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1.  INTRODUCTION

The eastern Bering Sea supports some of the most
economically valuable fisheries in North America as
well as large populations of marine birds and mam-
mals of conservation concern. The functioning of this

ecosystem is tightly linked to environmental variabil-
ity (e.g. Walsh & McRoy 1986, Hunt et al. 2002, 2011),
which is especially pronounced on sub-decadal to
multidecadal timescales. One of the best documen -
ted examples of these linkages is the 1976−1977 shift
from relatively cool to warm ocean conditions (Hare
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approach designed to retain as much low-frequency variability as possible, and (2) an individual-
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spanned the years 1919−2006 and were significantly (p < 0.001) and positively correlated with sea
surface temperature (March−December). The RCS chronology showed a transition from relatively
slow to fast growth after 1976−1977. In both chronologies, the highest observed growth values
immediately followed the regime shift, suggesting that this event had a critical and lasting impact
on growth of POP. This growth pulse was, however, not shared by a previously published yellowfin
sole Limanda aspera chronology (1969−2006) from the eastern Bering Sea shelf, indicating species-
or site-specific responses. Ultimately, these chronologies provide a long-term perspective and
underscore the susceptibility of fish growth to extreme low-frequency events.
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& Mantua 2000), which resulted in marked commu-
nity reorganization characterized by in creases in bio-
mass of walleye pollock Gadus chalco grammus,
Pacific cod G. macrocephalus, rock soles Lepidop -
setta spp., flathead sole Hippoglossoides elassodon,
and cartilaginous fishes (e.g. Hare & Francis 1995,
Hollowed & Wooster 1995, Anderson & Piatt 1999,
Hare & Mantua 2000, Conners et al. 2002). However,
ecosystem variability on longer timescales remains
largely undescribed due to a lack of multidecadal
biological time series (Poloczanska et al. 2013, Litzow
et al. 2014, Pörtner et al. 2014). A deeper historical
perspective could help quantify the extent to which
recent variability is exceptional in the 20th century
context, and help benchmark im pacts of climate
change in a region that has some of the highest rates
of anthropogenic warming in the world (Stabeno et
al. 2012, Wang et al. 2012, Pörtner et al. 2014).

One approach to deriving long-term biological indi-
cators is applying techniques developed for tree-ring
research (dendrochronology) to growth- increment
widths in fish otoliths (Black et al. 2005, 2014, Black
2009, Matta et al. 2010, 2016). Resulting chrono logies
can provide continuous, annually re solved (one value
per year) and exactly dated growth histories that can
be readily integrated with instrumental climate data
or observational biological re cords. To date, growth-
increment chronologies have been developed for 3
flatfish species from the Bering Sea, all of which
strongly and positively relate to temperature, the
longest of which is generated from yellowfin sole Li-
manda aspera (YFS) and dates back to 1969 (Matta et
al. 2010, 2016, Black et al. 2013). Here, we utilize
archival otoliths of Pacific ocean perch Sebastes
alutus (POP hereafter) to develop a much longer, cen-
tennial-length growth chronology for the Bering Sea.
Our specific goals were to: (1) evaluate climate drivers
of POP growth; (2) quantify low-frequency variability
including long-term trends; (3) provide context for
evaluating late-20th-century environmental variabil-
ity; and (4) evaluate synchrony between the Bering
Sea continental slope and shelf by comparing POP
with the existing YFS chronology.

2.  MATERIALS AND METHODS

2.1.  Sample preparation and measurement

POP are widely distributed over the outer conti-
nental shelf and upper continental slope of the North
Pacific Ocean, ranging from Japan through the
Bering Sea and Gulf of Alaska to southern California.

Adult POP are generally found at 150−420 m depth,
rising off the bottom at night to feed on euphausiids,
mysids, amphipods, and midwater fishes (Leaman
2002). In the fall, females migrate farther offshore
into deeper water (500−700 m), and return to shal-
lower summertime habitats by late spring (Leaman
2002). The maximum reported age is 105 yr (Goetz et
al. 2012) and the annual periodicity of increment for-
mation has been confirmed via bomb radiocarbon
analysis (Kastelle et al. 2008). POP otoliths were col-
lected in the eastern Bering Sea in 1981, 2008, and
2010 during scientific bottom trawl surveys con-
ducted by the National Marine Fisheries Service of
the National Oceanic and Atmospheric Administra-
tion (NOAA); the 1981 sampling was part of a coop-
erative effort between the United States and Japan.
The sampling area spanned approximately 50−61° N,
165−176° W along the continental shelf−slope break
(Fig. 1A). While exact sampling locations were
known for all otoliths collected in 2008 and 2010, lati -
tude and longitude were not explicitly recorded for
otoliths collected in 1981. However, the number of
fish captured at each station was recorded during the
survey, with 95% of the catch located in approxi-
mately the same area as those samples collected in
2008 and 2010 (Fig. 1A).

