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Groundfish species in the Bering Sea are undergoing pronounced changes in spatial distribution and abundance due to warming ocean tem-
peratures. The main drivers of interannual variability in this ecosystem are the alternating warm and cold thermal stanzas. Yellowfin sole
(Limanda aspera; YFS) and northern rock sole (Lepidopsetta polyxystra; NRS) are commercially-valuable flatfishes in the Bering Sea and are
among the most dominant groundfish species there in numbers and biomass. We examined the variability in the spatial distribution and
abundance of juvenile NRS and YFS in relation to the ice and temperature conditions associated with warm-cold thermal shifts from 1982 to
2017. The goal was to assess the implications of the fluctuating thermal environment for Bering Sea flatfish production. We found ice cover
and bottom temperature indices in the preceding 1 to 3 years to be the best predictors of NRS juvenile distribution. In contrast, these indices
were not significantly correlated with YFS juvenile distribution, which could be an artifact of their relatively low availability to sampling. A
warm stanza, as the Bering Sea is currently in, is expected to favor high numbers of NRS juveniles and the northward expansion of their
distribution.
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Introduction
Rising sea temperature as a result of increasing anthropogenic ra-

diative forcing (Intergovernmental Panel on Climate Change,

2014) is projected to change marine species distributions and

assemblages (Overland et al., 2010; Hunt et al., 2011; Fossheim

et al., 2015; Britten et al., 2016). High-latitude marine ecosystems

are already seeing pronounced changes in the spatial distribution

of some economically important groundfish species (Mueter and

Litzow, 2008; Hollowed et al., 2013; Stevenson and Lauth, 2019).

Ecosystem shifts in the Bering Sea have been studied since the

early 2000s (Benson and Trites, 2002; Grebmeier et al., 2006).

The Bering Sea connects the North Pacific and the Arctic Ocean.

The Bering Sea within the US Exclusive Economic Zone is ap-

proximately divided at latitude 60�N into the eastern (also re-

ferred to as southeastern in some literature) Bering Sea (EBS) to

the south and the northern Bering Sea (NBS) to the north (Sigler

et al., 2011; Figure 1). The EBS shelf is typically divided into three

depth-associated biophysical domains: inner (�0–50 m), middle

(�50–100 m), and outer (�100–200 m) (Kinder and

Schumacher, 1981; Coachman, 1986). The most prominent envi-

ronmental drivers of ecosystem variability on the shelf are the

seasonal ice cover and the “cold pool”—the tongue of <2�C bot-

tom water in the middle shelf formed by the spring ice melt that

acts as a barrier to some cold-intolerant demersal species (Wyllie-

Echeverria and Wooster, 1998; Stabeno et al., 2012). The EBS al-

ternated between periods of warm and cold temperature anoma-

lies that occurred with high year-to-year variability prior to 1999,

but since then the periods have lengthened to multiple years

(stanzas) (Stabeno et al., 2012; Duffy-Anderson et al., 2017;

Stabeno et al., 2017). Generally, in warm stanzas, there is little or

no sea-ice cover over the southern shelf in spring and the south-

ward extent of the cold pool on the middle shelf is curtailed; in

cold stanzas, there is extensive sea-ice cover in winter and the

cold pool is well-developed in summer. Mean currents on the in-

ner shelf are generally westward in cold stanzas and northward in

warm stanzas; they are also stronger in cold stanzas (Stabeno
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et al., 2012). The latest cold stanza was 2006–2013. By late 2013,

the EBS has shifted into the present warm stanza (Stabeno et al.,

2012; Wood et al., 2015; Duffy-Anderson et al., 2017). Thermal

stanzas and the long-term warming trend in the EBS are shifting

species distribution, but their effects on production are unclear

(Britten et al., 2016).

The wide and flat EBS shelf supports some of the most produc-

tive fisheries in the world (Link, 2016). Benthivorous flatfishes

dominate the fish biomass in this ecosystem, of which yellowfin

sole (Limanda aspera; YFS) and northern rock sole (Lepidopsetta

polyxystra; NRS) are the two most abundant and economically

valuable species. The EBS YFS fishery is the largest flatfish fishery

in the world. Adult populations of both species are concentrated

at depths of �100 m. Adult YFS overwinter near the shelf margin

and migrate onto the inner shelf around and south of Nunivak

Island in April–May to spawn and feed (Wakabayashi, 1989;

