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Abstract 

The degree to which walleye pollock ( Gadus chalcogrammus , hereafter pollock) move between the US and R ussian z ones of the Bering 

Sea is a key source of uncertainty for fisheries management. To study transboundary migrations across the US–Russia maritime bound- 
ary and explore how climate variability might influence these migrations, four seafloor-mounted echosounder moorings were deployed 

from July 2019 to August 2020 in the northwestern Bering Sea. The observations indicated that a substantial amount of pollock moves 
between the US and Russia seasonally, with a period of southeast movement into the US as winter as sea ice forms and northwest 
movement into Russia in early summer as waters warm. Over the deployment period, 2.3-times more pollock backscatter moved into 

the US zone in fall and winter than exited the subsequent spring and summer . W e h ypothesiz e that the difference in the net movement 
between regions was driven by pollock moving farther into Russia during the historically warm conditions at the start of deployment 
period and reduced northwest return migration the following summer when temperatures were relatively cooler. This supports the 
hypothesis that temperature affects pollock distribution, and that continued warming will lead to a larger proportion of the stock in 

R ussian w aters. 

Keywords: Bering Sea; Gadus chalcogrammus ; migration; echosounder; mooring; wideband autonomous transceiver 

s  

t  

c
w  

v
S

i  

B  

b  

B
s  

T  

o  

t  

a  

s  

h  

d  

L  

p  

c  

w  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsae071/7696102 by U

.S. D
ept. of C

om
m

erce, N
O

AA, user on 02 August 2024
Introduction 

Many commercially important marine species span multiple 
management zones and undergo transboundary movements 
(Meltzer 1994 , Palacios-Abrantes et al. 2022 ). Management 
of such transboundary stocks can be difficult due to changes 
in the availability of a species because of seasonal or an- 
nual movements, resulting in competition or overexploitation 

(Liu and Molina 2021 ) and adding uncertainty to stock as- 
sessments (Currie et al. 2019 , O’Leary et al. 2020 ). Climate 
change is leading to the further redistribution of species glob- 
ally, resulting in new or shifting transboundary stocks (Pinsky 
et al. 2013 , Melbourne-Thomas et al. 2022 , Palacios-Abrantes 
et al. 2022 ). Changes in transboundary stocks can disrupt co- 
operative fishery management based on historic distributions 
(Miller and Munro 2004 ). 

Walleye pollock ( Gadus chalcogrammus , hereafter referred 

to as pollock) is a semi-pelagic fish widely distributed through- 
out the North Pacific (Bailey et al. 1999 ), and the second 

largest single-species fishery in the world by biomass (FAO 

2021 ). The commercial harvest of pollock harvest exceeds 1 

million metric tons annually in the US zone of the eastern 

Bering Sea (Ianelli et al. 2022 ), while annual harvest in the 
Russian zone (northwestern Bering Sea) has been approxi- 
mately 0.4 million metric tons over the past two decades (Grit- 
Published by Oxford University Press on behalf of International Council for the E
employee(s) and is in the public domain in the US. 
ay and Stepanenko 2022 ). The fishery is active from January
o October, with peak fishing near the maritime boundary oc-
urring from June to October. Pollock are managed separately 
ithin the US and Russian zones, and each area depends to

arying degrees on fishery-independent surveys (Gritsay and 

tepanenko 2022 , Ianelli et al. 2022 ). 
While the respective US and Russian management processes 

n the Bering Sea region have been successful, warming of the
ering Sea shelf may alter pollock distribution more than has
een apparent in the past relative to historical distributions.
ottom temperatures over the entire Bering Sea exhibit sea- 
onal patterns driven by winter cooling and ice formation.
ypically, water from melted sea ice sinks to form a region
f cold ( < 2 

◦C) bottom water (the “cold pool”) that persists
hrough summer and fall. This cold pool is thought to serve as
 thermal barrier that may limit the northward movement of
ubarctic species (Kotwicki et al. 2005 ). The cold pool extent
as been identified as a key mechanism affecting the spatial
istribution of pollock in the eastern Bering Sea (Kotwicki and
auth 2013 ) and is used in the spatio-temporal modeling of
ollock distributions (Ianelli et al. 2022 ). For example, warm
onditions in 2017–2019 led to very small cold pool extents
ith warmer water in the southern portion of the shelf rela-

ive to historical temperatures (Clement Kinney et al. 2022 ).
xploration of the Sea 2024. This work is written by (a) US Government 
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Figure 1. Map of study region. The mooring locations are indicated by the 
black dots. Inset map (lo w er right) shows the position of each mooring 
(purple and y ello w circles) and transect segment (purple and y ello w 

segments) along which the observations from each site were 
extrapolated when estimating movement. The boundaries of the US and 
R ussian e x clusiv e economic z ones are indicated b y the solid gre y lines. 
The 200 m contour is indicated by the orange line. 
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uring this time, the US Bering Sea summer bottom-trawl
urveys found higher than normal abundances of pollock in
orthern areas (Stevenson and Lauth 2019 , Eisner et al. 2020 ,
’Leary et al. 2022 ). Long-term observations indicate that the
roportion of pollock biomass in Russia increases when the
old pool is small and conditions are warm across the shelf
O’Leary et al. 2022 , Stevenson et al. 2022 ). Further, acoustic-
rawl surveys in the Russian zone of the Bering Sea shelf have
dentified a correlation between bottom temperatures and pol-
ock abundance in the Navarin and Gulf of Anadyr regions
Polyanichko and Kuznetsov 2022 ). 

The seasonal movements of pollock remain poorly under-
tood. Pollock appear to perform seasonal migrations be-
ween spawning grounds and feeding areas in the Sea of Japan
Maeda 1986 ). Similar movement patterns have been inferred
or the western Bering Sea (Radchenko and Sobolevskiy 1993 )
nd the eastern Bering Sea based on large-scale synoptic sum-
er surveys (Wyllie-Echeverria and Wooster 1998 , Kotwicki

t al. 2005 ). Comparison of distributions during surveys in
arly spring and summer indicate that pollock likely retreat
outheast toward the shelf slope and deeper water in the win-
er and spring to avoid cold temperatures (De Robertis and
okelet 2012 ). While there are no direct observations of year-

ound seasonal movements, survey data indicate that pollock
easonal migrations likely extend across national jurisdictions
ithin the Bering Sea (Kotwicki et al. 2005 ). Furthermore,

he direction, timing, and magnitude of this seasonal pollock
ovement into the northwestern portion of the shelf is be-

ieved to be driven by temperature and sea ice (Stepanenko
001 , Kotwicki et al. 2005 , De Robertis and Cokelet 2012 ,
ritsay and Stepanenko 2022 , Polyanichko and Kuznetsov
022 ). 
Moored instrumentation can be deployed during the ice-

ree period and used to collect data year-round in remote
nd seasonally ice-covered regions such as the northwest-
rn Bering Sea shelf (Kitamura et al. 2017 , Levine et al.
023 ) to monitor abundance near the maritime boundary.
oored echosounders have been used to collect long-term

bservations of fish abundance (Trevorrow 2005 , Urmy et
l. 2012 , De Robertis et al. 2018 ). The use of split-beam
chosounders on moored platforms facilitates the detection
nd tracking of individual scatterers (Kaartvedt et al. 2009 ,
hristiansen et al. 2022 ), which make it possible to mon-