For this study, 100 otoliths (one per fish) were ini-
tially prepared. Otoliths were embedded in polyester
resin blocks and thin-sectioned transversely through
the core using a Buehler IsoMet linear precision saw
(Buehler). Thin sections were mounted on glass
slides and polished to a thickness of approximately
0.4 mm using wet and dry abrasive paper followed by
0.05 µm Buehler MasterPrep polishing suspension.
Samples were imaged with transmitted light at either
100× or 200× magnification using a Leica MZ binoc-
ular microscope attached to a Leica DFC digital cam-
era. Samples were chosen for crossdating and meas-
urement if they were at least 40 yr old and had
increments of sufficient clarity that boundaries could
be well delineated. Of all the individuals ≥40 yr (50
samples), 50% met this clarity criterion (25 samples).
Each annual growth increment consisted of one
opaque and one translucent growth zone, which
appeared as dark and light bands, respectively,
when viewed with transmitted light (Fig. 1B).

We used crossdating to ensure that all increments
were assigned to the correct calendar year of forma-
tion. This technique relies on the premise that some
aspect of the environment influences annual growth
and varies over time to induce a synchronous pattern
in growth-increment widths across individuals of
a given species and location (Douglass 1936, Fritts
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1976). Increments that were anomalously wide or
narrow were useful in the crossdating process, as
were some rapid and sustained decadal-scale shifts
in growth that were often accompanied by synchro-
nous variations in otolith coloration (Black et al. 2005,
2008). These synchronous growth patterns were
visually compared among individuals beginning at
the marginal growth increment formed in the known
year of capture, and working back toward the otolith
core. If an increment was accidentally missed or
falsely added, the growth pattern in that individual
would be offset by a year relative to the other individ-
uals in the sample set, indicating that a possible error
had occurred. However, a dating correction was only
made if the error could be confirmed by carefully re-
inspecting the otolith structure for a missed incre-
ment, false increment, or other aberration.

Once all samples were visually crossdated, incre-
ment widths were measured continuously along the
axis of growth and thus perpendicular to each annual
increment boundary (Fig. 1B) using Image-Pro Pre-
mier v.9.1 (Media Cybernetics). Increments were
measured from the distal boundary of the previous
year’s translucent zone to the distal boundary of the
current year’s translucent zone. The first 5 to 7 incre-

ments were excluded due to difficulties in delineat-
ing juvenile growth-increment boundaries. The in -
crement at the otolith margin was also not measured
because it was only partially formed. All otoliths
were crossdated and measured along 3 to 4 different
axes, resulting in multiple measurement series per
fish. All axes were located on the proximal half of the
otolith near the sulcal groove, a region in which
increment boundaries were consistently parallel and
clearly defined. Prior to all analyses, these series
were averaged per fish to avoid issues of pseudo-
replication.

2.2.  Chronology development

Crossdating accuracy was statistically verified us -
ing the program COFECHA (Holmes 1983, Grissino-
Mayer 2001). In COFECHA, each measurement time
series was fit with a cubic smoothing spline set at a
50% frequency response of 22 yr, a value used for
other rockfish species (Black et al. 2005). Observed
increment width values were divided by those pre-
dicted by the splines, thereby isolating high-
frequency variability and standardizing each meas-
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Fig. 1. (A) Sampling locations of Pacific ocean perch Sebastes alutus (POP) in the eastern Bering Sea. Blue stars indicate sam-
pling locations for otoliths collected in 2008 and 2010. Red circles indicate hauls in which fish were caught during the 1981 trawl
survey, with larger circles indicating regions over which 95% of all 1981 fish were caught. Green polygons indicate collection
sites of yellowfin sole Limanda aspera (YFS). The blue rectangles indicate the 2 regions in which monthly sea surface tempera-
ture (SST) data were averaged and related to the POP and YFS chronologies (Region 1 = 55−60° N, 170−175° W; Region 2 =
55−60° N, 160−165° W). (B) Transverse section of a POP otolith imaged at 200× magnification and viewed with transmitted light.
Increment width was measured along the axis of growth indicated by the red line; yellow dots indicate decades (3 dots 