Wilderbuer et al., 2017). Spawning occurs in May–August in

nearshore waters of �30-m deep between Bristol Bay and at least

as far north as Nunivak Island (Nichol and Acuna, 2001)

(Figure 1). Pelagic eggs hatch at �2.5-mm standard length (SL)

(Matarese et al., 2003). Adult NRS also have separate winter to

early spring spawning and summer feeding distributions on the

EBS shelf (Wilderbuer and Nichol, 2016). Spawning occurs in

December–March at depths of 70–140 m (Stark, 2012;

Wilderbuer and Nichol, 2012). Eggs are demersal and hatch at

�3-mm SL. NRS larvae are present in the plankton from March

to June along the Alaska Peninsula with the highest abundance in

the vicinity of Unimak Island (Lanksbury et al., 2007).

Year-class strength of flatfishes is presumably determined in

the early life stages between the pelagic egg and benthic settlement

(van der Veer et al., 2015). Temperature in the early life stages is

critical to recruitment by affecting egg size, larval duration, size at

settlement, and extrinsically, the size of suitable nursery habitat

(Rätz and Lloret, 2003; Laurel et al., 2014; Fedewa et al., 2017).

Under the Maximum Growth/Optimal Feeding hypothesis,

growth is solely determined by the temperature in the nursery, if

food is not limited (van der Veer and Witte, 1993). Warmer tem-

perature increases juvenile growth rate and improves their condi-

tion, thereby decreasing density-dependent mortality, and a large

nursery with favourable temperature, prey availability, and situa-

tion relative to larval transport pathways would enhance that ad-

vantage (van der Veer et al., 2015). There is no evidence that the

inner shelf is food-limited for benthivorous flatfishes (Yeung and

Yang, 2014, 2018). Recent beam trawl studies (Cooper et al.,

2014; Cooper and Nichol, 2016) suggest that habitat usage and

densities by early juvenile NRS vary with thermal stanzas. Age 0–

1 NRS were concentrated in the northern part of the EBS inner

shelf between Cape Newenham and Nunivak Island during a

warm year (2003), but the distribution shifted south to near the

Alaska Peninsula during 2 cold years (2008 and 2010) (Cooper

et al., 2013, 2014). This spatial variation led to the hypothesis that

the northern part is occupied only during warm stanzas when

currents favour the transport of larvae northward and onshore,

and warmer bottom temperatures conditions are more suitable

for growth and survival. There is no comparable information on

juvenile YFS.

In this study, we examine the variability in the spatial distribu-

tion and abundance of juvenile NRS and YFS with temperature

fluctuations in the Bering Sea from 1982 to 2017, using data pri-

marily from an annual summer bottom trawl survey conducted

by the Alaska Fisheries Science Center (AFSC) of the National

Oceanic and Atmospheric Administration (NOAA). Key patterns

in the juvenile population are related to ice and temperature con-

ditions associated with thermal stanzas. The spatial patterns and

population responses of the two benthic foragers are compared

for insights into biological and environmental interactions. Based

on the apparent trend in Bering Sea temperature, we speculate on

the possible implications for adult production in the near future.

Methods
Bottom trawl survey
The indices of juvenile NRS and YFS abundance and spatial dis-

tribution (Table 1) for this study were derived from the annual

summer (June–August) bottom trawl surveys of the EBS shelf by

the AFSC for the assessment of groundfish and invertebrate

stocks from 1982 to 2017 (Armistead and Nichol 1993; Bohle and

Bakkala, 1994; Conner and Lauth, 2017). An 83–112 eastern otter

trawl was used to sample a target of 356 standard stations be-

tween the 20- and 200-m isobaths (Figure 1). Each sample con-

sisted of a 30-min tow at 5.6 km h�1 at a station. Fish and

invertebrates were sorted and identified. The catch weights and

numbers by taxon were estimated and standardized to area swept.