tor the movement of fish populations over extended peri-
ds (Levine et al. 2023 , Maathuis et al. 2023 ). A key lim-
tation of such acoustic mooring observations is the lack
f direct biological sampling to identify acoustic scatterers,
part from the potential opportunity to sample during the de-
loyment and recovery events. However, in regions such as
he eastern Bering Sea, where the pelagic acoustic backscat-
er is dominated by a single species, interpretation of the
coustic data is less dependent on biological sampling (De
obertis et al. 2018 , 2021 ) and acoustic measurements can
e used to infer the size of scatterers (Levine et al. 2021 ,
023 ). 
Here, we report on the use of seafloor-mounted

chosounder moorings to collect near-continuous acous-
ic observations of pollock abundance and movement over
he course of a year near the US–Russia maritime boundary
n the Bering Sea. The primary objectives were to characterize
he seasonal abundance patterns in the northwestern portion
f the Bering Sea shelf and quantify movements of pollock
cross the maritime boundary. Population flux is estimated by
ombining tracking of individual fish and acoustic backscat-
er measurements. Additionally, acoustic target strength (TS)
easurements allow estimates of how fish size distribution

hanged over time. We explore the potential environmental
rivers of seasonal pollock distribution and hypothesize how
limate variability will impact future distribution patterns. 

ethods 

ooring deployments 

our moorings equipped with upward-looking echosounders
ere deployed 10 nautical miles (nmi) into the US zone in the
orthwestern Bering Sea parallel to the US–Russia maritime
oundary at bottom depths of approximately 80, 100, 120,
nd 140 m ( Fig. 1 , Table 1 ). The moorings were deployed on
4–25 July 2019 and recovered on 06 September 2020. The
oorings were positioned along a line such that the combined

xtrapolated observations from the four moorings would be
sed to compute the movement across a larger transect rep-
esenting bottom depths from 70 to 150 m (see inset, Fig. 1 ).
he mooring locations were selected based on an analysis of
1 years of summer acoustic-trawl survey observations con-
ucted by the NOAA Alaska Fisheries Science Center in the
orthwestern Bering Sea between 2004 and 2018, which indi-
ate that on average, 63.4% (41.2%–85.6%) of backscatter
ttributed to pollock on the surveys is typically found in the
idwater between the 70 and 150 m isobaths ( Fig. S1 ; Mc-
arthy et al. 2020 ). 
The moorings (described in De Robertis et al. 2018 ) were

nstrumented with battery-powered echosounders (Wide-
and Autonomous Transceiver, Simrad AS) and 70 kHz, 18 

◦

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data


Acoustic observations of walleye pollock ( Gadus chalcogrammus ) migration 3 

Table 1. Mooring site bottom depth, location, mean compass heading and magnetic declination used when correcting track direction, and transect segment 
length ( d i , see Methods). 

Site 
Bottom 

depth (m) Latitude Longitude 
Compass 
heading 

Magnetic 
declination 

Segment length 
(km) 

80 m 77 .3 62 .2903 − 175 .3713 54 .8 ◦ 4.3 ◦ 66.6 
100 m 95 .6 61 .85022 − 176 .25066 77 .0 ◦ 3.8 ◦ 69.4 
120 m 116 .3 61 .36881 − 177 .17 71 .7 ◦ 3.4 ◦ 58.8 
140 m 136 .7 61 .06918 − 177 .73993 152 .5 ◦ 3.1 ◦ 45.3 

 

Figure 2. Analysis workflow with the key output at each step indicated in 
parentheses. 
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depth-rated split-beam transducers (ES70-18CD). The 
echosounders transmitted a 0.512 ms, 70 kHz narrowband 

pulse with a power of 300 W. The transducers were mounted 

in a two-axis gimbal equipped with a 0.7 kg counterweight 
such that the face of the transducer was 0.6 m above the 
seafloor and remained oriented toward the sea surface. 

The echosounders were programmed to record data from 

26 July 2019 to 31 August 2020. An ensemble of 320 pings 
at 2 pings s −1 was transmitted every 2 hours (2% duty cycle).
Data were recorded to 155 m range to ensure data collection 

past the range of the sea surface. The echosounders were cal- 
ibrated prior to deployment at the surface using a 38.1 mm 

tungsten-carbide standard sphere (Demer et al. 2015 ). The 
gains among all echosounders were similar, with an average 
gain of 19.76 ( ± 0.19 SD) dB. Post-deployment testing indi- 
cated that the average target strength (TS, dB re 1 m 

2 ) of a 
calibration sphere varied by < 15% at deployments depths of 
100–140 m relative to the surface, consistent with previously 
reported investigations of depth-dependence in ES70-18CD 

transducers (Levine et al. 2023 ). To determine the transducer 
heading once the moorings settled on the seafloor, each moor- 
ing was equipped with a compass (OpenTag, Loggerhead In- 
struments) calibrated on the fully assembled moorings to ac- 
count for the impact of any ferrous material. The mode of all 
heading observations from the time the mooring settled on 

the seafloor until the compass batteries were exhausted ( ∼8 

d), corrected for local magnetic declination, was used to rep- 
resent the mooring orientation on the seafloor ( Table 1 ) when 

computing the direction of fish tracks (described below) rela- 
tive to the maritime boundary. 

Interpreting acoustic backscatter 

The eastern Bering Sea is a region of low pelagic diversity 
which makes interpretation of acoustic backscatter without 
simultaneous direct biological sampling less uncertain (De 
Robertis et al. 2021 , Levine et al. 2023 ). Walleye pollock dom- 
inate the backscatter in the eastern Bering Sea in the summer 
(McCarthy et al. 2020 ). Large-scale acoustic indices in the 
eastern Bering Sea are highly correlated with acoustic-trawl 
survey biomass estimates for walleye pollock (De Robertis et 
al. 2021 ) and are used in the stock assessment for the fish- 
ery (Honkalehto et al. 2011 , Ianelli et al. 2020 ). Research 

and commercial trawls targeted on pollock aggregations in 

the eastern Bering Sea exhibit little bycatch ( > 98% pollock 

by weight, De Robertis et al. 2021 ). Backscatter in the imme- 
diate vicinity of the moorings is also dominated by pollock in 

summer; in the 11 summer acoustic-trawl surveys of the east- 
ern Bering Sea conducted since 2005, the proportion of all 
backscatter observed within 60 nmi of the maritime bound- 
ary that was attributed to pollock was > 80% in seven sur- 
veys and > 95% in four of those years ( Fig. S2 , data from 

De Robertis et al. 2021 ). The backscatter not attributed to 
ollock is generally found in the upper 40 m of the water
olumn and tends to form identifiable diffuse layers, allow-
ng for high confidence in identifying pollock backscatter dur- 
ng visual inspection (De Robertis et al. 2021 ). During pe-
iods of low backscatter on the shelf (e.g. early spring, De
obertis and Cokelet 2012 ), uncertainty increases in the com-
osition of sound-scattering organisms. However, these latter 
eriods likely contribute only a small portion of the overall
ackscatter. Therefore, when backscatter is high, we assume 
hat pollock are the primary contributors to backscatter and 

hat acoustic-based measures of fish density reflect their abun- 
ance and distribution. 

