International Council for

ICES Journal of Marine Science, 2023,0, 1-15
DOI: 10.1093/icesjms/fsad024
Original Article

ICES
CIEM

the Exploration of the Sea

Conseil International pour

I'Exploration de la Mer

Transport-driven seasonal abundance of pelagic fishes in
the Chukchi Sea observed with seafloor-mounted

echosounders
R. M. Levine ®12*, A. De Robertis @', D. Griinbaum? and C. D. Wilson'#

1Alaska Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, 7600 Sand Point
Way NE, Seattle, Wa, 98115, USA
2School of Oceanography, University of Washington, 1501 NE Boat St, Seattle, WA 98195, USA

*Corresponding author. tel: +1 206 526 4337; e-mail: Robert.Levine@noaa.gov.
*Retired

Recent summer surveys of the northeastern Chukchi Sea found pelagic fishes were dominated by large numbers of age-0 Arctic cod (Boreogadus
saida, Gadidae) and walleye pollock (Gadus chalcogrammus, Gadidae), while adult fishes were comparatively scarce. The source and fate of these
young fishes remain unclear, as sampling in this region is impeded by seasonal ice cover much of the year. Seafloormounted echosounders
were deployed at three locations in the northeastern Chukchi Sea from 2017 to 2019 to determine the movement and seasonal variability of
these age-0 gadids. These observations indicated that the abundance of pelagic fishes and community composition on the Chukchi Sea shelf
were highly variable on seasonal time scales, with few fish present in winter. Tracking indicated that fish movements were strongly correlated
with local currents. Fishes were primarily displaced to the northeast in summer and fall, with periodic reversals towards the southwest driven
by changes in regional wind patterns. The flux of fishes past the moorings indicated that the prevailing northward currents transport a large
proportion of the age-0 pelagic fishes present on the Chukchi shelf in summer to the northeast by fall, leading to relatively low abundances of

age-1+fishes in this environment.

Keywords: Arctic cod, Boreogadus saida, echosounder, Gadus chalcogrammus, mooring, polar cod, transport, walleye pollock.

Introduction

The shallow continental shelf of the Chukchi Sea is covered
by sea ice in late winter and spring until warm water from the
south initiates the retreat of the ice in spring (Woodgate et al.,
2010). The retreating ice leads to a largely ice-free Chukchi
Sea during the summer. Seasonal sea ice extent in the Chukchi
has declined over recent decades (Frey et al., 2015) and is
predicted to continue to decrease at a rate of 0.94d year™!
(0.11-1.55, Wang et al., 2018) as temperatures in the region
increase (Danielson et al., 2020). These changes are expected
to alter the ecology of endemic Arctic fishes (Mueter et al.,
2021): further intrusion of boreal species will likely displace
the southern boundary of Arctic species northward, altering
the structure and components of the local food web (Marsh
and Mueter, 2020).

Age-0 gadids, particularly Arctic cod (Boreogadus saida),
dominate the pelagic fish community on the Chukchi shelf in
the summer (De Robertis et al., 2017). Arctic cod is a circum-
polar species found throughout the Arctic basin and surround-
ing shelves (Lowry and Frost, 1981; Rand and Logerwell,
2011; De Robertis et al., 2017; Mecklenburg et al., 2018),
where they are a key pelagic component of energy transfer
between lower and upper trophic levels (Whitehouse et al.,
2014). While large numbers of age-0 Arctic cod have been
observed in the Chukchi in the summer, adults are compara-
tively scarce (De Robertis e al.,2017; Levine et al.,2023). The
observed population of adult Arctic cod lacks the reproduc-
tive potential to produce the population of age-0 fish on the

shelf during summer (Marsh ez al., 2020). Thus, these age-
0 fish likely originated elsewhere. Based on modelling stud-
ies of larval dispersal, it is likely that these age-0 Arctic cod
may originate in the southern Chukchi or northern Bering
Seas in winter and early spring (Deary et al., 2021; Vestfals
et al., 2021), where spawning may occur under seasonal sea
ice (Ponomarenko, 2000).

The pelagic fish assemblage on the Chukchi shelf has un-
dergone rapid changes as the ecosystem warms. Boreal species
such as walleye pollock (Gadus chalcogrammus) comprise an
increasing portion of the summer age-0 gadid community in
the eastern Chukchi Sea (Wildes et al., 2022; Levine et al.,
2023). In the Bering Sea to the south, the distribution of adult
pollock has shifted north as a result of warming, with high
densities of mature adults in the northern Bering Sea in re-
cent years (Stevenson and Lauth, 2019; Eisner et al., 2020).
Eggs and larvae from this northern Bering Sea population are
likely to be transported north along with the movement of wa-
ter through the Bering Strait onto the Chukchi shelf (Figure 1,
Woodgate et al., 2005). Thus, age-0 pollock in the Chukchi
Sea are hypothesized to originate from this large population
of adult fish south of the Bering Strait (Levine et al., 2023).

The Chukchi shelf is hypothesized to be an important nurs-
ery area for these age-0 gadids in summer (De Robertis et al.,
2017; Levine et al., 2021), when relatively warm temperatures
support high growth rates for both Arctic cod and pollock
(Laurel et al., 2018). Such conditions are necessary to maxi-
mize growth prior to experiencing winter conditions. How-
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Figure 1. Map of the study region. The locations of the southern (red),
central (yellow), and northern (blue) mooring sites are indicated by an X.
The primary annual mean transport pathways through the Bering and
Chukchi seas identified in Weingartner et al., (2005) and Corlett and
Pickart, (2017) are shown: Alaskan Coastal Current (light blue), Bering Sea
water (dark blue), Siberian Coastal Current (yellow), slope current (green,
westward), and shelf break jet (green, eastward). Dashed lines indicate
seasonal currents.

ever, it remains unclear whether the abundant age-0 fishes
observed in the summer provide recruits to other areas, or
the Chukchi Sea is an ecological sink where most of the age-
0 fish do not survive the winter (De Robertis et al., 2017).
Growth and metabolic demands of age-0 gadids are largely
temperature-dependent (Laurel et al., 2018). Therefore, the
potential success of populations on the Chukchi shelf may ini-
tially depend on their movement into suitable nursery grounds
during the summer feeding season, and subsequently depend
on movement into environments conducive to winter survival.