Random samples of up to �200 individuals of each commercially

important species were lengthed, and the lengthed samples were

further randomly subsampled to collect sagittal otoliths for ageing

(Armistead and Nichol, 1993). Bottom temperature was recorded

at each station using expendable bathythermographs in the early

years, and depth and temperature data logger mounted on the

headrope of the trawl in the recent years. Annual EBS stock as-

sessment reports were produced with survey catch and estimates

of biomass and number by age and sex for each managed species

(North Pacific Fishery Management Council, 2017a). Bottom

temperature was also reported as a principal indicator of EBS eco-

system status (North Pacific Fishery Management Council,

2017b).
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Figure 1. Sampling grid of the bottom-trawl survey on the EBS and
NBS shelves (divided by bold line). A sampling station is placed
approximately at the centre of a cell (square). At St Matthew Island
and the Pribilof Islands there are additional stations (circles) at the
corner of cells. The dashed lines delineate the 50-, 100-, and 200-m
isobaths. The black polygons (dotted lines) enclose sampling strata
20 and 31.
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In 2010 and 2017, survey coverage was extended into the NBS

shelf, thereby adding another 144 stations (Figure 1; Stevenson

and Lauth, 2019). The purpose of the extension was to monitor

the impacts of diminishing sea ice on the Bering Sea ecosystem,

particularly on species distribution (Hollowed et al., 2007;

Stevenson and Lauth, 2019). NBS data from these 2 years were in-

cluded in this study for a perspective of the juvenile flatfish distri-

butions across the entire US Bering Sea shelf.

Juveniles were relatively rare in bottom trawl survey catch until

about age 5, or �15-cm total length (TL) mainly because of the

relatively large mesh of the trawl net and possibly also because of

the exclusion of areas <20-m deep from the survey area (Yeung

and Yang, 2017). Despite these limitations, the bottom trawl sur-

vey offers the best available data and the only continuous time

series for investigating juvenile flatfish. For this study, fish of

�15-cm TL were classified as juveniles. According to the survey’s

length-age database, NRS of �15-cm TL were 94% age �4 (16%

age 2, 51% age 3, and 26% age 4), and YFS were 92% age �6

(20% age 3, 35% age 4, 26% age 5, and 10% age 6). Within this

length class, 91% of NRS and 93% of YFS were of �10-cm TL.

For brevity, hereinafter the terms NRS and YFS implicitly refer to

juveniles of the species, unless specified otherwise (e.g. adult, all

ages).

Biological indices
The catch per unit effort (density, no. ha�1) by station from 1982

to 2017 was used to map the spatial distributions of NRS and YFS

and calculate the biological indices of spatial distribution: area of

95% presence (area), longitude (cgx) and latitude (cgy) of the

centre of distribution, global (gic), and local (lic) colocation indi-

ces (Table 1; Calenge, 2006; Renard et al., 2016; Petitgas et al.,

2017). The annual weight of total catch of NRS and YFS of all

ages and the annual estimated number of juveniles (age �4) and

numbers at each age from 5 to 10 were used as biological indices

of abundance (Table 1). The percentage of age-1 in the juvenile

class was negligible for NRS and practically zero for YFS. The

mean percentage composition of ages 2, 3, and 4 in the total

number of juveniles were 7, 36, and 57% for NRS and 1, 17, and

82% for YFS.

Environmental indices
Bottom temperature, sea ice, and wind stress indices were used to

characterize annual EBS environment (Table 1). The ice cover

anomaly index (ICI), ice retreat index (IRI), spring and winter

wind stress anomaly indices (WS_MJ, WS_NA) were obtained

from the Bering Sea climate data website (https://www.beringcli

mate.noaa.gov) maintained by the NOAA Pacific Marine

Environmental Laboratory. The mean temperature of EBS north-

ern inner shelf stratum 20 (BT20) and southern middle shelf stra-

tum 31 (BT31) were obtained from the bottom trawl survey

(Figure 1). Exploratory analysis had shown that BT20 and BT31

were highly correlated with bottom temperature in other EBS

strata, with the EBS shelf as a whole, and with the area of the cold

pool.

Data analysis
The influence of the EBS environment on the spatial distribution

and abundance of NRS and YFS and the link between juvenile

and adult abundances were examined using time-series correla-

tion and multiple linear regressions. All analyses were performed

in the R environment (R Core Team, 2018).

Time series correlations
The relationships among and between environmental and biolog-

ical indices were examined with correlation analysis (Pearson r).

Biological indices (spatial distribution and abundance, Table 1)

were cross-correlated with environmental indices at a maximum

lag of 4 years, corresponding with the maximum age of the juve-

nile class. The total number (abundance) of juveniles estimated

from the survey was cross-correlated with the number at each age

from 5 to 10, and with the total survey catch of all ages. The max-

imum lag examined for this set of correlations was 6 years, corre-

sponding with the difference between the maximum age of

Table 1. Indices of (a) the spatial distribution and (b) the abundance of NRS and YFS, and (c) the EBS environment.

