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Abstract Annual growth patterns in the hard parts of
marine organisms are often related to factors in the phys-
ical environment; investigators are increasingly borrowing
methods from the field of dendrochronology (tree-ring
science) to explore these relationships. When applied to
otoliths of yellowfin sole Limanda aspera, an abundant and
commercially important flatfish, this approach has
demonstrated a strong positive correlation between otolith
growth and bottom temperature in the southeastern Bering
Sea. In the present study, we assess whether the
biochronology—growth relationship extends to yellowfin
sole collected at higher latitudes. Two new northern Bering
Sea biochronologies, one from the Bering Strait region and
one near St. Matthew Island, were developed and com-
pared with the southeastern Bering Sea biochronology
using mixed effects modeling. Despite large distances (up
to 600 km), a high degree of synchrony was observed
among all three chronologies. However, subtle differences
in growth among the three regions were revealed upon
closer examination. The relative amplitude of otolith
growth differed among the three chronologies, with stron-
ger negative anomalies in the south and stronger positive
anomalies in the north. Differences in average length at age
were also detected, with fish growing slower to greater
lengths at higher latitudes. Lastly, the Bering Strait
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biochronology had the weakest and most localized rela-
tionships with climate variables, suggesting effects of cli-
mate may not be felt uniformly across the regions
examined. Biochronologies may thus provide a useful tool
in evaluating potential biological responses to projected
climate change across a species’ range.
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Introduction

Global temperatures have increased significantly over the
past century, with some of the largest impacts being felt in
the northern latitudes (IPCC 2014). Further warming is
expected to continue such that the summer Arctic may be
nearly sea-ice-free as early as 2040, according to climate
model projections (Overland and Wang 2013; IPCC 2014).
How these changes may affect ecosystem structure and
function remains highly uncertain, though understanding
relationships between long-term environmental records and
biological responses may provide some insight. Such
analyses ideally span a range of historical variability
including regime shifts and extreme events and involve
multiple species, trophic levels, or locations. However, in
marine systems multi-decadal observational data are rare,
especially for biological phenomena.

To address these limitations and generate long-term
indices of climate effects on growth, techniques from tree-
ring science (dendrochronology) have been applied to
carbonate or siliceous parts of fish, bivalves, and corals
(Black et al. 2005; Helama et al. 2006; Black 2009; Carilli
et al. 2010). These structures often contain visible growth
increments which form yearly and are commonly used to
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estimate ages for population dynamics modeling. Through
dendrochronology methods, time series of growth-incre-
ment widths from individuals can be used to generate
biochronologies that capture population-level growth
anomalies, are annually resolved (one value per year), and
exactly dated. Central to the dendrochronology approach is
crossdating, which ensures that each increment is assigned
the correct calendar year of formation. Crossdating is based
on the assumption that growth is limited by one or more
aspects of climate, and that as climate varies over time, it
induces synchronous growth patterns in all individuals
exposed to those climatic features. The synchronous
growth patterns can then be matched among individuals to
ensure that all increments have been correctly identified
and placed in time. Such dating control facilitates the
comparison of biochronologies with one another, instru-
mental climate records, or observational biological time
series (Butler et al. 2010; Black et al. 2011; Gillanders
et al. 2012; Black et al. 2014).

Recently, advanced statistical approaches such as mixed
effects modeling (Morrongiello et al. 2012) and Bayesian
methods (Helser et al. 2012) have been applied to
biochronology data. These methods simultaneously evalu-
ate intrinsic (e.g., age-dependent) and extrinsic (e.g.,
environmental or density-related) effects while allowing
for quantification of uncertainty in variance components
and model parameters (Weisberg et al. 2010; Helser et al.
2012; Morrongiello et al. 2012). Whereas methods that
detrend time series individually are typically focused solely
on extrinsic sources of variation, mixed effects models
accommodate the hierarchical nature of growth-increment
data and explain variation at the individual level as well as
allow for assessment of interactions between an individual
and its environment (Morrongiello and Thresher 2015).

Yellowfin sole (Limanda aspera), currently the target of
the largest flatfish fishery in the world, is one of the most
abundant species of flatfish in continental shelf waters of
the North Pacific Ocean, ranging from British Columbia
north into the Chukchi Sea and west to the Sea of Japan
(Wilderbuer et al. 1992, 2015). Adult yellowfin sole are
known to make seasonal migrations between the inner and
outer continental shelves of the Bering Sea, occupying the
outer shelf during the winter and moving to the middle and
inner shelves in the spring and summer (Bakkala 1981;
Wakabayashi 1989; Wilderbuer et al. 1992). Due to its diet
elasticity and the presence in sub-Arctic waters, yellowfin
sole may potentially expand its summer range north into
the Arctic, where the projected loss of summer sea ice is
expected to lead to increased primary productivity and prey
for fish stocks (Hollowed et al. 2013).

The relative clarity of yellowfin sole’s otolith incre-
ments makes it an ideal candidate for biochronology
development. Indeed, an otolith biochronology from
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yellowfin sole collected in the southeastern Bering Sea
was successfully developed and was found to have a
strongly positive correlation with ambient temperature
(r = 0.90; Matta et al. 2010). Moreover, anomalies in the
growth-increment biochronology were found to corre-
spond to anomalies in age-specific body size, indicating a
link between somatic and otolith growth (Black et al.
2013). Thus, otolith biochronologies for yellowfin sole
could be expanded across a range of spatial scales to
identify the degree to which long-term climate variability
influences growth and provide some insight as to how the
geography of those drivers may shift with continued
warming.

