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T he B ering Sea is a productive large marine ecosystem that supports numerous commercial fisheries, while climate change is introducing 
rapid warming and freshening, especially in coastal w ater. T he success of early life stages of marine fish can impact adult abundance le v els; 
little is known about how behavioural or physiological plasticity in relation to environmental changes at one stage (e.g. spa wning) ma y affect 
survival during subsequent stages (e.g. larvae), nor whether trade-offs exist that affect how a species demonstrates such plasticity. We utilized 
a statistical approach to examine phenological and geographical flexibility in spawning behaviour for four species of groundfish. In situ sea 
surf ace temperature (SS T) and salinity (SSS) associations were also estimated by statistical models for six species of groundfish larvae. All 
species exhibited greater spawning geography flexibility than phenological flexibility during the egg stage. All larval stages exhibited specific 
temperature and salinity associations across unique combinations of SST and SSS. These species-specific patterns, in the context of potential 
climate change impacts, suggest that flexibility in spawning behaviour may not adequately compensate for the presence of unf a v ourable habitats 
at the larval stage. 
Keywords: climate change, early life stages, generalized additive models, phenology. 
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Introduction 

Consistent spawning behaviour in fish likely increases the suc- 
cess of vulnerable early life stages (eggs and larvae) by increas- 
ing the probability of matching larval development with peaks 
in prey abundance and/or favourable oceanographic and habi- 
tat conditions during ontogeny (Durant et al., 2007 ; Bacheler 
et al., 2009 ; Siddon et al., 2011 ; Ciannelli et al., 2015 ; Mc- 
Queen and Marshall, 2017 ; Asch et al., 2019 ; Biggs et al.,
2021 ). However, climate change creates disjointed dynamics 
between spawning behaviour and the ideal conditions for lar- 
vae, with far-reaching consequences for adult populations and 

the economies that rely on thriving fisheries (Poloczanska et 
al. , 2013 ; Asch et al. , 2019 ). Even in the presence of spawn- 
ing geographic or phenological flexibility (i.e. behavioural or 
physiological plasticity), the survival of later stages may be 
reduced if exposed to novel and unfavourable oceanographic 
and habitat conditions (Cushing, 1990 ; Durant et al., 2007 ; 
Bacheler et al., 2009 ; Ciannelli et al., 2015 ; Logerwell et al.,
2020 ). Whether there is a tradeoff between spawning phenol- 
ogy and geographic flexibility remains unclear. 

Marine fish at large have either demonstrated interan- 
nual flexibility in the environmental conditions at which they 
spawn (geographic spawners, constrained by place) or the lo- 
cation at which they spawn (environmental spawners, con- 
strained by environmental processes) (Ciannelli et al., 2007 ; 
Bacheler et al., 2012 ; Asch, 2015 ; Porter and Ciannelli, 2018 ; 
Asch et al., 2019 ). The type and degree of plasticity a species 
may exhibit may depend upon factors like species-specific life 
history characteristics and habitat usage. While past research 

has identified trait complexes likely to correlate with more 
Received: 17 December 2022; Revised: 19 June 2023; Accepted: 19 June 2023 
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lasticity in spawning phenology (e.g. Ciannelli et al., 2007 ;
acheler et al ., 2012 ; Asch, 2015 ), patterns in spatial shifts are
ypically not explicitly investigated nor investigated in con- 
unction with phenology. Thus, it is plausible that spawning 
lasticity may exist in more species than currently identified,
ut quantification of such plasticity in space and time and how
his may relate to ecological characteristics has yet to be es-
ablished for most species. 

Groundfish in the Bering Sea (BS) are adapted to the vari-
ble environmental characteristics of the region and exhibit 
pawning strategies that increase the probability of survival 
or their young (Siddon et al., 2011 , 2019 ; Asch et al., 2019 ;
ogerwell et al., 2020 ). Despite known evolutionary con- 
traints on spawning location and spawning timing, past stud- 
es note that plasticity in behaviour and physiology can lead to
ariable spawning behaviour (Kjesbu and Witthames, 2007 ).
n the BS, the historic interannual variability provides an 

pportunity to evaluate the relationship between the envi- 
onment and the phenology and geography of spawning in 

roundfish (Logerwell et al., 2020 ). Additionally, the impact 
hat spawning plasticity, if present, may have on larvae can be
urther understood by studying the thermohaline associations 
f larvae in the BS. We thus sought to quantify the degree to
hich BS groundfish exhibit spawning flexibility and whether 

hanges in spawning timing and/or locations are likely to ex-
ose larval stages to unfavourable habitat conditions. 
Upon hatching, larvae in the BS tend to concentrate into

pecific water masses, defined by salinity and temperature, and 

re transported with prevailing currents; such associations are 
ypically consistent interannually and are extremely important 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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Figure 1. Hydrographic domains of the Bering Sea (BS) region: the 
coastal domain ( < 50 m), the middle domain ( > 50 m and < 100 m), and 
the outer domain ( > 100 m and ≤200 m). The red line at 60 ◦N delineates 
the southern BS from the northern BS. Modified from Kinder and 
Sc humac her ( 1 981 ). 
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or larval development and dispersal processes (Doyle et al.,
009 ; Siddon et al., 2011 ; Ciannelli et al., 2015 ; Swearer et al.,
019 ; Logerwell et al., 2020 ). While larval growth and devel-
pment are closely temperature-dependent, salinity also exerts
trong, and currently understudied, impacts on larval devel-
pment and transport. Previous studies indicate that ranges
utside a species’ salinity window can lead to osmoregulatory
tress and abnormal development; salinity variance also im-
acts early life stage buoyancy, thereby impacting transport
Holliday and Blaxter, 1960 ; Bœuf and Payan, 2001 ; Munk,
016 ; Spencer et al., 2020 ). However, there is a paucity of in-
ormation on habitat suitability for BS larvae as a function of
oth temperature and salinity (Doyle et al., 2009 ; Logerwell et
l., 2020 ). While hydrographic domains on the BS continental
helf exhibit specific ranges of temperature and salinity, these
anges may be altered in the future, especially in coastal ar-
as, as temperatures and freshwater runoff increase. As coastal
egions freshen, it is critical to take a multi-dimensional ap-
roach to habitat suitability of early life stages and investigate
alinity associations alongside thermal preferences (Dávila et
l., 2002 ; Sejr et al., 2017 ; Boone et al., 2018 ; Ciannelli et al.,
022b ). 
Examining connections of larval environmental associa-

ions to their species’ spawning behaviour offers a nuanced
erspective of ecosystem dynamics and drivers of early life
tage success. Hence, the goals of this study were as follows: 

(1) Evaluate larval biogeography in association with in situ
measurements of sea surface temperature (SST) and sea
surface salinity (SSS) for six species of groundfish larvae.

(2) Evaluate the degree to which groundfish modify their
spawning behaviour in space or time across a subset of
groundfish. 