represent the year 2000). The inset shows annual growth-increment boundaries delineated with red tick marks
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urement time series to a mean of 1. Each standardized
time series was correlated with the average of all oth-
ers, the mean of which was reported as the inter-
series correlation. In the event of a poor correlation
(p > 0.01), the sample was visually re-examined, but
measurements were not changed without clear evi-
dence of an error. Mean sensitivity, an index of high-
frequency (year-to-year) variability based on the dif-
ference in width between pairs of adjacent growth
increments, was also calculated using COFECHA.
Mean sensitivity can range in value from a minimum
of 0 (a pair of increments of the same width) to a max-
imum of 2 (a pair in which one width is 0; Fritts 1976).
Inter-series correlation and mean sensitivity are com-
monly reported in tree-ring analyses as measures of
site-wide signal strength and growth variability, re-
spectively, and are provided here to facilitate com-
parisons with other published chronologies.

Once crossdating was verified, the growth- incre -
mentwidthmeasurement timeserieswereusedtogen -
erate a chronology. Growth increments were grouped
according to fish age at the time of increment forma-
tion, mean increment width was then calculated for
each age group, and a negative exponential function
was fit through these means (Fig. 2). Observed incre-
ment widths were divided by those predicted by the
negative exponential function, thereby removing the

age-related growth trend. The resulting standardized
growth-increment values were averaged with respect
to calendar year to yield the chronology and associ-
ated confidence intervals. This approach is similar to
the regional curve standardization (RCS) approach
applied to retain low-frequency variability in tree-
ring datasets (Esper et al. 2002, 2003), and will here-
after be referred to as the RCS chronology.

In addition to RCS, we applied a second and more
classical approach to chronology development, in
which a negative exponential function was fitted
through each otolith measurement time series, and
ob served increment widths were divided by those
predicted. Standardized growth-increment values
were averaged with respect to calendar year of for-
mation to yield the chronology. We will refer to this
chronology as the ID (individual detrending) chrono -
logy. The main disadvantage of this approach was
that any low-frequency variability that exceeded the
mean measurement time series length (50 yr) would
be removed (the ‘segment length curse’; Cook et al.
1995). The advantage, however, was that any differ-
ences in growth rate due to geography would be
removed and would not impact the outcome of the
chronology. Moreover, the RCS chronologies tended
to have higher levels of uncertainty, especially with
smaller sample numbers. Thus, the combination of
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Fig. 2. Otolith measurement time series for Pacific ocean perch Sebastes alutus (POP), arranged by calendar year (inset) and fish
age at time of increment formation. Dataset contains otoliths collected in 1981 (blue lines), and 2008 and 2010 (gray lines). The
POP chronology was generated by calculating the average increment width for each age (black dots) and fitting those means
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the ID and RCS approaches provided complementary
perspectives of POP growth in the Bering Sea.

For both chronologies, the expressed population
signal (EPS) was calculated in running 30 yr windows
to quantify how well the chronology represents the
theoretical population from which the fish were sam-
pled (Wigley et al. 1984). Albeit arbitrary, an EPS ≥
0.85 is often used as a threshold at which the common
signal is considered sufficiently strong for climate re-
construction, and served here as an index of the
strength of the synchronous, population-wide growth
pattern relative to individual-level variability (Wigley
et al. 1984, Briffa & Jones 1990). To better assess low-
frequency variability, mean increment-width index
and associated 95% confidence intervals were calcu-
lated in non-overlapping 10 yr windows along the
length of each chronology. This analysis was per-
formed across all detrended individuals (often ≥100
values) as opposed to using the master chronology
values. We also used regime-shift detection software
(SRSD, v.6) based on a STARS sequential t-test analy-
sis (Rodionov 2004, 2006) to examine the chronology
for any significant (p < 0.01) step changes (regime
shifts) ≥20 yr in length. Regime shift detection was
halted 10 yr prior to the end of the chronology to avoid
edge effects. A ‘tuning constant’ was applied to re -
duce the effects of outliers >2 SD outside the distribu-
tion of chronology values (Rodionov 2004, 2006).
Given that the POP chronologies exhibited consider-
able autocorrelation, the significance level was penal-
ized by adjusting downward the degrees of freedom
in the regime-detection ana lysis (Rodionov 2006).