Here, we develop two new yellowfin sole biochronolo-
gies from the northeastern Bering Sea for comparison with
an existing southeastern Bering Sea biochronology (Matta
et al. 2010). We hypothesize that temperatures should be
more limiting to growth toward the northern limits of the
species’ range and that all biochronologies should share
some degree of synchrony driven by basin-wide climate
variability. Specific objectives were to (1) compare the
three biochronologies of yellowfin sole and their climate
responses along a latitudinal gradient in the Bering Sea, (2)
assess the level of variability within and among
biochronologies, and (3) identify intrinsic (inherent) and
extrinsic (environmental) factors related to otolith growth.
We used a linear mixed effects model to partition vari-
ability in the functional growth response recorded in otolith
increments among fish age, collection site, year effects, and
unexplained factors. Lastly, somatic body growth (i.e.,
length at age) was modeled for an expanded collection of
yellowfin sole from the same region as each biochronology
to identify potential latitudinal differences. Ultimately, the
latitudinal gradients considered here may provide some
indication of the shifts in ecological attributes and climate
limitations of yellowfin sole in the Bering Sea as isotherms
continue to migrate poleward.

Materials and methods
Otolith measurements and crossdating

Otoliths were collected during the summer 2010 bottom
trawl survey in the northeastern Bering Sea, conducted by
the Resource Assessment and Conservation Engineering
(RACE) division of the Alaska Fisheries Science Center
(AFSC). For details on survey methods, see Lauth (2011).
Otoliths were collected in two distinct areas: (1) south of
Bering Strait and (2) northeast of St. Matthew Island
(Fig. 1), hereafter referred to as the Bering Strait and St.
Matthew biochronologies, respectively. These were com-
pared with an existing otolith biochronology (Matta et al.
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Fig. 1 Map of the eastern
Bering Sea, showing haul
collection sites of yellowfin sole
(Limanda aspera) used to
develop otolith growth-
increment biochronologies,
mooring locations (M2, M4, and
A2), and 50-m depth contours.
Multiple fish were collected
from the same haul in some
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2010) from the southeast Bering Sea, hereafter referred to
as the Southeast biochronology (Fig. 1).

In the laboratory, otoliths were transversely sectioned
with a scalpel and burned over an ethanol flame to enhance
the contrast between growth zones. Otoliths were pho-
tographed using a Leica' DFC420 digital camera attached
to a Leica MZ95 microscope.

Calendar years were assigned to each growth increment
via the process of crossdating, a central tenet of den-
drochronology and necessary step in any biochronology
analysis. Crossdating assumes that climate variability
induces growth patterns that are shared among individuals
in a given area. For example, anomalously low tempera-
tures may cause growth-increment widths to be narrow and
high temperatures may cause them to be wide relative to
adjacent increments. Beginning with the increment formed
during the known year of capture, these synchronous pat-
terns, analogous to barcodes, can then be matched among
individuals to ensure that all increments have been cor-
rectly identified. If a growth increment has been missed or
falsely added, the growth pattern for that individual should
be offset by 1 year, thereby indicating that a dating error
has occurred. Only fish 14 years or older with clear otolith
growth increments were included in the biochronology
analysis to ensure adequate time series length. Fish ages

! Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.

1
170°W

had previously been estimated by counting otolith growth
zones as part of routine age determination for stock
assessments by the AFSC’s Age and Growth Program
(Shockley and Matta 2012), which provided an opportunity
to compare zone count and crossdated age estimates.

Following visual crossdating, growth-increment widths
were measured to the nearest 0.0001 mm using Image-Pro
Plus version 7.0 software (Media Cybernetics) based on
methods described in Matta et al. (2010). The innermost
3-5 growth increments of each otolith were not measured
due to rapid early ontogenetic changes in growth rates that
distorted increment widths in the region of the measure-
ment axis (Matta et al. 2010).

Visual crossdating was then statistically checked using
the International Tree-Ring Data Bank Program Library
software COFECHA (Holmes 1983; Grissino-Mayer
2001). The program was used to fit each individual growth-
increment time series with a cubic smoothing spline with a
50 % wavelength cutoff set at 15 years. Observed growth-
increment values were then divided by values predicted by
the spline to isolate high-frequency (year-to-year) vari-
ability and standardize each series to a mean of one. Next,
each individual detrended measurement time series was
correlated with the mean of all others from time zero
£10 years. A substantially higher lagged correlation would
indicate that a dating error may have occurred and that the
sample should be visually re-examined. Individual time
series with a nonsignificant (p < 0.01) correlation were
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visually re-inspected for crossdating errors; however, at no
point was crossdating forced on an otolith, and corrections
were only made when accidentally missed or falsely added
increments were easily identifiable. The detrending process
described here was used solely to verify crossdating and
identify dating errors; methods used to develop the
biochronology for each of the three regions are described in
the following section.

Two summary statistics were calculated for each of the
three biochronologies: the series intercorrelation, which is
the average correlation between each detrended measure-
ment time series and the average of all others, and the
average mean sensitivity, which describes the relative year-
to-year change in growth-increment width across speci-
mens within a region, with values ranging from O (a pair of
increments of the same width) to 2 (a pair in which one
width is O; Fritts 1976).