As the BS ecosystem rapidly garners new ecosystem-wide
ynamics through climatic forcing and anthropogenic climate
hange, it is increasingly important to look towards early life
tages that can reveal species vulnerabilities and large-scale
atterns of change. While this study is focused on the BS, it
s relevant to other sub-arctic regions and coastal nursery ar-
as, which are also experiencing warming and increased spring
nd summer discharge of freshwater (Dávila et al., 2002 ; Gib-
on et al., 2002 ; Royer and Grosch, 2006 ; Sejr et al., 2017 ;
PCC: Summary for Policymakers, 2022 ). 

ethods 

tudy region 

he BS shelf is divided into three domains, delineated by
athymetry: the coastal domain (depths < 50 m), the mid-
le domain (depths between 50 and 100 m), and the outer
omain (depths between 100 and 200 m; Figure 1 ). Distinc-
ive levels of temperature, salinity, and other characteristics
f vertical structure comprise three hydrographic boundaries
ersistent on the broad BS continental shelf through much
f the year, further delineating these domains (Kinder and
chumacher, 1981 ). In May, isotherms in the coastal domain
oughly mirror the coastline, and temperatures range from 0
o 3 

◦C. In the summer, temperatures range from 5 to 11 

◦C,
ith warmer temperatures in shallower waters on average. In

eptember, temperatures range from ∼8 to 10 

◦C. The lowest
alinities ( ∼30 ppt) occur in the coastal domain in the summer
ue to freshwater input (Luchin et al., 1999 ). In this coastal
omain, temperature and salinity are generally homogenous
ith depth (Kinder and Schumacher, 1981 ). 
Each domain has unique hydrographic features and season-

lity, as described above. Additionally, the BS cold pool is a
eature of persistent, cold, and dense water that rests on the
cean floor of the BS shelf primarily during late spring and
ummer months. It occurs in the middle domain, and its spa-
ial spread is closely associated with sea ice formation, melt-
ng, and buoyancy-driven mixing (Kinder and Schumacher,
981 ; Wyllie-Echeverria and Wooster, 1998 ; Duffy-Anderson
t al., 2006 ). As sea ice forms in the fall, brine water is ejected,
reating a layer of cold, dense water that sinks to the shelf
oor (Kinder and Schumacher, 1981 ). The cold pool affects
dult species assemblages at depth; it creates a thermal bar-
ier within the water column as well as latitudinally, sepa-
ating species between Arctic and sub-Arctic bioregions and
stablishing different physical habitats for species present in
he benthos compared to the upper water column (Wyllie-
cheverria and Wooster, 1998 ). In this way, the cold pool can
xert control on adult populations and spawning migrations
s species move throughout the BS. 

At the surface of the middle domain, temperatures in the
pring and summer range from 2 to 8 

◦C and are spatially
eterogenous across the domain; the highest temperatures oc-
ur in August (Luchin et al., 1999 ). In September, tempera-
ures range between 7 and 8 

◦C. Surface salinities are typi-
ally ∼32 ppt across the spring and summer (Luchin et al.,
999 ). The outer domain has the greatest degree of stratifi-
ation of the three domains (Kinder and Schumacher, 1981 ).
pring and summer surface temperatures vary from 2 to 9 

◦C
n average; highest salinities in the BS occur in this domain
uring the late spring (Luchin et al., 1999 ). Surface currents
nd bathymetric features also influence the physical dynamics
f the BS. The Alaska Coastal Current enriches the southeast-
rn BS with warmer , fresher , and nutrient-rich waters, while
he Bering Slope Current (BSC) generates hydrographic insta-
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bilities promoting the formation of nutrient-concentrating ed- 
dies along the shelf edge (Mizobata and Saitoh, 2004 ; Mizo- 
bata et al., 2006 ; Sambrotto et al., 2008 ; Stabeno et al., 2016 ).
The Bering, Pribilof, and Zhemchug canyons, present along 
the shelf edge, interact with surface currents, including on- 
shelf flow and the BSC (Duffy-Anderson et al., 2006 ; Vestfals 
et al., 2014 ; Stabeno et al., 2016 ). 

Study species 

This study focused on five Pleuronectids, Alaska plaice ( Pleu- 
ronectes quadrituberculatus ), flathead sole ( Hippoglossoides 
elassodon ), northern rock sole ( Lepidopsetta polyxystra ), rex 

sole ( Glyptocephalus zachirus ), and yellowfin sole ( Limanda 
aspera ), as well as two Gadid species: Walleye pollock ( Gadus 
chalcogrammus ) and Pacific cod ( Gadus macrocephalus ).
These species span diverse life histories, habitat preferences,
spawning timing and locations, and ecological niches; they are 
additionally ecologically and commercially important to the 
BS region ( Table 1 ). Fisheries with the most economic value 
and harvest volumes are walleye pollock, Pacific cod, and yel- 
lowfin sole (National Marine Fisheries Service and National 
Oceanic and Atmospheric Administration, 2021 ; NOAA Fish- 
eries, 2022 ). Alaska plaice, flathead sole, rex sole, and walleye 
pollock were the only species included in the egg analyses due 
to their consistent presence in egg survey records throughout 
the southeastern BS. Due to the species’ lack of presence in lar- 
val records, rex sole was not included in the larval analyses. 

Ichthyoplankton and environmental data 

The data used for this study were collected by the Ecosys- 
tems and Fisheries-Oceanography Coordinated Investigations 
(EcoFOCI) programme of NOAA’s Alaska Fisheries Science 
Center (AFSC). This multidecadal, spatially expansive ichthy- 
oplankton time series and the characteristics of the BS region 

(e.g. interannual environmental variability and the rapid on- 
set of climate change) are unique and provided a strong foun- 
dation to evaluate our research questions regarding environ- 
mental associations and plasticity (Sheffield Guy et al., 2014 ; 
McClatchie et al., 2016 ). Sampling occurred from Febru- 
ary to October, with the most frequent sampling in May–
September; sampling design systematically covered the south- 
eastern BS region to depths up to 4060 m ( Table 2 ). Ichthy- 
oplankton hauls were conducted with bongo nets of two 

mesh sizes (333 or 505 μm); however, these mesh size dif- 
ferences have proved to have little impact on ichthyoplank- 
ton catch rates in this region (Shima and Bailey, 1994 ; Boe- 
ing and Duffy-Anderson, 2008 ). The spatial extent of the 
surveying effort is provided in Supplementary Information 

Section 1. 
Environmental data include Conductivity Temperature 

Depth (CTD) profiles that were collected concurrently with 

egg and larval sampling; these data were used to determine lar- 
val environmental associations. Surface salinity (SSS) and tem- 
perature (SST) values were averaged across the upper 10 m of 
the water column to represent the upper-surface mixed layer.
This depth limit was utilized because many groundfish larvae 
in the Bering Sea are typically found in the mixed layer (Olivar 
and Sabatés, 1997 ; Smart et al., 2013 ). 

