected period; maps are shown for each global climate model (columns, see text) and emission scenario (rows, see text). 
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compared to 1970, the thermal spawning habitat suitability 
index is predicted to increase by over 119% and 179% under 
the low and high emission scenarios, respectively. As with the 
projected temperature time series, the CESM model predicts 
greater increases in the thermal spawning habitat suitability 
index compared to the GFDL and MIROC models ( Figure 3 c 
and d). 

Area of thermal spawning habitat 
Overall, the area of core ( ≥ 0.9) and potential ( ≥ 0.5) thermal 
spawning habitat did not increase over the historical period 
(mean slope and 95% CI for core = 0.002, −0.003–0.006 and 
potential = 0.002, −0.003–0.007 thermal spawning habitat 
area). However, the area of both core and potential thermal 
spawning habitat is projected to increase in the future under 
the low (mean slope and 95% CI for core = 0.003, 0.001–
0.004 and potential = 0.003, 0.002–0.005) and high (mean 
slope and 95% CI for core = 0.008, 0.005–0.01 and poten- 
tial = 0.009, 0.006–0.01) emission scenarios ( Figure 3 e–h). 

Spatially, the majority of core thermal spawning habitat 
area during the historical period was concentrated on the 
outer shelf edge. In contrast, potential thermal spawning habi- 
tat area increased and expanded across the shelf during this 
time, from the outer shelf onto the middle and inner shelves 
south of ∼57 ◦N ( Figure 4 ). During the historical period, the 
entire northern Bering Sea remained below the threshold of 
potential thermal spawning habitat ( ≥ 0.5) due to the temper- 
ature remaining below 0 ◦C ( Figure 4 ). In the future, thermal 
spawning habitat area—particularly potential—is projected 
to increase and expand across the eastern Bering Sea onto 
the middle and inner shelves by the end of the century, es- 
pecially under the high emission scenario ( Figure 4 ). For two 
of the global climate models—CESM and GFDL, both poten- 
tial and core thermal spawning habitat areas shift slightly in- 
hore, occupying the southern extent of the middle and even
nner shelves (south of 57 ◦N–60 ◦N, Figure 4 ). Similar to the
istorical time period, the northern Bering Sea is not projected
o become thermally suitable for spawning by the end of the
entury under any model or emission scenario, as it remains
elow the range of temperatures that confer a high probability
f hatch success ( Figure 4 ). 

ean latitude of thermal spawning habitat suitability 
he mean latitude of both core and potential thermal spawn-
ng habitat area shifts northward over time, particularly under 
he high emission scenario ( Figure 3 i–l, Figure 5). Compared
o the mean latitude for core and potential thermal spawn-
ng habitat area averaged across the hindcast period (1970–
020), the projected increase in mean latitude by the end of
he century across the three parent models is around two de-
rees latitude under the high emission scenario. Under both 
mission scenarios, projected increases in mean latitude are 
lightly greater for core thermal spawning habitat compared 
o potential ( Figure 3 i–l). Finally, the average location of both
ore and potential thermal spawning habitat—as measured by 
he mean latitude and longitude—shifts north over time, and 
he spread of locations narrows from east to west ( Figure 5 ). 