(a) Spatial:
Area of 95% presence (area) Estimated area (ha) of minimum convex polygon enclosing all locations excluding 5% of extreme locations

farthest away from the centre of spatial distribution
Centre of distribution, longitude (cgx),

latitude (cgy)
Mean geographic location (decimal degree)

Global index of collocation (gic) Spatial overlap of populations. Distance between centre of distribution and average distance between
individual fish taken at random and independently from each population (0 ¼ completely distinct, 1 ¼
coincide perfectly)

Local index of collocation (lic) Co-occurrence at same locations. Can be �0 even if gic high, i.e. same range but not exactly the same sites
within range (0 ¼ completely distinct, 1 ¼ completely coincide)

(b) Abundance:
Catch Annual total survey catch (tons), 1982–2017
Number-at-age (NRSi, YFSi) Annual estimated number-at-age (millions) of fish age i < 10, 1982–2017
(c) Environment:
Ice cover index anomaly (ICI) Anomaly (based on 1981–2010 average) of average ice concentration for 1 January–31 May within a

2��2� box (56–58�N, and 163–165�W), 1979–2017
Ice retreat index (IRI) Number of days after March 15 when the average ice concentration within the box is >10% of the total

box area, 1979–2017
Wind stress anomalies, November–April

(WS_NA), May–June (WS_MJ)
Anomaly (based on 1961–2000 average) of along Alaska Peninsula component of wind stress (N	m�2) at

Unimak Pass in winter and spring, 1979–2013
Bottom temperature, stratum 20

(BT20), 31 (BT31)
Average temperature (�C) recorded by bottom-trawl in survey strata 20 and 31 (Figure 1), 1982–2017
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juveniles and the maximum age of adults considered in this study.

The modified Chelton method was used to adjust for autocorrela-

tion in time series (Pyper and Peterman, 1998). Significant corre-

lations (p < 0.05) were further rated for strength (5—decisive;

4—very strong; 3—strong; 2—substantial; 1—anecdotal) using

the Bayes Factor (BF) in a Bayesian hypothesis test (Wetzels and

Wagenmakers, 2012; Nuijten et al., 2015), with BF ¼ 3–5 collec-

tively classified in this study as “strong.”

Species–environment models
All-possible-subsets (without interaction) ordinary least squares

(OLS) regression (Hebbali, 2018) was applied for each biological

index (response variable) using the environmental indices (cova-

riates) with which it was significantly (p < 0.05) and strongly (BF

� 3) correlated. Observations up to year 2017 were used to build

the model, and the model was used to predict the biological re-

sponse for 2018 and possibly beyond, depending on the availabil-

ity of the environmental indices for the specific year(s) required

in the model.

Models within all the possible subsets that had Bayesian

Information Criterion (BIC) (Schwarz, 1978) less than the mini-

mum BIC þ 2 (i.e. DBIC < 2) are all highly supported by the

data (Burnham et al., 2002). To arrive at the “best” model, we

first (1) selected the model among the DBIC < 2 subset with the

fewest covariates, then we (2) eliminated the covariates from (1)

that had variance inflation factor (vif)> 4 (high multicollinear-

ity) (Hair et al., 2010) and coefficient estimates of p(jtj)> 0.05

(non-significant effect). Lastly, the Durbin-Watson (D-W) test

for first-order autocorrelation was used to test model (2) for vio-

lation of the assumptions of normal and independent errors. If

autocorrelation in the residuals was significant (D-W statistic, p

< 0.05), model (2) was re-estimated by generalized least squares

(GLS) with first-order autoregressive AR(1) error (Fox and

Weisburg, 2010), and if the DBIC > 2, the GLS model was

adopted as the “best” model, otherwise the OLS model (2)

remained the “best” model. The coefficient of determination (r2),

adjusted for the number of covariates in the model, was used as a

standard measure of OLS goodness-of-fit (Neter et al., 1989). An

r2 value is not a standard result of GLS, but here it was estimated

by piecewise structural equation modelling (Lefcheck, 2016) for

an approximate comparison with OLS.

