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Abstract
Summer surveys of the Chukchi Sea indicate that high densities of age-0 gadid fishes, historically Arctic cod

(Boreogadus saida) but recently also walleye pollock (Gadus chalcogrammus), dominate the pelagic fish community.
Adults are comparatively scarce, suggesting that either overwinter survivorship of age-0 gadids is low, or that they
emigrate to other areas of the Pacific Arctic. To examine population movement, we conducted repeat acoustic sur-
veys with saildrone autonomous surface vehicles equipped with echosounders throughout summer 2018. The
saildrones’ range and endurance enabled two large-scale surveys of the U.S. Chukchi shelf. Acoustic backscatter, a
proxy for fish density, was highest in regions with sea surface temperatures of 6–8�C, and lowest in areas influenced
by recent ice melt. A subarea of the central Chukchi was surveyed a total of four times; backscatter in this subarea
increased by > 85% from late-July to mid-September. As summer progressed, fish developed more extensive diel verti-
cal migrations and backscatter from individuals doubled. Both changes suggest increases in backscatter were driven
primarily by increasing body size. Particle tracking simulations indicated age-0 gadids were likely retained over the
Chukchi shelf by extended periods of wind-driven southward flow during the survey period before strong northward
flow in late fall transported them to the north. These findings suggest that in summer 2018, age-0 gadids were
advected northward to the Chukchi shelf from the northern Bering Sea, where they were retained during a period of
growth until late fall before being advected farther north toward the Chukchi and Beaufort shelf breaks.

Arctic gadids, particularly Arctic cod (Boreogadus saida),
dominate the pelagic fish community in the Pacific Arctic eco-
system of the northern Bering, Chukchi, East Siberian, and
Beaufort Seas. Arctic cod have a circumarctic distribution and
are abundant throughout the shallow shelves of the Arctic
marginal seas as well as the Central Arctic Basin (Mecklenburg
et al. 2018). Arctic cod are key pelagic secondary consumers
that serve as a central trophic link between plankton and
higher trophic levels (Bradstreet et al. 1986; Whitehouse and
Aydin 2016), supporting large migratory populations of sea-
birds (Matley et al. 2012) and marine mammals (Bradstreet
et al. 1986). The Pacific Arctic is undergoing rapid changes

associated with surface warming and loss of sea ice (Steele
et al. 2008; Frey et al. 2015; Woodgate 2018). These changes
have the potential to negatively impact Arctic cod growth and
survival in this region and alter species distributions.

Recent studies suggest that the warming conditions in the
Pacific Arctic are becoming increasingly hospitable for more
boreal species such as walleye pollock (Gadus chalcogrammus)
(Laurel et al. 2016; Huntington et al. 2020). Historically, trawl
surveys conducted in the Chukchi Sea have found that pelagic
biomass is dominated by age-0 (born within the past year) Arctic
cod (Quast 1974; Norcross et al. 2010; Logerwell et al. 2015).
Acoustic-trawl surveys conducted in 2017 and 2019 indicate that
age-0 walleye pollock have become more abundant on the Chuk-
chi shelf (R. M. Levine unpubl.). As the region changes due to
increasing temperatures, walleye pollock distributions may
expand to the north and become a potentially significant com-
ponent of the gadid community on the Chukchi shelf.

Little is known about the distribution and movements of
pelagic fish populations in the region, particularly in the
Chukchi Sea. Acoustic-trawl surveys conducted in summer
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2012 and 2013 established a baseline of distributions of
pelagic fishes in the U.S. northern Bering and Chukchi Seas
(De Robertis et al. 2017). These surveys documented large
numbers of pelagic age-0 Arctic cod, with the highest abun-
dances in the northern Chukchi Sea where the average length
was 3.5 cm and < 0.3% were greater than 6.5 cm (De Robertis
et al. 2017). However, this and other surveys in the area indicate
that older Arctic cod are comparatively rare on the U.S. Chukchi
shelf (Logerwell et al. 2015; De Robertis et al. 2017).