rocessing of acoustic data 

ntegrated water column backscatter was combined with tar- 
et tracking of individual fish to estimate the movement of
ollock backscatter across the mooring transect ( Fig. 2 ). Af-
er calculating total backscatter attributed to pollock, single- 
arget detections were assembled into tracks from which we 
stimated the size distribution and horizontal displacement 
f scatterers. From the track speeds and direction, we cal-
ulated the velocity component of the tracks perpendicular 
o the mooring transect. This velocity was combined with 

ackscatter to calculate the movement of backscatter across 
he mooring transect, representing movement across the US–
ussia maritime boundary. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Acoustic data were processed using Echoview 13 (Echoview
oftware Pty Ltd) following the methods described in Levine
t al. (2023) and summarized below. The echo from the sea
urface/ice was determined using Echoview’s threshold off-
et operator with a minimum detection threshold of −50 S v 
dB re 1 m 

−1 ) below the surface/ice and manually cor-
ected after visual inspection. As part of the visual inspec-
ion, water column backscatter was vertically partitioned into
ollock backscatter or as an unclassified category. This un-
lassified category was used to indicate near-surface low con-
dence regions of unknown scatterers. At all sites, the unclas-
ified scattering composed 3%–6% of the total backscatter
bserved over the course of the deployment, with 92%–98%
f the unclassified scattering in the upper 30 m ( Fig. S3 ). Dur-
ng the months of the summer acoustic-trawl surveys (July
nd August), unclassified scattering composed 12%–20% of
he total backscatter. These summer observations are consis-
ent with survey data within 60 nmi of the maritime bound-
ry, where > 80% of the backscatter has been attributed to
ollock in seven of the past 11 surveys ( Fig. S2 ). The nauti-
al area scattering coefficient (s A 

, m 

2 nmi −2 ) was computed
rom 2 m above the transducer to 2 m below the surface
n 1 m bins for every ensemble. Although the quantities
ere almost interchangeable, we, hereafter, refer to data from

he backscatter attributed to pollock as pollock backscatter
nd the sum of both pollock and unclassified categories as
ackscatter. 
To identify day–night differences in pollock backscatter due

o diel vertical migration, solar altitude was calculated for
very ensemble based on the date/time and location of each
ooring using the Pysolar library for Python ( http://pysolar.
rg ). Day–night differences in vertical distribution of pollock
ackscatter were quantified by calculating the weighted mean
epth of the backscatter for the entire water column in each
nsemble (Eq. 2 in Woillez et al. 2007 ). Paired t -tests were used
o identify differences in weighted mean depth and pollock
ackscatter between daily daytime and nighttime ensembles
t each site. 

ish track detection 

choes from individual scatterers in backscatter classified
s pollock were identified with Echoview’s split-beam sin-
le target detection (method 2), using a detection threshold
f −70 dB re 1 m 

2 (see Table S1 for detection parameters).
ndividual fish trajectories were assembled from single tar-
ets using Echoview’s 4D alpha-beta tracker ( Table S2 ; Black-
an 1986 ). A minimum of five detections from an individual
as required to classify a track, with a maximum gap of five
ings (2.5 s). The mean TS of each track was calculated as
0 log 10 ( ̄σbs ) where σ̄bs (m 

2 ) is the mean backscattering cross-
ection. To further restrict the inclusion of non-pollock scat-
erers in velocity and flux estimates, only tracks where mean
S ≥ −55 dB re 1 m 

2 (corresponding to a 3.5 cm pollock,
raynor 1996 ) were included in further analyses. 

stimating size-dependent contribution to 

ackscatter 

 Gaussian mixture model (GMM) was applied to target-
trength frequency data to estimate the size distribution of the
coustically observed pollock during each semi-monthly pe-
iod (beginning on the 1st and 16th of every month). GMMs
re probabilistic models for representing individual compo-
ents of a population where each component is approximated
y a normal distribution (McLachlan and Peel 2000 ). GMMs
an be used to estimate the contribution of n component
lasses to the overall distribution, such as the contribution
f different size-/age-classes to the structure of a population
Shaw et al. 2021 ). We used an expectation–maximization al-
orithm to predict the optimal mixture weights for pollock
ize classes using TSs corresponding to 1-cm length bins rang-
ng from 2 to 60 cm by maximizing log-likelihood. 

The probability of the TS distribution for each period can
e represented as 

f ( x ) = 

∑ 

l 

w l × g ( x | μl , σ ) , (1)

here f (x ) is the overall TS distribution, w l is the mixture
eight at length l , and g(x | μL , σ ) is the normally distributed
robability density function for the distribution of length bin
given the expected mean TS μl and variance σ . Analysis of
6 periods with a unimodal TS distribution suggestive of a
arrow size range was used to empirically estimate a value of
= 3 . 6 dB re 1 m 

2 which was used to calculate the mixture
eight at length during each period at each mooring site. To

ccount for difference in both aspect (ventral vs. dorsal view)
nd frequency (70 kHz rather than 38 kHz), a modified TS-
ength relationship for pollock (Traynor 1996 ) was used, such
hat 

T S l = 20 log 10 

(
l 
) − (

66 + 10 log 10 ( 1 . 32 ) 
)

(2)

sing the 10 log 10 ( 1 . 32 ) ship-to-mooring ratio reported in De
obertis et al. (2018) to account for the frequency and ori-

ntation differences between the mooring observations and
hose assumed in the TS relationship. The proportion of the
ollock backscatter ( PB ) attributed to pollock of length l dur-
ng each period t at each mooring site i was calculated as 

P B l,t,i = 

σbs,l w l,t,i ∑ 

l σbs,l w l,t,i 
, (3)

here the expected backscattering cross-section for each
ength class σbs,l is 

σbs,l = 10 

T S l 
10 . (4)

hus, the total pollock backscatter A (m 

2 m 

−2 ) attributed to
ach length class is 

A l,t,i = P B l,t,i × s A,t,i × 1 

4 π × 1852 

2 , (5)

here the 4 π × 1852 

2 term accounts for the conversion be-
ween nautical area backscattering ( s A 

, m 

2 nmi −2 ) to the area
ackscattering coefficient ( s a , m 

2 m 

−2 ). 

alculating track velocity 

he velocity of individual scatterers was calculated follow-
ng Levine et al. (2023) as summarized below. Since the ob-
ective was to calculate horizontal displacement, track head-
ngs and speeds were calculated in two dimensions by fitting
wo-dimensional linear models with respect to time for the x ,
 positions of the single-target detections in each fish track.
eadings were converted from a coordinate system relative

o the transducer into a geographic reference frame based on
he compass orientation. 

For each track j, we computed the velocity component
f each track along the axis perpendicular to the maritime

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
http://pysolar.org
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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boundary ( V R, j ) using the speed ( S j ) and heading ( H j ) calcu- 
lated from the linear model projection of the track as 

V R, j = S j × cos 
(

( H j − θ ) 
π

180 

)
, (6) 

where θ = 312 

◦, the heading perpendicular to the mooring 
transect toward Russia. Velocity for each semi-monthly period 

of observations was calculated for each 1-cm length bin l from 

2 to 60 cm. The speed of fish tracks was TS-dependent, with 

higher TS values (i.e. larger fish; 2 ) corresponding to higher 
track speeds ( Fig. S4 ). To account for this size-dependence, the 
mean velocity toward Russia at each length V R,l,t,i was calcu- 
lated by fitting a linear regression of V R, j,t,i to l j,t,i ( Fig. S5 ).
To reduce the influence of a limited number of small or large 
scatterers on the slope of individual bi-monthly regressions,
regressions were fit after removing the lower and upper 2.5% 

of tracks based on mean track TS. Tracks with a TS outside 
this interval were assigned the same speed as the track with 

the closest mean TS used to fit the regression ( Fig. S5 ). 