Advection from the south structures the distribution of the
planktonic communities in the Chukchi in summer (Eisner et
al., 2013; Danielson et al., 2017; Pinchuk and Eisner, 2017;
Spear et al., 2020). The predominant northward currents are
also hypothesized to transport gadid larvae into the Chukchi
Sea (Vestfals et al., 2019; Vestfals et al., 2021). Repeat surveys
and transport simulations in 2018 indicated that advection
played a key role in the distribution of larger, more motile,
age-0 gadids on the Chukchi shelf in late summer (Levine et
al.,2021). Periods of on-shelf retention of the population were
likely important for growth for these small fishes, prior to their
being transported northwards towards the Beaufort Sea and
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Central Arctic Basin in the fall (Levine et al., 2021). Mod-
elling studies have hypothesized that the northward advection
determines the distribution of age-0 fishes observed in sum-
mer (Deary et al., 2021; Vestfals et al., 2021). However, these
model predictions assume that behaviour has a negligible in-
fluence on transport. There are no direct observations estab-
lishing whether the large numbers of age-0 gadids observed in
summer migrate to other areas or this region serves as a sink
with fishes remaining in the area but failing to survive through
the winter. If advection is the primary mechanism for large-
scale fish movements, measurements or model predictions of
currents may provide opportunities to predict changes in the
distribution of these age-0 fishes on the Chukchi shelf.

Direct observations of fishes in ice-covered areas have been
restricted both spatially and temporally as traditional trawling
gear cannot be used (Lenne and Gulliksen, 1989; Gradinger
and Bluhm, 2004; Melnikov and Chernova, 2013). Acoustic
backscattering observations of pelagic fishes have been col-
lected from icebreakers (Benoit et al., 2008) or autonomous
underwater vehicles operating under sea ice (Fernandes ef al.,
2003) to monitor fishes during periods of ice cover. Special-
ized net systems designed to sample along the ice edge have
made it easier to collect specimens under sea ice over a greater
area (Flores et al., 2012; David et al., 2016). However, these
methods are logistically difficult and expensive as they rely on
ice-capable ships. Additionally, the deployment of underwa-
ter vehicles or nets in ice-covered areas is typically limited to
a few discrete locations and relatively short periods of time.

In contrast, moored instrumentation can be deployed dur-
ing the ice-free period and left to collect data year-round.
Acoustic Doppler Current Profilers (ADCP, Wallace et al.,
2010) and echosounders (Miksis-Olds et al., 2013; Darnis et
al., 2017; Kitamura et al., 2017; Gonzalez et al., 2021) have
been used to study zooplankton and fish presence during ex-
tended periods of ice cover. However, moorings have not been
previously used to collect long-term observations of fish move-
ments through ice-covered regions. Moored echosounders can
be used to collect continuous data to study fish abundance
(Trevorrow, 2005; Urmy et al.,2012; De Robertis et al., 2018).
Acoustic split-beam observations make it possible to track the
positions of individuals over successive pings, which can then
be used to infer swimming speed and direction (Ehrenberg and
Torkelson, 1996). This detection of individual scatterers can
also be used to infer the size composition, transport, and be-
haviour of fishes from moored platforms (Kaardvedt et al.,
2009). Acoustic observations offer limited capacity to discrim-
inate among taxa. However, in low-diversity regions where
backscatter is well-classified and dominated by a single species
or species group, acoustic data can be used to infer informa-
tion about the population as the interpretation of these data
are less dependent on the collection of biological samples (De
Robertis et al., 2018; Levine et al., 2021).

This study is based on two years of near-continuous
acoustic observations of age-0 gadids from seafloor-mounted
echosounders at three sites in the northeastern Chukchi Sea.
The primary objectives were to characterize the seasonal
patterns in pelagic fish abundance in the Chukchi Sea, and
to determine the roles of advective transport and fish be-
haviour in the movement of age-0 gadids. Year-round obser-
vations enabled us to characterize the seasonal changes of the
pelagic ecosystem to better constrain the possible fate of the
large juvenile population of fishes present during the summer
months.
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Methods

Mooring deployments

Three moorings were deployed in the northeastern Chukchi
Sea in locations where high fish densities had been observed
in the summer (De Robertis et al., 2017). The moorings were
deployed for two years as part of the North Pacific Research
Board’s Arctic Integrated Ecosystem Research Program (Baker
et al., 2020) at 71.03 N, 160.50 W (49 m depth, hereafter re-
ferred to as northern); 70.83 N, 163.11 W (44 m depth, here-
after referred to as central); and 70.01 N, 166.85 W (47 m
depth, hereafter referred to as southern) (Figure 1). The moor-
ings were deployed between 8 and 15 August 2017, recovered
and redeployed between 12 and 15 August 2018 (after data
download and maintenance), and recovered again between 26
August and 5 September 2019.

Composition of acoustic scatterers

The low-diversity pelagic fish community of the Chukchi
shelf simplifies the process of making biological inferences
from measurements of acoustic backscatter. Four acoustic-
trawl surveys, in which daytime acoustic backscatter was par-
titioned based on the selectivity-corrected catch of the near-
est trawl (see De Robertis et al., 2017 for details), were con-
ducted in the northeastern Chukchi Sea since 2012. Surveys
in 2012 and 2013 identified age-0 Arctic cod as the primary
biological scatterers in summer (mean length of 3.5 cm, De
Robertis et al., 2017). Surveys using the same methods during
the mooring deployment period in summer 2017 and 2019
similarly indicated that age-0 Arctic cod and walleye pollock
were the dominant pelagic scatters, accounting for 93.0 and
88.3% of the 38 kHz backscatter in 2017 and 2019, respec-
tively, (mean lengths of ~4-5 cm, Levine et al., 2023). Age-0
Arctic cod and pollock are difficult to distinguish morphologi-
cally, and genetic analyses were used to confirm the proportion
of pollock during these surveys (Wildes et al., 2022). Thus,
both age-0 Arctic cod and walleye pollock were likely abun-
dant throughout the 2017-2019 mooring deployment period.
Other pelagic fishes such as capelin (Mallotus villosus) and
Pacific herring (Clupea pallasii) were present in comparatively
low abundances and were estimated to account for <6% of in-
tegrated acoustic backscatter during summer surveys in both
2017 and 2019 (Levine et al., 2023), consistent with the previ-
ous observations in 2012 and 2013 (De Robertis et al., 2017).
While their total abundances varied over the eight-year pe-
riod, age-0 gadids were the dominant contributor to pelagic
backscatter across the four years of surveys (Levine et al.,
2023). Therefore, during the summer and fall periods of the
mooring deployments, there is strong evidence that the pri-
mary contributors to backscatter were age-0 gadids, and that
acoustic-based measures of density during this period reflect
the abundance and distribution of age-0 Arctic cod and wall-
eye pollock combined. However, the composition of pelagic
scatterers at other times of the year remains poorly under-
stood. Thus, we used the acoustic properties of the scatterers
to infer transitions in the composition of the pelagic commu-
nity throughout the time series.