Estimates of the reproductive potential of the Arctic cod
population in the survey region indicate that observed densi-
ties of adults are likely insufficient to produce the large num-
bers of age-0 fish observed in the acoustic-trawl surveys
(Marsh et al. 2019). It is likely that age-0 Arctic cod observed
on the Chukchi shelf in summer are produced by adults that
seasonally migrate into the region to spawn, or from eggs and
larvae spawned in other areas and subsequently transported
into the region. Large-scale horizontal migration of Arctic cod
to spawning aggregation sites has been observed in the
Barents Sea (Gjøsæter 1995) and Russian Arctic
(Ponomarenko 1968). Recent work has hypothesized that a
similar pattern of seasonal migration may occur in the Pacific
Arctic (Forster et al. 2020). Similarly, walleye pollock have
recently become more abundant in the northern Bering Sea
(Stevenson and Lauth 2019), and this may have increased the
supply of walleye pollock larvae that enter the Chukchi Sea
from the south in recent years. The low densities of age-1
+ relative to age-0 gadids found on the Chukchi shelf indicate
that either overwinter survival of age-0s retained in the area is
very low, or that the Chukchi shelf serves only as a summer
nursery area, after which age-0s subsequently emigrate or are
transported to other areas (De Robertis et al. 2017).

The likelihood of these scenarios is partially constrained by
local advective regimes. The Chukchi Sea is a region of season-
ally high advection, with strong northward currents that may
transport eggs and larvae from the south (Fig. 1). High north-
ward transport across the shelf occurs during the summer and
fall (Woodgate et al. 2005; Stabeno et al. 2018), yielding resi-
dence times of Pacific Waters in the Chukchi of 4–5 months,
although this residence time has likely decreased in recent
years (Woodgate et al. 2005; Woodgate 2018). This movement
of Pacific water toward the Arctic structures the species com-
position and distribution of plankton communities in the
Chukchi Sea, with many species being transported into the
Chukchi Sea from the Bering Sea (Eisner et al. 2013; Ershova
et al. 2015; Sigler et al. 2017). Interannual variability in phyto-
plankton, zooplankton and ichthyoplankton communities is
strongly influenced by changes in oceanographic forcing, as indi-
cated by associations between water masses of southern origin
and community composition (Norcross et al. 2010; Danielson
et al. 2017; Pinchuk and Eisner 2017; Spear et al. 2019).

The reproductive biology of Arctic cod and walleye pollock
in the context of the advective regime provides additional
clues to the origins of fish observed on the Chukchi shelf.

Arctic cod are known to spawn in fall and winter under sea ice
on the shallow shelves of the Arctic marginal seas
(Ponomarenko 2000). Fertilized eggs are buoyant and develop
under ice cover at the ice–water interface
(Ponomarenko 2000). Pollock similarly produce pelagic eggs
and, as larvae, remain close to the surface (Spencer
et al. 2020). Development time in both species is temperature
dependent, with time to 50% hatching of Arctic cod in labora-
tory studies ranging from 31 d at 3.8�C to 67 d at −0.4�C and
approximately half of that time across these temperatures for
walleye pollock (Laurel et al. 2018). Arctic cod hatching has
been observed from December through August, with a peak
during May/June (Bouchard and Fortier 2011).
Ichthyoplankton surveys and otolith aging of larval and juve-
nile Arctic cod in other regions of the Arctic indicates that
spawning occurs over a period of months, producing an
extended distribution of larval fish throughout the summer

Fig. 1. Map of the study region, showing the primary transport path-
ways through the Chukchi Sea based on Corlett and Pickart (2017): Alas-
kan coastal current (light blue), Bering Sea water (dark blue), Siberian
coastal current (gold), slope current (brown, westward) and shelf break
jet (brown, eastward). Dashed lines indicate seasonal currents. Survey
regions are indicated for the large-scale survey (dashed box) and small-
scale survey (dotted box). Geographic features referred to in the text are
indicated in bold: Bering Strait (BS), Chukotka Peninsula (CP), Cape
Lisburne, (CL), Herald Canyon (HC), Hanna Shoal (HS), and Barrow Can-
yon (BC). The 40-, 100-, and 1000-m depth contours are shown.
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rather than a single short pulse or a set of discrete pulses
(Bouchard and Fortier 2011; Bouchard et al. 2016). The
spawning period of walleye pollock in the Bering Sea extends
from early winter into early fall, with spawning in the north-
ern Bering shelf highest in early summer (Hinckley 1987).