Estimating flux and total movement 

Flux was estimated in units of backscatter crossing the US–
Russia maritime boundary. While the GMM was used to iden- 
tify temporal changes in pollock size, the uncertainty in these 
estimates remains to be characterized. It is unclear how this 
uncertainty in the resulting length distributions would in- 
fluence a backscatter-to-biomass conversion. Pollock weight 
scales as the cube of pollock length, therefore small errors 
in estimates of size distribution have the potential to have a 
large impact on any subsequent calculation of biomass. Thus,
we chose to compute flux in units of backscatter rather than 

biomass. 
Using the length-dependent velocities and backscatter, the 

length-dependent flux of pollock backscatter across the US–
Russia maritime boundary ( Q R 

, m 

2 m 

−1 s −1 ) was calculated 

as 

Q R,l,t,i = A l,t,i × V R,l,t,i , (7) 

where Q R,l,t,i represents the mean backscatter from scatter- 
ers of size l crossing a 1-m line parallel to the border in 1 s 
during period t at mooring site i . To estimate the total move- 
ment across the transect line represented by the mooring lo- 
cations, the observations at each mooring site were applied 

over a distance d (m) equal to the inter-mooring distance on 

each side ( Fig. 1 , Table 1 ). At the 80 and 140 m sites, the dis- 
tance extrapolated for each mooring was equal to twice the 
inter-mooring distance to the nearest mooring. This assumes 
that the measurements at each location are representative of 
the conditions across the distance over which the value is ap- 
plied, roughly corresponding to each mooring representing 
data within ±10 m of its deployment depth. The total move- 
ment of pollock backscatter ( M , m 

2 ) during each period across 
the transect ( Fig. 1 ) was calculated as 

M l,t = 

∑ 

i 

Q R,l,t,i × T t × d i , (8) 

where T t is the duration of period t in seconds. The total move- 
ment during each period ( M t ) was then calculated by summing 
backscatter over all length classes. 

Uncertainty in total movement attributable to temporal 
variability in the observations was estimated via a two-step 

bootstrap process. First, 300 sets of total movement calcula- 
tions were drawn for each mooring site. In each iteration, n 
ing ensembles from each semi-monthly period were selected 

t random with replacement, where n was the total number
f ping ensembles collected within that period. Flux at each
ite was calculated from the backscatter and tracks within the
elected ensembles, including recalculation of the contribu- 
ion of backscatter by size ( 3 , 5 ) and length-dependent veloc-
ties ( 6–7 ). Next, 10 000 bootstrap estimates of total move-
ent for each semi-monthly period were calculated by ran- 
omly drawing one of the 300 bootstrapped flux estimates 
rom each mooring and then estimating total transport across 
he mooring transect ( 8 ). Approximate 95% confidence inter-
als were estimated by finding the 2.5 and 97.5 percentiles of
otal movement M from the 10 000 iterations. 

nvironmental correlations with pollock movement 

e used observations and model estimates of temperature,
alinity, and sea ice cover to investigate the potential influ-
nce of the environment on pollock movement across the mar-
time boundary. Bottom temperatures were available from a 
ensor deployed on each mooring (Sea-Bird Scientific SBE- 
7 or SBE-56). Mean water column temperatures were ob- 
ained from the output of a 10 km horizontal resolution imple-
entation of the Regional Ocean Modeling System (Shchep- 

tkin and McWilliams 2005 ) for the Bering Sea (Bering 10K,
ermann et al. 2019 ). To represent the temperatures in the
ooring region, we spatially averaged all observations within 

 rectangular portion of the Bering Sea shelf encompassing 
he moorings where the lower left and upper right corners
re the locations of the southwest and northeast ends of the
ooring transect, respectively (dashed box in Fig. 1 ). To iden-

ify patterns in relation to seasonal sea ice, we obtained ice
oncentrations from the MASIE-AMSR2 (MASAM2) Daily 
 km Arctic Sea Ice Concentration, Version 2 (Fetterer et
l. 2023 ). The daily measurement from the nearest 16 km 

2 

rid cell was used to represent conditions at each mooring
ite. 

esults 

easonality of backscatter 

easonal changes in acoustic backscatter were consistent at 
ll four sites, with variability in the seasonal timing of de-
arture/arrival of backscatter as a function of depth. The 
older shallower sites (80 and 100 m) exhibited earlier de-
arture and later arrival of scatterers than the deeper sites
120 and 140 m) ( Fig. 3 ). Backscatter was high at all
ooring sites in early winter when bottom temperatures 
ere still warm (December–January, Fig. 3 ). During this pe- 

iod, pollock backscatter was greatest at the deeper (120 

nd 140 m) sites (largest 7-day moving average nautical area
ackscattering [s A 

, m 

2 nmi −2 ]: 2297 at 80 m, 2654 at 100 m,
039 at 120 m, and 5106 at 140 m; Fig. S6 ). Backscatter be-
an to decrease shortly afterward, with little backscatter re- 
aining at the shallow (80 and 100 m) sites by mid-February

nd deeper (120 and 140 m) sites by mid-March. Backscatter
egan to increase in late spring. Midwater and shallow scat-
ering layers developed at the deeper sites in early May, reach-
ng the same level of backscatter in June as was observed the
revious summer. The reappearance of high backscatter oc- 
urred later, in late May and mid-June, at the 100 m and 80 m
ites. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 3. Echograms of 70 kHz backscatter at the 80 m, 100 m, 120 m, and 140 m mooring locations. Each data point represents the mean volume 
bac kscat tering coefficient (S V ) for each 2-h ensemble in a 1-m bin of the water column. White portions indicate where bac kscat ter from the sea 
surface/ice and noise have been removed. The heat map above each echogram show the bottom temperature recorded by the CTD on each mooring, 
and the black line indicates the period between the first and last day when ice coverage exceeded 20%. 
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Overall, pollock backscatter tended to be greater at night
han during the day, although this difference was only sig-
ificant (paired t -test, P < 0.01) at the 100 m [21 ± 8%
mean ± 95% CI)] and 120 m (15 ± 6%) sites. This in-
rease in nighttime pollock backscatter is likely associated
ith nighttime upward movement of scatterers into the ob-

erved area from the unobserved near-bottom zone, which
s consistent with the diel vertical migration of fish. Pollock
ackscatter was significantly deeper during daytime at all sites
weighted mean depth values across sites were 7.8–16.8 m
eeper during the day; paired t -test, P << 0.001). Median
epth of pollock backscatter was 25–28 m off-bottom dur-
ng the day at all sites and up to 50 m off-bottom at night
 Fig. S7 ). 

atterns in size distribution 

here was a strong seasonality in the distribution of the mean
rack TSs ( Fig. 4 ). The size of pollock that dominated the
ackscatter also varied consistently over each of the sites. A
otal of 551 285 tracks were reconstructed from single target
easurements over the course of the deployment at all four
ites (77 363 at 80 m, 120 666 at 100 m, 160 376 at 120 m,
nd 192 880 at 140 m). Tracks were detected throughout the
ater column at each site ( Fig. S8 ). Track depths were consis-

ent with the vertical distributions of backscatter ( Figs S3 ). On
verage, more tracks were detected at night (17%–40% more
er unit time depending on site), likely because the fish were
ore dispersed. The observed TSs were consistent with those

xpected from pollock; the median TSs across all sites during
ach semi-monthly period varied between −54 and −30 dB
e 1 m 

2 , corresponding with pollock lengths from 4 to 61 cm
 Fig. 4 ). 