Statistical model used to generate biochronologies

After all increments were correctly dated, a hierarchical
mixed effects model was used to analyze otolith growth-
increment data and generate biochronologies. Based on
earlier studies modeling growth-increment data (Helser and
Lai 2004; Helser et al. 2012), we chose the nonlinear
exponential decay function to model growth-increment
variation as a function of age at formation. Based on this
assumed relationship, yellowfin sole otolith increment
growth can be described as:

b;(k)
Lijk = ajgoA i

where L is the growth-increment width, i =1, 2,..., n;
growth increments of individual fish j and site k (k = 1, 2,
3 for the Bering Strait, St. Matthew, and southeast
biochronologies, respectively) measured at age A. The
parameters a;y, and bjy, are the y-axis intercept and
exponential decay, respectively, of the function for each
fish’s otolith within each site. Data were linearized by log—
log transformation of otolith growth-increment widths and
increment ages, which served to stabilize the variance
structure, where y; = ln(L[jk), Xijk = ln(A,-jk), Oj(ky =
ln(aj(k)), and ﬁ_i<k> = bjx). The linear mixed effects model
accounting for intrinsic growth, random individual growth,
and extrinsic environmental variation is specified as:

yiik = (& + %)) + (/i + ﬁj<k>)xz'jk + g + ek

where x;; is the age at formation of growth increment i of
individual fish j and site k, &, Ejk is the fixed (population
average) intercept and slope, respectively, that describe the
decline in growth-increment width as a function of age at
formation for all individual fish specific to each site , 7, is
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the random environmental (year-to-year) variation specific
to year t and site k, and e is the residual error variance.
Individual variation in the above relationship at each site k
is expressed by the parameters o) f34) and modeled by

’

assuming that ¢, = (ocj(k>, ﬁj(k)) is a random draw from a
multivariate normal distribution (MVN) with mean vector

'
p= (:ua] y KBty Mooy Hpoy Hy3s :u[fS) and variance-covariance

2
15 o
matrix G = diag(Gy, G2, G3), where G = wk ;ﬁ’k
Ok  Opg

for k =1, 2, 3 sites; in brief, ¢; ~ MVN(p,G). The
variance—covariance Gy is uncorrelated, independent, and
unstructured 2 x 2 matrices. Year-to-year environmental
effects 7, are modeled as random draws from a normal
distribution with a mean of zero and variance of a;zz,k across

T years (Weisberg et al. 2010), or 7,4 ~ N(O,oik) for

t=1,...,Tyearsand k = 1, 2, 3 sites. Helser et al. (2012)
has shown that the coefficients v from mixed effects
models are equivalent to the method of biochronology
development most commonly used in dendrochronology
studies, in which measurement time series are individually
detrended using negative exponential curves, cubic splines,
or similar mathematical functions. However, coefficients
from the mixed effects model have the advantage of cap-
turing inherent individual variability in growth. This model
can be equivalently described by 7, =04 & and

&~N (O, G%Ak> for all years and sites. The residual error is
assumed to be independent, normally distributed random
variables, e ~N (0, aik). However, additional covari-

ance structure addressing within-animal correlation may be
specified and may be particularly useful for growth-incre-
ment data which represent a sort of time series. For sim-
plicity, the first-order autocorrelation, or AR1 dependence,
in the error e;; was assumed: e;x = pje;—1 j + Uk, where

ujjp ~ N (0, Ui‘k), pjr is the correlation coefficient for the

growth-increment time series of yellowfin sole j in site k,
and subscript i — 1 indicates the age prior to age i.

We fit the model to the growth-increment data using
restricted maximum likelihood implemented in the MIXED
procedure in SAS (Statistical Analysis Institute). The full
model described above (model 1) was compared to two
other models with decreasing complexity; model 2
removed the environmental variance term (1), and model
3 additionally removed the site-specific fixed growth
effects. The goal was to quantify the weight of evidence in
support of intrinsic growth differences and extrinsic envi-
ronmental effects from different regions in the Bering Sea,
which were tested using the Akaike information criterion
(AIC; Burnham and Anderson 2002). Support for a given
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model was calculated based on AIC differences as A; =
AIC; — AIC,,;,, where AIC,; is the AIC for the ith model
and AIC,;, is the minimum of AIC among all the models.
Typically, models with A; > 10 have no support.

Fish length at age

To evaluate latitudinal differences in somatic growth,
length-at-age data from a larger sample of fish from each
area (southeast, St. Matthew, and Bering Strait) were fit with
von Bertalanffy growth functions (von Bertalanffy 1938).
All yellowfin sole collected during the 2010 AFSC RACE
bottom trawl survey were considered in this analysis, using
the following bounds for each area: southeast (55-60°N,
160-170°W), St. Matthew (60-62.5°N, 165-172°W), and
Bering Strait (63.5-66°N, 165-170°N). Growth models
were fit separately for males and females. The form of the
growth function is:

l,‘j = Loo(l — €7K<ti7[0)) + e[j

where [j; is the fish length in centimeters of the jth indi-
vidual at age t; (i = 1,..., m), L, is the asymptotic maxi-
mum length, K is a growth constant, #, is the age at which
length would hypothetically be zero, and e;’s are inde-
pendent identically distributed additive normal random
N(0, ¢°) variates. The model was fit to the data using the
NLIN procedure in SAS, and regions were compared using
the F ratio statistic from sums of squared errors using the
equation:

o (SSE, — SSEy)/q _ (SSE, — SSE;) /q
" USSE/n—p) SSEy

where Fp is the F ratio statistic, SSE, and SSE are the sums
of squared residual errors for the reduced (all observations
without respect to region) and full models (region-specific
fits), respectively, n is the number of sample observations,
p is the number of parameters, and ¢ is the difference in
parameters between the reduced and full models.