It is hypothesized that age-0 gadids on the Chukchi shelf
are spawned to the south and are advected northward onto
the Chukchi shelf in summer. Particle tracking simulations
suggest that variations in wind and current patterns drive the
interannual variability observed in late-summer distribution
in the Chukchi Sea (C. D. Vestfals unpubl.). The age-0 gadids
are then advected further to the north in the fall. Observa-
tions and modeled transport of larval Arctic cod suggest that
spawning occurs at multiple locations in the Pacific Arctic
(Vestfals et al. 2019; C. D. Vestfals unpubl.). Three key areas
have been proposed as spawning areas for age-0 Arctic cod on
the Chukchi shelf: the northern Bering Sea, along the
Chukotka Peninsula in western Bering Strait, and the Beaufort
Sea (Fig. 1; Kono et al. 2016; Vestfals et al. 2019). Acoustic-
trawl abundance estimates in 2012 were lower than those in
2013 which is consistent with the hypothesis that lower
annual northward transport in 2012 (e.g., Woodgate 2018)
resulted in fewer age-0 Arctic cod originating in the Bering Sea
were advected to the northeast Chukchi Sea by the time of the
survey (C. D. Vestfals unpubl.). Larval Arctic cod have also
been found in the northern Chukchi and western Beaufort
Seas, in particular near Barrow Canyon. These fish may have
been transported southward via up-canyon advection from
aggregations of adult Arctic cod distributed to the north along
the Beaufort shelf break (Geoffroy et al. 2011; Parker-Stetter
et al. 2011; C. D. Vestfals unpubl.). Although Arctic cod are

historically the most abundant species, advective transport is
likely the main process driving the presence of all age-0 gadids
on the Chukchi shelf. Walleye pollock and saffron cod
(Eleginus gracilis) are abundant in the northern Bering and
southern Chukchi Seas, respectively (De Robertis et al. 2017;
Stevenson and Lauth 2019). Eggs and larvae of these species
are likely to follow transport pathways similar to Arctic cod on
the Chukchi shelf.

In this study, we sought to test the hypothesis that age-0
gadids in the Chukchi Sea are typically advected north during
the summer, and that their distribution would shift northward
during the open-water season. We used uncrewed surface
vehicles (USVs) to conduct repeat acoustic surveys of the
northeastern Chukchi Sea to quantify the intraseasonal vari-
ability in the spatial distribution of gadids in summer 2018.
By conducting repeat surveys, we aimed to: (1) infer the
source location of the age-0 gadid population in the northeast-
ern Chukchi Sea in summer; (2) evaluate what movements of
the fish population may reveal about the role of the northeast-
ern Chukchi Sea as a nursery area for age-0 Arctic cod and
other gadid fishes; and (3) ascertain whether, when, and how
fish were transported out of the study area.

Methods
Survey design and data collection

Two Saildrone generation 5 USVs (SD-1022 and SD-1023,
Saildrone, Inc., Fig. 2) were used to conduct an acoustic survey
of pelagic sound-scattering organisms on the Chukchi shelf.
The vehicles were deployed from Dutch Harbor, Alaska, on
30 June 2018 and recovered in the same location on 06 Octo-
ber (98 d). The saildrone is a 7-m long wind-propelled vehicle
which uses an actuator-controlled trim tab to manipulate a 5-
m wing sail (Mordy et al. 2017; De Robertis et al. 2019). The
vehicle autonomously navigates between operator-specified
waypoints, with near real-time navigation, data reporting, and
instrument control via satellite link. Onboard instrumentation
operates on battery power, which is replenished by solar
panels on the hull and wing. From 14 July to 24 September
2018 (72 d) the saildrones conducted acoustic surveys of the
U.S. continental shelf region of the Chukchi Sea.