Patterns in inferred size distribution were consistent among
ites and align with the seasonal transitions in backscatter.
eginning in July 2019, relatively high TSs, consistent with

hose of age 2 + pollock, were observed at all sites, with me-
ian values between −40 and −33 dB re 1 m 

2 in August
 Fig. 4 ). From August to November, these high TS tracks be-
ame less prevalent, and the median TS during this period
ecreased as a second mode of weaker TSs, consistent with

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 4. Time series of changes in distribution of target strength (TS) o v er the course of each deployment at the (a) 80, (b) 100, (c) 120, and (d) 140 m 

mooring locations. Each distribution is the kernel density estimate of all track mean TSs within each semi-monthly period and is represented as a 
probabilit y densit y (i.e. normaliz ed such that it sums to one). Dashed horiz ontal lines indicate reference lengths f or pollock based on TS-length 
relationship (see Methods, Equation 2 ). 
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young-of-the-year pollock ( ∼−50 dB re 1 m 

2 ), appeared at 
all sites ( Fig. 4 ). Beginning in December, higher TS ( ∼−30 dB 

re 1 m 

2 ) tracks, consistent with larger adult pollock, became 
more prevalent at all sites, corresponding with the period 

of high backscatter which occurred in early winter and per- 
sisted until late February, especially at the deeper sites ( Fig.
3 ). 

In March and April, when backscatter was low, few tracks 
were present, especially at the shallower sites; this period only 
accounted for 0.5% of tracks at the 80 m site and 4.5% of 
tracks at the 100 m site. Target strengths at those moorings 
were low and highly variable, primarily within the range of 
TSs expected for small fish such as age-0 gadids (Levine et al.
2023 ). At the 120 and 140 m sites, the number of tracks during 
this period was also low (2.2% and 11.2% of all tracks), but 
TSs remained consistent with the weaker ( −45 dB re 1 m 

2 ) 
mode that had appeared earlier in the fall. 
As backscatter increased in May and June ( Fig. 3 ), the distri-
ution of TSs shifted to a single higher value mode at all sites
 Fig. 4 ), with median values consistent with those expected 

or 40–50 cm adult pollock. These estimated sizes are con-
istent with catches in the Russian pollock fishery (mean of
4.8 cm with peak fishing in June and July 2020; Gritsay and
tapenanko 2022 ). In July and August, there was an increase
n the scatterers corresponding to ∼30 cm pollock ( Fig. 4 ).
hese TS distributions were similar to those observed on the
ame dates in the previous year. 

ovement of pollock 

aily mean horizontal track speeds were consistent among all
our moorings (24.5–26.4 cm s −1 , Fig. S9a ). When calculated
elative to the maritime boundary, the absolute daily mean ve-
ocity component perpendicular to the mooring transect was 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 5. Polar representations of (a–c) the distribution of track headings and (d–f) mean speeds (m s −1 ) at all four mooring sites during select 
semi-monthly periods representing (a, d) late summer, (b, e) winter, and (c, f) spring mo v ement patterns. T he innermost band sho ws the tracks observed 
at the 80 m site and subsequent bands representing the next deepest location with the outermost band showing the tracks at the 140 m site. (a, d) 1–15 
September 2019, (b, e) 1–15 January 2020, and (c, f) 1–15 May 2020. The color indicates the (a–c) percentage of tracks with horizontal headings and 
(d–f) mean speed of tracks within the 15-day window within each 3 ◦ bin during that time period. 
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5.5–17.4 cm s −1 with a net mean velocity across the transect
f < 0.02 cm s −1 at all sites ( Fig. S9b ). 
The flux of pollock backscatter across the maritime bound-

ry varied seasonally. From July to November of 2019, pol-
ock backscatter was moderately high at all four moorings
 Fig. 3 ), but the speed of tracks was relatively low with min-
mal directionality ( Fig. 5 a, d). As a result, net movement be-
ween zones was limited during the summer and fall period
 Fig. 6 ). Beginning in December of 2019 and continuing un-
il early March, track headings became more directional with
ore tracks towards the southeast ( Fig 5 b). These tracks mov-

ng southeast moved faster than those moving in other direc-
ions ( Fig. 5 e). This increase in velocities into the US zone cor-
esponded with an increase in backscatter at all four sites as
emperatures began to decline ( Fig. 3 ), resulting in increased
ovement into the US zone in winter ( Fig. 6 ). 
In March and April, transboundary movement was low

 Fig. 6 ) and pollock backscatter was low at all sites ( Fig. 3 ).
n May, pollock backscatter began to increase (initially at the
eeper sites with warmer bottom waters, see Fig. 3 ) and track
eadings were highly directed westward with relatively fast
peeds ( Fig. 5 c, f). Movement at all sites was toward the Rus-
ian zone, with most of the northwestward movement occur-
ing at the 100 and 120 m sites ( Figs 5 c, 6 ). While track head-
ngs and speeds indicate movement toward the Russian zone
 Fig. 5 c, f), this “return” of pollock backscatter was not as
pparent at the 80 m site as in deeper locations due to the rel-
tively low backscatter at 80 m in spring and summer 2020
 Fig. 3 ). The directed movement at the 140 m site into Rus-
ia appeared to occur primarily during a brief period in early

ay, while the movement into Russia at the 100 and 120 m
ites continued into July ( Fig. 6 ). Later in the summer, pol-
ock backscatter then exhibited similar patterns to summer of
019 where net movement, even during periods of high pol-
ock backscatter, was low due to low directivity in the tracks.

Overall, we estimate the net movement of pollock backscat-
er across the 240.1 km portion of the shelf represented by
he 4-mooring transect was 2.7 × 10 

6 m 

2 into the US zone
f the shelf during the deployment period. Movement was
ighly seasonal with migration towards the US zone in win-
er (net movement of 4.7 × 10 

6 m 

2 into the US zone before
st April 2020), and toward Russia in summer (net move-
ent of 2.0 × 10 

6 m 

2 into the Russian zone after 1st April).
ost of this movement was driven by the observations at the

eep mooring sites; 65.3% of the net movement of pollock
ackscatter into the US zone occurred at the 140 m site. Us-
ng the TS of tracks as a proxy for size ( Fig. 4 ), the majority of
ollock backscatter movement at all sites was driven by larger
ndividuals; 82.1% of the net movement into the US was es-
imated to be driven by tracks with TSs consistent with adult
ollock > 45 cm in length ( Figs. 4 , S10 ). The direction of move-
ent across the boundary appeared to be associated with the

hanges in temperature over the period measured, with dif-
erences in net movement observed at each site (e.g. diver-
ent directions between shallow and deep sites in November–
ecember, Fig. 6 ) likely the result of the spatial heterogene-

ty of environmental conditions between sites. Movement was
nto the US when mean water column temperature decreased
ver the course of the semi-monthly period (calculated from
he difference between temperature on the first and last day
f each period), but movement was into Russia during peri-
ds when temperatures increased ( Fig. 7 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 6. Net mo v ement of pollock backscatter (m 

2 ) across the US–Russia maritime boundary. Semi-monthly periods with positive values indicate 
mo v ement into Russia and those with negative values indicate movement into the US. The stacked bars indicate the contribution to total movement of 
bac kscat ter from each mooring. The orange line indicates the sum of the movement across all moorings. The gray shaded region indicates the 
bootstrapped 95% confidence intervals. 