Mooring instrumentation

The mooring platforms were designed to be low profile
to maximize the range of water column sampled by the
echosounder and to minimize the likelihood of damage due

to sea ice. They were instrumented with battery-powered
scientific echosounders (Wideband Autonomous Transceiver,
Simrad AS). Each transceiver operated a 70 kHz, 18° split-
beam transducer (ES70-18CD), positioned upward in a two-
axis gimbal equipped with a 0.7 kg counterweight (Supple-
mentary Figure S1). In addition, each transceiver also oper-
ated a combined 38 kHz 18° split-beam and 200kHz 18°
single-beam transducer (ES38-18/200-18C) fixed to the grat-
ing. Both transducers were positioned at a height of 0.8 m
above the seafloor. During the deployment, the echosounders
transmitted a group of 300 pings (200 pings at 70 kHz fol-
lowed by 100 pings at 38 and 200kHz) at a ping rate of
0.4 s every 2 h, hereafter referred to as an ensemble. Data were
recorded to a range of 60 m to ensure data collection past the
range of the sea surface (a depth range of 44.4-49.0 m for all
deployments). The echosounders were calibrated at the sur-
face using a 38.1-mm tungsten carbide sphere, following the
standard sphere method (Demer et al., 2015; Renfree et al.,
2019). The echosounders used in 2017-2018 were calibrated
prior to deployment. The echosounders used in 2018-2019
were calibrated following recovery because the transducers re-
covered in summer 2018 were immediately redeployed. The
echosounder recovered at the southern mooring site in 2019
could not be calibrated due to instrument damage associ-
ated with recovery. The average gains from the five calibra-
tions of the other instruments were used for data processing
along with the factory-specified beamwidths for the transduc-
ers. Overall, the gains among all instruments were relatively
consistent; the average gains for each frequency were 19.12
(40.80 SD) dB at 38 kHz, 19.98 (+0.86 SD) dB at 70 kHz, and
17.98 (£0.55 SD) dB at 200 kHz. However, these calibrations
did not account for potential pressure effects. Preliminary field
experiments using three of the deployed echosounders indi-
cate that at 70 kHz (ES70-18CD transducers), the average
target strength (TS) of a calibration sphere varied by <0.4 dB
re 1m? (i.e. <10% in linear units) at deployment depths of
40-50 m relative to measurements collected at the surface.
To determine the heading of the transducers when settled
on the seafloor, each mooring was deployed with a calibrated
compass mounted at a fixed position aligned with the forward
direction of the transducers. Deployments used either a cus-
tom magnetometer designed by the Engineering Development
division of NOAA’s Pacific Marine Environmental Labora-
tory, or an Aaronia GPS Logger sealed in a pressure hous-
ing. The compass recordings confirmed that mooring orienta-
tions were stable throughout the deployment (Supplementary
Figure S2). The mode of all observations collected after de-
ployment, corrected for magnetic declination at each site, was
used to represent the mooring orientation (Supplementary Ta-

ble S1).

Acoustic data processing

Acoustic data were recorded from 8 August 2017 to 26 Au-
gust 2019 at the southern site, 9 August 2017 to 4 September
2019 at the central site, and 15 August 2018 to 5 Septem-
ber 2019 at the northern site. The northern mooring site did
not record data for the 2017-2018 deployment, likely due
to a configuration error. In addition, the 38 kHz transducer
at the central mooring site failed during the 2018-2019 de-
ployment. Thus, only the 70 and 200 kHz data were included
in the analyses. Interference (likely from side-lobe reverber-
ation) appeared consistently at 16-20 and 27-30 m depth at
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200 kHz at the central mooring site during the 2018-2019 de-
ployment. Only data within those ranges, where the signal was
10 dB higher than the observed noise level were used in the
analyses.

Acoustic data were processed using Echoview 12.0
(Echoview Software Pty Ltd). The depth of the sea surface/ice
echo was determined by Echoview’s threshold offset opera-
tor with a minimum detection threshold of -50 S | (dB re
1m~") below the surface/ice, and manually corrected after vi-
sual inspection. Volume backscatter (S,, dB re 1m~') at 70
and 200 kHz and the nautical area scattering coefficient (sa,
m? nmi~2; MacLennan et al., 2002) at 70 kHz were integrated
in 1m bins from 2 m above the transducer to 2 m below the
sea surface/ice echo for every ensemble without integration
thresholds. To investigate the impact of diel vertical migration
on observed integrated backscatter, the solar altitude at each
ensemble was determined as a function of datetime and loca-
tion using the Pysolar library for Python (http:/pysolar.org).

Fish tracking and flux estimates

Echoes from individual scatterers were identified with
Echoview’s split-beam single target detection (method 2), us-
ing a detection threshold of -70 dB re 1 m? in order to restrict
detection to fish-like scatterers (Supplementary Table S2). Sin-
gle targets were joined into individual track trajectories us-
ing Echoview’s 4D alpha-beta tracker (Blackman, 1986; see
Supplementary Table S3 for parameters used in this study).
A minimum of five detections from an individual was re-
quired to classify a track, with a maximum gap of five pings
(2s). The mean TS (dB re 1m?) of each track was calcu-
lated as 10/0g1o(6s) Where &, (m?) is mean backscattering
cross section (i.e. the averaged linear form of TS, MacLennan
et al., 2002). Given that the objective was to determine the
net horizontal displacement of tracks, headings, and speeds
were calculated in 2D by first fitting linear models with re-
spect to time for the x, y positions of the single target de-
tections in each track. Heading was calculated from the lin-
ear model predictions as tan‘l(%), where #y and ¢, are
the first and last time points of the track, respectively (where
tan~' represents the 2-argument arctangent to account for
the sign of both x and y). Horizontal speed was calculated
by dividing the total distance along the model-fit linear track

\/ (s, — x1,)* 4 (¥4, — 1, )* by the duration of the track. Head-
ings were converted from a coordinate system relative to the
transducer into a geographic reference frame based on the
compass orientation.