To compare the distribution of backscatter during mid and
late summer, two large-scale surveys were completed from
20 July to 16 August and 24 August to 11 September. The sur-
veys were conducted between 66.5�N and 72.5�N and
168.6�W and 159.5�W (Fig. 1, area encompassed by the
dashed line) along the 0.5� latitude spaced transects as sur-
veyed by research vessels in 2012 and 2013 (De Robertis
et al. 2017). Two additional surveys were conducted on a sub-
set of four of the transect lines between 69.5�N and 71�N from
20 July to 03 August and from 13 August to 28 August. Along
with the two large-scale surveys, this resulted in four replicate
small-scale surveys in a region of previously (i.e., 2012 and
2013) observed high acoustic backscatter in the northeastern

Fig. 2. Saildrone uncrewed surface vehicles upon recovery in Dutch Har-
bor, Alaska. (a) Wing, (b) trim tab, (c) hull, (d) keel, and (e) transducer
mount. Image courtesy of Saildrone, Inc.
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Chukchi Sea (Fig. 1, area indicated by dotted box). Both large-
scale surveys and the additional two small-scale surveys were
conducted from north to south along east–west acoustic tran-
sects. In total, the two saildrones traveled 7610 nautical miles
(14,093 km; hereafter referred to as nmi) in the Chukchi Sea
at an average speed of 1.2 m s−1.

To measure backscatter from fishes, each saildrone was out-
fitted with a Simrad wideband autonomous transceiver
(WBAT-mini) split-beam echosounder with a Simrad
ES38-18/200-18C transducer (three-channel split-beam 38 kHz
and single-beam 200 kHz, both with a half power beamwidth
of 18�) gimbal-mounted on the keel at a depth of 1.9 m (see
De Robertis et al. 2019 for details on echosounder integra-
tion). To manage power consumption, 12-min ping ensembles
were transmitted between one and five times per hour (90% of
data were collected with the instrument pinging continu-
ously) defined by the operator depending on the battery state.
Each ensemble consisted of simultaneous 38 and 200 kHz nar-
rowband pings every 1.5 s using a 0.5-ms pulse duration. Back-
scatter was recorded to 75 or 150 m range depending on the
bottom depth. Electrical interference from the vehicle’s sys-
tems precluded the use of the 200 kHz data (this issue has
since been resolved by Saildrone). The echosounders were cali-
brated after deployment using a 60-mm copper sphere for the
38-kHz transducer following the standard sphere method
(Demer et al. 2015).

Sensors aboard the saildrone monitored environmental
conditions throughout the deployment at 1-min intervals (for
a full suite of sensors, see Mordy et al. 2017). Water tempera-
ture and salinity at 0.5 m depth were measured using a pair of
conductivity, temperature, and depth (CTD) sensors
(Saildrone3, RBR Ltd. and Sea-Bird SBE-37) on each USV. In
situ comparisons between calibrated sensor pairs agreed to
temperatures within � 0.01�C and salinities to within � 0.02
(PSS-78). Photosynthetically active radiation was measured at
2.5 m above the sea surface (LI-192SA, LI-COR, Inc.), and
wind speed was measured using an anemometer mounted on
the wing at 5.2 m (1590-PK-020, Gill Instruments Ltd.).

Inferring the identity of acoustic targets
In acoustic-trawl surveys, backscatter is attributed to species

based on direct sampling (e.g., trawling) of acoustic scatterers,
and by applying knowledge of the abundance and behavior
(e.g., schooling characteristics and depth distributions) of the
species in the study area (Horne 2000). We were unable to
conduct any trawl sampling in 2018, and thus had to rely on
observations from other years to interpret the acoustic obser-
vations. Surveys in 2012 and 2013 found the age-0 Arctic cod
population in the Chukchi Sea to be > 35 times larger than
any other observed species (De Robertis et al. 2017). Prelimi-
nary results from pelagic trawls conducted in 2017 and 2019
also indicate that most of the acoustic scattering at 38 kHz in
this area is attributable to age-0 gadids. However, walleye pol-
lock have become more abundant in recent years. Age-0