Although 95% of the 1981 otoliths were sampled in
a region that closely overlapped with the 2008 and
2010 otoliths, there exists the unlikely possibility that
some specimens used in the chronology came from
farther north (Fig. 1A). If growth rates were inherently
lower at these higher latitudes, combining the 1981
samples with the 2008 and 2010 samples could give
the illusion of an increase in increment width in the
chronology around 1981. In other words, we would not
be able to disentangle whether a sustained change in
growth rate was due to a regime shift (circa 1977) or
that the fish collected in 1981 lived in a different re-
gion with its own unique environmental conditions
and growth rates. However, the effects of latitude on
growth could be at least partially ad dressed using the
2008 and 2010 samples. Increment width and age of
formation were log-transformed, which linearized
each measurement time series. Each transformed
measurement time series was fitted with a linear re-
gression (of increment width against age), and the
slopes and intercepts of those regressions were

plotted with respect to latitude of collection. Any rela-
tionship between latitude of collection and slope or in-
tercept could indicate a significant geographic gradi-
ent, at least over the region from which the 2008 and
2010 samples were ob tained.

2.3.  Climate−growth relationships

Temperature data were obtained from 2 sources:
monthly sea surface temperature (SST; 1970−2006) at
oceanographic mooring 2 (57° N, 164° W; available at
www.beringclimate.noaa.gov/data/index.php), and
1° gridded monthly Hadley SST (Hadley ISST1;
Rayner et al. 2003). Monthly gridded sea-ice concen-
tration data for the region were obtained from the
National Snow and Ice Data Center (NSIDC; Cava-
lieri et al. 1996, data available since 1978). Monthly
temperature and sea-ice concentration values, aver-
aged over the region 55°−60° N, 170°−175° W, were
correlated to the POP chronology. For both Hadley
ISST and NSIDC sea-ice concentration, months with
significant relationships (p < 0.01) were averaged,
and a correlation map for that window of months was
generated using the KNMI Climate Explorer (Trouet
& Van Oldenborgh 2013). A stepwise multiple re -
gression (threshold for inclusion: p < 0.05) was per-
formed to identify the amount of variance in the chro-
nology that could be explained by these regional
climate variables. Given high levels of autocorrela-
tion in the POP chronology, the 1 yr lag (i.e. the incre-
ment value of the previous year) of the chronology
was also included as a predictor. Finally, the chronol-
ogy was correlated to monthly averaged values of the
multivariate El Niño-Southern Oscillation index
(MEI; Wolter & Timlin 2011) and Pacific Decadal
Oscillation index (PDO; Mantua et al. 1997).

We also built a chronology using only the 1981
samples and compared this with Hadley ISST 1° grid-
ded SST and then repeated this process using only
the 2008 and 2010 otoliths. The degree of spatial
overlap between the correlation fields of the 1981
samples and the 2008 and 2010 samples was used to
corroborate the provenance of the 1981 otoliths.

2.4.  Relationships to other Bering Sea chronologies

Five flatfish otolith chronologies have been devel-
oped for the eastern Bering Sea, the longest of which,
YFS (1969−2006), overlaps nearly 40 yr with our POP
chronology (Matta et al. 2010, 2016, Black et al. 2013).
The same RCS approach was used in its development
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(Black et al. 2013). For comparison with POP climate−
growth relationships, the YFS chronology was also
compared with monthly means of 1° Hadley ISST
data averaged over the region of sample collection
(Fig. 1A). Those months that significantly (p < 0.01)
correlated to the chronology were averaged, and a
correlation map was generated using the KNMI Cli-
mate Explorer (Trouet & Van Oldenborgh 2013).

3  RESULTS

3.21.  POP chronologies

Of the 100 original samples initially prepared for
this study, otoliths from 16 fish collected in 2008 and
2010 and 9 fish collected in 1981 had increments of
sufficient clarity to provide continuous measure-
ments over multiple decades (30−71 yr). Out of these
25 fish, 7 were female, and there was no indication
that sex was a relevant factor for chronology devel-
opment. All samples with visible increments had syn-
chronous growth patterns and could be crossdated
regardless of sex. All 72 measurement time series
(from 25 fish) contained exponential growth declines,
and otoliths collected in 1981 tended to grow more
slowly than those collected in 2008 and 2010 (Fig. 2).
Inter-series correlation was 0.44 while mean sensitiv-
ity was 0.14.

The 2 detrending techniques yielded somewhat
different outcomes (Fig. 3). Most notably, the RCS
approach captured a clear regime shift for which
growth rates were significantly (p < 0.001) higher
after 1976−1977 (Fig. 3C). The significance of this
shift was insensitive to the value of the tuning con-
stant or method of accounting for autocorrelation in
the regime-shift detection software. A lower growth
rate prior to 1976−1977 was also evident in decadal
means, which were consistently lower prior to 1976−
1977 than those values that followed (Fig. 3C). This
‘step’ in growth at the 1976−1977 shift was not evi-
dent in the ID chronology (Fig. 3D,E). Both chronolo-
gies, however, captured a profound growth pulse
that followed the 1976−1977 shift, characterized by
values that exceeded any others in the century-
length record (Fig. 3). Confidence intervals were
overall much narrower in the ID chronology, espe-
cially early in the record, and EPS values were com-
paratively higher (Fig. 3).

