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ABSTRACT

The Bering Sea spans a wide latitudinal range, connecting with the temperate North Pacific Ocean to the
south and the arctic Chukchi Sea to the north. Climate change has rapidly and significantly altered Bering
Sea ecosystem dynamics. The biomass of predominantly boreal marine species have increased in the
subarctic northern Bering Sea following recent record-high water temperatures across the shelf. Among
those species are two commercially-important flatfishes: yellowfin sole (Limanda aspera; YFS) and
northern rock sole (Lepidopsetta polyxystra; NRS). In this study, the Bering Sea was divided latitudinally
into three areas — north, central, and south — to assess the implications of a northward shift or expansion
of juvenile flatfish habitat on production potential. The growth, diet, and condition of juveniles were
compared among areas from 2016 to 2018. Summer bottom temperatures in the Bering Sea in 2016 and
2018 were anomalously warm, but 2017 temperatures were closer to the 2010 — 2018 average. Prey
availability does not appear to be a limiting habitat factor across the Bering Sea. Juveniles of both species
grow faster in length and to greater length-at age in the south. The morphometric-based condition of
juvenile YFS appears to be better in the northern Bering Sea, while that of juvenile NRS also improves
towards the north. Condition increased from 2016 to 2017, but then decreased slightly from 2017 to
2018. Although the results suggest larger size and faster growth of juveniles are associated with warmer
bottom temperatures, there is also indication that growth and condition of juvenile flatfish may not
continue to increase if current high temperatures persist in their habitat. Exploratory habitat models
show that the condition of juvenile YFS may be negatively influenced by temperature. Negative effects on
growth and energy storage may set in as the upper thermal physiological tolerance of each species is
approached. The critical temperature maxima for each species is unknown, but it may be lower for the
cold-adapted YFS than for NRS, implying that YFS may be less buffered against effects of climate warming.
KEYWORDS
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1 INTRODUCTION

The broad continental shelf of the Bering Sea in Alaska contributes almost 60% of total landings and a
third of the total value of United States fisheries (National Marine Fisheries Service, 2020). Fishing activity
is mostly limited to the boreal eastern Bering Sea (54 — 60°N) with low levels of commercial, subsistence
and recreational fishing in the subarctic northern Bering Sea (60 — 66°N) (Figure 1) (Renner and
Huntington, 2014). Sea ice dynamics are the main drivers that functionally separate the northern and
eastern Bering Sea ecosystems (Stabeno et al., 2012). Secondary production in the northern Bering Sea
ecosystem is driven by ice-associated phytoplankton production as well as spring pelagic phytoplankton
production, with the bloom seeded by melting winter sea ice (Brown and Arrigo, 2013). Melting sea ice
also results in the formation of the “cold pool”, a layer of cold (<2°C) water that forms below the
pycnocline over the middle shelf domain of the eastern Bering Sea (50 to 100 m depth) during sea ice
retreat (Wyllie-Echeverria and Wooster, 1998). Previous studies have proposed that the cold-pool serves
as a physical barrier to the migration of boreal groundfish and invertebrates from the eastern Bering Sea
(Hollowed et al., 2013). However, climate change has resulted in a drastic loss of sea ice, with reduced
areal extent and thickness as well as later fall formation and earlier spring retreat (Grebmeier, 2012;
Huntington et al., 2020; Stabeno and Bell, 2019). The diminished influence of the cold pool in the eastern
Bering Sea and sea ice in the northern Bering Sea have moved the two ecosystems towards becoming

connected as one (NPFMC, 2018).

Since a warm thermal stanza across the Bering Sea began in late 2013, there has been a series of
recording-breaking high water temperatures (Stabeno et al., 2019) that are affecting Bering Sea
ecosystem functions at all trophic levels (Duffy-Anderson et al., 2019; Mueter et al., 2012). Among the
most conspicuous changes is the increased biomass of predominantly boreal species in the northern
Bering Sea, including the commercially-important groundfishes walleye pollock (Gadus chalcogrammus),
Pacific cod (Gadus macrocephalus), yellowfin sole (Limanda aspera) and northern rock sole (Lepidopsetta

polyxystra) (Stevenson and Lauth, 2019). Some species, such as Pacific cod and walleye pollock, have
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increased in abundance in the northern Bering Sea due to movement of adults and juveniles, while others,
such as northern rock sole, seem to have increased due to successful recruitment of benthic juveniles
which have grown and remained in the northern Bering Sea (Eisner et al., 2020; Stevenson and Lauth,

2019).

Northern rock sole (NRS) and yellowfin sole (YFS) are highly abundant and economically valuable flatfishes
in the eastern Bering Sea. The YFS fishery in the eastern Bering Sea is the largest flatfish fishery in the
world (Spies et al., 2019). Both flatfishes have diets that mostly consist of benthic prey (Yeung and Yang,
2018). Data on these flatfishes in the Bering Sea primarily consist of empirical observations of spatial
distributions (e.g., Cooper and Nichol, 2016; Nichol et al., 2019), while the ecological processes that
influence their growth and condition are not well studied, particularly during the juvenile stage (NPFMC,
2017). The distribution of juvenile NRS lies mainly in the eastern Bering Sea, whereas the distribution of
juvenile YFS is relatively offset towards the north and extends into the northern Bering Sea (Yeung and
Cooper, 2019). A northward expansion of their habitat range could increase the recruitment and biomass
production of the stocks if the added habitat is of suitable quality (e.g., food, temperature, predators)

(Amara et al., 2007; Gibson, 1994).

Habitats with favorable temperature and high prey abundance are expected to produce fish with higher
energy reserves or faster growth, thereby increasing survival (De Raedemaecker et al., 2012; Gibson,
1994). Substrate type, usually defined by grain-size distribution of the surficial sediment, is also a key
attribute of suitable flatfish habitat because of its influence on the benthic infauna prey community
(Feder et al., 2007) and the burial capability of juvenile flatfishes (Stoner and Titgen, 2003; Yeung and
Yang, 2017). In this study, the latitudinal extent of the Bering Sea inner shelf (< 50 m deep) was divided
into three areas. The growth, diet, and condition of juvenile flatfish were compared among the areas in
relation to temperature, substrate, and prey availability. The objective was to identify latitudinal variation

in habitat quality that could affect juvenile biomass production in a scenario of northward range shift or
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expansion. Interspecific comparison may facilitate insights into the juvenile dynamics of two flatfish
species that occupy similar ecological niches, sharing comparable diets and spatial distributions. This is
the first study comparing the growth and condition of juvenile flatfishes in natural field settings across a

latitudinal gradient in the Bering Sea.