onsistency of thermal spawning habitat suitability 
hermal spawning habitat suitability values are relatively 
onsistent in a given location across shorter time periods 
decades), but areas that are consistently thermally suitable 
hift slightly and expand across the shelf over the course of
he entire time frame (130 years), similar to the changes in
hermal spawning habitat area ( Figure 6 ). During the histor-
cal period, the outer shelf edge was consistently core ther-
al spawning habitat, as ∼75% or more of years had a ther-
al spawning habitat suitability index ≥ 0.9. For locations 
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Figure 5. The mean latitude ( ◦N) and longitude ( ◦W) of both core and potential thermal spawning habitat is shifting northward over time and narrowing 
from east to w est. T he y early -a v eraged mean latit ude and longit ude of both core (thermal spawning habit at suit abilit y ≥0.9, top row) and potential ( ≥0.5, 
bottom row) thermal spawning habitat for Pacific cod under low (left column) and high (right column) emission scenarios. For each emission scenario, 
the projected mean latitude and longitude change is a v eraged across the three global climate models. 
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ust east of the shelf break, ∼ 25–75% of years reached the
hreshold for core habitat ( Figure 6 ). In the future, areas that
re consistently thermally suitable core habitat shift slightly
nshore onto the middle shelf over time, particularly south
f 57 ◦N. Across this time frame (2021–2099), grid cells that
ere core habitat the entire time ( ∼100% of years) are typi-
ally found on the northern end of the outer shelf edge. The
ercentage of years a given grid cell reached the core habi-
at threshold declined towards the southern portion of the
uter shelf edge (although the high emission scenario of the
IROC model predicts high consistency on the middle shelf).
hile both emission scenarios predict similar patterns of con-

istency for core thermal spawning habitat area, the high emis-
ion scenario predicts a further shift inshore ( Figure 6 ). For po-
ential habitat (thermal spawning habitat suitability index ≥
.5), areas that are consistently thermally suitable during the
istorical period remained so across all years spanning 1970–
020. These regions of historic thermal suitability expanded
nshore from the outer shelf edge and from the southern por-
ion of the middle shelf onto the southern portion of the inner
helf ( Figure 6 ). This pattern continues in the future, as po-
ential habitat is consistently found on the middle shelf for
any years, and under the high emission scenario, the south-
rn region of the inner shelf ( Figure 6 ). Similar to the pattern
or core habitat, the outer shelf edge becomes less consistently
hermally suitable in terms of potential habitat over time (i.e.,
ewer years reach 0.5), particularly under both scenarios of
 s  
he CESM model, as areas that are consistent shift inshore
 Figure 6 ). 

hermal spawning habitat suitability and recruitment 
ver the time span of years in which abundance estimates
f age-0 fish were available (1977–2020), we did not find
 significant relationship between age-0 abundance and the
patially-averaged index of thermal spawning habitat suitabil-
ty (Pearson’s correlation coefficient = −0.16, p = 0.29; Figure
 ) or for core (Pearson’s correlation coefficient = −0.20,
 = 0.21) or potential area (Pearson’s correlation coefficient
 −0.19, p = 0.24). We also did not find a relationship
hen we examined the correlation between the ratio of re-
ruit abundance to spawning stock biomass and the index of
hermal spawning habitat suitability or area (Pearson’s cor-
elation coefficient = −0.08, −0.19, and −0.17, respectively,
nd p = 0.59, 0.23, and 0.28, respectively). 

alidating spawn location 
he distributions of both newly-hatched larvae and spawn-
ng adults validated our predictions of spawning habitat based
n temperature. Specifically, catches of small-sized larvae were
oncentrated along the outer shelf and along the Aleutian Is-
ands ( Figure 8 ), overlapping with the locations predicted to
e sites of spawning based on temperature ( Figure 4 , “histor-
cal” and “current” panels). The distribution of fish in pre-
pawning, spawning, and spent stages is typically concen-
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Figure 6. Core and potential thermal spawning habitat are relatively consistent across shorter time periods (decadal scale) but do expand and shift 
spatially by the end of the century. Maps of the consistency of Pacific cod core (thermal spawning habitat suitability ≥0.9, top panel) and potential ( ≥0.5, 
bottom panel) thermal spawning habitat for the historical period (1 970–1 999) and current period (2001–2020) compared to that projected by the end of 
the century (2080–2099) for all three global climate models (columns of the projected maps) under both low and high emission scenarios (rows of the 
projected maps). 