Correlations

The two new biochronologies (Bering Strait and St. Mat-
thew) were compared to each other and to the existing
Southeast biochronology using the Pearson correlation
coefficient, r, over the common time period of 1989-2006.
For each area, years with fewer than six individuals con-
tributing were not included in the biochronology to ensure
adequate signal-to-noise ratios (Matta et al. 2010).
Biochronologies were compared to climate indices from
a variety of sources. As in Matta et al. (2010),
biochronologies were compared to average summer bottom
temperatures recorded during the AFSC RACE annual

eastern Bering Sea bottom trawl survey in the area
55-62°N, 158-179°W, and to the Ice Cover Index, defined
as the average ice concentration for Jan 1-May 31 for the
area 56-58°N, 163-165°W (NOAA 2014).

Time series of temperatures from mooring sites in the
Bering Sea were also compared to the otolith
biochronologies. Several sources of data were used,
including the A2 mooring in the eastern channel of Bering
Strait maintained since 1990 (Woodgate et al. 2005), the
M4 mooring near the Pribilof Islands in the Bering Sea
maintained since 1996, and the M2 mooring in the south-
eastern Bering Sea maintained since 1970 (Fig. 1). Tem-
peratures measured near-bottom at each mooring (45, 61,
and 65 m for the A2, M4, and M2 moorings, respectively)
were averaged from the months of June through November
to correspond to the main period of observed otolith
deposition (Wakabayashi 1989; Kimura et al. 2007). Years
without sufficient data (e.g., where moorings were not
continuously recording) were excluded from analysis.

Gridded, monthly averaged Hadley sea surface temper-
atures (HadISST) with 1° spatial resolution (Rayner et al.
2003) were also correlated with the yellowfin sole
biochronologies to corroborate results from the mooring
data. First, each biochronology was correlated with
monthly SST values including lags of 44 months into
adjacent years. Only months in which highly significant
(p < 0.01) correlations occurred in the Bering Sea were
retained. Values of SST were then averaged across highly
significant months to generate a final correlation map for
each chronology using the KNMI Climate Explorer (http://
climexp.knmi.nl). Correlations significant at the relatively
low threshold of p < 0.10 were displayed in the map to
better highlight the spatial characteristics of the climate—
biology relationships.

Results
Biochronology properties

A total of 44 fish collected near Bering Strait and 34 fish
collected near St. Matthew were 14 years or older. Of
these, 23 otoliths from each region had growth patterns that
were adequately clear for obtaining accurate measurements
and were used to develop the final biochronologies.
Crossdating revealed that ages estimated by growth zone
counts during routine age production were incorrect for 10
fish (five in each region). Age estimates differed by only
1 year for seven fish, 2 years for two fish, and 4 years for
one fish. In general, the disparities between counted growth
zones and ages based on crossdating were likely associated
with difficulty in interpreting compressed zones or growth

@ Springer


http://climexp.knmi.nl
http://climexp.knmi.nl

2432

Polar Biol (2016) 39:2427-2439

at the otolith edge, common problems in routine age
determination (Matta and Goetz 2012). Bering Strait fish
ranged from 15 to 36 years in age, and St. Matthew fish
ranged from 14 to 31 years in age (Table 1). Otolith
increment measurements from the 21 individuals used to
create the Southeast biochronology in Matta et al. (2010)
ranged in age from 18 to 34 years.

Series intercorrelations were 0.57 for the Bering Strait
biochronology, 0.53 for the St. Matthew biochronology,
and 0.66 for the Southeast biochronology, indicating a high
degree of synchrony among individuals within each site
(Table 1). A high degree of synchrony was also apparent
among sites as evidenced by significant correlations among
the three biochronologies (Table 2). The strongest corre-
lation was between the Bering Strait and St. Matthew
biochronologies (r = 0.86; p < 0.0001), though somewhat
weaker but still highly significant correlations (p < 0.0001)
were found between the Southeast biochronology and the
two northern biochronologies (Table 2).

Model results

The negative exponential function appeared to approximate
the yellowfin sole otolith growth-increment data well.
Individual time series of increment widths were quite
variable over time with generally synchronous positive and
negative trends among years (Fig. 2a—c). When sorted as a
function of the age at which a particular growth increment
was formed (Fig. 2d-f), the datasets mimicked the allo-
metric change (intrinsic growth) in somatic body size rel-
ative to age commonly seen among marine organisms.
While increment widths at age varied considerably among
the individual fish, on average they all showed a coherent
monotonic decline consistent with expected age-related
changes in otolith accretion rate (Fig. 2).

The full model (model 1) accounting for region-specific
fixed growth effects (o f,), individual random growth
effects (£ = aik, a%,k), and a random year-to-year term
(aﬁ,k) provided a substantially better fit to the growth-in-
crement data than either model 2 or model 3 (Table 3).