Figure 7. Distributions of mo v ement of bac kscat ter during semi-monthly 
periods when mean water column temperature over the duration of the 
period of observations (left) decreased and (right) increased. Water 
temperatures were calculated from the average conditions at the start 
and end of each period within a rectangular portion of the Bering Sea 
shelf across both zones encompassing the moorings, where the lower 
left and upper right corners are the locations of the southwest and 
northeast ends of the mooring transect, respectively (dashed box in Fig. 
1 ). B o x es indicate the interquartile range, horiz ontal red lines the median, 
vertical lines the 5% and 95% intervals. Negative movement values 
imply mo v ement into the US and positiv e v alues imply mo v ement into 
Russia. 
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Discussion 

Exchange between zones 

The mooring observations suggest that a substantial propor- 
tion of the pollock stock moves across the US–Russia mar- 
itime boundary on a seasonal basis. In winter, 4.7 × 10 

6 m 

2 

of pollock backscatter moved past the moorings into the US 
and 2.0 × 10 

6 m 

2 moved into Russia the following summer.
This is comparable to the total pollock backscatter observed 

in summer surveys of the entire US eastern Bering Sea shelf 
(1.3–4.7 × 10 

6 m 

2 , De Robertis et al. 2021 ). During the moor- 
ing deployment period, there was thus a net movement of 
2.7 × 10 

6 m 

2 into the US. The confidence intervals of the boot- 
strap analysis are relatively small, indicating that variability of 
the observations is unlikely to account for the large net move- 
ment. 
Several factors may contribute to the relatively large dis- 
repancy in the net amount of pollock backscatter that moved
ast the moorings toward the US compared with Russia
ver an annual cycle. While the mooring transect was de-
igned to span depth ranges where the majority of the pollock
ackscatter has been observed on summer surveys, the moor- 
ngs do not cover the entirety of the shelf, and pollock may
ave migrated into Russia at shallow depths to the north or
ithin deep water along the slope. 
An additional consideration is that the pollock fishery may

ave removed a sizeable fraction of pollock during the win-
er months. Using fishery catch-at length data (Ianelli et al.
022 ) and pollock TS (Traynor 1996 ), we estimate that the
.4 × 10 

5 t of pollock harvested in the US zone of the Bering
ea in early 2020 equated to only 0.7 × 10 

6 m 

2 of backscat-
er, far less than the observed discrepancy in exchange across
he maritime boundary. Thus, pollock removals in US waters
uring the winter 2020 fishery are insufficient to account for
he large difference in backscatter between the large winter 
igration into the US and subsequent smaller migration into 

ussia. 
The net movement across the boundary was high compared 

o previous observations of pollock backscatter from acoustic- 
rawl surveys that extended into Russia. In nine of the US
coustic-trawl surveys that covered a portion of the Russian 

one (all prior to 2014), only 1%–30% of the total backscat-
er was attributed to the Russian portion of the shelf (Levine
nd De Robertis 2019 ). It is possible that pollock abundance
n the Russian portion of the shelf has increased due to warm-
ng, as it has in the northern Bering and Chukchi Seas (Eisner
t al. 2020 , Maznikova et al. 2023 ). Additionally a greater
roportion of pollock may be pelagic during the period of the
inter migration, contributing to greater backscatter than ob- 

erved in these summer surveys. 
Most of the exchange of pollock across the maritime 

oundary occurred during winter, when the highest backscat- 
er was observed at the mooring sites. Backscatter was much
reater in winter than in summer when the acoustic-trawl sur-
eys occur; the mean nautical area backscattering (s A 

) across
ll four moorings was 1.7-times higher in January than Au-
ust 2020. Active migration of pollock to remain within fa-
orable environmental conditions may have led to the dense 
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ggregations observed in winter. When ice is present, pol-
ock remain abundant in the marginal ice zone on the eastern
ering Sea shelf as long as bottom temperatures remain warm
De Robertis and Cokelet 2012 ). We observed high pollock
ackscatter in this portion of the shelf after sea ice concentra-
ions had already exceeded 20%, and the period just prior to
he arrival of sea ice was when some of the highest backscat-
er observations occurred ( Fig. 3 ). Thus, the higher backscatter
ssociated with the arrival of the sea ice may be the result of
ggregation of the population as pollock moved toward the
S zone to remain in warmer water ahead of the forming ice

dge. 
Changes in vertical position in winter may have led to a

reater portion of the population present in the depths sam-
led by the echosounder. Pollock are semi-pelagic and a pro-
ortion of the biomass may be close to the seafloor where
etection by acoustic surveys is more limited (Ona and Mit-
on 1996 ). Model-estimated densities of pollock biomass in-
icate that 12%–66% of pollock survey biomass in the east-
rn Bering Sea is within 0.5 m of the seafloor (Monnahan et
l. 2021 ). We note that this is outside of the detectable range
f ship-based acoustic observations and the moorings used in
his study. However, changes in behavior in response to re-
uced light availability and other variations in the environ-
ent may lead to pollock being shallower in the water col-
mn in winter (Kotwicki et al. 2009 ). The moorings observed
 greater amount of backscatter shallower in the water col-
mn during the winter than in summer ( Fig. 3 ), which may
ndicate that pollock are coming higher off bottom and re-
ult in a larger portion of the stock in the observable range
f the moorings. The change in vertical position may bias our
ux estimates to indicate more movement in winter relative to
pring and summer due to the availability of a larger fraction
f the pollock population to the acoustic instrumentation. 
Similarly, the ontogenetic transition of smaller age-0 pol-

ock away from surface waters as they grow may also have
ontributed to the observation of greater pollock backscat-
er in winter than summer. Age-0 pollock are typically dis-
ributed near the surface in summer, moving deeper in the wa-
er column over the course of their first year of growth (Parker-
tetter et al. 2015 ). Of the 12%–20% of the backscatter cat-
gorized as unclassified backscatter in summer, a large por-
ion is likely from shallow age-0 pollock as observed during
ummer acoustic-trawl surveys (De Robertis et al. 2021 ). As
hese individuals moved deeper later in the year, they likely
ransitioned to the region of the water column assigned to
ollock backscatter . However , these age-0 fish have a much
igher backscatter to biomass ratio than larger individuals (De
obertis et al. 2021 ). Thus, age-0 pollock migrating into the

trata assigned to pollock may contribute to a large increase
n pollock backscatter, but only a small change in biomass.
lthough there is substantial uncertainty in whether the avail-
bility of pollock to acoustic observations increased in winter,
he large magnitude of the exchange of backscatter in both
inter and summer relative to survey observations indicates

hat there is a sizeable exchange of pollock across the border.