gadids made up > 95% of the trawl catch per unit effort in
2017 (85% Arctic cod and 10% walleye pollock by number)
and > 85% of the catch per unit effort in 2019 (45% Arctic
cod and 40% walleye pollock; R. M. Levine and S. Wildes
unpubl.). As in previous years (De Robertis et al. 2017), other
gadids such as saffron cod and Pacific cod (Gadus macro-
cephalus), and other strong sound scattering pelagic fishes
such as capelin (Mallotus villosus) and Pacific herring (Clupea
pallasii), were present in comparatively low abundance in
2017 and 2019 (R. M. Levine unpubl.) and occupied only a
small portion of the Chukchi shelf. Although trawl sampling
was not conducted during 2018, these surveys from previous
and subsequent years strongly suggest that age-0 Arctic cod
and walleye pollock likely dominated acoustic backscatter.
Therefore, our analysis assumed that the acoustic-based mea-
sures of fish density collected by the saildrones primarily
reflect the abundance and distribution of age-0 Arctic cod and
walleye pollock.

Acoustic data processing
Acoustic data were processed using Echoview 10.0

(Echoview Software Pty Ltd). Mean volume backscattering
strength (Sv, dB re 1 m−1) at 38 kHz was used as a proxy for
fish abundance. Sound speed and absorption were determined
from 128 CTD casts collected during a 2017 survey of the
U.S. continental shelf region of the Chukchi Sea between
67�N and 72.5�N. A mean sound speed of 1466.3 m s−1 was
used for acoustic data post-processing, comparable to esti-
mates of mean sound speed of the same region in other years
(1470 m s−1 in 2013, 1472 m s−1 in 2019). Estimates fish back-
scatter were not sensitive to the sound speed used: if sound
speed from any individual cast (range of 1454.6–1484.4 m s−1)
was used for the analysis instead of the mean value, backscat-
ter changed by < 1%. In previous acoustic surveys, 38-kHz
backscatter was dominated by backscatter with a frequency
response consistent with that of fish (� 96% in 2012 and
2013, De Robertis et al. 2017). During periods of elevated sea
state, bubble entrainment caused attenuation of the transmit-
ted signal. These pings were removed following the methods
in De Robertis et al. (2019). The nautical area scattering coeffi-
cient (SA, m

2 nmi−2) was integrated from 4 m below the sea
surface to 0.5 m above the sounder-detected seafloor
(as determined by Echoview’s “best bottom candidate” algo-
rithm and manually corrected after visual inspection where
necessary) using a −70 dB re 1 m−1 threshold in 0.1 nmi
along-track and 5-m vertical bins. SA is a proxy for fish abun-
dance: it is proportional to fish density if the proportion of
incident signal backscattered from the average fish in the pop-
ulation remains constant (MacLennan et al. 2002).

To compare backscatter between repeat surveys, the survey
area was gridded into 0.5� latitude by 0.5� longitude cells. For
large-scale surveys, only grid cells that contained data from
both surveys were included (Fig. 3), resulting in 75 valid grid
cells encompassing 993 and 805 nmi of acoustic observations
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from the first and second surveys, respectively. Mean SA was
computed from acoustic measurements within each grid cell.
The overall mean SA and the standard errors for all valid grid
cells were estimated for each survey by fitting a geostatistical
model to the gridded data with a separate mean by survey and
constant spatial autocorrelation across surveys. The model

was fitted via generalized least squares (GLS) using a
Gaussian spatial correlation structure with a nugget effect
(Wackernagel 2013). The same gridding and GLS model struc-
ture were applied to the four small-scale surveys to calculate
mean backscatter and identify variability over time. In each of
the four small-scale surveys, a subset of 42 grid cells con-
taining 350 nmi of overlapping trackline was used for analysis
(Fig. 5). The mean location of the distribution weighted by
mean SA (center of gravity, Eq. 1 in Woillez et al. 2007), and
the mean square distance between a measurement and the
center of gravity (variance of spatial distribution, Eq. 3 in
Woillez et al. 2007), were used to describe changes in the spa-
tial distribution of the backscatter.