Results
Variability in spatial distribution and abundance
The proportion of stations surveyed where NRS were present was

higher than average for an extended period in 1986–1993 and in

2004–2009, peaking in 1991 (Supplementary Figure S1). In 2010–

2015, the presence of NRS in the survey area was markedly below

average. For YFS, there were no extended periods of anomaly, but

oscillations about the average of 1- to 3-year periods. Comparing

the overall presence of juveniles in the combined EBS and NBS

between 2010 and 2017 (Supplementary Figure S2), NRS were

present in the NBS in 2017 but not in 2010. Their overall propor-

tional presence in 2017 was not much greater than average

(Supplementary Figure S1), indicating a change in the shape of

the distribution rather than an increase in the area of distribution

(range). YFS was found in the NBS in both years (Supplementary

Figure S2), but there was a peak in presence in 2010 that was not

present in 2017 (Supplementary Figure S1), indicating that the

range across the combined EBS and NBS was much wider in 2010

than in 2017.

Considering the EBS only, the centre of distribution of NRS

began to shift alongshelf towards the southeast in 2009 and

reached furthest south in 2010–2014 (Figure 2). As the centre

moved southward the range contracted (Figure 3). After 2014,

the shift reversed back towards the northwest and the range ex-

panded, including a noticeable presence near the Pribilof Islands

in 2014–2015. By 2017, the centre was again at among some of

the northernmost locations ever recorded, and the distribution

pattern resembled that in 2008. In contrast, the spatial distribu-

tion of YFS has been relatively constant over time (Figure 2), with

the centre of distribution located around 59�N and little change

in the range (Figure 3). The centre was consistently further in-

shore than NRS and north of 58�N. The centre of distribution of

YFS was furthest south in 1985 and 2002. The centres of NRS dis-

tribution were practically the same in 2010 whether NBS was in-

cluded or not, whereas in 2017 the centre for the combined EBS

and NBS was north and inshore of the centre for the EBS only

(Figure 2). The centres of YFS distribution for the combined EBS

and NBS in 2010 and 2017 were distinctly further north and in-

shore of all the centres for EBS only over the years.

The range of NRS on the EBS shelf was twice that of YFS. The

range of both NRS and YFS generally fluctuated about the average

with no distinct multi-year patterns, except for NRS there was

one extended depression in their range in 2008–2013

(Supplementary Figure S3). The spatial overlap of NRS and YFS

distributions were high over the EBS inner shelf in general

(Figure 3) as reflected in the high (0.8 6 0.2; mean 6 1 SD)

global index of colocation (gic), but the low (0.3 6 0.2) local in-

dex of colocation (lic) suggested that within the inner shelf NRS

and YFS co-occurred at the same locations only periodically, in

an �3- to 6-year cycle, with a peak in 1985 (Supplementary

Figure S4). The variability in colocation was driven by the vari-

ability in the spatial distribution of NRS. The two populations

were most distinctly separated for an extended period between

2009 and 2015 (Figure 3).

Correlations among biological and environmental indices
The expansion/contraction of the distribution range and the shift

in the centre of distribution were tightly coupled for both NRS

and YFS. The contraction of the range of NRS led the shift in the

centre of distribution to the southeast by 0–3 years (r ¼ 0.56–

0.79, p ¼ 0.0001–0.016). The expansion of their range was corre-

lated with warming bottom temperature over the EBS shelf (r ¼
0.50, p ¼ 0.01). The range expansion of YFS led the eastward shift

in the centre of distribution by 2 years (r ¼ 0.52, p < 0.001), but

was not correlated with bottom temperature over the EBS shelf.

The mean summer bottom temperature of the entire EBS shelf

was significantly correlated with its component inner and middle

shelf strata (r ¼ 0.75–0.91, p < 0.002).

Below average EBS shelf bottom temperature (2006–2010)

(Figure 4a) led the shift in the centre of distribution of NRS east-

ward (inshore) and northward by 1–3 years (r ¼ 0.45–0.56, p ¼
0.005–0.031) (Figure 4b and c). The correlation was highest when

temperature led by 2 years. Higher temperature also significantly

led higher number of NRS by 1–3 years (r ¼ 0.43–0.48, p <
0.005). The estimated number of NRS went through larger mag-

nitudes and longer periods of anomalies about the 1982–2017 av-

erage since 1997 (Figure 4d). The latest negative anomaly
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between 2008 and 2015 corresponded with the southeast shift in

the population. The number of YFS was much lower than that of

NRS, and anomalies were not as large. Their abundance was be-

low average for most of the time series, with occasional spikes of

positive anomaly, notably in 1982, 2007, and 2017 (Figure 4d).

Mean temperature across the EBS shelf was not significantly cor-

related with the centre of distribution nor the number of YFS

(Figure 4a–d).