Compared to the full model, the A; was 396.6 and 453.3
for model 2 and model 3, respectively, which exceeds the
value of 10 by a large margin. Values of f§ became more
negative moving from the southeastern Bering Sea
(f = —0.364) to the Bering Strait (f = —0.464), indicat-
ing a more rapid decline in increment width with respect to
age in the northern part of the study region (Table 3). The
variance of f§ (aﬁ,k) was also considerably smaller in the
southeastern Bering Sea (0%;, 3 = 0.020) than in the two
northerly regions, indicating the growth rate or age-related
decline (change in growth-increment width) was more
consistent across individual southeast otoliths measured
(Table 3). Inclusion of unspecified year-to-year variabil-
ity, aik, as a random effect in the model resulted in the
greatest relative change in the A; (453.3) among models.
Model 1 represents an alternative to modeling growth as
an explicit function of climate factors simply by treating
year as a random effect, but this formulation lacks any
specificity as to what climate factor might be an important
growth predictor. Some authors have referred to aﬁ,k as an
environmental variance term, but without explicitly mod-
eling environmental factors on growth, it really expresses
a combination of unknown annual effects. Here variance
of annual growth-increment variability (ai,k) was greatest
in the St. Matthew region (0.062), followed by Bering
Strait and the southeast region. The random year term
coefficients from the mixed effects model provide a
measure of annual growth variability, which is explored
with respect to climate variability below. We used the term
“growth-increment index” as an integrative measure of
interannual deviation in growth among individuals in the
sample, since by definition the year effect coefficients

T ~N (O, G%ﬂk). Each region showed a degree of coher-

ence in growth, as was also reflected by strong series
intercorrelations (Table 1). Individual and environmental
variability is captured in Fig. 3 which shows 95 % confi-
dence intervals about each of the biochronologies. Again
each region showed considerable consistency over years,
particularly in 1999 and 2000 when growth was below

Table 1 Yellowfin sole (Limanda aspera) otolith growth-increment biochronology properties

Biochronology n Time period Mean sensitivity Series intercorrelation Mean series length (years)
Bering Strait 23 1984-2008 0.27 0.57 20.9
St. Matthew 23 1988-2008 0.28 0.53 16.7
Southeast Bering Sea® 21 1989-2006 0.26 0.66 16.9

Mean sensitivity is an index of year-to-year variability, series intercorrelation is the average correlation between each detrended time series and
the average of all other standardized time series, mean series length is the average length of the measurement time series used in the
biochronology, time period is the range of years spanned by the biochronology, and n is the number of otoliths used to develop each

biochronology
% From Matta et al. (2010)
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Table 2 Correlation SE  SM BS BTomey  ICI M2 M4 A2
coefficients (r) for pairwise
comparisons of 3 yellowfin sole g 1 0.83%%%  076%F%  0.91%FF  _(0.60%* 0.71%%%  0.66 0.73%*
(Limanda aspera) SM 1 0.86%%% 0728 _0.44% 0.60%* 0.71% 0.49
biochronologies (SE is : : — : : :
Southeast, SM is St. Matthew, BS 1 0.68%** —0.40%* 0.62%%:* 0.55 0.41
BS is Bering Strait) and time BTourvey 1 —0.68%%* 0.74%%% 0.78% 0.75%s%#
series of environmental indices Icl I _072E (.63 —045
M2 1 0.58 0.50
M4 1 0.44
A2 1

Fig. 2 Raw otolith growth-
increment (ring width)
measurements for yellowfin sole
(Limanda aspera) collected
from a Bering Strait, b St.
Matthew, and ¢ southeast
Bering Sea. Growth-increment
width with respect to age at time
of formation for the d Bering
Strait, e St. Matthew, and

f Southeast Bering Sea
biochronologies. The bottom
and top of each box represent
the 25th and 75th percentiles,
respectively, and the horizontal
band within each box represents
the median. The lower and
upper vertical bars (whiskers)
represent the Sth and 95th
percentiles, respectively

average, followed by above-average growth from 2002

through 2004 (Fig. 3).

Environmental relationships

The Southeast biochronology had the strongest relationship
with average Bering Sea bottom temperatures measured

BTurvey is average bottom temperature from the summer AFSC RACE bottom trawl survey, ICI is ice
cover index, and M2, M4, and A2 are near-bottom temperatures measured by Bering Sea mooring buoys
located in the southern, central, and northern Bering Sea, respectively (averaged Jun—Nov)

Significant correlations are indicated by asterisks (* p < 0.05; ** p < 0.01; and *** p < 0.001)
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Year Growth increment age (years)
during summer trawl surveys (r = 0.91, p < 0.0001),

likely because the individuals used to develop this
biochronology were from the same region. However, the
Bering Strait and St. Matthew biochronologies were also
significantly related to southern Bering Sea summer bottom

temperatures (Table 2). Of the three biochronologies, the
Southeast biochronology had the

strongest negative
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Table 3 Parameter and