2 METHODS

2.1 Study area

The Alaska Fisheries Science Center (AFSC) conducts an annual summer (June — August) bottom trawl
survey in the eastern Bering Sea shelf to assess groundfish and invertebrate stocks (Lauth et al., 2019). In
2017, the survey was extended into the northern Bering Sea as part of the National Oceanic and
Atmospheric Administration (NOAA) Arctic initiative to monitor ecosystem changes induced by climate
change (NOAA, 2014). To compare the spatial variability in the characteristics of juvenile flatfish (age,
length, diet, growth, and condition) and their habitat (temperature, prey availability, substrate), the inner
shelf of the Bering Sea was divided latitudinally into three areas for analysis (Figure 1). In addition to the
(1) northern Bering Sea, defined as north of latitude 60.4° according to survey convention, the eastern
Bering Sea was divided at latitude 58.4° into the (2) central (Kuskokwim Bay) and the (3) southern (Bristol
Bay) areas, which are distinctively important for fisheries management (Halas and Neufeld, 2018;

McDevitt et al., 2020). These areas will be referred to as north, central, and south hereinafter.

2.2 Data collection

2.2.1 Fish sampling

Juvenile NRS and YFS were collected during the 2016 — 2018 surveys. Juveniles are defined here as fish of
total length (TL) €20 cm, which is the size of the specimens targeted in this study. Most (99%) of the
juveniles collected were actually <15 cm. Hereinafter, reference to NRS and YFS from this study implies

juveniles, and length is TL unless otherwise specified.
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Two different fishery-independent sampling methods were used. The standard survey sampling gear is an
83-112 eastern bottom trawl with a 25.3 m long headrope and a 34.1 m long footrope. The mesh size
varies from a maximum of 10.2 cm in the wings and throat to a minimum of 3.2 cm for the liner in the
codend. The bottom trawl is designed to target adult fish and is not efficient at catching fish of length <14
cm or small macrobenthic fauna (Kotwicki et al., 2017). Small fauna that are retained are often damaged.
Therefore, a 3-m plumb-staff beam trawl (Abookire and Rose, 2005) was also deployed specifically to
collect intact juvenile flatfish specimens to study their growth and physiological condition in relation to

the habitat.

Specimens for this study were collected at a subset of standard bottom trawl survey stations on the inner
shelf (depth <50 m) (Figure 1) mainly with the beam trawl (10 — 20 min duration), and opportunistically
supplemented with specimens sorted from the standard bottom trawl sample (30 min duration) to
achieve target sample sizes. Specimens were classified by length group (<10 cm or >10 — 20 cm) and
apportioned among three types of laboratory analyses: (1) otolith age and growth (Matta and Kimura,
2012); (2) biochemistry (total lipids) (Copeman et al., 2016); (3) diet (stomach contents) (Yeung and Yang,
2017). The sample sizes by each species-year-station combination for otolith, lipids, and diet analysis are
summarized in Supplementary Table S1. Specimens for otoliths and biochemistry were frozen at <-20°F,
and those for diet were preserved in 10% formalin. All specimens were thawed (if frozen), blotted dry,
weighed to 0.001 g, and length was measured to 1 mm before submitting to different specialized

laboratories for their respective analyses.

2.2.2 Benthic sampling

A benthic grab (0.1-m? Day Grab?, KC Denmark A/S) was used to collect duplicate sediment samples at
selected stations to sample infauna (Table S1). Each infaunal sample was washed through a 1-mm mesh
screen. The retained portion was fixed in 10% buffered formalin with rose Bengal stain for 2 — 3 days,

then drained and preserved in 50% isopropyl alcohol. A portion (~200 —400 mL) of a third sample was
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analyzed by a Malvern Mastersizer 2000? laser particle sizer for surficial sediment grain size (Yeung and

Yang, 2018).

Infauna were not sampled at every station where fish samples were collected in 2016 — 2018 (Table S1).
To fill in these gaps, infaunal data collected in other years (2006 — 2014, 2019; (Yeung, unpublished data;
Yeung and Yang, 2018; Yeung et al., 2010) at or near these 2016 — 2018 stations with missing infaunal
data were used as proxies. These are the best available data in the study area from recent years. They
were collected with the same type of sampler. Replicates from same or different years, where available,
were averaged to reduce spatial and/or temporal variation. In the Bering Sea where infauna data are
scant, such proxies can be useful at the coarse taxonomic resolution presented here for the
characterization of the prey field on a broad spatial scale (Gray and Elliott, 2009). Infaunal assemblages
are not generally known to vary significantly within the interannual time scale (Ysebaert and Herman,
2002). Retrospective analyses of historical data did not show that climate change has caused significant
differences in eastern Bering Sea infauna biomass at the aggregate taxonomic resolution examined in this
study (Coyle et al., 2007), nor in the northern Bering Sea (Norton Sound) epifauna community (Jewett et

al., 2005).

2.2.3 Bottom temperature

Bottom temperature was measured with a conductivity-temperature-depth (CTD) sensor attached to the
bottom trawl during fishing. The present warm stanza began around late 2013, and in 2016 the average
bottom temperature in the eastern Bering Sea survey area reached a record high. The bottom
temperature cooled in 2017 and environmental conditions — including winter sea ice extent, winds, air
and ocean temperatures, were considered average (Stabeno et al., 2017). Warm temperatures returned
in 2018 (NPFMC, 2018), again causing the cold pool to almost disappear (Lauth et al., 2019). According to
this thermal history, juvenile flatfish from age-0 to age-4 collected in 2016 — 2018 experienced warm-

stanza conditions throughout most if not their entire lives (Table 1).
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2.3 Biological indices

2.3.1 Juvenile densities

High densities of juveniles may indicate high habitat quality (Gilliers et al., 2006). Since the shelter and
diet requirements of NRS and YFS are very similar, the densities of each species within a given area may
also reflect the intensity of competition for habitat resources. The densities (number of fish per hectare)
of juvenile NRS and YFS at each station where a beam trawl sample was taken were respectively
estimated from the concurrent bottom trawl sample as indicators of habitat quality. Although the beam
trawl may be more efficient in capturing juvenile flatfish, the effort was not as rigorously standardized as

for the bottom trawl, which at minimum estimates relative densities.

2.3.2 Prey composition
The prey-specific index of relative importance (PSIRI) (Brown et al., 2012) was calculated to characterize

prey availability and composition in the habitat (grab samples) and diet (stomach samples):

FO;X(%PN;+%PW;) _ %N+%W

PSIRI; = . =,

»n

ape = %Ai' n;
where prey-specific average percent abundance %PA; = %’ , frequency of occurrence FO; = ;’,
i

%A;; = % abundance (by count N or weight W) of prey group i in stomach or grab sample j, n; = the
number of stomach (grab) samples containing prey group i, and n = the total number of stomach (grab)

samples.