None of the biological indices for YFS was significantly cross-

correlated with any of the environmental indices at a lag of up to

4 years. In contrast, most of the biological indices for NRS were

strongly correlated with environmental indices at a lag of up to 3

years, and correlations with the ice indices were particularly

strong (Supplementary Table S1a). However, wind stress indices

were not significantly correlated with any of the biological indices

for NRS. The centre of distribution (longitude and latitude) of

NRS was strongly correlated with the ICI, the IRI, and the bottom

temperature in stratum 31 (BT31) of the prior 3 years. High and

prolonged ice cover and low bottom temperature led the shift of

the population centre eastward (inshore) and southward. High

bottom temperature led the shift of the population centre north-

ward. The area of 95% presence (area) decreased with increased

ice and decreased temperature. The gic had an overall stronger

correlation with environmental indices of the prior 3 years than

the lic. Overlap of the distributions of NRS and YFS decreased

with increased ice cover and decreased temperature.

The number of NRS (NRS1-4) was strongly correlated with

the ICI of 2–3 years ago and the BT31 of 3 years ago

(Supplementary Table S1a). Low ice cover and high bottom tem-

perature led large number of NRS. The number at each adult age

from 5 to 9 (NRS5–NRS9) was correlated with NRS1-4 at the

expected lags within an error in age estimation of 61 year. For

example, NRS5 was strongly correlated with NRS1-4 at a 0- to 2-

year lag (Supplementary Table S1b). The correlation between

NRS1-4 and NRS10 was not significant. The number of YFS2-4

was not correlated with the number of YFS at any age �5. The

catch of NRS significantly lagged age-5 (by 3 years) to age-8 (by 0

years) numbers. The magnitude of the correlation coefficient r

for the specific lag at age suggested that the catch was mainly

composed of age-8 (Supplementary Table S1c). The catch of YFS

significantly lagged age-5 (by 2 years) to age-10 (by 0 years).

Similar to NRS, the catch of YFS appeared to be mainly com-

posed of ages 7–8, but included a wider range of ages.
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1982 to 2017 for the EBS survey area only, marked by the last two
digits of the year (NRS in italics; YFS in regular font). For YFS, a
polygon encloses the centres of all years except those that can be
distinctly separated and labelled. In addition, centres with the NBS
survey area included in 2010 and 2017 are also shown as underlined
two-digit year (10 and 17). For YFS, the 2010 and 2017 centres for
the combined EBS and NBS are distinctly north and inshore of the
2010 and 2017 centres for EBS only, which are within the polygon.
For NRS, the centres for the combined EBS and NBS and for EBS only
coincide in 2010, whereas the centre for the combined EBS and NBS
is north and inshore of the centre for EBS only in 2017.
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Ice and bottom temperature indices were significantly and

strongly correlated at no time lag (rICI, IRI ¼ 0.75, rICI, BT20 ¼
�0.47, rICI, BT31 ¼ �0.82, rIRI, BT20 ¼ �0.52, rIRI, BT31 ¼ �0.84,

rBT20, BT31 ¼ 0.58). When lag-transformed, these environmental

indices each showed different degrees of correlation with biologi-

cal indices (Supplementary Table S1a). Ice cover (ICI) had the

strongest correlation with all the biological variables (jrj ¼ 0.53–

0.87, leading by 0–3 years). Bottom temperature on the southern

middle shelf (BT31) was also strongly correlated with the distri-

bution and abundance of NRS (jrj ¼ 0.47–0.60, leading by 2–3

years). Bottom temperature on the northern inner shelf (BT20)

was only strongly correlated with the latitude of the centre of dis-

tribution of NRS (jrj ¼ 0.56–0.60, leading by 2–3 years).

Species–environment models
Bottom temperature and ice indices were strong environmental

covariates for building informative regression models of biological

indices for NRS (Supplementary Table S2, Figure 5). Only the

global colocation index model was re-estimated with GLS, whereas

all other biological indices for NRS were modelled with OLS.
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The ice indices were covariates in all the best models of NRS

abundance and distribution. The models fit spatial distribution best

(adjusted r2 > 0.7, Figure 5a and b), and abundance (Figure 5c),

presence (Figure 5d) and the colocation indices (Figure 5e and f)

moderately well (adjusted r2 ¼ 0.4–0.6). Bottom temperature was

significant only in the models for abundance and longitude. There

was no strong indication that the biological responses of NRS pre-

dicted by models for 2018 would be much different from those ob-

served in 2017. In 2018, the predicted NRS abundance remained

high (Figure 5c), likewise the NRS distribution range and the spatial

overlap between NRS and YFS—although they trended slightly

downwards (Figure 5d–f), and the centre of distribution of NRS

remained far to the northwest (Figure 5a and b).