3.2.  Climate−growth relationships

Climate−growth relationships were very similar for
the RCS and ID chronologies, but the RCS chronol-
ogy more clearly captured low-frequency variability;
therefore, only results for the RCS chronology are
presented. The POP chronology significantly (p <
0.05) correlated with SSTs at oceanographic mooring
2 (1970−2006) for all months except January.
Strongest correlations were found with SST in the
months April to August (p < 0.001; results not shown).
When considering 1° gridded Hadley ISST data, we
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initially focused on the 1969−2006 interval, as this is
the timespan shared with the YFS chronology and
should also represent a period over which observed
SST records are relatively dense (Matta et al. 2010).
Region 1 (Fig. 1A) SST significantly (p < 0.01) and
positively correlated with this truncated POP chro-
nology in all months except January and February
(Fig. 4A). However, results were similar for the full
POP chronology (1919−2006), which significantly
(p < 0.01) and positively correlated with SST in all
months except January (Fig. S1 in the Supplement at
www.int-res. com/  articles/ suppl/c071 p033 _ supp.   pdf).
After averaging across the March to December win-
dow, correlations (1969−2006) with gridded SST
were significant over a broad region of the shelf
break that corresponded with sample provenance
(Fig. 4B). The correlation pattern was similar in ex -

tent but weaker in strength when calculated over the
full 1919−2006 interval (Fig. S1 in the Supplement).
Monthly NSIDC ice concentration in region 1 (1979−
2006) did not significantly correlate with the POP
chronology (Fig. S2 in the Supplement, al though cor-
relation coefficients were strongest for April (r =
−0.35, p = 0.07) and May (r = −0.34, p = 0.07). After
averaging April and May gridded sea-ice concentra-
tion and comparing the POP chronology with the full
field of available data, much stronger correlations
were identified in the northeastern part of the Bering
Sea (Fig. S2 in the Supplement).

With respect to indices of teleconnected climate
pheno mena, a significant positive correlation was
found between the POP chronology and PDO index
for all months (p < 0.05) except January, June,
November, and December, as well as with average
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Fig. 4. Correlations of Pacific ocean perch Sebastes alutus (POP) regional curve standardization (RCS) (left panels) and yel-
lowfin sole Limanda aspera (YFS) (right panels) chronologies with sea surface temperature (SST) data (Hadley ISST1). (A)
Correlation coefficients of the POP and YFS chronologies with monthly-averaged SST (1969−2006) in Region 1 and Region 2,
respectively (see region boundaries in Fig. 1A). Dashed line indicates significance level of p < 0.01. The rectangle indicates
the months across which SST was averaged to generate correlation maps. (B) Correlation coefficients and p-values for the 

relationship between each chronology (1969−2006) and gridded SST

http://www.int-res.com/articles/suppl/c071p033_supp.pdf
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 annual PDO index (r = 0.293, p = 0.006) over the
period 1919−2006 (Fig. S3 in the Supplement). A sig-
nificant correlation was also found be tween the POP
chronology and the average annual MEI (r = 0.409,
p = 0.002) and monthly mean MEI (p < 0.01 for every
month) over the period 1950−2006 (MEI data avail-
able since 1950; Fig. S3 in the Supplement).

3.3.  Latitudinal effects

For the chronology generated using only the 1981
POP samples, correlations with gridded SST largely
overlapped that of the full sample set and of a chro-
nology generated with only the 2008 and 2010 sam-
ples (Fig. S4 in the Supplement). This corroborates
that the 1981 samples spatially overlapped with the
2008 and 2010 samples. In addition, the slope and
intercept (as proxies for growth rates) of log-trans-
formed 2008 and 2010 measurement time series did
not significantly relate to latitude of collection (p =
0.470 and p = 0.888, respectively). Only 11 of the
2008 and 2010 individuals shared a common interval
of >30 yr (common period used: 1970−2006) and
could be used in this analysis. However, latitude was
not significantly related to growth rates, at least in
the region from which the 2008 and 2010 samples
were collected.