Figure 7. No relationship exists between the annual index of thermal 
spawning habitat suitability for Pacific cod and the modeled (log) 
abundance of age-0 fish from 1977–2020. 
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rated on the outer shelf edge and along the Aleutian Islands,
articularly around Unimak Island; additionally, recovery lo- 
ations of tagged adult Pacific cod during the height of the
pawning season (February and March) were concentrated 
long the outer shelf edge and less so, near Unimak Island
Neidetcher et al., 2014 ; Thompson et al., 2021 ). 

iscussion 

verall, our work suggests that changing thermal conditions 
n the eastern Bering Sea have affected and will continue to af-
ect the spawning habitat dynamics of Pacific cod. While the
vailability of thermally-suitable spawning habitat—in terms 
f a yearly index of thermal spawning habitat suitability and
real extent—is predicted to increase by the end of the century,
ur projections suggest that historical spawning sites will be- 
ome less thermally suitable over time and thermal spawning 
abitat will shift slightly northward. Despite the tight mech- 
nistic relationship between temperature and hatch success,
hich allows us to use bottom temperature to successfully 
redict the location of historical and contemporary spawn- 
ng sites, our work suggests that the availability of thermal
pawning habitat as predicted here likely has not constrained 
egional stock productivity (recruitment) in the past, nor is
t likely to in the future. However, the spatial shift in ther-
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Figure 8. Observations of larval catches validate our predictions of thermal spawning habitat based on temperature. Empirical observations of the 
distribution of small Pacific cod larvae ( < 6 mm) from fisheries surv e y s conducted in the Bering Sea during April–June for as many years as possible 
(1 979, 1 991, 1 993–1 997, 1 999, 20 0 0, 20 02, 20 03, and 20 05–2017). Also sho wn (indicated b y the gre y x’s) are the station locations f or which small larv ae 
were not caught. 