Measurements of backscattering cross-section (σbs, m2) of
individual scatterers during the four small-scale surveys were
calculated from single targets identified with Echoview’s split-
beam single target detection (method 2) algorithm. To mini-
mize potential biases introduced by multiple overlapping tar-
gets being interpreted as a single fish, single target detection
was limited to areas where density was low. The estimated
number of animals per reverberation volume (Nv, Sawada
et al. 1993) was determined in 100 ping along-track and 5-m
vertical bins based on a target strength (TS, dB re 1 m2;
TS = 10 log10(σbs), where σbs is the backscattering cross-section,
see MacLennan et al. 2002). Based on previous catch results
indicating that Arctic cod were likely the dominant scatterer,
Nv was calculated using a TS of −57.3 dB re 1 m2 which
assumes a mean Arctic cod size of 3.5 cm (De Robertis

Fig. 3. 38-kHz backscatter (SA, m2 nmi−2) along the saildrone trackline during the (a) first and (b) second large-scale surveys. Center of gravity and vari-
ance of spatial distribution computed from the gridded cells common to both surveys (region encompassed by the dashed line) are indicated by the
black circles and lines, respectively. The 40-, 100-, and 1000-m depth contours are shown.

Fig. 4. Ten-minute averaged temperature and salinity at 0.5 m depth
measured by sensors on the keel of the saildrone during the large-scale
surveys (Fig. 3). Color of points indicates depth-integrated water column
38-kHz backscatter (SA, m

2 nmi−2). Contours indicate potential density.
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et al. 2017) and is similarly appropriate for walleye pollock of
the same size class (Table S1). Single targets in grid cells where
Nv > 0.04 were excluded from further analyses, as rec-
ommended by Sawada et al. (1993).

To investigate changes in acoustic strength of targets dur-
ing the small-scale surveys, the mean σbs of all targets during
each day of each small-scale survey was calculated (79–21,542
targets per day, median of 2893 targets). The daily means were
used to model the changes in σbs as a linear function of time
(yearday). A TS-length relationship developed primarily from
age-0 Arctic cod (Geoffroy et al. 2016) was used to infer fish
length at the midpoint of each small-scale survey from σbs,
defined as

SL= 10
10 log10 σbsð Þ+65:13

14:33

� �
, ð1Þ

where SL is standard length (see Table S1 for additional details).

Fish density (fish m−2) at the midpoint of each small-scale survey

was calculated using model-predicted σbs following MacLennan

et al. (2002).

Vertical distributions of age-0 Arctic cod were quantified by
calculating the weighted mean depth of the backscatter from
the entire water column in 1-h intervals (Eq. 2 in Woillez
et al. 2007). Hourly measurements were classified as day or
night based on photosynthetically active radiation measure-
ments from the saildrones’ sensors, using a day/night thresh-
old value of photosynthetically active radiation of 10 μmol
photons s−1 m−2, with 26% of the survey measurements
occurring at night. To investigate linear trends in weighted
mean depth over the duration of the surveys, an analysis of
covariance was used to model the weighted mean depth of
backscatter as a linear function of time (yearday), allowing the
intercept and slope to differ between day and night. The
model was fit via GLS to account for possible temporal auto-
correlation, assuming a continuous first-order autoregressive
time series structure (corAR1, Pinheiro et al. 2019).

Particle tracking simulations
The potential for physical retention of fishes in the north-

eastern Chukchi Sea was examined using calculations com-
pleted using the OceanParcels python library (Lange and van
Sebille 2017) which simulates the advection of passive parti-
cles from results of a numerical ocean model. Particles were
tracked using a 1/12� resolution 3D velocity field obtained
from the hybrid coordinate ocean model (HYCOM) global
analysis output (https://hycom.org), at 3-h time resolution
from 20 July to 18 September 2018. This model has 40 depth
levels, with 5-m intervals from 10 to 50 m depth. HYCOM
uses the Navy Coupled Ocean Data Assimilation system which
assimilates satellite altimeter and sea surface temperature data,
and in situ temperature and salinity profiles from ship, drifter,
and mooring instrumentation. Surface forcing for the HYCOM
run is taken from the Navy Global Environmental Model

(Hogan et al. 2014). The particles were seeded in areas where
the first large-scale survey suggested (from observed grid cell
mean SA and survey-wide mean σbs) that fish were abundant. A
single particle was seeded at the center of each model grid cell
where observed fish density was ≥ 0.1 fish m−2 (96 of 98 model
grid cells) on the start date of the first large-scale survey
(20 July).