We interpolated average CTD data of the surface 10 m over 
the southeastern BS for the month of May–September, from 

1997 to 2016, to better understand how temperature and 
alinity tend to vary across the region in warm and cold phases
Supplementary Information Section 2). These two months 
ere isolated because the majority of observations for all

pecies except for yellowfin sole occurred during the month 

f May, while the majority of yellowfin sole observations oc-
urred in September . However , ichthyoplankton observations 
sed in this study’s analyses were not constrained to these
wo months. These SST and SSS maps represent two com-
ined warm regimes (2001–2005 and 2014–2016) and one 
old regime (2006–2013) for these two months (Stabeno et 
l., 2017 ; Baker, 2021 ). All maps were interpolated using a lo-
al quadratic (second degree) regression fitting function with 

 span of 0.15 ( loess function from the R package stats, ver-
ion 3.6.2; R Core Team, 2021 ); values > 30 km from obser-
ations were removed from the interpolated figures. Surface 
emperature-salinity plots were also evaluated within each 

omain (coastal, middle, and outer) across warm and cold 

egime years by plotting raw (i.e. not interpolated) SST against
SS, isolated by domain, and colour-coding points according 
o the regime ( Figure 2 ). 

Ichthyoplankton data were temporally trimmed to focus 
he extent to known spawning times and periods in which
arvae are present in the water column ( Table 3 ). Data were
lipped to remove stations > 30 km from a positive ob-
ervation for each species. This operation ensures that we 
ocus the analyses on the areas consistently inhabited by 
he target species. All explorative and processing techniques 
ere conducted in RStudio version 4.1.0 (R Core Team,
021 ). 
Spawning behaviour analyses were conducted with egg 

chthyoplankton data, which were matched to an average re- 
ional temperature index, calculated across one month over 
 consistent sub-area of the study region, for each year of
he study (henceforth referred to as the “regional tempera- 
ure index”). We assumed that egg data are adequate proxies
or spawning location, an assumption aligned with numerous 
ther studies (e.g. Bellier et al., 2007 ; Ciannelli et al., 2007 ;
acheler et al., 2009 , 2012 ; Lelièvre et al., 2014 ). For each
pecies, the peak in egg catch per unit effort (CPUE) by month
cross years was identified, and the associated regional tem- 
erature index was then calculated for the period two months
rior to the egg CPUE peak. For all egg species (Alaska plaice,
athead sole, walleye pollock, and rex sole), the peak in egg
atch occurred in May; thus, the regional temperature index 

as created based on March values. This lag was adopted to
ccount for multiple dynamics of reproduction: the length of 
ime during which groundfish species migrate into the spawn- 
ng habitat, the length of time during which groundfish are un-
ergoing gonadal maturation, and the temporal lag between 

hen spawning adults are present at the spawning location 

nd when eggs are collected (Lowerre-Barbieri et al., 2011 ).
he regional temperature index is calculated as the average 
ea surface temperature (SST) values in a 1 

◦ × 1 

◦ grid across
he southeastern BS region with following latitudinal and 

ongitudinal ranges: 55.5 

◦N–57.5 

◦N and 168.5 

◦W–163.5 

◦W.
he temperature data used to calculate regional temper- 
ture indices were obtained from the NOAA COBE SST 

ataset (“COBE SST: NOAA Physical Sciences Laboratory,
005 ”). 
Additional cruise information, including name, dates of ves- 

el deployment, and number of stations sampled, can be found
n the Supplementary Information Section 2. 
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Figure 2. Comparison of SST and SSS across hydrographic domains for warm regime years (2001 through 2005 and 2014 through 2016) and cold regime 
years (2006 through 2013) in both May (top panel) and September (bottom panel). 
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nalytical framework 

ur analytical goals were twofold: first, we sought to quantify
arval associations with two environmental parameters, sea
urface temperature (SST) and sea surface salinity (SSS); sec-
nd, we sought to quantify the spatial and temporal dynamics
f spawning behaviour in relation to temperature. To measure
hese relationships, we developed generalized additive models
GAMs) of varying formulations. GAMs are built with nonlin-
ar smoothing terms, allowing dependent and independent co-
ariate relationships to be modelled in a biologically realistic
anner (Hastie and Tibshirani, 1986 ; Bartolino et al., 2011 ;
ood, 2017 ). Pairwise correlation plots were conducted, in-

luding all covariates in the models, and all correlation values
etween covariates were found to be ≤0.5. We note that YFS
ottom depth and salinity covariates were correlated ( > 0.5)
ntil YFS depths were constrained to < 100 m. Partial effect
lots were visually examined to confirm the biological real-
sm of the models and were compared across species and life
tages. 
Models applied to the larval life stage included day of year
 d , basis function behaviour restricted by setting the knot
alue ( k ) to 7), latitude ( φ), longitude ( λ), bottom depth ( b ,
asis function behaviour restricted by setting k to 5), and
ear as a factor variable ( yr ) as covariates (Leathwick et al.,
006 ). Longitude and latitude were interacted with one an-
ther through a thin plate regression spline to produce a two-
imensional smoother. The SST and SSS partial effects, in lar-
al models, were restricted by constraining the basis functions’
 value to 4 for all models. In the bivariate model [equa-
ion ( 5 )], this resulted in a k constraint of 16. Models applied
o the egg life stage included day of year ( d ; note that basis
unction behaviour of this covariate in egg models was not
onstrained), latitude ( φ), longitude ( λ), bottom depth ( b , ba-
is function behaviour restricted by setting k to 5), regional
emperature index ( reg.SST ), and year as a factor variable
 yr ) as covariates. Longitude and latitude were also interacted
hrough a thin plate regression spline. The addition of years
nto GAMs for both life stages helps to account for interan-
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Table 3. Description of spatial and temporal attributes of ichth y oplankton data after trimming modifications (eggs and larvae) and pairing with in situ 
environment al dat a (larvae). 

Species Life stage Geogr aphic r ange Depth range (m) 
Detailed seasonality (day of 