3.4.  Relationships with the YFS Bering Sea
 chronology

The POP chronologies significantly correlated with
the YFS chronology over the common 1969−2006
interval, illustrating at least some degree of syn-
chrony across species and locations (Fig. 5). Perhaps

the most conspicuous difference between the
chronologies was that YFS did not share the pro-
found growth pulse following the 1976−1977 regime
shift (Fig. 5). Although YFS did experience a growth
anomaly around 1977, a large growth pulse also oc -
cur red in the early 2000s, rising sharply from an ano -
malously low value in 1999 (Fig. 5). The YFS chrono -
logy also significantly and positively correlated with
gridded SST, especially in the region from which
specimens were collected on the southeastern Bering
Sea shelf (Fig. 4B).

Another major difference between the POP chro -
no logy and the YFS chronology was that POP had a
high level of first-order autocorrelation (correlation
co efficient = 0.608) over the period 1969−2006,
whereas no significant first-order autocorrelation was
detected in the YFS chronology (coefficient = 0.157).
In a multiple stepwise regression, the 1 yr-lagged
chronology (13%) and SST (42%) to gether ex plained
55% of POP chronology variance (Table 1). For
YFS, the 1 yr-lagged chronology was not significant
(Table 1), while SST (29%) and sea-ice concentration
(28%) together explained 58% of chronology vari-
ance (Table 1).

4.  DISCUSSION

4.1.  Chronology development

Half of the otoliths >40 yr in age (25 out of 50) were
excluded from measurement due to difficulties in
clearly identifying annual increment boundaries. This
selection, being a consequence of the dendro chrono -
logical approach used here, could create a bias if the
samples excluded (i.e. those with unclear in cre ments)
grew consistently differently, or re sponded funda-

mentally differently to climate
va ri ability, in comparison to the
samples included (i.e. those
with clear increments).

The longevity of POP com-
bined with access to otoliths col-
lected in 1981 allowed us to pro-
duce an exactly dated growth
history that represents the
longest annually resolved bio-
logical time series available for
the Bering Sea, and to our
knowledge, the longest cross-
dated fish chronology yet devel-
oped anywhere in the world
(spanning 1919− 2006). There

Fig. 5. Yellowfin sole Limanda aspera (YFS) chronology from the eastern Bering Sea
(Matta et al. 2010) with the Pacific ocean perch Sebastes alutus (POP) regional curve
standardization (RCS) chronology (left panel) and the individual-detrending (ID)
chronology (right panel). Shown are the correlation coefficient and associated p-value
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was a clearly synchronous growth pattern shared
among individuals, though the POP inter-series corre-
lation of 0.44 was relatively low compared with values
of approximately 0.55 found in many other Pacific
Sebastes spp. chronologies (Black 2009). The average
length of individual time series was comparable to
other studies (around 50 yr), as was the spatial extent
over which samples were collected. For example,
Sebastes diploproa and S. ruber rimus were collected
over approximately 3 to 4 degrees latitude in the
north-central California Current (Black 2009). Differ-
ent in POP was the relatively poor delineation of
growth-increment boundaries and the relatively low
degree of interannual variability in width (i.e. ‘com-
placent’). Farther south in the California Current, El
Niño events periodically induce highly visible time-
stamps in the form of profoundly narrow growth
increments that greatly facilitate crossdating (Black
et al. 2014). Although interannual variability was suf-
ficient for crossdating, Bering Sea POP generally
lacked such conspicuous year-specific markers. Even
during the initial visual assessment of the samples,
decadal-scale environmental processes, and espe-
cially the 1976−1977 regime shift, dominated growth
variability in this sample set.

The 2 methods of chronology development yielded
somewhat different perspectives of POP growth his-
tory (Fig. 3). The greatest difference was that the
RCS approach preserved differences in overall
growth rate between the 1981 samples and the 2008
and 2010 samples, thereby capturing the sustained
growth increase that followed the 1976−1977 regime
shift. Such information was lost when each measure-
ment time series was fit with a unique negative expo-
nential function. A drawback of the RCS approach,
however, was that it added considerable uncertainty
around estimates of mean growth, especially in cal-
endar years when sample numbers were low. This
effect has also been reported in tree-ring datasets to
which this technique has been applied (e.g. Esper et

al. 2002, 2003). However, long-term trends in the
POP growth index could still be quantified by exam-
ining the decadal growth rate or applying STARS
algorithms, which corroborated the importance of the
1976−1977 regime shift. Moreover, the ID chronology
also captured the profound growth pulse that fol-
lowed the regime shift, and rapid growth was evident
in fish of all ages and collection sources, appearing as
a series of conspicuously wide increments.