The prey energy index (Prey) converts prey composition into caloric values to characterize prey quality in
the habitat:

Prey =Y, PSIRI; X C;,
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where C = mean energy content (kJ-g™* WWT) of prey group i. The C of polychaetes (2.9), clams (3.9),
amphipods (4.9), and “other” (5.6) — a category combining cumaceans, crangonid shrimps, and

echinoderms, were determined from bomb calorimetry in a previous study (Yeung and Yang, 2018).

2.3.3 Age and growth

Otoliths were removed from the fish and stored in glycerin/thymol solution (Forsberg, 2001) to hydrate
them and enhance contrast between growth zones. Otoliths were aged from surface patterns using a
dissecting stereomicroscope; age estimates were confirmed using the break-and-burn technique for those
otoliths without clear surface patterns (Matta and Kimura, 2012). Digital photographs were taken of
whole otoliths viewed under reflected light (Supplementary Figure S1). ImagePro? software (Media
Cybernetics) was used to measure otolith length (OL) from the anterior to posterior tip of the left otolith.
Linear models of TL ~ OL + Area + OLxArea were fit to the data from each species to determine if there
were differences between collection areas in otolith growth relative to body growth. On the right otolith,
a measurement axis was drafted from the core to the anterior margin, and annual increment (annulus)
widths (OW) were delineated perpendicular to the anterior distal edge of each translucent growth zone.
Widths of the first (OW-1) and second (OW-2) increments were graphed with respect to area and year of

formation for both species using boxplots.

A growth index (Growth) was calculated for each otolith-aged fish as its length divided by the mean length
of all fish of its age (Werner et al., 2019). Age-length keys were constructed for each species using the
methods of Isermann and Knight (2005) as implemented in the R statistical software (R Core Team, 2020)
FSA package (Ogle, 2016), in which the proportion of age-a, P(a)), wherea =1, ..., kin each 1-cm interval [
=2, .., 20 cm, was determined from the otolith analysis. The key was used to assign age to specimens in
the catch that were not aged by otolith analysis. An unaged fish of TL = [ has the probability P(a)) of being

assigned age-a.
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2.3.4 Physiological condition indices

2.3.4.1 Morphometric

The scaled mass index (SMI) of body condition was calculated for 2080 juveniles (2016: 741 NRS, 270 YFS;
2017: 248 NRS, 272 YFS; 2018: 363 NRS, 186 YFS; Table S1). The SM/ removes the effects of ontogenetic
growth on the length-weight relationship through standardization to the same growth phase; that is,

length (Peig and Green, 2010):

b
smr=w x [,
where SMI = predicted weight when TL is standardized to TLo, W = weight, TL = length, TL, =

standardized length, defined here as 10 cm — approximately the mean length of the juveniles analyzed,

and b = slope from standard major axis regression of logioW on logio TL.

Unlike the Growth index, the SMI is not age-based and incorporates weight. The two indices offer
complementary perspectives on the fitness of fish: Growth is useful for comparing structural growth that
may affect susceptibility to predation and forage ability — advantages in survivorship conferred by more
rapidly reaching greater sizes; the SM/ is useful for inferring overwintering success and starvation

resistance — advantages conferred by greater mass relative to length.

2.3.4.2 Biochemical

Juvenile flatfish specimens were stored at -20°C until processing, at which point the specimens were
thawed, blotted dry, and whole bodies were weighed (WWT, 0.1 mg) and measured for total length,
standard length, and body depth (7L, SL, BD, 0.1 mm). Fish intestinal tracts and internal organs were then
removed and muscle tissue was sampled from up to fifteen individuals at a range of sizes for each species
per station. For fish larger than 50 mm SL, muscle tissue was sampled by first removing the skin along the

dorsal margin and then dissecting ~300 mg WWT of dorsal muscle. Fish smaller than 50 mm SL were

10
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sampled by removing all of the skin, head, and internal organs, and all remaining muscle tissues were
used for lipid analyses to have adequate sample strength. Tissue samples were immediately placed on ice
and within 1 h, were stored in chloroform under nitrogen in a -20°C freezer for later extraction and lipid
class analyses. Lipids were extracted from each sample (n =287 —2017: 53 NRS, 92 YFS; 2018: 102 NRS,
40 YFS) in a 2:1 chloroform:methanol solution using a modified Folch procedure (Folch et al., 1957;
Parrish, 1987). Lipid classes were analyzed using thin-layer chromatography with flame ionization
detection (TLC-FID) and a MARK VI latroscan® (latron Laboratories, Tokyo, Japan) (Copeman et al., 2016).
Absolute amounts of four lipid classes (triacylglycerols, free fatty acids, sterols, and polar lipids) were
quantified using calibration curves on lipid class standards and summed into total lipids per WWT (ug mg”

1) (Copeman et al., 2016) as an index of energetic condition (Fraser, 1989).

2.4 Statistical analysis

2.4.1 Analysis of variance

Distance-based permutational analysis of variance (PERMANOVA) was used to evaluate differences in
growth and condition responses between groups. Significance was determined by 999 random
permutations based on the distance matrix. Significant results of interest were further analyzed with
post-hoc pairwise t-tests between groups. The analyses were conducted using the PRIMER v7

+PERMANOVA computer package (Anderson et al., 2008; Clarke et al., 2014)

PERMANOVA was used to test year and area effects (Type Ill sum of squares, permutation of residuals
under a reduced model) on each univariate response of length (Growth), otolith size (OL, OW) at age,
scaled mass index (SMI), and total lipid content (Lipids; Table 2). It was also used to test year and area
effects on the multivariate response of diet composition (PSIRI). The condition indices and diet
composition, which were not associated with otolith-validated ages, were averaged by length (cm
interval) within each station. Univariate responses were Euclidean-transformed; diet composition was
Bray-Curtis transformed. PERMANOVA produces a distance-based pseudo-F statistic that is analogous to

11
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the classical ANOVA F-statistic. In the case of one response variable using Euclidean distance, pseudo-F is
the same as the univariate ANOVA F statistic, but where p-values are obtained by permutation, thus
avoiding the assumption of normality (Anderson, 2017). The PERMANOVA routine can handle unbalanced
experimental design. However, differences in within-group dispersion for experiments with small and
unequal group sizes can confound the test of different group locations (centroids) (Anderson et al., 2008).
Therefore, significant difference between groups is considered conservatively (at p < 0.01) and with the

support of graphical data plots.

The ANOSIM R statistic (PRIMER v7) (Clarke et al., 2014) was used to test the similarity in prey
composition between diet and infauna. Prey composition was represented by the PSIRI values of the four
major prey groups, transformed into Bray-Curtis distance. The null hypothesis of no difference between
compositions was rejected if <5% of the total number of simulated R values was greater than or equal to
the observed R value. R values generally lie between 0 and +1, with a value of 0 representing the null
hypothesis, a value close to +1 indicating high dissimilarity, and a negative value close to 0 indicating
within group dissimilarity (Chapman and Underwood, 1999). A two-way ANOSIM model was first used to
test for diet differences between length classes of each species nested within area. The fish were divided
into two length classes Lenclass: 1 — <10 cm; 2 —>10 cm, approximately dividing at age-2 for NRS and age-
3 for YFS, and corresponding to warm-year versus cold-year cohorts (Table 1). If the length effect was not
significant, lengths were pooled for one-way ANOSIM to test for similarity between diet and infauna by

area (stations as replicates).