year)/Years sampled 

Number of stations 
sampled/Number of stations 

sampled with positive 
catches 

Alaska plaice Egg 53.98 to 62.2 ◦N, 
158.24 to 178.35 ◦W 

19–150 100–181/1979, 1988, 1991, 
1993–2000, 2002, 2003, 

2005–2016 

1963/798 

Alaska plaice Larvae 54.28 to 59.72 ◦N, 
158.24 to 173.02 ◦W 

23–150 99–175/1997–2000, 2002, 
2003, 2005–2016 

955/225 

Flathead sole Egg 53.50 to 60.1 ◦N, 
159.4 to 178.35 ◦W 

24–220 100–174/1979, 1988, 1991, 
1993–2000, 2002, 2003, 

2005–2016 

2020/1017 

Flathead sole Larvae 54.00 to 59.14 ◦N, 
158.86 to 173.5 ◦W 

24–220 100 to 174/1997–2000, 
2002, 2003, 2005–2016 

1273/405 

Northern rock sole Larvae 53.37 to 59.73 ◦N, 
158.63 to 178.17 ◦W 

41–298 101–159/1997–2000, 2002, 
2003, 2005–2016 

1247/630 

Pacific cod Larvae 53.39 to 59.64 ◦N, 
158.86 to 178.17 ◦W 

43–232 100–159/1997, 1998–2000, 
2002, 2003, 2005–2016 

915/258 

Walleye pollock Egg 54.00 to 60.08 ◦N, 
158.24 to 173.00 ◦W 

0–3 480 100–159/1979, 1988, 
1991–2000, 2002, 2003, 

2005–2016 

2504/1997 

Walleye pollock Larvae 53.65 to 60.08 ◦N, 
158.24 to 174.04 ◦W 

24–3 365 99–159/1997–2000, 2002, 
2003, 2005–2016 

1584/1143 

Rex sole Egg 53.36 to 58.35 ◦N, 
161.59 to 172.91 ◦W 

0–3 242 91–212/1979, 1988, 
1991–2016 

1907/328 

Yellowfin sole Larvae 54.95 to 65.00 ◦N, 
158.06 to 171.23 ◦W 

16–93 231–281/2000, 2004–2006, 
2008–2016 

369/188 

All ichthyoplankton data were modified by geographic, temporal, and depth values to align with species’ life history characteristics; stations were also removed 
if farther than 30 km from any positive catch of that species. These data were retrieved from AFSC EcoFOCI Ichthyoplankton Records. 
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nual variation in ichthyoplankton abundance due to interan- 
nual variation in spawning stock population size. 

The response variable ( μ) was catch (of eggs or larvae) per 
10 m 

2 + 1, and models were fitted on a Tweedie distribution 

with a natural log link function. The log link function applies 
a log transformation to the linear predictor, while leaving the 
response variable untransformed. This method was applied to 

ensure that linear predictors of these models align with the dis- 
tribution of the observations, as larval data were significantly 
overdispersed and zero-inflated. All models were applied to 

untransformed data. Note that in the model equation syntax,
we adopt the convention that μ is the linear predictor (i.e. not 
the observed value) and the response is in the scale of the link 

function. When using the Tweedie distribution, the link func- 
tion is the natural log. Random error ( ε) is assumed to occur 
over a Tweedie distribution, and the variance is defined by 
ϑ ( μd,yr, ( φ,λ) ) = ϕ · μ

p 
i , where p is equal to the Tweedie param- 

eter ranging from one (Poisson distribution) to two (Gamma 
distribution). 

The best-performing model for each species was selected by 
comparing Akaike Information Criterion (AIC) scores and re- 
taining the model with the smallest AIC value (Akaike, 1974 ; 
Burnham and Anderson, 2004 ). 

Larval models 
In the larval models, all covariates were included additively; 
the individual covariates’ effects on larval catch do not depend 

on the values of any other covariate. The base model formu- 
lation [equation ( 1 )] lacked any inclusion of environmental 
parameters. 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d, k = 7 

) + g 1 ( λ, φ) 

+ s 2 
(
b φ, λ, k = 5 

)
. (1) 
The next two model formulations included in situ sea sur-
ace salinity [ SSS ; equation ( 2 )] and in situ sea surface temper-
ture [ SST ; equation ( 3 )] as additive covariates: 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d, k = 7 

)

+ g 1 ( λ, φ) + s 2 
(
b φ, λ, k = 5 

)

+ s 3 
(
SSS b, φ,λ,d , k = 4 

)
, (2) 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d, k = 7 

)

+ g 1 ( λ, φ) + s 2 
(
b φ, λ, k = 5 

)

+ s 3 
(
SST b, φ,λ,d , k = 4 

)
. 

(3) 

We then included SST and SSS together, additively [equa- 
ion ( 4 )]. In the final model formulation, SST and SSS were
nteracted together in one interaction [equation ( 5 )]; in this
ormulation, the effect of SST on larval catch depends on the
alue of SSS , and vice versa: 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d, k = 7 

)

+ g 1 ( λ, φ) + s 2 
(
b φ, λ, k = 5 

)

+ s 3 
(
SSS b, φ,λ,d , k = 4 

)

+ s 4 
(
SST b, φ,λ,d , k = 4 

)
, (4) 
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log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d, k = 7 

)

+ g 1 ( λ, φ) + s 2 
(
b φ, λ, k = 5 

)

+ g 2 
(
SSS b, φ,λ,d , SST b, φ,λ,d , k = 16 

)
. 

(5) 

Once fitted and selected, larval catch estimates [log (catch
er 10 m 

2 + 1)] were predicted over a regularly spaced grid of
ongitude and latitude by the best-performing model to visual-
ze the results and spatial distribution. Similarly, species’ larval
atch was also predicted over a regularly spaced SSS–SST grid
o visualize the distribution over environmental coordinates.
dditionally, larval catches were subset to include only 65%
f the sum of estimated larval catches for each species to as-
ertain where in SSS–SST space the majority of estimations
ccurred. In addition to the model AIC, outputs were qualita-
ively validated by comparing estimates with observed larval
atch. 

gg models 
n the base model [equation ( 6 )], all dimensions and variables
re included additively, wherein the specific effects of covari-
tes on egg catch do not depend on the values of other covari-
tes: 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d 

) + s 2 
(
b φ, λ, k = 5 

)

+ g 1 ( λ, φ) . (6) 

We then formulated variable-coefficient GAMs (vGAMs;
.g. Bacheler et al., 2009 , 2012 ; Bartolino et al., 2011 ); these
re formulations in which the response variable ( μ) is mod-
lled with the inclusion of a term representing either phenol-
gy [equation ( 7 )] or geography [equation ( 8 )] that varies in
elation to the regional temperature index ( reg.SST, ◦C): 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d 

) × reg.SST 

+ s 2 
(
b φ, λ, k = 5 

) + g 1 ( λ, φ) , (7) 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d 

) + s 2 
(
b φ, λ, k = 5 

)

+ g 1 ( λ, φ) × reg.SST. (8) 

We finally formulated threshold GAMs (tGAMs); these are
ormulations in which the response variable ( μ) is modelled
ith the inclusion of a term that specifies a threshold re-

ional sea surface temperature index (e.g. Ciannelli et al.,
004 ; Porter and Ciannelli, 2018 ). The response variable is
hen modelled differently above and below this threshold tem-
erature in either time [equation ( 9 )] or space [equation ( 10 )].
n these formulations, I is an indicator variable (between 0
nd 1) that relates to whether the regional temperature index
s above or below the threshold: 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + I 1 s 1 
(
d 

) + I 2 s 2 
(
d 

)

+ s 3 
(
b φ, λ, k = 5 

) + g 1 ( λ, φ) , (9) 

log(μd,yr, ( φ,λ) ) = factor ( yr ) + s 1 
(
d 

) + s 2 
(
b φ, λ, k = 5 

)

+ I 1 g 1 ( λ, φ) + I 2 g 2 ( λ, φ) . (10) 

The best threshold temperature, for each species, was cho-
en by iteratively fitting models with 39 different unique
hreshold temperatures and selecting the temperature that
roduced the model with the lowest AIC score (Akaike, 1974 ;
urnham and Anderson, 2004 ). 
For the egg models, mean squared error (MSE) reduction

as also determined by comparing the MSE% reduction ob-
ained from the threshold geography model [equation ( 10 )],
elative to the base model, and the threshold phenology model
equation ( 9 )], relative to the base model. MSE% reduction
as calculated by subtracting the MSE of the best model from

he MSE of the base model and dividing that value by the MSE
f the base model. The percentage reduction of MSE can help
nform whether there is a trade-off in shifting spawning be-
aviour in space or time. 
Model outputs were created using the mgcv package in R

version 4.1.0 (2021–5–18) and mgcv package version 1.8–
5] and validated by comparing outputs to observed egg
atches. Spatially varying predictions of egg catch, as esti-
ated by either a tGAM or vGAM, were visualized over a

egularly spaced longitude and latitude grid. 