Density (A, individuals m™) was calculated using the
70 kHz observations at each ensemble (200 pings at 70 kHz
every 2h) as A = s, /(476 x 1852%) following MacLennan
et al., (2002). The vertically integrated flux of individuals
(Q, ind. m™" s7!) was estimated using the density and mean
speed and direction of tracks during each ensemble, such that
Qu = AU and Qy = AV, where U and V are the mean of the
zonal (east-west) and meridional (north-south) velocity com-
ponents of all tracks within each ensemble, respectively. Thus,
Qu and Qy represent the number of individuals per second in
the entire water column moving towards the east and north,
respectively, underneath a 1 m line of the sea surface. Through-
out each mooring deployment (7), the mean direction (6;), and
flux (Q;) was calculated using the mean of the zonal and

?)

R.M. Levine et al.

meridional flux estimates as

0; = tan" (Q:V>
Ou

QiZ\/Q_%J-I-Q_Z,

where tan™! represents the 2-argument arctangent. The net
movement of individuals during each mooring deployment M;
was then estimated as M; = Q,T; where T is the total duration
of the mooring deployment in seconds.

and

Detecting shifts in community composition

The frequency-dependence of backscatter can be used to dif-
ferentiate among key groups of scatterers (Jech and Michaels,
2006; De Robertis et al., 2010; Benoit-Bird and Lawson,
2016). Greater backscatter at 200 kHz than at 70 kHz is in-
dicative of weakly scattering targets, such as zooplankton
lacking gas inclusions, while gadids exhibit greater backscat-
ter at 70 kHz than at 200 kHz (De Robertis et al., 2010). Sim-
ilarly, TS is species- and size-dependent (McClatchie et al.,
1996; Benoit-Bird and Lawson, 2016) and has been used to
distinguish the age-0 gadids that are prevalent in the Pacific
Arctic from zooplankton and other weaker scatterers (Geof-
froy et al., 2016).

Given that the composition of pelagic scatterers in winter is
unknown, we calculated what fraction of the total backscat-
ter and flux in each deployment occurred when AS, 720011,
and TSs were consistent with scattering from fishes. During
the period of acoustic-trawl surveys in August and Septem-
ber of 2017 and 2019 in which juvenile gadids were found
to dominate the backscatter (Levine et al., 2023), the mean
AS,70-200 of the mooring observations was > -3 dB in 94.1%
of ensembles, with a median of 2.7 dB (calculated from 2394
of 22660 ensembles, Supplementary Figure S3a). In the same
ensembles, the median TS was -54.0 dB re 1 m?, and 95.3% of
ensembles had a mean TS > -62dB re 1 m? (calculated from
24346 tracks in 2394 of 22660 ensembles, Supplementary Fig-
ure S3b). This corresponds to the lower bound of TS expected
for small age-0 Arctic cod and is consistent with TS values
used to differentiate fish and zooplankton scatterers in previ-
ous studies of the Pacific Arctic pelagic environment (-65 dB
re 1 m?, Benoit et al., 2014; Geoffroy et al., 2016). Given that
trawl sampling during the surveys indicate that fish, in partic-
ular gadids, dominated the backscatter during these periods,
thresholds of AS, 70200 > -3dB and TS > -62 dB re 1 m? were
considered indicators for periods when backscatter was dom-

inated by fish.

Environmental data

Bottom temperature and salinity were measured using a con-
ductivity, temperature, and depth (CTD, Sea-Bird Scientific
SBE-37) sensor mounted on each mooring (Supplementary
Figure S1). Hourly current measurements were derived from
ADCPs (Teledyne RD Instruments WorkHorse operating at ei-
ther 300 or 600 kHz) deployed <500 m from the echosounder
moorings and averaged into 60 min and 4 m bins (Stabeno and
McCabe, 2023). To investigate the relationship between cur-
rents and fish movement, tracks were matched with the closest
ADCP measurements of zonal and meridional current veloci-
ties in time and depth.
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Figure 2. Echogram of 70 kHz volume backscatter recorded during each 2-h ensemble from 7 August 2017 to 6 September 2019 at the (a) northern, (b)
central, and (c) southern moorings. Each point represents the mean of all observations in a 1-m depth bin of the water column recorded every 2 h. White
portions of the echogram indicate areas where backscatter from the sea surface and/or sea ice have been removed.

To explore patterns in fish abundance relative to sea-
sonal changes in sea ice, sea ice concentrations were obtained
from the NOAA/NSIDC Climate Data Record of Passive Mi-
crowave Sea Ice Concentration, Version 3 (Peng et al., 2013;
Meier et al., 2017). Daily measurements were extracted from
the 25 km by 25 km grid cell that contained each mooring site.
The NCEP/NCAR reanalysis (Kalnay et al., 1996) wind fore-
casts were used to estimate the wind speed and direction to
compare currents and fish transport with wind forcing. Near-
surface (0.995 sigma level) values of zonal and meridional
wind, available in 6-h intervals, were obtained from the 2.5°
grid cell nearest to the central mooring.

Results

Seasonality of acoustic backscatter

Acoustic backscatter was greatest during the late summer and
early fall, decreasing in the winter and all deployments. Rela-
tively high backscatter values first developed in the upper wa-
ter column in early summer and then extended deeper during
both summers (Figure 2), indicating that the distribution of
strong scatterers (i.e. fishes) moved deeper in summer. Previous
work has identified evidence of low-magnitude diel vertical
migration, at least on a seasonal basis (Levine, 2021; Levine
et al., 2021). Overall, backscatter tended to be higher at night
than during the day (daily mean 4 SD of [s4 Nigh — 54 payl/54
was 9 + 67% at the southern mooring, 17 £ 65% at the
central mooring, and 10 &+ 72% at the northern mooring),
likely associated with night-time upward movement of scat-
terers into the observed area.