m  

o  

p  

t  

n  

s  

a  

t  

r  

2  

m  

r  

h  

c
 

m  

t  

t  

p  

h  

K  

p  

t  

g  

n  

t  

w  

d  

o  

a  

e  

l  

s  

p  

a  

t  

s  

g  

S  

t  

s  

a  

c  

r  

t  

a  

b  

c  

d  

m  

L  

2  

a  

w  

t  

i  

p  

c  

t  

a  

c
 

m  

d  

s  

f  

c  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad096/7204287 by Ani Au user on 31 July 2024
al spawning habitat by the end of the century may have
ther (and possibly unanticipated) consequences. For exam-
le, these consequences may include a change in the migra-
ion distance from summer feeding areas to spawning sites and
ovel species interactions, as well as socioeconomic impacts
uch as changes in cost and effort for the fishery (Sumaila et
l., 2011 ; Watson and Haynie, 2018 ; Rogers et al., 2019 ). Al-
hough distributional shifts are one of the most well-known
esponses to warming (Pinsky et al., 2013 ; Burrows et al.,
014 ; Pinsky et al., 2020 ), our work highlights how such shifts
ay be size- and season-dependent and couples a mechanistic
elationship with global climate model output to understand
ow thermal spawning habitat has varied in the past and fore-
ast how it may vary in the future. 
We found an overall increase in the availability of ther-
al spawning habitat, as indicated by both the increase in
he thermal spawning habitat suitability index and spatial ex-
ent of both core and potential thermal spawning habitat. Ex-
ansions of habitat area with warming, just as contractions,
ave been documented for many species (Bennie et al., 2013 ;
leisner et al., 2017 ). Such changes in thermal habitat can de-
end on life stage; for example, by the end of the current cen-
ury, thermally-suitable habitat for spawning adults of Nassau
rouper is projected to decline by 82% compared to 46% for
on-spawning adults (Asch and Erisman, 2018 ). Changes in
hermal habitat for earlier life stages and their effects are less
ell documented. For gadids specifically, both increases and
ecreases in thermal spawning habitat with warming (based
n experimentally-derived relationships between temperature
nd egg survival as used here) have been found, with differ-
nces attributed to the nature of the temperature changes and
ife histories of the individual species (i.e., subarctic vs. arctic
pecies, shape of the thermal response curve, nature of tem-
erature changes in the region; Dahlke et al., 2018 ; Laurel
nd Rogers, 2020 ; Cote et al., 2021 ). For Polar cod, an arc-
ic species with egg survival highest in waters < 3 ◦C, thermal
pawning habitat is projected to decrease in both the Norwe-
ian Sea (by ∼67% in the warmest areas) and the Labrador
ea and Northwest Atlantic (by ∼21%) by the end of the cen-
ury (Dahlke et al., 2018 ; Cote et al., 2021 ). Atlantic cod, a
ubarctic species whose eggs have a broader range of temper-
tures suitable for survival compared to both Polar and Pa-
ific cod (highest survival between 0 ◦C and 9 ◦C), can expect
egional increases and decreases in thermal spawning habi-
at by the end of the century (Dahlke et al., 2018 ; Cote et
l., 2021 ). Using the same experimentally-derived relationship
etween temperature and egg survival as used here, Pacific
od (or Greenland cod, Gadus ogac , as named in the Atlantic
espite no genetic differentiation; Coulson et al., 2006 ) ther-
al spawning habitat suitability is expected to increase in the
abrador Sea by the end of the century (by 19%; Cote et al.,
021 ). However, decreases in thermal spawning habitat have
lso been documented for this species following a marine heat-
ave (Laurel and Rogers, 2020 ). We found large increases in
he availability of thermal spawning habitat for Pacific cod
n the eastern Bering Sea at mid-century with warming tem-
eratures under both emission scenarios. Over time, the in-
reases in temperature on the middle and inner shelves facili-
ate the expansion of thermal spawning habitat onto the shelf
nd translate into increases in area that may be enough to
ounter the decreases on the outer shelf edge. 
The implications of this increase in the availability of ther-
al spawning habitat are less well understood. Although pre-
icting distributions and habitat use from temperature has
hown to be quite successful across regions, species, and time
rames, ecological characteristics such as distributions are
omplex and are often the result of many interactive factors
Pörtner and Farrell, 2008 ; Pinsky et al., 2013 ; Sunday et
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al., 2019 ). Indeed, temperature is one of many factors that 
affect the suitability of habitat as realized spawning habi- 
tat is thought to represent a confluence of ideal conditions 
(e.g., prey availability, refugia from predators, connectivity be- 
tween spawning sites and nursery grounds) for multiple life 
stages (spawning adults, larvae, eggs) in addition to temper- 
ature (Ciannelli et al., 2015 , 2021 ). While we note that our 
predictions of spawning habitat based on temperature alone 
do match observations of known historical and contemporary 
spawning sites based on the distribution of adults and newly- 
hatched larvae, other variables could be included to refine pre- 
dictions of where fish may spawn in the future (Neidetcher et 
al. , 2014 ; Laurel et al. , 2021 ; Thompson et al., 2021 ). For ex- 
ample, including data on substrate and sediment types would 
be ideal for Pacific cod, as they are demersal spawners. In the 
case of the Bering Sea, however, coarse sediment data suggests 
that much of the outer and middle shelves are characterized 
by similarly- sized (large grain size) sediments, suggesting that 
if Pacific cod spawning habitat dynamics are closely tied to 
substrate type, shifts inshore would offer similar substrates 
and are unlikely to be a constraint (Laman et al., 2022 ). Oxy- 
gen would be another important variable to consider, but cur- 
rently, we lack information on how hatch success relates to 
oxygen availability . Additionally , our sensitivity analyses re- 
vealed that while the trend in thermal habitat suitability is 
quite robust, the absolute amount of such habitat may be 
slightly higher or lower. 