esults 

ea surface salinity and temperature 

n warm years, May sea surface temperature (SST) was ho-
ogenous across the southeastern BS with little variation

cross domains (Supplementary Information Section 3). SST
alues were ∼6 

◦C across most of the shelf, with some pockets
f higher (7–8 

◦C) temperatures observed. Cold SSTs ( < 4 

◦C)
ere restricted to latitudes > 58 

◦N within the middle domain.
ea surface salinity (SSS) patterns were consistent with the
ong-term average conditions, with the freshest water occur-
ing close to the Alaska coasts (between 30 and 31) and SSS
alues increasing with distance offshore (between 32.5 and
3.5). In September, the data available show SST values in the
iddle domain ranging from ∼8 to 11 

◦C, with warmer SST in
hallower areas. September SSS was similar to the long-term
verage conditions, with values ranging between 31 and 32
n the middle domain and 32 and above in the outer domain.
resher values also occurred towards the northern limits of the
tudy region, near the 60 

◦N line (Supplementary Information
ection 3). 

In cold years, May SST was more variable across the shelf,
ith the coldest temperatures ( < 0 

◦C) occurring in the middle
omain (Supplementary Information Section 3). SSTs warmed
ith distance offshore, reaching values ∼4 

◦C in the outer do-
ain and along the southern Aleutian Islands. May SSS pat-

erns were roughly inverse to this, with saltiest (33.5) wa-
er occurring in the outer domain and fresher water (31–32)
ccurring in the middle domain. In September, data showed
armer SST (9–10 

◦C) in the coastal domain and the middle
omain, ranging from 5 to 8 

◦C. September SSS were fresher in
he middle domain than during warm years and long-term av-
rage conditions; in the middle domain, values were between
1 and 31.5, with fresher SSS occurring in the coastal domain
nd saltier SSS ( > 32) occurring in the outer domain (Supple-
entary Information Section 3). 
In May, the middle domain retained some cooler SST even

n warm years, while the coastal and outer domains were
onsistently warmer than in cold regime years ( Figure 2 ). In
eptember, SST and SSS observations do not suggest distinct
atterns between warm and cold regime years. Warmest and
reshest sea surface conditions occurred in the coastal domain
n May across both cold and warm regimes. In September, the
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Figure 3. Biogeography of larval species as estimated by the best-performing models for each species: Alaska plaice (AP), flathead sole (FHS), northern 
rock sole (NRS), Pacific cod (PC), walleye pollock (WP), and yellowfin sole (YFS). Overlaid black lines indicate general boundaries of the coastal domain 
(depths < 50 m) and the middle domain (depths > 50 m and < 100 m) for reference. 
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warmest and freshest conditions also occurred in the coastal 
domain across both regimes ( Figure 2 ). 

Larval environmental associations 

Alaska plaice, flathead sole, northern rock sole, Pacific cod,
and walleye pollock larvae were caught between day 100 (10 

April) and day 180 (29 June); yellowfin sole (YFS) catches oc- 
curred later in the season, from day 231 (19 August) to day 
281 (8 October; Table 3 ). The predicted average distributions 
of all larvae are shown in Figure 3 . To view the spatial distri- 
butions of observed larval log (catch per 10 m 

2 ), see Supple- 
mentary Information Section 5. 

The model with an interaction between in situ SSS and SST 

[equation ( 5 )] best estimated catches of Alaska plaice (AP; 
80.9% deviance explained), flathead sole (FHS; 79.1% de- 
viance explained), northern rock sole (NRS; 63.5% deviance 
explained), Pacific cod (PC; 69% deviance explained), wall- 
eye pollock (WP; 62.8% deviance explained), and yellowfin 

sole (YFS; 69.2% deviance explained; Table 4 ). While the dif- 
ference in deviance explained by the best-performing models 
compared to other tested models for each species was modest,
it was paired with a substantial improvement to AIC values 
( Table 4 ). 

All best-performing models included a phenology term,
which indicates the estimated seasonality of each larval species 
(Supplementary Information Section 5). The best-performing 
odels estimated a linearly positive phenology curve for AP,
RS, and YFS, with the greatest effect of day of year on lar-

al catch later in the season (AP: day ∼180, NRS: day ∼160,
FS: day ∼280). The best-performing models estimated more 
ynamic phenology curves for FHS, PC, and WP (Supplemen- 
ary Information Section 5). 

Predicted geographic distributions of larvae varied across 
pecies and were heterogenous across the southeastern BS re- 
ion ( Figure 3 ). AP predicted larval catches predominately
ccurred in the coastal domain north of Bristol Bay, with
atches decreasing with distance offshore. YFS-predicted lar- 
al catches followed a similar pattern, with the greatest predic-
ions occurring in the coastal domain. The highest predicted 

FS larval catches occurred north of Nunivak Island. FHS and
C estimates of larval catches occurred primarily in the outer
omain. WP and NRS estimates of larval catches occurred 

rimarily in the middle domain, though both species had esti-
ated catches in the coastal and outer domains as well ( Figure
 ). 
When larval catch was predicted on an SST–SSS grid, AP,

HS, NRS, PC, and WP catches were distributed roughly be-
ween −1.6 and 8 

◦C and between 30 and 33 ( Figure 4 , grey-
cale). YFS occupied space diverged from the other species,
ith estimated catches spanning 29–32 salinity and 2.5–14 

◦C.
hen investigating the bivariate space in which 65% of catch

stimates occurred for each species ( Figure 4 , colour-scale),
P, NRS, PC, and YFS were found at the lower respective
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Table 4. Model output values and �AIC scores (difference in AIC relative to the best-performing model, wherein a higher value indicates a worse-fitting 
model) for all tested larval models [equations ( 1 ) through (5)]. 