The difference in volume backscatter observed at 70 and
200kHz (ASy70-200, Figure 3) exhibited strong seasonal
changes, indicating seasonal shifts in the composition of scat-
terers. In late winter and spring, when backscatter was low
(Figure 2), ASy70-200 was consistent with zooplankton-like
scatterers at all three sites (blue regions, Figure 3). Fish-like

scatterers (red regions, Figure 3) appeared concurrently with
the increase in backscatter in early summer (Figure 2). The
greatest backscatter occurred during periods when AS, 79_200
indicated that the backscatter was dominated by fish-like
scatterers (Supplementary Figure S4), consistent with previ-
ous survey observations of small fishes dominating pelagic
backscatter in summer (De Robertis et al., 2017; Levine et al.,
2023). While AS,70-200 was consistent with scattering from
fish (ASV)7()_200 > -3 dB) n only 41.0-62.4% of the 22660 en-
sembles measured across all deployments, those ensembles oc-
curred during high-abundance periods, accounting for 84.0-
97.8% of total backscatter in each deployment (Table 1).
Similarly, mean TS was consistent with the expectation for
age-0 gadids (TS > -62dB re 1m?) 60.2-81.7% of the time
(represented by the black regions in the threshold indicator
above each echogram, Figure 3), and the majority (>93%) of
the backscatter was observed during these periods. Although
there were periods where low TS and frequency response in-
dicated that backscatter was likely dominated by scatterers
other than swimbladdered fishes, these periods accounted for
a relatively low proportion of the total backscatter. Thus, the
analyses presented below interpret sy during periods of high
backscatter as a proxy for the abundance of pelagic fishes.

Seasonal changes in fish size and abundance

There was strong seasonality in the backscatter consistent
with scattering from fish at all three mooring sites (Figure
4). Backscatter began to increase in July in both 2018 and
2019, peaking in the fall. Target strengths during this period
were consistent with previous observations of scattering from
age-0 gadids (TS ~ -55dB re 1 m? for §cm fork length, Ge-
offroy et al., 2016; Figure 4b, d, and f), further supported
by the observations of AS,70200 > 0 indicating the pres-
ence of fishes (Figure 3). Intra-track variability in TS was low
(Supplementary Figure S5a), and the mean TS of tracks was
consistent throughout most of the water column with little
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Figure 3. Echogram of the difference between 70 and 200 kHz volume backscatter (ASy,70-200 kHz, dB) at the (a) northern, (b) central, and (c) southern
moorings. Red indicates bins where Sv is greater at 70 kHz (fish-like scatterers), and blue indicates bins where Sy is greater at 200 kHz (zooplankton-like
scatterers). Each point represents the mean of all observations in a 1-m depth bin of the water column recorded every two hours. White portions of the
echogram indicate areas of no data due to the removal of backscatter from the sea surface and ice. Due to interference between 16-20 and 27-30m
depth at 200 kHz at the central site during the 2018-2019 deployment, data where the signal was <10 dB higher than the noise level were removed (see
Methods). The black regions in the bars above each echogram indicate when the mean water column TS was consistent with scattering from fish (TS >
-62 dB re 1m?, see Methods for details).

Table 1. Percent of ensembles, total backscatter, and total flux where TS and frequency response (AS, 70-200 kHz) Were consistent with scattering from

gadids for each deployment.

Deployment Site % of Ensembles % of Backscatter % of Flux
ASV,70_2()() > -3 TS > -62 ASV,7()_200 > -3 TS > -62 ASV,70_2()() > -3 TS > -62
2017-2018 Southern 46.9 60.2 96.3 95.8 93.3 83.1
Central 62.4 68.1 97.8 97.7 95.6 90.3
2018-2019 Southern 41.0 71.1 84.0 93.9 75.3 68.7
Central 55.7 77.5 89.8 96.7 81.3 80.3
Northern 62.2 81.7 89.1 95.0 83.1 75.0

Thresholds for TS (TS > -62dB re 1 m?) and frequency response (AS, 79200 > -3) were selected based on the distribution of mooring observations collected
during acoustic-trawl surveys in August and September of 2017 and 2019 (Supplementary Figure S3), when age-0 gadids dominated the pelagic backscatter

(Levine et al., 2023; see Methods for details).

evidence of depth-dependent variation in size (Supplementary
Figure S5b). There were very few observations of TSs consis-
tent with larger fishes (e.g. TS ~ -35dB re 1m? for a 35 cm
adult pollock, Traynor, 1996) throughout the deployments
(Supplementary Figure S6). Backscatter was highest at all sites
when bottom temperatures were >1°C (Figure 5a), which oc-
curred in late summer and fall (Figure 4a, c, and e).

Backscatter decreased as sea ice concentration over the
moorings increased in November and December (Figure 4a,
¢, and e). Mean backscatter was ~3-8 times lower at all three
mooring sites when sea ice concentration was >20% (¢-test on
log-transformed 70 kHz s5, p < 0.001 at all sites, Figure 5b).
However, TSs remained consistent, indicating that fish of sim-
ilar size were still present, though in reduced numbers (Figure
4b, d, and f).

Backscatter was very low at all three sites during winter,
and lowest during spring (March—-May; Figure 4a, c, and e,

Supplementary Figure S7). TSs also decreased substantially
during the spring, likely reflecting a transition in sound scat-
terers from small swimbladdered gadids to a zooplankton-
dominated pelagic community with lower TSs (Figure 4b, d,
and f). The change in the frequency response also supports this
inference; lower AS, 7900 values indicative of zooplankton
occurred throughout the water column from approximately
March to May of both years (Figure 3). Bottom temperatures
and backscatter increased after the sea ice retreated in May.
Fish-like scatterers with greater TS began to appear in June
and July (Figure 4). Their appearance was consistent with an
increase AS, 70200 initially occurring near the surface and sub-
sequently increasing in depth over the summer (Figure 3).

Fish movements

Tracks and ACDP measurements of currents indicate that
fishes were moving largely as passively advected particles. A
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instrument failure, data are not available for the northern mooring site from the 2017-2018 deployment (a—b, grey region).
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Figure 6. (a) Mean daily heading of currents measured from the Acoustic Doppler Current Profilers and tracks using the nearest depth bin of current
observations for each track. Mean daily (b) zonal and (c) meridional currents and track velocities.

total of 40317, 83024, and 63674 tracks were reconstructed
from single target measurements at the northern, central, and
southern moorings, respectively. The mean track depth was
27 m (+10 SD; Supplementary Figure S6b, e, and h). The ma-
jority of track headings were towards the shelf break to the
northeast and east, with the mean heading across all obser-
vations at each mooring (where 0° = north) at 39° (south-
ern), 80° (central), and 87° (northern). The daily mean track
heading was correlated with the current direction (r? = 0.58,
p < 0.001, Figure 6a). Two modes were apparent in the cur-
rent and track headings, corresponding to movement to the
northeast and southwest (Figure 6a). The mean speed of all
individual tracks was 23 (£14 SD) cm s~'. Daily mean track
velocities and current velocities for each site were correlated
(meridional: r> = 0.68, p < 0.001, Figure 6b; zonal: r> = 0.74,
p < 0.001, Figure 6c), and the track and current velocities
were not significantly different (z-test, p < 0.01), suggesting
individuals were passively moving with the current.