2.4.2 Condition-habitat relationship

Regression models were used to explore whether variability in growth or condition was related to
differences in habitat characteristics (Table 2). The indices SMI, Growth, and Lipids were modeled as
separate responses. There was no correlation between SMI and Growth (Pearson r = 0.05, n = 507), or
SMI and Lipids (r =0, n = 281). The model was fitted to the average response within a station, with Length

12
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(cm interval) as a covariate. The continuous habitat quality predictors considered were bottom
temperature (Temp), mean sediment grain size (Sed), prey energy index (Prey, log-transformed as habitat
predictor), and juvenile densities (NRS, YFS). Pairwise scatterplots of the variables included in the models
were first examined for outliers and possible functional relationships to guide the analysis. Pairwise
scatterplots and correlations between predictors were used to screen for collinearity. Bottom
temperature was selected over depth from the onset because of the high correlation between them (r = -
0.71, n = 64), and the well-known bioenergetic relationship between temperature and physiological
condition (e.g, Stevens et al., 2006). The sample size n in each species-area treatment block varied by
response: Lipids 4 —22; SMI 13 — 58; Growth 26 —77. The sample size for each response was highest in
the south for NRS but lowest in the south for YFS. Samples were pooled across years since they were only
available in the northern Bering Sea in 2017, and the thermal environment that the year variable was
intended to represent — that is, whether the year was “warm” or “cold”, was already directly represented

by the bottom temperature variable.

The response variables SMI, Growth, and Lipids (Table 2) were approximately normally distributed.
Preliminary analysis showed that interaction between the selected predictors for modeling was not
significant, but pairwise scatterplots did not clearly assert linear relationships between response and
predictor. Given the low sample size and relatively narrow range for each predictor, generalized linear
models (GLM) without interactions were evaluated for each species as starting models (R Core Team,
2020). If there were non-linear patterns in the GLM diagnostics, generalized additive models (GAM) were
also evaluated to compare with the GLMs. Models with Gaussian (identity link) and gamma (log link)
distributed dependent variables were compared:

yi~ N(w;, 0°), E(y;) ~ p;, var(y;) = o2,

Wi = Intercept + Length; + NRS; + YFS; + Prey; + Temp; + Sed; ,

or

yi~ Gamma(u;, 1), E(y)) ~ p;, var(y)) = u/t,

13
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log(ui) = Intercept + Length; + NRS; + YFS; + Prey, + Temp; + Sed, ,
where the response Y = {ys, .., y»} was either the average SMI, Growth, or Lipids index of fish of length [ at

a station.

The best of all possible combinations of predictors for each response was identified based on the Bayesian
Information Criterion (BIC) (Schwarz, 1978), and models were re-fitted with the further removal of any
predictor that was not significant at the 5% level. Diagnostics (e.g. residuals, fitted values, Cook’s
distance) were performed on the best models with significant relationships to check for violation of model
assumptions (Zuur et al., 2014). Similar steps were used to select the best GLM or GAM between
Gaussian and gamma distributions (Zuur, 2012). The R mgcv package (Wood, 2017) was used to fit GAMs
with thin plate regression splines. Model selection between the best GLMs and GAMs using the BIC was

conducted using the R MuMIn package (Bartdn, 2020).

3 RESULTS

3.1 Prey composition in flatfish diets and the infauna

A total of 755 NRS and 344 YFS non-empty stomachs were analyzed from 2016 to 2018 (Table S1). Based
on the PSIRI, polychaetes were the most important prey for NRS, whereas for YFS “other” prey were also
important in addition to polychaetes (Supplementary Table S2). These “other” prey consisted primarily of
mysid shrimps and cumaceans. For both species, amphipods were more important to smaller juveniles.
For the diet of NRS, neither length class Lenclass (pseudo-Fy 54 = 0.27, p = 0.82), Year (pseudo-Fys4 = 2.11,
p =0.06), nor Area (pseudo-F,s4 = 2.18, p = 0.05) had significant effects. For the diet of YFS, Lenclass
(pseudo-Fy1 40 = 2.69, p = 0.05) and Area (pseudo-F,40 = 0.68, p = 0.65) effects were also not significant, and
Year effect was marginal (pseudo-Ff,4 = 3.04, p = 0.01), driven mainly by the relatively lower proportions

of amphipods and clams in the diet in 2018 than other years (Table S2).
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The spatial difference in infaunal assemblage (pseudo-F;,147 = 3.08, p = 0.02) was mostly due to the
prevalence of polychaetes in the north relative to the south (t = 1.81, p = 0.03) (Figure 2). The central
area shared characteristics with both the north (t = 1.75, p = 0.05) and the south (t = 1.69, p = 0.05).
Polychaetes dominated the infaunal composition in each area, similar to the diet compositions (Table S2).
The composition of “other” prey varied by area. This category was most diverse in the south, where the
three most dominant taxa were echinoderms, holothuroids, and echiurids; in the central area, the three
most dominant taxa were foraminifera, gastropods, and echiurids; in the north, they were foraminifera,
tunicates, and sipunculids. The prey energy index Prey increased towards the north (south = 1188, central

= 1870, north = 2509 kJ-g™2).

3.2 Diet-Prey Correspondence

For NRS, there was a significant difference between diet and prey infauna compositions in the south but
not in the central or the north (south: R =0.23, p = 0.001; central: R =-0.07, p = 0.91; north: R=-0.15, p =
0.85). For YFS, there was a significant difference between diet and prey compositions in the south and
the north (south: R =0.34, p = 0.002; central: R =-0.05, p = 0.88; north: R=0.11, p = 0.02). There were no
significant differences in diet composition between NRS and YFS in any of the areas (south: R=0.13, p =
0.05; central: R=0.02, p = 0.27; north: R =-0.23, p = 0.92) (Figure 2). Overall, differences were weak even
if significant (R < 0.3). The components of the “other” prey group were different between the diets and
the infauna, which may indicate the different sampling efficiencies of a predator versus a mechanical
grab. In YFS diet, for example, “other” prey consisted mainly of motile shrimps and cumaceans, whereas

“other” in the infauna were mainly slower-moving groups such as echinoderms.