Model 
Deviance explained 

(%) 

Significance codes of 
cov ariates (effectiv e 
degrees of freedom) �AIC 

Alaska plaice Base [1] 77.4 117.88 
Additive SSS [2] 77.4 119.12 
Additive SST [3] 78.7 49.68 

Additive SSS and SST [4] 78.8 51.96 
Bivariate SSS, SST [5] 80.9 DOY 

∗∗∗ (1.00), BD 

∗∗

(3.61), LON/LAT 

∗∗∗

(24.47), 
SSS/SST 

∗∗∗(32.21) 

- 

Flathead sole Base [1] 72.4 282.75 
Additive SSS [2] 72.5 277.87 
Additive SST [3] 74.4 177.46 

Additive SSS and SST [4] 74.5 182.91 
Bivariate SSS, SST [5] 79.1 DOY 

∗∗∗ (5.10), BD. 
(1.95), LON/LAT 

∗∗∗

(23.47), SSS/SST 

∗∗∗ (59.7) 

- 

Northern rock sole Base [1] 50.7 340.58 
Additive SSS [2] 52.2 294.57 
Additive SST [3] 54.3 224.30 

Additive SSS and SST [4] 55.1 205.29 
Bivariate SSS, SST [5] 63.5 DOY 

∗ (1.00), BD 

∗∗∗

(7.28), LON/LAT 

∗∗∗

(26.30), SSS/SST 

∗∗∗

(56.04) 

- 

Pacific cod Base [1] 60.6 141.76 
Additive SSS [2] 60.9 138.97 
Additive SST [3] 60.6 143.22 

Additive SSS and SST [4] 61.4 130.43 
Bivariate SSS, SST [5] 69 DOY 

∗∗ (4.99), BD 

∗

(1.41), LON/LAT 

∗∗∗

(23.94), 
SSS/SST 

∗∗∗(49.34) 

- 

Walleye pollock Base [1] 50.7 429.17 
Additive SSS [2] 52.9 335.46 
Additive SST [3] 57.1 147.67 

Additive SSS and SST [4] 57.5 138.77 
Bivariate SSS, SST [5] 62.8 DOY 

∗∗∗ (4.38), BD 

(1.51), LON/LAT 

∗∗∗

(27.19), SSS/SST 

∗∗∗

(61.54) 

- 

Yellowfin sole Base [1] 60.1 54.24 
Additive SSS [2] 61.9 36.64 
Additive SST [3] 62.5 27.52 

Additive SSS and SST [4] 64.5 9.91 
Bivariate SSS, SST [5] 69.2 DOY (1.00), BD 

∗∗∗

(3.92), LON/LAT 

∗∗∗

(19.37), SSS/SST 

∗∗∗

(24.96) 

- 

Effective degrees of freedom are included in parentheses for all covariates. The best-performing model is italicized for each species, and significance of covariates 
(day of year (DOY), bottom depth (BD), latitude and longitude (LON/LAT), sea surface salinity (SSS), sea surface salinity (SST), bivariate sea surface salinity 
and temperature (SSS/SST)) within the best-performing model are provided. Significance codes: “∗∗∗” < 0.001, “∗∗” < 0.01, “∗” < 0.05, “.”< 0.1. 
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anges of salinity (between 30 and 31), whereas FHS and WP
ere found at middle to higher salinity ranges (between 31

nd 33). AP and WP had highest catch estimates across a
elatively small range of moderate temperatures (AP: 3.66–
.28 

◦C; WP: 3.97–6.18 

◦C for WP). NRS and PC had high-
st catch estimates across a larger range of low to moder-
te temperatures (NRS: 1.37–6.79 

◦C; PC: 0.58–7.91 

◦C). FHS
nd YFS had highest catch estimates at higher temperatures,
ith high YFS predictions occurring at the warmest tem-
eratures of these species (FHS: 5.24–8.04 

◦C; YFS: 9.07–
2.15 

◦C). 
valuation of spawning behaviour 

ggs of most species were caught between day 100 and day
80; however, rex sole (RS) positive catches were protracted,
ccurring from day 91 to day 212 (31 July; Table 3 ). Egg
atches for all four species were best estimated by thresh-
ld models [tGAMs; equation ( 10 )], which included geo-
raphic flexibility ( Table 5 ). The tGAMs identified unique
emperature thresholds of 2.18 

◦C for AP (74.8% deviance ex-
lained), 2.33 

◦C for FHS (59.8% deviance explained), 2.31 

◦C
or RS (61.2% deviance explained), and 2.08 

◦C for WP
58.8% deviance explained). The improvement in perfor-
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Figure 4. Sea surface salinity-temperature plots, as predicted by the best-fitting GAM, for each of the six larval species: Alaska plaice (AP), flathead sole 
(FHS), northern rock sole (NRS), Pacific cod (PC), walleye pollock (WP), and yellowfin sole (YFS). Coloured scale reflects the region in salinity-temperature 
space in which 65% of total predicted log (catch per 10 m 

2 + 1), lies while the grey scale reflects all predicted log (catch per 10 m 

2 + 1). 
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mance made by this formulation is also reflected in improved 

(i.e. smaller) AIC scores ( Table 5 ). 
Spatially explicit estimates of egg abundance above 

(warmer conditions) and below (colder conditions) the thresh- 
old temperature varied by species, but each species demon- 
strated areas of increased egg abundance in conjunction with 

a transition to warmer conditions ( Figure 5 ). AP egg abun- 
dance increased west of Nunivak Island, and WP egg abun- 
dance increased southwest of Nunivak Island in warmer con- 
ditions. FHS egg abundance increased south of Bristol Bay in 

the coastal and middle domains, and increased egg catches 
were also estimated west of Nunivak Island in the outer do- 
main. RS egg abundance increased southwest of Unimak Pass 
in warmer conditions ( Figure 5 ). 

Spawning phenology, as estimated by the tGAMs for each 

species, varied across species (Supplementary Information Sec- 
tion 6). WP and RS models demonstrated the greatest day of 
year effect, with WP peaking slightly after day 120 and RS 
peaking at roughly day 170. RS and AP exhibited multiple 
positive anomalies in the phenology response curves. FHS ex- 
hibited a positively sloping day of year effect from day 100 to 

roughly day 125; this effect levelled off and intersected with 

zero at roughly day 170 (Supplementary Information Section 

6). 
Comparisons of % MSE difference across threshold ge- 

ography and threshold phenology, both relative to the base 
model, suggested trade-offs in flexibility for all study species 
a
 Table 5 ). All study species demonstrated a larger % MSE
eduction with threshold geography than threshold phenol- 
gy (AP = �12.6%; FHS = �5.75%; RS = �14.8%; WP
 �11.1%, where � = % MSE reduction threshold geography —% 

SE reduction threshold phenology ). 

iscussion 

e examined the flexibility of groundfish egg and larval habi-
at associations as well as the seasonal patterns of produc-
ion in seven species with contrasting life history strategies.

e found evidence that AP, FHS, WP, and RS can exhibit ge-
graphic flexibility in their spawning behaviour, as egg distri- 
utions for all species were best explained by a model that
llowed for interannual modifications in spatial distributions 
cross a sea surface temperature threshold ( Table 5 ). Addi-
ionally, there appeared to be a trade-off in spawning be-
aviour flexibility; all species demonstrated a larger % MSE
eduction in models with geographic flexibility than pheno- 
ogic flexibility ( Table 5 ). This is consistent with the notion
hat species may be flexible but only in one dimension: either
pace or time. Our results indicate that these species may con-
inue to exhibit shifts in their spatial distributions of spawn-
ng as the BS warms past the respective SST thresholds iden-
ified. These species may also be more constrained in the time
t which they spawn. 
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Table 5. Model output values and validation scores ( �AIC (difference in AIC relative to the best performing model) and mean square error (MSE) difference 
(%; difference in MSE relative to the base model) for all tested egg models [equations ( 6 ) through (10)]. 