Although there are periods when the backscatter appears to
be dominated by scatterers other than fish (Table 1, Figure 3),
the majority of the observed flux occurred when TS and fre-
quency responses indicated fish were inferred to be the domi-
nant scatterers (Table 1). Flux estimates were greatest during
the summer and fall when TS was consistent with fish and
lowest during ice-covered periods when fish were likely scarce
(Figures 4 and 7). Flux was primarily to the northeast and
east at all three sites (Figures 7 and 8, Table 2), indicating net
transport towards the shelf break. Mean flux estimates were
highest at the central site in 2017-2018 and the northern site
in 2018-2019, and lowest at the southern site in both years
(Table 2). The highest mean flux over a 7-d period was 2.6
individuals m~! s™!, which was observed in September 2017
at the central mooring site (Figure 7b). This corresponds with
the highest backscatter observed throughout the deployments
(Figure 4c).

Mean flux estimates indicate that over longer timescales,
fish were consistently transported to the northeast (Table
2, Figure 8). However, short episodes of movement to the
southwest occurred throughout the year (Figure 7). These re-
versals were associated with shifts in the current, likely driven
by wind speed and direction (Figure 9). Daily mean estimated
wind velocities during the deployment period ranged from -
13.5 to 19.9m s~!' (mean of -0.05m s~' + 5.5 SD) to the
north and -15.0 to 12.1m s~ (mean of -3.0m s~! + 5.1 SD)
to the east. When wind velocities to the north and east were
high, tracks primarily moved to the northeast/east (Figure 9).

Fish headings became more variable as winds weakened, and
fish movement to the southwest occurred more frequently as
wind velocities increased towards the south and west (Figure

9).

Discussion

Seasonality of fishes

The two years of observations from moored echosounders
provide evidence of strong seasonality in the abundance of the
pelagic fish community on the eastern Chukchi shelf. Large
numbers of age-0 gadids have been observed in the summer
(De Robertis et al., 2017; Levine et al., 2023). However, few
age-1+individuals were observed in these surveys, indicating
that either mortality in this region was high or that these
fishes emigrated to other regions. In the northeastern Chukchi
Sea, we found that the age-0 gadids appeared in late summer
and disappeared in early winter. This strong seasonality was
consistent with previous observations of high abundances of
pelagic organisms on the Chukchi Sea shelf in summer (Ki-
tamura et al., 2017; Gonzalez et al., 2021). Tracking of fish
targets revealed that fish movements were largely driven by
local currents, and flux estimates indicated that the majority
of the age-0 population in summer was likely transported to
the northeast and east towards the Beaufort Sea and Arctic
Basin each fall and winter. These findings suggest that these
small fishes are transported much like passive particles, sup-
porting the inferences drawn from passive particle tracking
simulations, which predict the displacement of the summer
age-0 population to the northeast off the Chukchi shelf in fall
(Levine et al., 2021).

The presence of fishes appears to be strongly associated
with warm water entering the region. Temperature is a key
driver of both Arctic cod and pollock distributions (Sigler et
al.,2017; Eisner et al., 2020; Baker, 2021; Levine et al., 2023)
and growth (Laurel et al., 2018). The northward transport of
warm Bering Sea water in spring and summer into the north-
eastern Chukchi Sea (Danielson et al., 2017) has been asso-
ciated with increases in abundance of zooplankton (Eisner ez
al., 2013; Ashjian et al., 2017; Spear et al., 2020) and fishes
(Logerwell et al., 2020; Levine et al.,2023). High abundances
of fishes in the northeastern Chukchi Sea in summer appear to
coincide with southern-origin water masses. These flow north
into the Chukchi Sea from the Bering Sea shelf (Coachman
et al., 1975; Danielson et al., 2017) and replace the colder

€202 ABIN 9| UO Josn Areuqr [euaD YVON AQ L Z08S0./yZ0PESYSWISa01/E60 L 0 L/10p/a[oIlE-00UBAPE/SWISE0Y/W00"dNo"olWapede//:sdny Wwolj papeojumoq



Transport-driven abundance of Chukchi Sea fishes

L@

N

0 | lind. m~1s71
E

IO

Mean Flux (Ind. m~1 s71)

1.0

o

\.»
L.
%

/
A 4,«4&%/4

Jul Sep Nov Jan Mar May
2018

Sep Nov Jan Mar May Jul Sep
2019
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a single week of deployment. The direction of the arrow indicates the mean direction of the flux, with north and east being to the top and right,
respectively, as shown in the key. The length of the arrow represents the number of individuals per second in the entire water column moving
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Figure 8. Map of the northeastern Chukchi Sea shelf showing the mean
flux over each deployment at the northern (blue), central (yellow), and
southern (red) mooring sites. The circles at the base of each arrow
indicate the location of the mooring. The direction of each arrow indicates
the mean direction of the flux, and the length represents the magnitude
of the flux. The arrows in the key represent values of 0.1 individuals m~’
s~1. 2017-2018 deployments are indicated by the solid colour arrows, and
2018-2019 deployments are indicated by the outlined arrows.

winter water on the Chukchi shelf (Weingartner et al., 2013).
The age-0 gadids observed in the northeastern Chukchi in
summer are primarily associated with the warmer (2-8 °C)
conditions of these seasonal water masses (De Robertis et al.,
2017; Marsh et al., 2020; Levine et al., 2023). The observa-
tions in this study provide direct evidence that the seasonal-
ity of age-0 gadids in the northeastern Chukchi Sea is driven
by the advective movement of the fish population within this
warmer water.

Fish abundance was higher in the summer and fall of 2017
than in the following two years at the central and southern
sites. This high interannual variability is consistent with sur-
vey observations of substantially greater age-0 gadid abun-
dances in 2017 than in 2018 and 2019 (Levine et al., 2021;
Levine et al., 2023). Levine et al., (2023) hypothesize that this
increase in gadids was associated with the anomalously warm
conditions in spring 2017, resulting in earlier hatching and
favourable growth conditions that led to increased length-at-
age and thus increased age-0 fish survival.