A potential complication with the POP chronolo-
gies was that the exact sampling locations of the 1981
otoliths were unknown. The vast majority of 1981
sampling overlapped with that during 2008 and 2010,
but there is the unlikely possibility that some 1981
samples originated from much farther north
(Fig. 1A). This would be an issue if northern otoliths
grew inherently slower than those in the central
study region. Under such a scenario, pre- and post-
regime shift differences in the RCS chronology could
be an artifact of different growth rates between the
1981 and 2008 and 2010 sample sets. However, cor-
relations between gridded SST and a chronology
generated from only 1981 otoliths coincided with cor-
relations between gridded SST and a chronology
generated using only the 2008 and 2010 otoliths
(Fig. S4 in the Supplement). Also, we did not find evi-
dence that latitude affected growth rates across the
sampling area of the 2008 and 2010 otoliths. These
results, in combination with the fact that all chronol-
ogy samples crossdated with one another, suggest
that the 1981 samples spatially overlapped with the
2008 and 2010 samples and that long-term trends in
the RCS chronology were due to environmental
 variability.

Fish chronologies as developed here represent
population-wide anomalies in otolith growth-
increment widths, with likely relevance to somatic
growth. For example, population-level anomalies in
the length−weight relationship of YFS positively cor-
responded to the mean of the prior 3 or 4 values of
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POP                         R2
adjusted = 0.555                                       YFS                          R2

adjusted = 0.586
                         Estimate        SE             t                   p                                                Estimate          SE               t                 p

Intercept            0.0950       0.1442      0.659         0.5145                 Intercept           0.0269        0.2322       0.116         0.909
SST (shelf)         0.0939       0.0204      4.605         <0.0001                 SST (shore)       0.1649        0.0366       4.511       0.0001
POP(t − 1)          0.4495       0.1309      3.435         0.0015                 Sea ice con.      −0.9194        0.3536      −2.600         0.015

Table 1. Multiple regression analyses with 3 factors: sea surface temperature (SST), sea-ice concentration, and previous-year
growth value. The time period analyzed for Pacific ocean perch Sebastes alutus (POP) was 1969−2006, and for yellowfin sole
Limanda aspera (YFS) was 1978−2006 (due to the absence of sea-ice data prior to 1978). SST (shelf) refers to the average SST
(April− December) in Region 1 in Fig. 1A; SST (shore) refers to average SST (March−November) in Region 2 of Fig. 1A; POP(t −
1) refers to the previous-year value in the POP chronology; Sea ice con. refers to average sea-ice concentration in 

March−April−May in Region 2
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the otolith growth-increment chronology (Black et al.
2013). In other words, whether fish are, on average,
relatively heavy or light at a given time appears to be
a function of the otolith growth anomaly (the chrono -
logy) observed over the preceding few years. Such
relationships between body condition and chronol-
ogy have not been investigated for POP, although
farther south in the California Current, levels of vis-
ceral fat in female yellowtail rockfish S. flavidus sig-
nificantly decreased during the severe 1983 El Niño
event (Lenarz & Echeverria 1986). The same year
was characterized by low ecosystem productivity and
a marked reduction in otolith growth across a range
of rockfish species (Woodbury 1999, Black et al. 2011,
Garcia-Reyes et al. 2013). It should be noted though
that the chronologies developed here are relevant
only to adult growth. The innermost otolith incre-
ments could also be measured and chronologies
developed to establish long-term growth patterns
and associated climate drivers for the first few years
of life (Boehlert et al. 1989), but this would require
fewer measurements per individual across a much
larger number of exactly dated otoliths.

4.2.  Climate−growth relationships and synchrony
among species

The POP chronology positively correlated with MEI,
PDO, and SST, as expected given that positive anom-
alies of all 3 indicators are associated with warm con-
ditions in the North Pacific and Bering Sea. The El
Niño-Southern Oscillation (ENSO) is teleconnected
to the Aleutian Low, and is therefore evident in the
oceanography and biology of the Bering Sea
(Niebauer 1988, Rodionov et al. 2007). The PDO has
also been widely documented to influence North
Pacific ecosystem functioning and productivity (Fran-
cis et al. 1998, Hare & Mantua 2000), and can be
defined as a ‘reddened’ response to ENSO forcing.
Indeed, PDO at time t can be skillfully predicted by
the PDO at t − 1 and the current ENSO (Newman et
al. 2003, Shakun & Shaman 2009). Thus, as other
studies have documented, biology is a function of
remote and local environmental forcing.