3.3 Age and growth

A total of 182, 50, and 116 NRS and 63, 21, and 77 YFS were aged by otoliths, respectively, in 2016, 2017,

and 2018 (Table S1). There were no samples from the north. Fish collected for otolith analysis ranged in
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370 length from 2.7 —17.7 cm for NRS and 4.8 — 15.7 cm for YFS. Almost 100% of NRS were age-1 to age-2;
371 the oldest fish was age-4; 90% of YFS were age-2 to age-3; the oldest fish was age-9.

372

373 The effects of Year (NRS: pseudo-F 312 = 47, p = 0.001; YFS: pseudo-F;,155 = 8, p = 0.004) and Area (NRS:
374 pseudo-Fi 312 =91, p = 0.001; YFS: pseudo-Fy,155 = 10, p = 0.004) on Growth were significant for both

375 species. The Year—Area interaction was significant for NRS but not for YFS (NRS: pseudo-F, 34, = 28, p =
376 0.001; YFS: pseudo-F;,155 = 3, p = 0.08). Growth was significantly higher in the south than the central area
377 but showed a decline from 2016 to 2018, to being almost the same in both areas by 2018 (Figure 3). Since
378 the Area effect was important, separate age-length keys were developed for each species in the south
379 and central area. The age-length key from the central area was applied to the north since no northern
380 fish were aged.

381

382 Otolith length was highly correlated with body length for each species-area group (r = 0.95 —0.97). The
383 correlation between the otolith length of a fish of age-a and each of its component annual otolith

384 increment widths was generally low (r =-0.15 — 0.36). Otolith length may track body length more closely
385 because both integrate growth conditions over the lifetime, whereas OW tracks conditions in a specific
386 growth year, such that the correlation with body length may be more variable.

387

388 For NRS, the first and second otolith increment widths were significantly associated with the Year of

389 formation (OW-1, 2012 — 2017: pseudo-Fs 331 = 17, p = 0.001; OW-2, 2013 — 2017: pseudo-Fa,156 = 16, p =
390 0.001) and Area (OW-1: pseudo-F1 331 = 43, p = 0.001; OW-2: pseudo-F1 156 = 32, p = 0.001). For YFS, the
391 Year of formation effect was also significant (OW-1, pseudo-Fs 146 = 4, p = 0.003; OW-2, pseudo-F4 135 = 10,
392 p =0.001). The Area effect was only significant on the second increment (OW-1, pseudo-F1,146 =0, p =
393 0.74; OW-2, pseudo-Fy,133 = 11, p = 0.001).

394
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The first increment width (OW-1) of NRS peaked around 2015 — 2016 in both the south and central areas,
then decreased sharply in 2017; OW-2 decreased from 2015 onward. The OW-1 of YFS increased from
2014 to 2017 in both areas, but OW-2 showed an opposite, decreasing trend in the same period (Figure
4). Simple linear regression of increment width on the mean bottom temperature (Table 1) in the year of
its formation by species and area (not shown) indicated slightly positive trends for YFS in the south
(regression slope coefficient b = 0.08, p = 0.002, r = 0.30) and the central (b = 0.08, p < 0.001, r = 0.32),
and for NRS in the south (b =0.06, p < 0.001, r = 0.33). However, there was no significant trend for NRS in

the central area (b =0.01, p = 0.34, r=0).

3.4 Somatic growth and body condition

The scaled mass index (SMI) of each species was not correlated with length (r =-0.1, p > 0.1). The effects
of Year (NRS: pseudo-F 1346 = 38, p = 0.001; YFS: pseudo-F,,721 = 58, p = 0.001), Area (NRS: pseudo-F;,1346 =
19, p = 0.001; YFS: pseudo-F;,7,1 = 4, p = 0.01) and Year-Area interaction (NRS: pseudo- Fy1346 = 16, p =
0.001; YFS: pseudo- F>,721 =9, p = 0.001) were significant on the SMI of both species. The mean SM/ of
both species generally increased towards the north. It also increased from 2016 to 2017, then decreased

slightly from 2017 to 2018 (Figure 5).

The Lipids index had a higher correlation with the length of YFS than with NRS (NRS, r=-0.18, p=0.03, n =
149; YFS, r =-0.46, p < 0.01, n = 132). The residuals of Lipids regressed on length of NRS were not
associated with Year (pseudo-Fi,195 = 0) or Area (pseudo-F,194 = 0.2, p = 0.7). The effects of Year (pseudo-
F1176 =8, p =0.02) and Area (pseudo-F,176 = 6, p = 0.02) on the Lipids residuals of YFS were also weak. For
both species, Lipids increased from 2017 to 2018 in the central area, but decreased from 2017 to 2018 in
the south, overall reversing the pattern of Lipids from being higher in the south to higher in the central

within the two years (Figure 6).

3.5 Variation in growth and body condition between habitats
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The selected best models were generally valid according to diagnostics, except for the scaled mass index
(SMI) and the Lipids index of NRS. The best models for these two responses seriously violated
assumptions, and explained only 5% (SMI = Length + Temp) and 8% (Lipids = Length) of the deviance
(Table 3). They are nonetheless reported for completeness. The best model for the Lipids index of YFS
included all six predictors and had 86% of the deviance explained, which may suggest model overfitting

given the relatively low sample size (n = 65).

Length was a significant predictor in every best model of growth and condition response (Table 3, Figure
7). For both species, Length was positively related to Growth and negatively related to the SM/ and Lipids
indices. Both species had the same predictors for Growth (Growth = Length + NRS + Sed) and the general
relationships between Growth with each of the predictors were similar. Temperature (Temp) was
significant in the SMI and Lipids models of YFS. The relationship was linear and negative with SMJ, but
nonlinear with Lipids. However, both response indices had a negative relationship with Temp in the range
of 6 to 9°C, where data were densest. For models that included mean sediment grain size (Sed) as a
significant predictor, the response tended to peak over the medium grain size range. Juvenile densities of
either NRS or YFS were significant in all the valid models, whereas the prey energy index (Prey) only

appeared in one.

4 DISCUSSION

We found evidence of spatial and temporal variation in the somatic growth and condition of juvenile
flatfishes in the Bering Sea during the period of 2016 to 2018. Juveniles of both species grew faster in
length and to larger length-at age in the south than in the central area of the Bering Sea. The positive
relationship between otolith increment width and summer bottom temperature suggests that larger size

is associated with warmer temperature, since otolith and somatic lengths are highly correlated.
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Here, the relationship between increment width and temperature seems to be stronger for juvenile YFS
than NRS. The increment widths of adult NRS and YFS in the eastern Bering Sea were also positively
correlated with summer bottom temperatures, and the relationship was similarly stronger for YFS (r =
0.90) than for NRS (r = 0.59) (Matta et al., 2010). Otolith increment widths can reflect variability within a
fish’s environment at annual and subannual time scales (Campana and Neilson, 1985), and numerous
studies in recent years have employed otolith increment chronologies to demonstrate strong effects of
temperature on growth of many marine species (e.g., Morrongiello et al., 2012). A follow-up otolith
chronology study focused solely on adult YFS found subtle differences in otolith and somatic growth
across a latitudinal gradient within the Bering Sea, suggesting heterogeneity in climate impacts growth of

these flatfishes across the region (Matta et al., 2016).