. B . Coefficient Model 1 Model 2 Model 3

variance (¢°) estimates from

each of three models of Mean SD Mean SD Mean SD

yellowfin sole (Limanda aspera)

otolith growth & —2.145 0.212 —1.860 0.205 —2.078 0.292
B —0.464 0.074 —0.575 0.074 —0.496 0.034
o —2.257 0.246 —1.986 0.197 - -
B, —0.432 0.096 —0.556 0.077 - -
o3 —2.383 0.238 —2.469 0.224 - -
Bs —0.364 0.069 —0.336 0.057 - -
oo 0.350 0.462 0.142
Op 0.057 0.067 0.028
0an 0.444 0.237 -
Gha 0.118 0.064 -
023 0.095 0.086 -
033 0.020 0.021 -
o 0.033 - -
Tha 0.062 - _
Tins 0.028 - _
e 0.057 0.086 0.096
02, 0.066 0.108 -
023 0.042 0.077 -
AIC (A) 287.8 (0) 684.4 (396.6) 741.1 (453.3)
Model 1 is the full model and accounts for additional site-specific growth effects (a;w), i) and a random
year effect (7). Model 2 reduces complexity by removing random year effects, and model 3 further
removes site-specific fixed growth effects. SD is the standard deviation of each mean parameter estimate.
All models include individual random variation in otolith growth increments. Fixed effect parameters and
variances subscripted as 1, 2, and 3 refer to the Bering Strait, St. Matthew, and Southeast, respectively. a7 is
the variance of the year effect models, and o2 is unexplained error. Akaike information criterion identifies
support for a given model, where AIC; is the AIC for the ith model, AIC,;, is the minimum of AIC among
all the models, and A; = AIC; — AIC,,;,. Typically, models with A; > 10 have no support

correlation with ice cover (r= —0.60, p = 0.009; Bering Strait biochronology, while the St. Matthew and

Table 2). All three biochronologies were significantly
related to near-bottom temperatures averaged for the
months of Jun—Nov (corresponding to the primary period
of otolith growth) at the southernmost mooring M2
(Table 2). However, the Bering Strait biochronology was
not significantly correlated with Jun—Nov bottom temper-
atures measured at either M4 or A2 (Table 2).
Correlations between gridded SSTs and each
biochronology demonstrated differences in correlation
strength and spatiotemporal extent (Fig. 4). Months with
highly significant (p < 0.01) correlations were sequential
and included the period of known otolith deposition
(Wakabayashi 1989; Kimura et al. 2007). For all three
biochronologies, these highly significant correlations
occurred beginning in April, but spanned a window
through November (8 months) for the Bering Strait
biochronology, the following March for the St. Matthew
biochronology (12 months), and the following January for
the Southeast biochronology (10 months). Correlations
with average SST were generally the weakest for the
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Southeast biochronologies were strongly related to tem-
perature variability across the Bering Sea and even through
the Gulf of Alaska (Fig. 4).

Somatic growth differences

During the 2010 trawl survey, 114 yellowfin sole were
collected from the Bering Strait region, 229 were collected
from the area near St. Matthew, and 615 were collected in
the southeast region (Table 4). We observed significant
differences in yellowfin sole somatic body growth as
expressed by fits of the von Bertalanffy growth function to
length-at-age data from each region (Table 4; Fig. 5). For
both males and females, significant differences were found
among the northerly (Bering Strait and St. Matthew) and
southerly (southeast) regions. However, these differences
were more pronounced for females (Ho: Bering
Strait = southeast, F = 25.35, p < 0.0001) than for males
(Ho: Bering Strait = southeast, F = 5.53, p = 0.001).
Differences were also found between the southeast and St.
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Fig. 3 Otolith biochronologies (black lines) with 95 % confidence
intervals (shaded area) for yellowfin sole (Limanda aspera) collected
from a Bering Strait, b St. Matthew, and ¢ southeast Bering Sea;
d Biochronologies for the three regions of interest (Bering
Strait = dotted line, St. Matthew = dashed line, Southeast = solid
line)

Matthew for both sexes (males F = 6.80, p = 0.0002;
females F' = 7.24, p < 0.0001), and between Bering Strait
and St. Matthew for females (F' = 3.05, p = 0.03) but not
for males (F = 1.23, p = 0.30).

These results suggest that yellowfin sole in the more
northerly regions grow to larger asymptotic sizes (L.,) but
at slower rates (K) than fish in the southeastern Bering Sea.
For instance, L., = 486.1 mm and K = 0.086 years™' for
female yellowfin sole near Bering Strait, compared to
L., = 394.3 mm and K = 0.140 years™ ' in the southeast-
ern Bering Sea (Table 4). These results are consistent with
the otolith accretion rates from the mixed model
biochronology analysis.

02 03 04 05 06
correlation coefficient

Fig. 4 Spatial correlations between gridded sea surface temperatures
(SST) and the a Bering Strait, b St. Matthew, and ¢ Southeast Bering
Sea otolith biochronologies for yellowfin sole (Limanda aspera).
Monthly SSTs (including lags of £4 months into adjacent years) were
correlated with each biochronology and averaged when highly
significant (p < 0.01). The window (average) of highly significant
months was April-November for the Bering Strait, April-March for
St. Matthew, and Apr-Jan for Southeast. Maps show significant
correlations (p < 0.1) between averaged SSTs and each
biochronology

Discussion
By their very nature, otolith biochronologies represent time

series data (repeated measures at the subject level) that
possess a nested or hierarchical structure. Hierarchical or
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Table 4 Von Bertalanfty