Despite our finding of an overall increase in the availability 
of thermal spawning habitat that shifts slightly northward, we 
also found that sites historically suitable for spawning based 
on temperature are not projected to be so by the end of the 
century . Specifically , the outer shelf edge—a hotspot for cur- 
rent and past spawning—is projected to become warmer than 
optimal for successful development and hatching of eggs by 
the middle of the century. Because spawning habitat reflects 
a combination of many conditions, a shift in spawning loca- 
tion may impact the survival and transport of newly-hatched 
larvae (Agostini and Bakun, 2002 ; Ciannelli et al., 2015 ). If 
spawning locations shift spatially (or temporally) based on the 
physiological limits of eggs, new habitats (or the same habi- 
tat at a different time) may not offer the necessary conditions 
and other requirements and characteristics of spawning habi- 
tat. One possible advantage to the predictions of increased 
thermal spawning habitat on the middle and inner shelves is 
the potential for overlap with habitat identified as important 
for juvenile survival (Farley et al., 2016 ; Laurel et al., 2021 ).
Of course, this assumes that juvenile habitat quality will re- 
main high in these middle and inner shelf regions, which will 
need to be evaluated with further work. Likewise, larval dis- 
persal from spatially-shifting spawning grounds would be im- 
portant to consider. Finally, shifts in spawning aggregations 
have the potential to affect the logistics and operational costs 
of fisheries that target such aggregations (Pinsky and Foga- 
rty, 2012 ; Asch and Erisman, 2018 ; Dahlke et al., 2018 ). In 
the Bering Sea, for example, a major fishery for Pacific cod 
occurs in the winter and is centred on the outer shelf edge 
and along the Aleutians, sites known to be historically impor- 
tant for spawning adults (Neidetcher et al., 2014 ; Rand et al.,
2014 ). 

While a relatively large area was consistently thermally suit- 
able (in terms of percentage of years) for spawning over short 
time frames, the locations of consistent habitat shifted over 
longer periods. Specifically, the middle and inner regions of 
he shelf became more thermally suitable over time, and the
uter shelf edge, particularly the southern portion, became 
ess thermally suitable over time. Based on current, yet lim-
ted knowledge, Pacific cod spawning aggregations occur in 
he same locations from year to year (Neidetcher et al., 2014 ;
and et al., 2014 ). Such patterns indicate that spawning habi-
at and early life stages of this species are spatially constrained,
eaning that they are limited to specific locations that provide
he conditions and characteristics for spawning and larval sur- 
ival (Ciannelli et al., 2015 , 2021 ). Indeed, for a species to
uccessfully reproduce, the conditions and characteristics of 
pawning habitat needed to maximize offspring survival must 
e met over the long term, and not fluctuate greatly from year
o year (Ciannelli et al., 2021 ). Our finding that the locations
f consistent thermally-suitable habitat are similar for shorter 
eriods but do shift over the course of the century may indi-
ate reduced reproductive success in the future. For example,
acific cod spawning habitat seems to be spatially constrained,
ut warming temperatures may cause it to shift geographi- 
ally . Alternatively , reproductive success may be less affected
f the timing of spawning (spawning phenology) shifts, as is
ound in other species (Rogers and Dougherty, 2019 ). How-
ver, we were unable to assess this here due to a lack of detailed
ata on the timing of reproduction of Pacific cod in the Bering
ea. 
We found no relationship between recruitment and ther- 
al spawning habitat suitability. This is likely because the 
vailability of thermal spawning habitat has not limited Pa- 
ific cod’s reproductive potential in the eastern Bering Sea.
ther work that has assessed the link between thermal spawn-

ng habitat availability and population dynamics has found a
ositive relationship between the two, but only in cases where
hermal habitat shrunk (as opposed to increased, as we found
ere; Dodson et al., 2019 ; Laurel and Rogers, 2020 ). For ex-
mple, Laurel and Rogers (2020) found that a reduction of
hermal spawning habitat for Pacific cod following a heat- 
ave in the Gulf of Alaska, and thus poor hatch success, was