vidence of behavior-driven movement 

he speed and direction of fish tracks indicate that the obser-
ations at our moorings along the US–Russia maritime bound-
ry likely represent active migration (i.e. behavior) rather than
assive transport. The moorings measured the average dis-
lacement of individuals, which includes the combined effect
f directed swimming behavior and advection. If the observed
igration was primarily driven by advection, one would ex-
ect tracks and currents to be consistent with each other, both
n magnitude and direction, as has been observed in highly ad-
ective systems where passive transport is the principal cause
f movement (Levine et al. 2023 , Maathuis et al. 2023 ). How-
ver, the tracks observed in this study are inconsistent with
he expected currents in the region. In particular, currents in
his area of the shelf are typically much slower ( < 5 cm s −1 ,
anielson et al. 2014 , Stabeno et al. 2016 ) than the observed
sh tracks (daily mean horizontal speeds of 24.5 to 26.4 cm
 

−1 , Fig. S9a ). 
The NOAA Pacific Marine Environmental Laboratory

PMEL) maintains a long-running time series of year-round
coustic Doppler current profiler (ADCP) current observa-
ions at the M8 mooring site (62.196 

◦N, 174.674 

◦W) located
37 km to the east of the 80 m echosounder mooring (Stabeno

t al. 2012 , Stabeno et al. 2023 ). In addition, PMEL deployed
wo ADCPs on the 100 and 120 m echosounder moorings.
urrent measurements (60 min by 4 m bins, see Stabeno et
l. 2016 for methods) from the ADCPs (Teledyne RD Instru-
ents, 300 kHz) during the period of the echosounder moor-

ng deployments indicate that current speeds perpendicular to
he maritime boundary did not exhibit the winter southeast-
ard movement observed in the tracks ( Fig. 8 ). This is con-

istent with long term observations and models of the cur-
ent direction in this region showing year-round transport
o the northwest along the depth contours of the shelf slope
Danielson et al. 2014 , Stabeno et al. 2016 ). Pollock move-
ent in winter cannot be explained by the prevailing currents

 Fig. 8 ), and is thus attributed to active migration. 
Further, if advection is the primary driver of movement,

ne would expect all sizes of fish to experience similar trans-
ort. We found that the direction of weaker scatterers (i.e.
maller fish) was consistent with those of stronger scatterers
 Fig. S10 ). However, stronger scatterers tended to move faster
 Figs S4 , S5 ), consistent with onotogentic increases in swim-
ing ability (Brodeur 1998 , Hurst 2007 ). Thus, while their
igration patterns are similar, swimming ability likely con-

ributed to age-dependent differences in effective area occu-
ied (Stevenson et al. 2022 ) and migration extent (Kotwicki et
l. 2005 ). Together, the observations likely represent active mi-
ration between summer feeding and winter spawning distri-
utions as exhibited by other gadid species (Rose et al. 1995 ,
essler et al. 2007 ). 

coustic estimates of pollock size 

lthough there was no biological sampling associated with the
ooring deployments, inferences drawn from observed TSs

orrespond with pollock sizes reported from the summer fish-
ry in both the US and Russian zones near the moorings. The
ollock fishery on the Russian side of the border in summer
019 and 2020 was concentrated between 100 and 200 m
ith catches primarily composed of adult pollock with a mean

ength of ∼45 cm in both years (Gritsay and Stapenanko
022 ). On the US portion of the shelf, fishery catches exhib-
ted similar length distributions (Ianelli et al. 2022 ). The moor-
ng observations of TS are consistent with reports from both
anagement zones, in particular, the distributions of TSs ob-

erved in early summer 2020 which were dominated by scat-
erers whose TSs correspond to pollock ∼40–50 cm in length

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 8. Comparison of mean fish speeds (orange line, mean V R across 
all sizes and all sites, see methods) and current speeds (black lines) 
across the US–Russia maritime boundary during each semi-monthly 
period. Positive values indicate movement into Russia and those with 
negativ e v alues indicate mo v ement into the US. Current speeds w ere 
calculated from hourly acoustic Doppler current profiler observations 
collected at M8 ( ∼37 km east of 80 m mooring, here labeled as ’80 m 

ADCP’), the 100 m, and 120 m mooring sites. 
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( Fig. 4 ). The moorings also observed TSs consistent with sizes 
expected from the 2018 cohort ( −49 to −44 dB re 1 m 

−2 cor- 
responding to 6–11 cm pollock) which were prevalent in the 
Bering Sea in 2019 (Ianelli et al. 2020 ). The steadily increasing 
TS between late fall and winter of this weaker mode of targets 
likely represents growth (Levine et al. 2021 ) of this age-1 co- 
hort. 

Long-term TS observations can be used to provide new in- 
sights into population dynamics such as the estimation of in 

situ growth rates (Levine et al. 2021 ) and identification of 
shifts in species and size composition (Sato et al. 2015 , Ki- 
tamura et al. 2017 , Levine et al. 2023 ). In contrast to mo- 
bile survey-based measurements, moorings allow for fish to 

be tracked over long periods as they move past the station- 
ary platforms. The tracks analyzed in this study had a mean 

of 15 detections and a mean time in the acoustic beam of 
11 s. Averaging many observations from a single fish greatly 
reduces the variance in the estimate of the TS (Ehrenberg 
and Torkelson 1996 ), providing greater confidence in our es- 
timate of size than would be possible from a moving plat- 
form collecting relatively few observations from a single fish.
While we use TS to identify relative changes in fish sizes over 
the course of the deployment, further validation is needed 

to verify that the length-class assignment of the GMM pro- 
vides accurate inferences of length distributions from acous- 
tic observations. Pollock TS is proportional to squared length 

(Lauffenburger et al. 2023 ), thus this method may be better 
suited for smaller fish where a given increase in length corre- 
sponds to larger changes in TS. If substantiated, analysis of TS 
distributions from tracked targets may allow for inference of 
size distribution in regions where the composition of scatter- 
ers is well classified and dominated by a single species with 

a well-constrained TS-length relationship (De Robertis et al.
2021 , Levine et al. 2023 ). 

Temperature effects on seasonal distribution 

Our study supports the hypothesis that pollock movements 
are associated with the seasonal transitions in temperature.
easonal spawning and feeding migrations have been in- 
erred from synoptic acoustic- and bottom-trawl surveys 
Stepananko 2001 , Kotwicki et al. 2005 , Kuznetsov et al.
006 ), but the mechanism and timing of the migrations has re-
ained poorly characterized. Our mooring observations pro- 

ide direct evidence for a dominant northwest–southeast axis 
f migration largely along depth contours consistent with 

hat has been inferred from seasonal changes in distribution 

De Robertis and Cokelet 2012 ) and summer observations 
Kotwicki et al. 2005 , Stevenson et al. 2022 ). The observa-
ions indicate that the southeast and northwest migrations are 
argely restricted to the winter and late spring, respectively.
n the Bering Sea, pollock primarily spawn from February to

ay (Hinckley 1987 , Bacheler et al. 2010 ). Thus, the fish mov-
ng into the US zone in the winter are likely spawning in US
aters. 
Our moorings were deployed at the end of an extreme

arming period across the Bering Sea shelf (Stabeno and Bell
019 , Eisner et al. 2020 ), during which pollock abundance
as high in the western Bering Sea (Gritsay and Stepanenko 

022 , O’Leary et al. 2022 ). As proposed by Eisner et al.
2020) , a multiyear warming trend and low sea ice in 2019
ay have led to the development of a “thermal corridor”

or the large-scale migration. We hypothesize that warming 
ay have led to increased northwest migration of pollock into
ussian waters ( Fig. 9 , red region). As the shelf cooled from

he north in winter, pollock then retreated southeast into the
armer water present over southern portions of the US shelf

purple region, Fig. 9 ) and possibly the deeper areas of the
helf slope. During the subsequent summer of 2020, water
emperatures in the region of the moorings were moderate 
ompared to previous years ( Fig. S11 ). Pollock encountered 

ooler waters and therefore did not migrate as extensively into
ussian waters due to a reduced thermal corridor (blue re-
ion, Fig. 9 ). 