]

growth parameter estimates for Region " Lo mm K (year fo (year) oe
all yellowfin sole (Limanda BS 4 399.2 0.113 0.581 754.4
aspera) collected from the
Bering Strait (BS), St. Matthew (357.0-441.4) (0.083-0.142) (—0.042 to 1.204)
(SM), and southeast Bering Sea SM 3 105 377.0 0.147 1.271 799.0
(SE) regions during trawl (355.7-398.2) (0.116-0.177) (0.543 to 1.999)
surveys in 2010 SE 260 350.1 0.168 0.860 588.7
(341.8-358.5) (0.153-0.184) (0.542 to 1.179)
BS 72 486.1 0.086 0.644 979.4
(451.8-520.4) (0.067-0.104) (=0.114 to 1.401)
SM ¢ 124 4474 0.108 0.703 644.6
(422.3-472.5) (0.092-0.124) (0.264 to 1.141)
SE 355 394.3 0.140 0.816 765.4
(385.3-403.2) (0.127-0.153) (0.469 to 1.162)

95 % confidence intervals for each parameter estimate are given in parentheses

500 -

400 -
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200 4

100 -

Total length (mm)

400 4

300 A

200 A

100 A

0 T T T T T T 1
0 5 10 15 20 25 30 35

Age (years)

Fig. 5 Length-at-age data fitted with von Bertalanffy growth func-
tions for a male and b female yellowfin sole (Limanda aspera) from
Bering Strait (BS, solid line), St. Matthew (SM, dotted line), and
southeast Bering Sea (SE, dashed line)

mixed effects models are appropriate for analyzing these
data since they can simultaneously consider random indi-
vidual variability, intrinsic fixed effects, and extrinsic
environmental factors responsible for growth (Helser et al.
2012), as well as account for spatial and temporal
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autocorrelation (Morrongiello et al. 2012). Using this
approach offers advantages over methods in which each
measurement time series is detrended individually, espe-
cially in the case of short-lived individuals in which case
low-frequency (long-term) climate effects on growth are
highly prone to being lost (Cook et al. 1995; Helser et al.
2012; Morrongiello et al. 2012). Hierarchical or mixed
effects modeling is most analogous to regional curve
standardization (RCS) approaches, as has been employed
to preserve low-frequency variability in dendroclimatol-
ogy, and more recently, scleroclimatology studies (Helama
et al. 2009; Butler et al. 2010; Briffa and Melvin 2011).
Importantly, low-frequency variability is best preserved by
using individuals collected across a range of years such that
samples of different ages contribute to each calendar year
in the biochronology (Briffa and Melvin 2011). Yet the
hierarchical or mixed model approach preserves as much
low-frequency variability as possible in this dataset, as
would RCS, and facilitates direct comparisons among the
properties of multiple datasets.

One limitation of our study was that we did not have
adequate sample sizes to test for effects of sex or fish age at
capture on otolith growth. Additionally, multiple otoliths
were sometimes collected from the same haul and could
thus potentially reflect more localized relationships with
environmental conditions. However, each biochronology
was summarized over a relatively large spatial scale, which
likely minimizes the risk of bias. Environmental effects
were not considered directly within the model, although
this approach has been used in other studies (Helser et al.
2012; Morrongiello and Thresher 2015; von Biela et al.
2015). Given the range of regional environmental indices
available and the fact that little is known regarding sea-
sonal movements of yellowfin sole at northern latitudes, we
chose instead to test for effects of temperature outside the
model. Future work could include the proposal of a
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mechanistic hypothesis of the effect of a suite of plausible
environmental factors based on the findings presented here,
which could then be tested explicitly within the framework
of the statistical model. Notably, the Bering Strait
chronology was not as strongly tied to local temperatures,
indicating possible short-term residence at these relatively
high latitudes.

In general, a high degree of synchrony was observed in
otolith growth-increment widths both within and among
regions, in spite of large geographical distances separating
the three biochronologies (>600 km between the Bering
Strait and Southeast biochronologies). The Southeast
biochronology otoliths were collected over a wider area
than the northern specimens (Fig. 1) but were found to
crossdate well, with the highest series intercorrelation
(Matta et al. 2010; Table 1). While the Bering Strait and St.
Matthew intercorrelation values are slightly lower than that
of the Southeast, they are still comparable to those pub-
lished for other northeast Pacific taxa including rockfish
(Sebastes spp.) (Black 2009) and fall within bounds con-
sidered acceptable by the dendrochronology community
(Grissino-Mayer 2001; Black et al. 2005).

Despite general similarities in overall interannual trends
in otolith growth, closer examination of the three
biochronologies indicated subtle differences from one
another. The highest degree of variability between indi-
viduals in growth response (represented by o7) was
observed in the St. Matthew biochronology (Table 3). The
biochronologies also differed from each other in amplitude;
negative anomalies were generally greatest in the Southeast
biochronology, whereas positive anomalies were greatest
in the Bering Strait and St. Matthew biochronologies
(Fig. 3). Differences in somatic growth were also detected
among the regions (Fig. 5), such that mean length at age
was generally greater with increasing latitude. Despite our
small sample sizes for the Bering Strait and St. Matthew
regions, this pattern of growth is consistent with findings
by Nichol (1997), where fish from the southeastern Bering
Sea shelf had smaller sizes at age than those located farther
to the northwest.