Yellowfin sole are abundant in the northern Bering Sea. The center of the YFS population is in the central
area, and its abundance in the south is relatively low (Hamazaki et al., 2005; NOAA, 1987). The stock
structure of YFS in the Bering Sea is currently unknown, and it is unclear whether YFS in the northern and
eastern Bering Seas constitute separate populations (Spies et al., 2019). Conversely, there have not been
reports of any substantial presence of NRS north of 60° until recently (Lauth et al., 2019), possibly because
surveys that target NRS in that area only began in 2010 (Stevenson and Lauth, 2019). The distributions of

juvenile NRS and YFS overlap mainly in the central area (Yeung and Cooper, 2019).

Inferring from their more northerly distribution, YFS may be adapted to colder habitats and more
sensitive to increasing temperatures than NRS. Juvenile specimens are only available from the northern
Bering Sea in 2017, and NRS are relatively rare there. Based on these limited data, the morphometric-
based condition of juvenile YFS appears to be better in the northern Bering Sea, while the condition of
juvenile NRS also improves towards the north. The exploratory habitat models in this study show that the

biochemical and morphometric condition of juvenile YFS may be negatively influenced by temperature.
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While warmer temperatures may be associated with faster growth in juvenile flatfish in this study, there is
suggestion that the trend may not continue if the current high temperatures persist or further warming
occurs in their habitat. Mean growth was significantly higher in the south than the central area in 2016
and 2017, but in 2018 there was no difference between the areas, due primarily to decreased growth in
the south. A counter-argument would be that the decreased growth in the south in 2018 reflected the
negative effects of the colder temperatures of 2017 on the cumulative growth of the juveniles (mostly
age-1to age-2 of NRS and age-2 to age-3 of YFS). However, otolith increment widths also suggest a
decrease in growth around 2016, the warmest year in the life history of these juveniles. In the Barents
Sea, the record-warm conditions in 2016 were associated with higher abundance and larger age-0
individuals of fishes including the flatfish Hippoglossoides platessoides (Eriksen et al., 2020). Age-0 fish
are rare in our study. If the Barents Sea effects of 2016 apply to the Bering Sea, they may manifest in the
2017 age-1 and 2018 age-2 groups, but that is not supported by otolith growth. Instead, the decreased
somatic and otolith growth in juvenile flatfishes over the period of this study suggest that the Bering Sea
may be approaching the upper thermal limit for optimum growth at the shallow nursery habitats. As we
gather more otolith data we may be able to infer from the increments if there is a point where the growth
and temperature relationship becomes nonlinear (that is, otolith growth decreases after reaching the

thermal maximum).

The maximum bottom temperature observed during our study and input into our models was 13.4°C. The
average summer bottom temperatures in 2019 were higher than in 2018 by 1.7°C in the south, 0.8°C in
the central, and 2.7°C in the northern Bering Sea, according to AFSC bottom trawl survey data. The
magnitude of warming was even greater in the coastal northern Bering Sea. Norton Sound, important for
northern Bering Sea fisheries and potentially a YFS nursery (Yeung, unpublished data), experienced a
maximum bottom temperature above 15°C in the summer of 2019 (Zacher et al., 2020). It is unknown
whether optimal growth in the field can still be realized by juvenile flatfish, especially the cold-adapted
YFS, at such high temperatures. There have been laboratory and field studies on the physiological effects
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of temperature on juvenile NRS (age-0) (Hurst et al., 2010), but there is no comparable literature on
juvenile YFS. Laboratory studies have found increased growth potential in age-0 NRS at temperatures
between 2 and 13°C when food was not limiting (Hurst and Abookire, 2006; Hurst et al., 2010). Adult
flatfishes along the U.S. North Pacific coast typically have higher condition during cooler climate stanzas
(Keller et al., 2013). Arctic cod abundance increased in the southern Chukchi Sea in 2017, but their energy
content has decreased (Huntington et al., 2020). Juvenile YFS production may initially be favored by
warmer temperatures in the northern Bering Sea, but if warming continues, growth and condition may
deteriorate and negatively affect future recruitment and production. The short time-series in this study
with the interposition of a cold year between two warm ones was likely to have confounding effects on
biological responses. If the warming persists, spatial patterns in the distribution and energetics may

become clearer.

We measured a decrease in muscle lipid content with fish length, which may signify that juvenile fish were
in a rapid growth phase. Elevated nursery temperatures and high predation pressure have been
hypothesized to account for a decrease in lipid density with length in age-0 juvenile Atlantic cod (Gadus
morhua) during their settlement into nearshore cold-water nursery habitat (Copeman et al., 2008). In
juveniles, energy is allocated between growth and lipid storage. Growth can reduce size-dependent
mortality and predation pressure (Sogard, 1997; Suthers, 1998). Lipid storage can also promote near-
term survivability of the individual and future reproductive and recruitment success of the population
(Adams, 1999). Under high food availability, lipid content generally increases with body size during the
juvenile phase (Martin et al., 2017). In principle, lower activity and higher lipid content are selected for at
colder temperatures (Portner, 2002). Previous studies on larval Arctic cod and walleye pollock larvae
showed that the thermal optima for lipid-based condition factors were lower than those for
morphometric-based condition factors (Koenker et al., 2018). Another study focused on juvenile English
sole (Parophrys vetulus) condition metrics in an estuary found that similarly sized age-0 fish were in higher
energetic condition at cold downriver sites, but in higher morphometric-based condition at warmer
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upriver sites (Stowell et al., 2019). The authors hypothesized that this may have been due in part to the
direct physiological effects of warmer temperatures at upriver sites, but they could not rule out
differences in prey quality along the marine to freshwater gradient. Further research is needed to
understand the direct (temperature) and indirect (prey quality, predation pressure) effects of warming
oceanographic conditions on lipid-based and morphometric-based condition in juvenile flatfish. The
relationships between the different types of condition indices and selection of the most appropriate and
informative condition index for juvenile flatfishes in the Bering Sea are also important topics for further

research (Gilliers et al., 2006; McPherson et al., 2010; Schloesser and Fabrizio, 2017).