Discussion
Ice cover and bottom temperature in the preceding 1–3 years are

the best predictors of the abundance and distribution of NRS in

the EBS in this study. Low ice cover and high bottom temperature

characteristic of a warm stanzas are strongly correlated with

higher abundance of NRS, supporting previous observations of

positive correlation between temperature and NRS densities

(Cooper et al., 2014; Cooper and Nichol, 2016; Wilderbuer and

Nichol, 2016). High ice cover and low bottom temperature char-

acteristic of cold stanzas are correlated with lower abundance of

NRS, and with the southeastward displacement and contraction

of their distribution range. The high abundance and northerly

distribution of predominantly ages 3–4 NRS recently observed in

the EBS would correspond with the current warm thermal stanza

that began in 2014. In contrast, variability in the abundance and

distribution of YFS is relatively low, and not significantly corre-

lated with ice or temperature indices. However, opposite patterns

have been observed in the adult populations (Nichol et al., 2019),

where temperature indices were positively correlated with the

biomass estimates of YFS adults, but had no correlation with the
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biomass of NRS adults, suggesting that ecological dynamics and

spatial availability are specific to species and life stages. It was hy-

pothesized that colder bottom temperature delay migration and

spawning of YFS, causing mature individuals to reside in near-

shore nursery grounds that are unavailable to the survey, thus de-

creasing the biomass estimates during cold years (Nichol et al.,

2019). The low correlations between temperature and both adult

NRS biomass and juvenile YFS abundance may be partly due to

neither one undergoing significant cross-shore migration in and

out of the survey area during the survey period. Generally, juve-

niles of NRS and YFS are known to be distributed on the EBS in-

ner shelf (Bartolino et al., 2011), but this study finds that the

distribution of YFS is centred inshore of NRS. Higher spatial

overlap of the two species during warm stanzas resulted from the

spread of NRS northward along the inner shelf; lower overlap

resulted from the contraction of NRS distribution southward

during cold stanzas.

Many temperature-related factors during the early life history

of flatfish, such as the timing of spawning, larval duration and

transport, nursery conditions, etc., can affect spatial distribution

of juvenile flatfish (Teal et al., 2012; Duffy-Anderson et al., 2015;

Laurel et al., 2015; van der Veer et al., 2015). Juvenile YFS may be

less affected by the fluctuations in the EBS thermal environment

than NRS because of their different early life histories. NRS settle

into nearshore habitat in late spring or early summer (Norcross

et al., 1995), when the bottom temperature tends to be variable

(Overland et al., 1999), and during cold stanzas the influence of

the cold pool over this area and during this time of the year is still

relatively strong (Stabeno et al., 2012). When the cold pool is

prominent and expansive, it could limit the offshore and north-

ern extent of suitable thermal environment for settlement. YFS

settle later in summer (Wilderbuer et al., 1992), when the influ-

ence of the cold pool is weaker and bottom temperature near-

shore is relatively stable and high (Bakkala, 1981; Yeung and

Yang, 2018). NRS may also have a greater dependence on larval

transport for successful settlement. Putative spawning locations

of NRS occur along the Alaska Peninsula (Lanksbury et al., 2007)

distant from their nursery habitat, so their larvae are dependent

on current transport, which varies between warm and cold stan-

zas (Stabeno et al., 2012). In contrast, YFS migrate across the shelf

to spawn near their nursery habitat (Nichol and Acuna, 2001;

Norcross and Holladay, 2005), so their larvae may be less suscep-

tible to variable transport. Springtime winds and drift patterns,

because of their correlation with surface currents, are used as

indicators of recruitment for winter-spawning flatfish such as

NRS (Wilderbuer and Nichol, 2016; North Pacific Fishery

Management Council, 2017b). In this study, however, wind stress

indices are not significantly correlated with NRS abundance and

distribution.

According to the models in this study, the present and con-

tinuing warm stanza is expected to produce high NRS abundance

up to 3 years past its dissolution, and the range is expected to re-

main extended towards the north up to 1 year after. The NRS

fishery is composed of fish aged primarily 6–10. As NRS abun-

dance is strongly and positively correlated with the abundance of

subsequent age classes up to age 9, the adult biomass is also

expected to be high in the next few years as the age 3–4 fish from

2016 to 2018 recruit into the fishery.