Model 
Deviance 

explained (%) 

Significance codes of 
cov ariates (effectiv e degrees 

of freedom) �AIC 

MSE difference 
(%) 

Alaska plaice Base [6] 69 .1 444 .00 - 
V-C Phenology [7] 70 .3 369 .18 2 .85 
V-C Geography [8] 73 .6 116 .21 11 .77 

Threshold Phenology 
[9] 

70 .2 315 .81 2 .81 

Threshold Geography 
[10] 

74 .8 DOY 

∗∗∗ (8.01), BD 

∗∗∗

(3.92), LON/LAT B 
∗∗∗

(27.59), LON/LAT A 
∗∗∗

(26.69) 

- 15 .39 

Flathead sole Base [6] 54 .2 289 .59 - 
V-C Phenology [7] 56 205 .40 3 .18 
V-C Geography [8] 58 .9 56 .65 8 .28 

Threshold Phenology 
[9] 

56 .6 171 .77 4 .26 

Threshold Geography 
[10] 

59 .8 DOY 

∗∗∗ (5.72), BD (3.92), 
LON/LAT B 

∗∗∗ (27.59), 
LON/LAT A 

∗∗∗(19.21) 

- 10 .01 

Rex sole Base [6] 50 .8 454 .13 - 
V-C Phenology [7] 52 .3 414 .87 2 .56 
V-C Geography [8] 56 .5 202 .40 10 .06 

Threshold Phenology 
[9] 

52 .8 389 .57 3 .59 

Threshold Geography 
[10] 

61 .2 DOY 

∗∗∗ (8.45), BD 

∗∗∗

(3.58), LON/LAT B 
∗∗∗

(25.12), LON/LAT A 
∗∗∗

(26.00) 

- 18 .38 

Walleye pollock Base [6] 50 .2 593 .08 - 
V-C Phenology [7] 52 .2 465 .06 3 .27 
V-C Geography [8] 57 .7 75 .96 12 .49 

Threshold Phenology 
[9] 

52 .1 469 .11 3 .17 

Threshold Geography 
[10] 

58 .8 DOY 

∗∗∗ (7.23), BD 

∗∗∗

(1.25), LON/LAT B 
∗∗∗

(27.97), LON/LAT A 
∗∗∗

(27.21) 

- 14 .30 

Effective degrees of freedom are included in parentheses for all covariates. The best-performing model is italicized for each species, and significance of covariates 
[day of year (DOY), bottom depth (BD), latitude and longitude below threshold (LON/LAT B ), and latitude and longitude above threshold (LON/LAT A ) within 
the best-performing model are provided]. Significance codes: “∗∗∗” < 0.001, “∗∗” < 0.01, “∗” < 0.05, “.”< 0.1. 
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The improvement in deviance explained between the base
odel (longitude, latitude, bottom depth, and day of year as

ovariates) and the best-performing model were moderate.
his is not surprising, considering that these species do tend

o spawn in predictable areas and at predictable times. These
esults are thus consistent with ecology of the species and the
nown importance of space and time. However, the inclusion
f environmental variables in these models provides evidence
f the importance of additional factors (i.e., those other than
pace and time) in the spawning habitat, and such factors are
ikely essential to correctly model future species distributions
nder continuous global change. 
In 2012, Bacheler et al. ( 2012 ) analysed WP data sourced

rom the EcoFOCI programme and identified consistent inter-
nnual spawning behaviour in space and time, though temper-
ture appeared to modify the magnitude of egg production.
ith the added advantage of a decade of WP data, including

ome of the warmest years on record for the region, this study
ugmented Bacheler et al .’s findings and suggests that WP may
xhibit more apparent northward movements in spawning ag-
regations in the future ( Figure 5 ). FHS phenology and ge-
graphy were also recently analysed by Porter and Ciannelli
2018) ; this study looked only at spatially variable spawning
ehaviour and found that FHS exhibit a northeastward shift
n spawning habitat in relation to warming temperatures, but
heir sampled area was limited to the Alaska peninsula. FHS
gg distributions in the present study increased southeast of
he Pribilof Islands in relation to warmer conditions ( Figure
 ); considering the difference in spatial domain, this finding is
onsistent with those of Porter and Ciannelli (2018) . To date,
tudies have not been conducted for AP and RS in the BS.
rends of spawning flexibility observed in the literature (see
ims et al., 2004 ; Asch, 2015 ; McQueen and Marshall, 2017 ;
ogers and Dougherty, 2019 ; Slesinger et al., 2021 ) and this

tudy suggest a wider spread of behavioural flexibility than
reviously recognized for iteroparous marine fish. 
There are many possible explanations for underlying

rivers of geographic flexibility patterns. FHS and RS are at
he northern edge of their range in the BS, which may make
hem more responsive to unfavourable variations in temper-
ture (Matarese et al., 2003 ; Porter and Ciannelli, 2018 ).
onsistently, for both of these species, the respective best-
erforming model predicted lower catches in the middle do-
ain and a northward shift with warmer temperatures ( Figure
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Figure 5. Spatial distributions of egg catch [log (catch per 10 m 

2 + 1)] estimates by threshold geography GAMs below (1) and above (2) the temperature 
threshold for Alaska plaice (AP), flathead sole (FHS), rex sole (RS), and walleye pollock (WP). Additionally, changes in distribution of egg catch estimates 
about the temperature threshold (3) are shown for each species. More positive values in this panel indicate regions where estimated egg catches were 
greater abo v e the temperature threshold (i.e. in w armer conditions) than belo w the threshold. Ov erlaid black lines indicate general boundaries of the 
coastal domain (depths < 50 m) and the middle domain (depths > 50 m and < 100 m) for reference. 
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 ). Differences in the shelf location where increased egg catch
stimates occur across species may be related to fine-scale dif-
erences in spawning migrations, egg buoyancy properties, or
ne-scale retention features like eddies and fronts. However,
he dispersal pathways utilized by all species here are relatively
road-scale features across the BS shelf, which suggests that
eographic modifications to spawning grounds may still allow
he transport of eggs and larvae to favourable habitats (Pearcy
t al., 1977 ; Bailey et al., 2003 ; Petrik et al., 2016 ; Porter and
iannelli, 2018 ). AP and WP both migrate to inshore or on-

helf areas to spawn; this reproductive strategy may explain
he observed northward shift in egg catch estimates during
armer conditions as they appear to follow environmental

ues for the onset of spawning migration (Bailey et al., 2003 ;
atarese et al., 2003 ; Petrik et al., 2016 ). 
Our results suggest that these study species can exhibit plas-

icity in where they spawn, though variations in advective pro-
esses between warm and cold years in the BS could also lead
o differential distributions of eggs. The BS has exhibited pat-
erns of heightened advection of water northwards into the
hukchi Sea in recent warmer years (Spear et al., 2020 ); such
dvection could be the driver of egg displacement north of his-
oric spawning grounds in warm years, as seen with AP, FHS,

P, and RS in this study. Advection was not studied in the
resent analysis and thus represents a caveat with our findings.
dditionally, we detected a greater flexibility in spawning ge-
graphy than in phenology. The surveys we used to estimate
gg and larval abundance and distribution may not be well
uited to estimate changes in phenology because they tend to
ccur once a year over a limited time window. In aggregate,
owever, they span a larger seasonal window. Furthermore,
egional temperature does have direct effects on spawning
dults as their thermal tolerance is narrowed during repro-
uction and gonadal development is temperature-dependent; 
e could not evaluate this in our study (Servili et al., 2020 ).
espite these caveats to our findings, it is reasonable to con-

lude that our results regarding spawning behaviour are useful
o further conceptualize the response that species may exhibit
n the future. 