While it was not possible to directly assess fish sizes, the
acoustic backscatter measurements strongly support previous
observations that the pelagic community in summer is dom-
inated by small fishes. Mean TSs during periods dominated
by fish-like scattering were consistent with the TS expected
from a mixture of small (<6 cm) age-0 Arctic cod and pollock
(Traynor, 1996; Geoffroy et al., 2016; Levine et al., 2021).
While the reported TS-length relationships for age-0 gadids
are from ship-based (dorsal) observations at 38 kHz (Traynor,
1996; Geoffroy et al., 2016), inferred lengths from mooring
observations are ventral measurements collected at 70 kHz.
However, intercalibration of these observations in previous
work have shown that the difference between upward-facing
moorings and ship-based observations is likely small for wall-
eye pollock (~1dB, De Robertis et al., 2018); we therefore
applied the TS-length relationships estimated at 38 kHz to ob-
servations at 70 kHz as a first approximation. The variability
between dorsal and ventral measurements of the same orienta-
tion is low relative to changes in tilt angle (Francis and Foote,
2003). The ratio of vertical to horizontal movement, calcu-
lated from the maximum difference in depth among targets
within a track, was <0.17 in 90% of tracks, corresponding
to a tilt angle of <10°. Variability in TS as a result of these
low tilt angles would likely not account for substantial reduc-
tion in TS of gadids such that larger fish would be artificially
undersampled (Hazen and Horne, 2004). Even with these
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Table 2. Mean direction and flux estimates (individuals m~" s~') over each deployment.

Deployment Site Mean Direction Mean Flux (Ind. m~! s~1) Net Movement (Ind. m~1)

2017-2018 Southern 31° 0.11 3.6 x 10°
Central 87° 0.23 7.4 x 10°

2018-2019 Southern 39° 0.11 3.7 x 10¢
Central 85° 0.09 3.2 x 10°
Northern 85° 0.13 4.5 x 10°

Net movement (ind. m~!) indicates the estimated number of individuals passing under a 1-m line on the sea surface perpendicular to the mean heading during
the ~1-year duration of the mooring deployment (see Methods for additional details).
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Figure 9. Daily mean track heading as a function of daily mean (a) meridional and (b) zonal wind velocities at the northern (blue), central (yellow), and
southern (red) mooring sites. Histograms represent the distribution of wind velocity (top) and fish headings (right) for both years of deployments at each
mooring site. The solid lines represent a locally estimated scatterplot smoothing curve (Cleveland, 1979) of the daily means for each mooring to indicate

the trend.

potential sources of variability, the scarce observations of high
(> -40dB re 1 m?) TSs (Supplementary Figures S3 and S6) in-
dicate that larger gas-bearing pelagic fishes such as adult pol-
lock were not abundant.

Transport of age-0 gadids

Fish headings and velocities were similar to those of the wa-
ter, suggesting that fishes on the northeastern Chukchi shelf
mostly drift with the currents. While age-0 gadids are ca-
pable of fast swimming speeds [aerobic threshold of 2-3
body lengths s! (10-15 cm s~! for a § cm fish), Hurst, 2007;
Kunz er al., 2018], routine speeds are much slower [0.25-1
body lengths s~ (1.25-5cm s~! for a Scm fish), Rose et al.,
1995; Hurst, 2007]. In the current velocities observed on the
Chukchi shelf [mean speed of 19.9 (range of 0.2-105.2) cm
s~! across all sites with >95% of current observations across
all sites >S5 cm s™!], routine swimming behaviour is likely to
result in minimal displacement relative to advection. Our in
situ observations support the assumption of passive drifting
usually employed in models of the horizontal distribution of
age-0 gadids in summer (Deary et al., 2021; Vestfals et al.,
2021). This work provides further evidence that future studies
can use physical observations (e.g. ADCPs) or model predic-
tions of regional transport to assess historic and future trends
in the source and fate of the populations of age-0 fishes ob-
served in summer.

The northeastward flux of age-0 fishes varied substantially
between seasons and mooring locations. The variability in
heading was due to local currents, while the seasonality of the
magnitude of the flux at a single station was primarily driven
by seasonal changes in abundance (Supplementary Figure S8).
During 2018-2019, the mean flux was highest at the north-
ern site, although fish abundance was lower than the other
sites. Current velocities are typically faster at the northern
mooring site than the central and southern sites (Weingart-
ner et al., 2005; Woodgate et al., 2005; Stabeno and McCabe,
2023), particularly in summer (Stabeno and McCabe, 2023),
when we observed the highest fish abundances. Although den-
sity was comparable between the southern and central sites
(Figure 4), fluxes were lowest in both years at the southern site
(Figure 7). This variability in flux is likely due to the slower ve-
locities typically observed in this portion of the shelf compared
to velocities closer in proximity to Barrow Canyon (Woodgate
et al., 2005; Stabeno and McCabe, 2023).

The flux of fishes to the northeast suggests that the age-
0 fishes present in summer are transported out of the shal-
low northeastern Chukchi shelf by their first winter, consis-
tent with particle tracking simulations based on models of re-
gional advection (Levine et al., 2021). The flux at the northern
mooring site could account for a significant portion of the ex-
port of age-0 fishes from the shelf. Extrapolating the estimated
flux of 4.5 x 10° fish m~"! in a one-year deployment (Table 2)
to a ~35 km line at the northern site would account for the
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annual export of ~1.5 x 10'! fishes, the total number re-
ported in the 2019 survey (Levine et al., 2023). This dis-
tance represents ~10% of the eastern (U.S.) portion of the
Chukchi shelf at 71 °N. Summer surveys indicate that these
fishes exist in a relatively uniform distribution when abun-
dances are high (i.e. large-scale scattering layers rather than
discrete schools; De Robertis et al., 2017; Levine et al., 2023),
and both shipboard and moored observations find that flow
in the northeastern Chukchi Sea is highly uniform across the
shelf (Danielson et al., 2017; Stabeno and McCabe, 2023).
Thus, the backscatter observed by the moorings very likely
represents abundance patterns over a much broader spatial
area than solely the small area of the acoustic beam sampled
directly (Brierley et al., 2006; De Robertis et al., 2018). Fur-
ther, while extrapolation of mooring observations may only
apply within appropriate depth ranges due to changes in either
behaviour or advection (De Robertis et al., 2018), the eastern
Chukchi shelf has a relatively consistent depth, suggesting the
mooring results may be representative of a larger area.