Differences among the biochronologies were also
revealed with respect to their relationships with environ-
mental variables. Of the climate indices examined, tem-
perature generally had the strongest relationships with the
biochronologies. Contrary to our initial predictions, the
Bering Strait biochronology did not exhibit a significant
relationship with instrumental bottom temperatures in the
northern Bering Sea. Rather, the Bering Strait
biochronology was most closely related to bottom tem-
peratures from the summer survey and the M2 mooring,
both of which were located in the southeastern Bering Sea.
Furthermore, the Bering Strait biochronology had the most
spatially localized relationship with gridded SSTs and the

narrowest window of months across which highly signifi-
cant correlations were detected. These findings suggest that
yellowfin sole from the three regions experience differen-
tial effects of climate across the latitudinal gradient, and in
a manner contrary to our initial hypothesis that climate
impacts would be strongest in the most northerly group.
Indeed, the Bering Strait biochronology had the weakest
relationships with temperature and ice cover, implying that
growth there was under weaker climate control, or possibly
that there was less interannual variability in oceanographic
conditions in these northern latitudes.

Adult yellowfin sole in the eastern Bering Sea undergo
complex annual migrations, over-wintering along the outer
continental shelf presumably to avoid colder water tem-
peratures and ice cover, and moving to the inner and
middle continental shelf beginning in the spring and sum-
mer for the purposes of spawning and feeding (Bakkala
1981; Wakabayashi 1989; Wilderbuer et al. 1992). Three
over-wintering groups of adults have been identified: a
large group north of Unimak Island, a smaller group west
of the Pribilof Islands, and a very small group south of the
Pribilof Islands (Bakkala 1981; Wakabayashi 1989). While
yellowfin sole in the eastern Bering Sea is genetically
considered a single stock (Grant et al. 1983), there appears
to be limited mixing between the Unimak and Pribilof
groups during their inshore spawning migration (Wak-
abayashi 1989). Migration patterns of yellowfin sole in the
northern Bering Sea are currently unknown. However,
given the poorer climate—growth correlations we observed
for the Bering Strait biochronologys, it is possible they only
reside there briefly in summer, retreating south during the
fall and winter to avoid ice cover and associated colder
temperatures. Such cold-water avoidance would be con-
sistent with behavior of yellowfin sole observed on the
southeastern Bering Sea shelf (Bakkala 1981; Wakabayashi
1989; Wilderbuer et al. 1992). More work is clearly needed
to understand spawning habitat utilization and seasonal
distribution of yellowfin sole in the northern Bering Sea,
especially whether they are part of a known southern
overwintering group or if they move elsewhere to avoid
colder winter temperatures.

Oceanographic and ecological differences among the
regions could explain some of the observed spatial varia-
tion in growth response. Ice cover varies in extent and
duration between the northern and southern Bering Sea. Ice
appears earlier and persists for a longer time at greater
concentration in the northern Bering Sea, whereas the
southern shelf exhibits higher year-to-year variability in
sea-ice extent (Stabeno et al. 2012). Timing of thermal
minima also differs between northern and southern Bering
Sea mid-shelf bottom water, with the north reaching a
minimum in late December or January, in contrast with
February or March in the south (Stabeno et al. 2012).
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Furthermore, late summer bottom temperatures in the north
are cooler than those in the south (Stabeno et al. 2012). The
northern and southern Bering Sea shelves are also quite
different from each other in terms of community structure,
with fish dominating the south and invertebrates dominat-
ing the north (Lauth 2011), and the benthos playing a far
more important role in production and energy flow in the
shallow high latitudes (Grebmeier et al. 1995).

Factors other than climate, such as competition and prey
availability, may have an effect on growth in yellowfin
sole. Primary prey items in the yellowfin sole diet are
polychaetes, bivalves, gammarid amphipods, brittle stars,
and sand dollars (Yang and Yeung 2013; Yeung and Yang
2014). Temperature is less important in explaining poly-
chaete assemblages than seafloor sediment texture and
composition (Yeung et al. 2010). As a result, there are
regional differences in the yellowfin sole diet even within
the southeastern Bering Sea; polychaetes are associated
with the muddier middle shelf and thus are more prevalent
in the diet of yellowfin sole collected there, whereas clams
are more dominant in the diet of yellowfin sole collected
from the sandier inner shelf (Yang and Yeung 2013). In
contrast to the southern Bering Sea, where the diet of
yellowfin sole corresponds directly with local prey species
composition (Yeung et al. 2013), yellowfin sole in the
northern Bering Sea appear to selectively prefer amphi-
pods, which are relatively nutritionally rich (Yeung and
Yang 2014). Given that yellowfin sole population density is
lower in the northern Bering Sea (Nichol 1997; Lauth
2011), the benefit of energy-rich prey and reduced com-
petition, along with possible transient habitat usage, may
explain the apparent reduced sensitivity of yellowfin sole in
that region to climate variability.

The mixed effects modeling approach used here simulta-
neously considered and partitioned variance among intrinsic
and extrinsic factors responsible for growth, offering an
advantage over traditional detrending methods. Furthermore,
this approach allowed us to examine regional differences in
growth and to quantify growth variability of yellowfin sole
across its range in the eastern Bering Sea in the context of
potential ecological and oceanographic drivers. Clearly,
while growth of yellowfin sole follows the same general
pattern throughout the eastern Bering Sea, a latitudinal gra-
dient was apparent such that growth of individuals in the south
is more tightly linked to climate than that of individuals in the
north. As climate is predicted to change in the northern Bering
Sea and Arctic regions, biochronologies such as these may be
valuable tools to predict future biological responses, even in
regions where impacts of climate change may not be felt
uniformly across a species’ range.
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