The six species analysed here for larval biogeography—
P, FHS, NRS, PC, WP, and YFS—exhibited species-specific
ST and SSS associations ( Figure 4 ). Similar to what we have
iscussed for egg stages, larvae are also known to inhabit
cosystems at predictable times and locations, so it is not sur-
rising that the base models capture most of the variability,

eading to modest improvements in deviance explained in the
est-performing models. However, even these modest gains in
eviance explained by models with environmental variables
ave biological significance, especially in light of forecasting
pecies distributions, because they inform how predictions can
e made about the degree to which larvae will track future en-
ironmental conditions. 

The patterns of SSS and SST across warm and cold years, as
ell as the projections of physical change in the BS from other

ecent studies (Hermann et al., 2019 ; Ciannelli et al., 2022b ),
uggest that larval exposure to potentially unfavourable habi-
ats may occur through all three hydrographic domains. The
oastal shelf will likely experience the greatest seasonal change
n SST and SSS, which could impact the growth and devel-
pment of YFS and AP (Ciannelli et al., 2022b ). However,
he middle and outer shelves also demonstrated substantial
hanges in May SST between warm and cold years ( Figure
 ). Such changes could also impact the growth and develop-
ent of the other four species (FHS, NRS, PC, and WP), as
arval growth is closely temperature-dependent. Additionally,
SS decreases in the middle domain in warm conditions, which
ould also impact the growth and survivability of WP, FHS,
nd NRS. The buoyancy of larvae and thus their ability to
ccess prey at various vertical locations in the water column
ay also be impacted by salinity changes. 
Climate change is and will continue to exert significant

ressures on the sensitive early life stages of these species. Even
inor variations in SST and SSS can exert significant physio-

ogical stress on early life stages or spawning adults, threaten-
ng their survivability in the future (Klein et al., 2017 ; Dahlke
t al., 2020 ; Kim et al., 2022 ; Ciannelli et al., 2022a ). Though,
here could also be positive repercussions to such changes.
n warm years, YFS were found to expand their spawning
istributions and produce more larvae relative to cold years
Porter, 2021 ). These larvae may face additional impacts due
o the increased seasonality of coastal SST and SSS conditions,
ut such impacts could be balanced by increased production
Porter , 2021 ; Ciannelli et al., 2022b ). However , the risk of lar-
al production that is asynchronous with prey availability is
ignificant under climate change, and the assemblages of prey
pecies may shift towards less nutritious options in warmer
onditions, increasing the likelihood of malnutrition and star-
ation in larvae (Hunt and Stabeno, 2002 ; Litzow et al., 2006 ;
lein et al., 2017 ). 
WP and AP demonstrated northward shifts in spawning ag-

regations in warmer years, which may subsequently source
arvae into northern middle and coastal shelf habitats. These
wo species had very similar SST and SSS associations ( Figure
 ), though the peak in WP larval catch estimates occurred at
 slightly lower salinity (29.96) compared with AP (30.86).
s previously mentioned, inshore SSS values are projected to
ecrease, which could impact the survivability of WP through
ncreased physiological stress or buoyancy modifications on
arvae or require colonization of new habitats (Bœuf and
ayan, 2001 ; Hermann et al., 2019 ). In contrast, the middle
omain exhibited variance across warm and cold years that
oincided with the range of SSTs associated with higher lar-
al catch estimates for WP; this may allow for maintained
P larval growth despite a geographic northward shift to

ew nursery areas ( Figures 2 , 4 , and 5 ). In warmer condi-
ions, FHS egg catch abundance increased southwest of Bristol
ay in the coastal and middle domains north of Unimak Pass.
HS larval catch estimates were associated with a range of
STs slightly warmer than WP; these associations suggest FHS
ould weather changing conditions in warmer years ( Figures
 and 4 ). Additionally, FHS larvae were recently found to ex-
ibit a more robust life history strategy against climate change
y occurring in deeper waters at earlier stages of life and mi-
rating inshore with age (Ciannelli et al., 2022a ). 

Coastal areas are projected to experience decreased salinity
s a result of increased precipitation and advection modifica-
ions (Polyakov et al., 2020 ; IPCC: Summary for Policymak-
rs, 2022 ). Coastal areas represent important nursery habitats
or the species of groundfish discussed in the present study
s well as numerous other commercially important marine
pecies (Lanksbury et al., 2007 ; Siddon et al., 2011 ; Petrik
t al., 2016 ). The suitability of thermohaline environments
n coastal areas may be significantly altered in the coming
ecades, affecting these study species and other members of
heir ecosystem. The present study developed models that help
ntangle important drivers of plasticity and environmental as-
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sociations, but future investigation is certainly warranted to 

clarify and synthesize the mechanistic drivers of patterns, the 
impacts of biological factors (temperature-dependent larval 
growth, predation, and prey availability), and the potential 
impacts of climate change to commercial fisheries and ecosys- 
tems. 

Importantly, the fate of the Alaskan economy is intertwined 

with the species supporting its extremely valuable fisheries 
(e.g. YFS, WP, and PC). The economic viability and sustainable 
harvest potential of these fisheries, however, are unclear as cli- 
mate change introduces sweeping impacts to the BS (O’Leary 
et al., 2021 ). Alaskan fisheries management is based around an 

ecosystem-based fisheries management (EBFM) framework, 
which acknowledges the cumulative impacts that can threaten 

multiple ecosystem components and is effective at promoting 
resilient social-ecological systems. These policies and practices 
have directed effective management to maintain robust fish- 
ery populations for decades (Holsman et al., 2020 ). Improved 

monitoring of vulnerable life stages, including an emphasis on 

multi-dimensional habitat preferences (e.g. temperature, salin- 
ity, and preferences through ontogeny), can facilitate EBFM 

and integrated ecosystem assessments (IEA; Levin et al., 2009 ) 
by elucidating periods of high or low mortality. The present 
study developed models that help untangle important drivers 
of plasticity and environmental associations, but future in- 
vestigation is certainly warranted to clarify the mechanistic 
drivers of patterns and the potential impacts of climate change 
to commercial fisheries and ecosystems. Additional work fo- 
cused on synthesizing mechanistic ecosystem relationships be- 
tween recruitment and early life stage survivorship into stock 

assessments (e.g., Ecosystem-Socioeconomic Profiles, Shotwell 
et al., 2022 ) can help reduce the burden of uncertainty in fish- 
eries management and provide regional actors with improved 

place-based knowledge to inform management strategies that 
benefit fish and fishing communities into the future. 
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