The low abundance of adult Arctic cod in previous midwa-
ter and demersal surveys leads us to hypothesize that advec-
tion out of the region is the most likely explanation for the ob-
served low numbers of adult fish. Age-1+Arctic cod have been
found during recent demersal surveys of the Chukchi shelf in
summer (Norcross et al., 2013; Goddard ef al., 2014; Loger-
well et al., 2017), though at much lower densities than pelagic
estimates (De Robertis et al., 2017; Levine et al., 2023). The
presence of age-1+fish along the seafloor suggests that Arctic
cod become more demersal as they age (and thus potentially
less detectable by the upward-looking echosounders). How-
ever, our observations indicate that these age-0 fish may be
advected out of the area before settling, suggesting that very
few of these young fish likely transition to a demersal life his-
tory stage within the northeastern Chukchi Sea (De Robertis
et al.,2017; Levine et al., 2021).

The very low densities of age-14+gadids on the Chukchi
shelf (De Robertis et al., 2017; Levine et al., 2023) also sug-
gest that the age-0 fishes found in the eastern Chukchi Sea
likely originated in other areas. Previous studies using mod-
els have hypothesized that the distribution of age-0 fishes ob-
served in summer and fall reflects the northward advection of
fishes from spawning areas in the Bering Strait region (Deary
et al., 2021; Vestfals et al., 2021). The mooring observations
are consistent with this hypothesis: While this study did not
identify specific spawning locations, we infer from the strong
correlation between fish displacement and currents that age-
0 gadids in the Chukchi during summer are likely of south-
ern origin, following the transport pathway of water from
the Bering Sea into the Arctic. Larger fish, however, are less
likely to be passively transported with their drifting eggs and
may maintain their position in their preferred habitat. Age-
1+fishes have also likely developed the swimming ability re-
quired to return to spawning grounds. While we did not ob-
serve high TS tracks migrating south consistent with the return
of large fishes to spawning grounds in the observations, some
portion of the age-0 population may be returning as mature
adults to maintain the spawning population, possibly in areas
farther offshore (Forster et al., 2020).

Whether the age-0 fishes that we observed in the Chukchi
Sea survive over winter after drifting into the Arctic remains
unclear. While Arctic cod are adapted to tolerate the near-
freezing conditions on the Chukchi shelf in winter, pollock
are not (Koenker et al., 2018; Laurel et al., 2018). Age-0

"

pollock captured during recent summer surveys of the
Chukchi Sea probably did not have sufficient lipid reserves
to survive the Arctic winter (Copeman et al., 2022). It is thus
unclear whether the observed northward flux of age-0 pol-
lock will translate to the establishment of permanent Arc-
tic populations. In contrast, Arctic cod are widely present
throughout the Arctic basin and are capable of surviving in
Arctic winter conditions. Aggregations of age-1+Arctic cod
have been observed at depth in Barrow Canyon (De Robertis
etal.,2017) and the Beaufort Sea shelf break (Parker-Stetter et
al., 2011; Rand and Logerwell, 2011). These age-1+fish may
recruit from the age-0 Arctic cod being transported off of the
Chukchi shelf. This likely connectivity between these popu-
lations is further supported by the genetic similarity between
Arctic cod in the Chukchi and western Beaufort Seas (Wilson
et al.,2019; Nelson et al., 2020). Further work is necessary to
identify whether the Chukchi and western Beaufort slopes are
the wintering grounds for the majority of the age-0 Arctic cod
observed on the Chukchi shelf in winter.

Winds influence fish transport

The direction of fish movements appears to be driven primar-
ily by changes in current speed and direction. On the Chukchi
shelf, the prevailing flow is to the north (Woodgate er al.,
20035), with variations in the current resulting from changes
in wind conditions (Weingartner et al., 2005; Woodgate et
al.,2005). The northward currents are typically restrained by
winds to the southwest but can be enhanced during periods of
strong winds to the northeast, and conversely, episodic flow re-
versals can occur during periods of strong winds to the south-
west (Woodgate et al., 2005; Pisareva et al., 2019; Stabeno
and McCabe, 2023). This wind-mediated change in flow is
consistent with the observations of fish movement; during pe-
riods of weak and variable winds, fish movement remained
towards the northeast (Figure 9), consistent with the expected
flow on the northeastern shelf (Stabeno and McCabe, 2023).
This movement was strengthened during strong north- and
east-ward winds, when movement of both currents and fish
was to the north/east (Figure 9, Supplementary Figure S9 yel-
low box). When winds were > ~6m s~! to the southwest,
current and fish movement reversed, with a higher propor-
tion of fish moving to the south/west (Figure 9, Supplemen-
tary Figure S9 purple box). This periodic reversal is consistent
with reports that >6 m s~! winds towards the southwest result
in a transition from northerly to southerly flow (Fang et al.,
2017). These reversals are hypothesized to increase retention
on the shelf and influence the late-summer distribution of age-
0 fishes in the Chukchi Sea (Levine et al., 2021; Vestfals et al.,
2021).

Transport into the Chukchi Sea has been increasing over re-
cent decades, considerably reducing the time needed to flush
and renew the water on the Chukchi shelf (Woodgate, 2018).
Based on the mean fish track velocity of 8.2cm s~ the res-
idence time of fish on the Chukchi shelf is ~85d (assuming
~600km of transit from Bering Strait to Barrow Canyon).
This study occurred during a period of high transport rela-
tive to previous decades (Woodgate and Peralta-Ferriz, 2021;
Levine et al., 2023), which may have decreased the residence
time of age-0 gadids on the Chukchi shelf. This may have neg-
ative consequences for the overwinter survival of these age-0
fishes, as feeding on the Chukchi shelf in summer is likely im-
portant for energy acquisition (Levine et al., 2021).
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Conclusions

The abundance and composition of the pelagic fish commu-
nity on the Chukchi shelf are highly seasonal. While age-0
fishes are abundant in summer, abundance in winter is low.
This study provides direct evidence that the abundant age-
0 gadids observed on the Chukchi shelf in summer are only
temporary residents of the region. These fishes originate from
the south and drift northward across the shelf with the pre-
vailing currents. However, transport in the region is chang-
ing, with potential consequences for the future of this ecosys-
tem and the structure of the summer pelagic fish community.
Enhanced transport from the south may be driving the in-
creased presence of boreal species such as pollock in the east-
ern Chukchi Sea (Levine et al., 2023). While these southern
species likely cannot survive over the winter in Arctic condi-
tions, their increased presence during summer may increase
competition with, and predation on, endemic species, further
altering the structure of the summer community. The identifi-
cation of the role of advection in structuring this seasonal pop-
ulation presents opportunities for observations and predic-
tions of the physical environment to provide insight into how
this ecosystem may be restructured with continued change.
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