The positive correlation between the POP chronol-
ogy and SST could be due to direct effects of tempera-
ture on fish physiology. Indeed, rates of metabolism,
consumption, and somatic growth are to some degree
directly and generally positively affected by tempera-
ture (e.g. Brandt et al. 1992). An alternative explana-
tion is that temperature created indirect effects via
food supply. This is particularly evident in the Califor-

nia Current ecosystem where coastal upwelling lifts
deep, cold, nutrient-rich water into the photic zone
and thereby enriches primary production. There,
rockfish otolith chronologies negatively correlate to
temperature, as do other upper-trophic indicators of
production, including seabird reproductive success
(Black et al. 2008, 2011, Thompson & Hannah 2010).

In the Bering Sea, positive relationships between
growth and temperature complicate efforts to disen-
tangle whether environmental limitations are direct,
indirect, or some combination thereof. However, con-
sistently strong relationships with temperature for all
available Bering Sea chronologies, including POP,
YFS, Alaska plaice Pleuronectes quadrituberculatus,
and northern rock sole Lepidopsetta polyxystra, may
provide some indication (Matta et al. 2010, 2016,
Black et al. 2013). If food supply is limiting, then the
chronologies should track, at least in part, prey abun-
dance or quality. If these prey are short-lived (<1 yr),
then their abundance, and thus the predator chronol-
ogy, should have strong high-frequency (interan-
nual) signals and closely track climate drivers (Hsieh
& Ohman 2006). In contrast, longer-lived prey spe-
cies should dampen or ‘integrate’ climate drivers to a
level that increases with longevity (Di Lorenzo &
Ohman 2013). The diets of POP and YFS span a con-
siderable range of species; for example, YFS prima-
rily feeds on benthic and epibenthic invertebrates,
whereas POP consumes prey higher in the water col-
umn, such as euphausiids, copepods, mysids, amphi -
pods, and midwater fishes (Leaman 2002, Aydin et al.
2007). If food is limiting growth rates and if prey
items live >1 yr, a chronology should likely have
higher autocorrelation than climate indices. This was
not found for YFS, for which no significant first-order
autocorrelation was de tec ted, and summer bottom
temperatures alone ex plained >80% of the variation
in the chronology (Black et al. 2013). Such close cou-
pling with climate suggests the chronology could
reflect direct effects of temperature, perhaps through
effects on growing season length or metabolic activ-
ity. In contrast, the POP chronology had a higher
level of autocorrelation (r = 0.608) than SST data from
region 1 in Fig. 1 (r = 0.482; interval used 1969−2006),
suggesting that food availability (i.e. indirect climate
effects) might affect fish growth, at least partially.
However, as only SSTs were available, and POP is
generally found in deep water, there is the possibility
that water at depth is more buffered to high-fre-
quency variability, and that autocorrelation in POP
was due to such a physical phenomenon.

Despite different life histories, habitats, and diets,
there was synchrony between the POP and YFS



van der Sleen et al.: Sebastes alutus otolith chronology

chronologies (Fig. 5). The most pronounced differ-
ences between these 2 chronologies were in the low-
frequency domains. Compared with POP, the post-
1976− 1977 growth response of YFS was much more
modest. YFS also experienced a conspicuous growth
pulse in the early 2000s that was not shared by POP.
Thus, low-frequency events were not necessarily
synchronous across these Bering Sea shelf and slope
species. The unusually long history provided by the
POP chronology does suggest that for this species,
the 1976−1977 regime shift was the most significant
low-frequency event over the course of the 20th cen-
tury, even compared with other North Pacific regime
shifts in the early 1920s and mid-1940s (e.g. Mantua
et al. 1997, Minobe 1997, Zhang et al. 1997), and
more recently in 1989 (Hare & Mantua 2000, Bjorkst-
edt et al. 2011). Such a result is consistent with re -
ports of a progressive ‘reddening’ of North Pacific cli-
mate in which fluctuations in the PDO have slowed
over the course of the last century (Boulton & Lenton
2015). From a biological perspective, an ecosystem is
more likely to track lower-frequency changes (Steele
& Henderson 1994), which could at least partially
explain the strong response of POP to the 1976−1977
regime shift. The POP chronology also indicates that
growth increased over the course of the 20th century,
which is consistent with long-term warming that has
occurred in the region. The trend in POP has not
been linear, however, following a step function, pre-
versus post-1977. Ultimately, these chronologies
underscore the susceptibility of fish biology to
extreme low-frequency events, with responses that
are not synchronous across species and sites.
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