Prey energy was not an important factor in juvenile growth and condition in this study; juvenile flatfish
densities, which can reflect predation pressure, were significant factors. There was no evidence that prey
resources were limiting across the Bering Sea, although the spatial mismatch between the infauna prey
and the diet compositions (Manly et al., 2002) of juvenile NRS and YFS in the central area suggests lower
prey availability there than in the other two areas. Yeung and Yang (2017, 2018) similarly concluded that
the south may have higher prey resources than the central area based on this premise. The central area
may have lower prey resources because in this area NRS and YFS distributions have the greatest overlap
and therefore higher predation pressure. Conversely, the northern Bering Sea may have higher prey
resources because it is mostly inhabited only by YFS. How prey and consumer indices are related to
growth and condition of juvenile flatfish is speculative until there is a better understanding of predator-

prey interactions within these habitats.

Whether juvenile NRS and YFS will become more abundant in the northern Bering Sea given suitable
habitat depends on complicated early life history dynamics such as spawning location, larval duration and
oceanic current transport (Cooper et al., 2014; Duffy-Anderson et al., 2015), and other potentially
significant habitat variables such as dissolved oxygen and salinity (Sobocinski et al., 2018; Yamashita et al.,
2001) that may be altered under a changing ecosystem. Although in recent years the inshore areas of the
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northern Bering Sea have been warmer than comparable areas in the south in the summer (Lauth et al.,
2019; Zacher et al., 2020), fish growth and energetic condition may still lag because of lower light

intensity, colder winter temperatures, or other unknown seasonal environmental differences.

This study provides a baseline for the growth and condition (morphometric- and lipid-based) of juvenile
flatfish in the Bering Sea. The acquisition of these data using the large-scale, systematic Bering Sea
bottom trawl surveys is a relatively recent development. Although NRS have moved northward of their
historical range in the eastern Bering Sea, they are still not abundant in the northern Bering Sea (Yeung
and Cooper, 2019). For this reason, there is a lack of data in the northern Bering Sea for a more
comprehensive long-term comparison. Additional condition data from the northern Bering Sea are
required to better test the quality of this habitat for juvenile flatfish and its contribution to biomass
production. The serious implications of the rapid changes in the subarctic and arctic oceans for human
societies (Huntington et al., 2020) provide an incentive to regularly conduct Bering Sea surveys, and for
the long-term monitoring that is key to understanding climate change effects on marine population

dynamics (Brown et al., 2019; Capotondi et al., 2019; van der Veer et al., 2015).

2Reference to trade names does not imply endorsement by the National Marine Fisheries Service, NOAA.
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Figure 1. Stations sampled for juvenile northern rock sole and yellowfin sole in 2016, 2017, and 2018 on

the inner shelf of the Bering Sea, which is divided latitudinally (bold lines) into the south (S), central (C),

and north (N) areas for this study (left panel). Station names are referenced (right panel). The types and

numbers of samples collected at each station are summarized in Supplementary Table S1.
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Figure 2. Prey-specific index of relative importance (PSIRI) of prey groups in the diets of northern rock
sole (NRS) and yellowfin sole (YFS), and in the infaunal assemblage, by area: south (S), central (C), and
north (N). The sample size (number of NRS, YFS stomachs; number of infauna sample stations) for each

area is given below the bar.
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Figure 4. Box-whisker plots of otolith increment width at year of formation for northern rock sole (NRS)
and yellowfin sole (YFS) ranging from age-1 to age-4 by area. There are no samples from the north area
for this analysis. Box limits are the 25% and 75% quantiles; bold line is the median; asterisk is the mean;
whiskers show values within 1.5 times the interquartile range; dots are outliers. The sample size is given
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Figure 5. Box-whisker plots of the scaled mass index (SM/) for northern rock sole (NRS) and yellowfin sole

(YFS) by area and year. Box limits are the 25% and 75% quantiles; bold line is the median; asterisk is the

mean; whiskers show values within 1.5 times the interquartile range; dots are outliers. The sample size is

given below the box.
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Figure 6. Box-whisker plots of the Lipids index for northern rock sole (NRS) and yellowfin sole (YFS) by
area and year. There are no 2016 samples for this analysis. Box limits are the 25% and 75% quantiles;
bold line is the median; asterisk is the mean; whiskers show values within 1.5 times the interquartile
range, dots are outliers. The sample size is given below the box. This same figure is replicated with the
total lipids concentration per wet weight (ug mg*; before log-transformation to the Lipids index) as the y-

variable in Supplementary Figure S2.
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860 (c) Northern rock sole: Growth = Length + NRS + Sed
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863 (d) Yellowfin sole: SMI = Temp + Sed + YFS + Length
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(e) Yellowfin sole: Lipids = Length + Temp + NRS + Prey + YFS + Sed
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(f) Yellowfin sole: Growth = Length + NRS + Sed
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Figure 7. Best model (GLM or GAM) for the scaled mass index (SMI), Lipids and Growth indices of
northern rock sole (NRS) and yellowfin sole (YFS). The estimated predictor function (solid) is shown on
the response scale versus each predictor in the model with the 95% confidence intervals (dashed), while
other continuous predictors in the model, if they exist, are set to their average values. Inward tick marks
on the x-axis indicate where observations of the x variable are available. Summary of the models are

given in Table 3. Explanation of the predictors is given in Table 2.
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Table 1. (a) Birth year of flatfish of age-a collected each year from 2016 to 2018, coded to indicate the
corresponding thermal life history (red/bold — warm; blue/italic — cold; black/regular — average); for

example, fish of age-2 collected in 2016 had 2014, a warm year, as birth year, and had lived entirely

within a warm stanza 2014 — 2016, whereas an age-4 fish collected in 2016 had 2012, a cold year as birth

year, and had spent its first two years, 2012 — 2013, in a cold stanza, and after that in a warm stanza 2014

—2016. (b) Mean summer (June — August) bottom temperature (°C) in each Bering Sea area from 2010 to

2018, and the area mean for that time period.

Age O 1 2 3 4 5
Collection year
2018 2018 2017 2016 2015 2014 2013
2017 2017 2016 2015 2014 2013 2012
2016 2016 2015 2014 2013 2012 2011

Year 2010 2011 2012 2013 2014 2015

2016 2017 2018 mean

Area

“North 2.9
Central 1.7 3.6 1.6 3.5 3.8 4.5
South 3.0 3.8 3.2 35 5.5 5.1

6.1 4.8 4.6

5.7 4.8 5.7 3.9

7.2 4.7 53 4.6
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Table 2. Variables in full condition-habitat regression model.

Variable Description Range (untransformed) Unit
Response
Smi Scaled mass index 5.355-18.414 -
Growth Growth index 0.510-1.687 -
Lipids log(Total lipids concentration per wet weight) 1.331-54.424 pug mgt
Predictor

" Abiotic:
Temp Bottom temperature 3.0-134 °C
Sed Mean grain size of surficial sediment -0.785-4.697 (o)
Biotic:
Length Total length 2-18 cm
Prey Prey energy index 3-407 kl-g™?
NRS log(Density + 1) NRS juveniles in bottom trawl 0-821 no. hal
YFS log(Density + 1) YFS juveniles in bottom trawl 0-1407 no. ha
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Table 3. Summary of the best (GLM or GAM) models for the relationships between condition indices

(scaled mass index (SM), Lipids, Growth) of northern rock sole (a-c) and yellowfin sole (d-f) and habitat

variables. The log link function was used in gamma models, and the identity link function in Gaussian

models (edf — effective degrees of freedom; n — sample size). See section 2.4.2 for detailed methods.