There is no significant relationship between YFS abundance

and distribution and the thermal environment. The true relation-

ship could have been obscured by inadequate sampling coverage

of their nearshore habitat (Nichol, 1997; Nichol et al., 2019). It is

less likely to have been smoothed over by the large number of

year classes in the defined juvenile size range of �15-cm TL (YFS

age �6; NRS age �4), as the models in this study showed no sig-

nificant relationships even when the juvenile class basically con-

sisted of only ages 3–4. Although juvenile YFS abundance has

been increasing since 2015, the future population trajectory is

unpredictable, as juvenile YFS abundance is not correlated with

the abundance of subsequent adult age classes, nor does it corre-

spond well with stock assessment biomass estimates for the total

population (Wilderbuer et al., 2017; Nichol et al., 2019). Whereas

juvenile YFS abundance has been below average in 1983–2003,

and 2013–2015, total YFS biomass shows a mostly upward trend

since 1990, except for a downturn in 2012—when the second

coldest summer bottom temperature ever was recorded on the

shelf, and in 2015. The biomass peaked in 2016 during the highest

bottom temperature ever recorded. Since 2000, biomass estimates

have been positively correlated with shelf bottom temperature.

This correlation is perhaps more a reflection of the availability of

adult YFS to the survey area than an increase in population abun-

dance, as the migration of adult YFS from the shelf break to shal-

lower waters in summer better matched the timing and area of

the survey (Wilderbuer et al., 2017; Nichol et al., 2019).

Warmer Bering Sea temperatures and a diminished cold pool

led the northward expansion of the distribution range of NRS

juveniles. The northward trend was evident in 2014 at the start of

the present warm stanza, and confirmed by the presence of NRS

in the NBS in 2017. They were not caught in the NBS in 2010

(Stevenson and Lauth, 2019). The 2017 juvenile class was the

product of a warm stanza, whereas the 2010 juvenile class was the

product of a cold stanza and apparently did not reach as far

north. The NBS surveys in 2010 and 2017 both showed the pres-

ence of YFS, suggesting that they may be endemic to the NBS in-

ner shelf, which experiences high summer bottom temperatures

and has rich prey resources (Hamazaki et al., 2005; Yeung and

Yang, 2014). Considering the entire US Bering Sea shelf, the pro-

portions of YFS in the NBS were small in 2010 and 2017, and its

contribution to the overall production of the YFS population is

unknown.

To evaluate how changing thermal environment would affect

the abundance and distribution of NRS and YFS, not only each

species’ own physiological responses to temperature, but the

responses of other linked species in the ecosystem need to be con-

sidered. The competitors and predators of flatfishes may also

spread northward (van Hal et al., 2010), and with increased

growth and consumption rates (Akimova et al., 2016). Warmer

environment increases the spatial overlap between the ecologi-

cally similar NRS and YFS, potentially increasing competition.

The biomass of Pacific cod (Gadus macrocephalus) and pollock,

two of the main predators of the juvenile flatfishes, respectively

increased 900 and 6000% in the NBS in 2017 since the previous

survey there in 2010 (Stevenson and Lauth, 2019), while the pop-

ulation of Pacific halibut (Hippoglossoides stenolepis), whose main

prey are YFS, declined by more than 20% (Lauth, 2011; Lauth et

al., 2019). The timing and extent of ice cover and the cold pool

affect phytoplankton and zooplankton production (Overland and

Stabeno, 2004), and probably also the production of the macro-

benthos on which the flatfishes prey (Lin et al., 2019). Responses

observed thus far in the managed EBS groundfish species were

not only variable between feeding guilds, but also within each

type of stanza. For example, in the present warm stanza, the
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productivity of apex predators such as arrowtooth flounder

(Atheresthes stomias) increased, whereas pelagic foragers such as

pollock (Gadus chalcogrammus) was neutral, differing from the

previous warm stanza when the productivity of both species de-

creased. Among benthic foragers, the productivity of NRS de-

clined 25% in 2015 after the recent cold stanza, but YFS increased

50% in 2016 (North Pacific Fishery Management Council, 2018).

Until there is sufficient understanding of the underlying ecologi-

cal mechanisms, the responses of groundfish species to alternating

thermal stanzas and to the warming climate will not be able to be

predicted with confidence (Mueter and Litzow, 2008; Hunt et al.,

2011; Teal et al., 2012; Duffy-Anderson et al., 2017).

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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