This pattern of temperature-mediated migration is consis- 
ent with previous analyses of the relationship between pol- 
ock and temperature in the eastern Bering Sea. The area oc-
upied by pollock on the eastern Bering Sea shelf has a neg-
tive relationship with the extent of the cold pool (Stevenson
t al. 2022 ), and adult pollock are known to avoid cold tem-
eratures (Wyllie-Echerverria and Wooster 1998 , Kotwicki et 
l. 2005 , Kotwicki and Lauth 2013 ). During the recent pe-
iod of extreme warming, pollock migrated more extensively 
nto Russia and the northern Bering Sea compared to previous
ears (Stevenson and Lauth 2019 , Eisner et al. 2020 , O’Leary
t al. 2022 ). Pollock catches in the western Bering Sea in-
reased in 2019, which has been attributed to increased migra-
ion from the eastern Bering Sea due to warming of the shelf
Basyuk and Zuenko 2020 , Gritsay and Stepananeko 2022 ).
he US fishery also reported increased effort in the north-
estern region of the eastern shelf (Ianelli et al. 2020 ). When

emperatures cooled in 2020, pollock abundance was reduced 

n the northwestern portion of the Bering Sea (Polyanichko 

nd Kuznetzov 2022 ), consistent with the mooring observa- 
ions of net movement into the US during the deployment
eriod. 

ollock distribution under continued warming 

lobally, continued ocean warming is anticipated to further 
isrupt transboundary fisheries, creating mismatches between 

pecies distributions and the allocation and management of 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae071#supplementary-data
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Figure 9. Diagram of the h ypothesiz ed shift in the northwest leading 
edge of the pollock population crossing the US–Russia maritime 
boundary due to interannual temperature variability. In warm years (i.e. 
2019, red region), more of the pollock population migrates well into the 
Russian portion of the Bering Sea shelf. In winter (purple region), the 
population retreats to warmer waters along the shelf slope and the 
southeastern Bering Sea. In cooler years (i.e. 2020, blue region), the 
summer transboundary migration is reduced and fe w er pollock enter 
R ussian w aters. T he 200 m contour is indicated b y the orange line. 
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he species across borders (Pinsky et al. 2018 , Maureaud et
l. 2021 , Palacios-Abrantes et al. 2022 ). The Bering Sea is
ndergoing rapid warming and is predicted to warm by as
uch as 2.5 

◦C–5.0 

◦C by 2100 (Hermann et al. 2019 ). Thus,
e anticipate that exchange of pollock across US and Rus-

ian national boundaries will continue to increase over future
ecades. As warming continues, the timing and magnitude of
ollock transboundary migration is likely to change as pollock
egin their spring migration earlier or continue to shift their
istribution northward. Such a shift is already occurring as ev-

denced by the increasing catches in the northwest portion of
he US management region (Ianelli et al. 2020 ) and large num-
ers of pollock present in the northern Bering Sea in summer
Eisner et al. 2020 ). In addition to changing the transboundary
llocation of the stock, this will also lead to further misalign-
ent between the area occupied and the coverage of surveys
esigned to cover historic distribution patterns (Levine and
e Robertis 2019 , O’Leary et al. 2020 ). 
The population movements described here may provide

vidence of how changes in temperature on the Being Sea
helf may directly impact fisheries assessments. In 2018, dur-
ng the peak the recent warm period (2017–2019), pollock
ackscatter observed during the biennial eastern Bering Sea
coustic-trawl survey decreased by ∼50% from the previous
wo surveys, with substantial biomass observed at the north-
est survey boundaries (McCarthy et al. 2020 , De Robertis

t al. 2021 ). This may have been partially due to reduced
vailability of pollock in the survey area as the population
oved into the western and northern Bering Sea (Eisner et

l. 2020 , O’Leary et al. 2020 ). A temperature-driven shift has
een identified in pollock based on summer bottom-trawl sur-
eys where pollock availability to the survey and the fish-
ry in the eastern Bering Sea has been reduced during re-
ent warm years (Ianelli et al. 2019 , O’Leary et al. 2022 ).
dditionally, there is evidence that pollock have re-
ently moved beyond the Bering Strait into Arctic waters
Maznikova et al. 2023 ), further complicating management
f the species. 

onclusions 

irect observation of walleye pollock movement indicates
hat there is substantial seasonal movement of the popula-
ion across the US–Russia maritime boundary. A portion of
he pollock stock appears to migrate from the eastern Bering
ea into Russian waters in late spring and return to the eastern
ering Sea in winter. The extent of pollock movement between
ones appears to be at least partially driven by temperature.
his suggests that years where the northern Bering Sea shelf

s warmer will result in a greater portion of the stock entering
ussian waters. 
From a management perspective, mooring observations
ay further inform hypotheses for future pollock spatial and

emporal distributions so that robust monitoring and catch
ontrol rules can be developed and tested in response to
nown spatiotemporal stock trends and the environmental
rivers of those trends. A mechanistic understanding of pol-

ock movement can be incorporated into climate-enhanced
ssessment models, or provide further insight into fine-scale
ertical distribution (Monnahan et al. 2021 ) and horizontal
ovements to further improve the assessment used in manage-
ent advice (Ianelli et al. 2022 ). For example, a key question

s how much of the stock is available to the summer acoustic-
nd bottom-trawl surveys of the US portion of the eastern
ering Sea, and this could be addressed with further years of
ooring observations. Additional years of observation as well

s expanded spatial coverage such as the placement of addi-
ional moorings further north into the northern Bering Sea or
eeper along the shelf slope would also help identify future
hifts in pollock movement that impact summer distributions.

ooring-based observations of transboundary migration can
e assimilated with other data, such as additional in situ mea-
urements of environmental parameters and predictions from
limate and circulation models, to better inform models of
sh population movement across larger spatial and temporal
cales (Thorson et al. 2021 ). While there are limitations to spa-
ially explicit assessment models, the direct inclusion of move-
ent and the mechanisms that drive changes in pollock distri-
ution can help to more accurately predict changes in biomass
n a regional basis (Hulson et al. 2013 ). Given that the east-
rn Bering Sea is predicted to continue warming (Hermann et
l. 2019 ), we anticipate that the degree to which pollock mi-
rate across the maritime boundary into Russia will increase.
hus, understanding the mechanisms driving pollock migra-

ions will become increasingly important for management of
his important transboundary stock. 
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