(a) Northern rock sole
SMI = Length + Temp

(d) Yellowfin sole
SMI = Temp + Sed + YFS + Length
GAM Gaussian

GLM Gamma

Estimate Std. Error t p
[ntercept 2.15 0.03 73.1 0.00
Length -0.01 0.00 -2.66 0.01
Temp 0.01 0.00 3.06 0.00
Deviance explained = 5% n=276
(b) Northern rock sole
Lipids = Length
GLM Gamma

Estimate Std. Error t p
Intercept 1.05 0.08 13.1 0.00
Length -0.02 0.01 -2.42 0.02
Deviance explained = 8% n=76
(c) Northern rock sole
Growth = Length + NRS + Sed
GAM Gamma

Estimate Std. Error t p
Intercept -0.03 0.01 -2.57 0.01
Approximate significance of smooth terms:

edf F p

Length 5.31 18.3 0.00
NRS 1 28.9 0.00
Sed 2.55 7.61 0.00
Deviance explained = 65% n=147

Estimate Std. Error t p
Intercept 9.44 0.06 169 0.00
Approximate significance of smooth terms:
edf F p
Temp 1 458 0.00
Sed 6.54 18.6 0.00
YFS 7 9.15 0.00
Length 1 944 0.00
Deviance explained = 66% n=173
(e) Yellowfin sole
Lipids = Length + Temp + NRS + Prey + YFS + Sed
GAM Gamma
Estimate Std. Error t p
Intercept 0.82 0.01 65 0.00
Approximate significance of smooth terms:
edf F p
Length 1 132 0.00
Temp 494 202 0.00
NRS 1 195 0.00
Prey 3.03 153 0.00
YFS 1 18 0.00
Sed 241 111 0.00
Deviance explained = 86% n=65
(f) Yellowfin sole
Growth = Length + NRS + Sed
GAM Gamma
Estimate Std. Error t p
Intercept 0.02 0.01 1.57 0.12
Approximate significance of smooth terms:
edf F p
Length 1 439 0.00
NRS 1 315 0.00
Sed 2.38  3.68 0.01
Deviance explained = 61% n=70
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Figure S1. Digital image of sagittal otoliths from a 3-year-old northern rock sole showing length and

increment width measurements.
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Figure S2. Box-whisker plots of the total lipids concentration per wet weight for northern rock sole (NRS)

and yellowfin sole (YFS) by area and year. There are no 2016 samples for this analysis. Box limits are the

25% and 75% quantiles; bold line is the median; asterisk is the mean; whiskers show values within 1.5

times the interquartile range, dots are outliers. The sample size is given below the box.
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Table S1. Sample sizes of otolith, lipids, diet, and length-weight measurements for the scaled mass index

(SM1) of juvenile flatfish (NRS = northern rock sole, YFS = yellowfin sole) by year and station in the south

(S), central (C) and north (N) Bering Sea areas from 2016 to 2018, and whether infaunal data was available

at the station from the same year (x), or from another year between 2006 and 2019 (+). Sediment type is

abbreviated by the first letter: Gravel, Sand, Mud; the second sediment type is dominant in double-

lettered codes.

NRS YFS

Year Station Area Depth Temp Sediment Infauna  Age Lipids Diet SMI  Age Lipids Diet SMI
(m) _ (°C)  type

2016 F13 S 59 57 S + 19 25 44
2016 F14 S 36 6.6 S X 12 25 37
2016 G14 S 56 58 S + 24 50 74
2016 G15 S 30 7.5 GS X 11 16 26
2016 H16 S 30 7.3 SG + 41 41 8 8
2016 J14 S 42 6.8 S + 14 14 3 15 18
2016 J15 S 42 7.1 S + 29 29
2016 J16 S 34 76 S X 15 15 30 5 26 31
2016 K10 S 46 69 S + 7 31 38
2016 K11 S 41 6.4 S X 2
2016 K12 S 32 75 S + 5 3
2016 K13 S 41 6.9 1
2016 K14 S 23 8.4 SG + 7 22 29
2016 L8 C 32 7.6 6 6
2016 L9 C 27 76 S + 16 34 50 7 30 37
2016 M7 C 28 82 S X 41 41 5 31 36
2016 M8 C 22 87 S + 15 23 38 7 16
2016 N4 C 24 83 S X 39 39 9
2016 N6 C 23 9.2 15 22
2016 O1 C 35 45 S + 22 47 69
2016 03 C 29 71 S X 32 32
2016 04 C 22 8.4 19 42 61
2016 P1 C 26 56 S X 11 68 79
2016 Q18 C 37 35S X 11 20 31
2017 G15 S 32 5.2 GS + 13 6 16 41
2017 116 S 28 4.9 12 5 15 42 1
2017 J14 S 37 4 S + 10 15 30 2 2 3
2017 N3 C 23 4.8 15 10 16 48 2
2017 N5 C 15 6.4 S + 10 14 40 6 6 6 18
2017 N7 C 16 82 S + 8 11 10 25
2017 T3 N 15 11.8 S X 12 11 15 32
2017 V3 N 16 11.8 MS + 9 5 10 22
2017 X3 N 21 8.6 SM X 6 12 29
2017 7725 N 11 11.5 SM X 4
2017 AAS N 18 10.8 3
2017 AA7 N 14 12.7 2
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926 Table S2. The mean PSIRI (Prey-Specific Index of Relative Importance) of the four major prey groups in
927 the diets of (a) northern rock sole, (b) yellowfin sole, and in (c) the infaunal assemblage by Year, Area

928 (south (S), central (C), and north (N), and length class Lenclass.

929
(a) Northern rock sole  Year Area Lenclass
2016 2017 2018 S C N 1 2
Amphipod 14 7 10 9 15 6 15 8
Clam 25 16 34 31 24 9 25 29
Polychaete 39 51 46 48 37 52 42 46
Other 21 26 10 12 24 33 19 17
930
(b) Yellowfin sole  Year Area Lenclass
2016 2017 2018 S C N 1 2
Amphipod 18 18 3 17 11 19 21 10
Clam 33 9 5 20 22 9 19 15
Polychaete 28 36 47 37 33 37 35 36
Other 21 37 45 26 35 35 25 39
931
(c) Infauna  Area
S C N
Amphipod 11 12 15
Clam 18 15 18
Polychaete 43 41 51
Other 28 32 16
932

933
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