inked to lower abundance of larvae, age-0 juveniles, and age-
 recruits. Likewise, Dodson et al. ( 2019 ) revealed that lar-
al abundance of herring ( Clupea harengus ) was higher when
ater temperatures were optimal for hatch success over a 23-
ear time series. While not based on the availability of thermal
abitat specifically, a loss of settlement habitat due to warming
or some coral reef fish—habitat supporting survival of early
ife stages—is thought to have contributed to declines in abun-
ance (Munday et al., 2008 ). The relationship between ther-
al spawning habitat availability and recruitment or produc- 
ivity may be nonlinear; for example, Laurel et al. ( in review )
ound a threshold response such that recruitment failure was
nly evident when thermal spawning habitat metrics fell be- 
ow a certain value. To our knowledge, studies that have pre-
icted increases in thermal spawning habitat, as we found here
e.g., Dahlke et al., 2018 ; Cote et al., 2021 ), have not assessed
hether this increase was related to recruitment. In the case of
acific cod in the eastern Bering Sea, it appears that other fac-
ors, and not the availability of thermal spawning habitat, are
elated to recruitment and stock dynamics (Farley et al., 2016 ).
ndeed, recruitment of Pacific cod in the Bering Sea, and other
roundfish species, is related to a host of factors, including
limatic variability (e.g., sea ice, winds) and diet and species
nteractions (predation, prey availability), to name a few (Hol- 
owed et al., 2001 ; Houde, 2008 ; Rogers et al., 2021 ). Addi-
ionally, larval dispersal and juvenile habitat may be affected 
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f spawning habitat shifts spatially. Thus, while the availabil-
ty of thermal spawning habitat has not affected Pacific cod
ecruitment, warming will undoubtedly affect Pacific cod and
ther species in other, possibly unanticipated, ways. 
Predicting distributional shifts in response to warming—

ne of the “universal” responses to climate change—is a cen-
ral challenge as such shifts have far-reaching biological and
ocioeconomic implications (Pinsky et al., 2020 ). Many stud-
es rely on correlational relationships between environmen-
al and biological variables such as abundance or biomass
e.g., Morley et al., 2018 ). Mechanistic-based approaches are
aining traction and improve upon the uncertainty in corre-
ational predictions (Evans et al., 2015 ; Cote et al., 2021 ).
or example, a species may not encounter the entire range
f temperatures they can physiologically withstand if solely
xamining distributional data (Kearney et al., 2020 ). Addi-
ionally, mechanistic-based approaches allow us to better un-
erstand why certain distributional shifts may occur (Cheung
t al., 2013 ; Deutsch et al., 2020 ). Finally, different life stages
ypically have different thermal sensitives, resulting in onto-
enetic changes in distributions that are linked to habitat use
Barbeaux and Hollowed, 2018 ; Dahlke et al., 2020 ). Predict-
ng distribution based on correlative approaches alone is often
imiting in terms of what life stages can be observed (Pinsky
t al., 2013 ; Morley et al., 2018 ; Fredston et al., 2021 ). While
uch approaches work for some life stages (juveniles, adults),
hey are difficult to extend to early life stages (eggs). Because
arly life stages may act as a bottleneck to a species’ ability
o adapt to warming and other changing environmental con-
itions (Asch and Erisman, 2018 ; Dahlke et al., 2018 , 2020 ;
iannelli et al., 2021 ), understanding how warming will affect
hem is a critical step in understanding, predicting, and mit-
gating the effects of a changing climate. Here, we make use
f a mechanistic relationship between hatch success and tem-
erature and leverage regional dynamical downscaling forced
y global climate model simulations that offer projections of
emperature to understand how thermal spawning habitat—
nd possibly the distribution of spawning adults, eggs, and
ewly-hatched larvae—has changed in the past and will con-
inue to do so in the future. Future work could extend our
ramework to include other variables that are important for
uccessful spawning, e.g., oxygen and sediment type as stated
arlier. As polar regions like the Bering Sea are rapidly chang-
ng environmentally (Zhang, 2005 ; Stabeno and Bell, 2019 ),
redictions such as ours will facilitate preparing for future 
ncertainty. 
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