Particle positions were calculated at 3-h intervals. To evalu-
ate the potential for depth-dependent variability in transport,
four separate model runs were conducted seeding particles at
fixed depths of either 10, 20, 30, or 40 m. This range of depths
encompasses the portion of the water column where most of
the fish were located (> 85% of backscatter was observed from
10 to 40 m). To evaluate retention in the northeastern Chuk-
chi Sea, we identified the proportion of particles at each time
step that were (1) contained within the small-scale survey
region or (2) found in the Beaufort Sea or on the Chukchi Sea
slope (> 100 m bottom depth).

Results
Repeat large-scale surveys

The saildrones successfully completed two large-scale sur-
veys of the U.S. continental shelf of the Chukchi Sea (Fig. 3).
Sea-ice north of 71.5�N limited the northern extent of the first
survey which was completed from 20 July to 16 August 2018
by a single saildrone. The second survey was completed from
24 August to 11 September 2018 by tasking two saildrones
independently with the northern and southern portions of
the survey.

Although the mean backscatter in the large-scale survey
area increased slightly from a mean SA of 144 (± 37 SE) m2

nmi−2 during the first survey to 188 (± 50 SE) m2 nmi−2

during the second survey, the means were not significantly
different (GLS, t-test p = 0.37). Fish distributions were similar
in both surveys, suggesting there was no large-scale net advec-
tion of the population through the area during the survey
period. The center of gravity of the backscatter shifted
18.7 km west (−165.79�W to −166.28�W) and 17.4 km north
(from 69.77�N to 69.92�N), while exhibiting a slight decrease
in variance of spatial distribution (−0.44� and −0.75� in lati-
tude and longitude, respectively; Fig. 3). During both surveys
> 50% of the total backscatter occurred between 70�N
and 71�N.

Temperature and salinity at 0.5 m depth ranged from
−0.7�C to 11.4�C and from 26.5 to 32.8 psu during the large-
scale surveys (Fig. 4). The coldest water was encountered north
of 71�N, where surface conditions suggested recent mixing
with sea ice meltwater (< 7�C and salinity < 30 psu). In areas
where meltwater was present at the surface, backscatter was
low; 92.9% of backscatter was observed in areas where the sur-
face temperature was greater than 6�C and salinity was greater
than 29 psu (Figs. 4, S1).
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Repeat small-scale surveys
The small-scale surveys (four-transect subarea of the large-

scale survey from 69.5�N to 71�N) lasted 12–21 d: 20 July–03
August, 23 July–12 August, 13–28 August (including a 5-d gap
in sampling from 17 to 21 August), and 30 August to
11 September (Fig. 5). Mean backscatter within the 42 grid
cells of the small-scale survey area varied among surveys,
increasing from 197 (± 53 SE) to 369 (± 80 SE) m2 nmi−2 over
the course of the summer (GLS, t-test p = 0.03, Table 1). The
distribution of the population within the small-scale survey
region did not shift appreciably among surveys. The center of
gravity shifted slightly to the southwest between the first and
last survey (19.4 km to the south and 19.3 km to the west,
from −165.56�W 70.37�N to −166.08�W 70.19�N, Fig. 5).

The vertical distribution of fish during the small-scale sur-
veys was consistent with the onset of vertical migration
behavior. As the summer progressed, the weighted mean
depth of backscatter remained shallow at night, but daytime
depth increased after the second survey (Fig. 6a–d). Weighted
mean depth during daylight hours increased from 17.7 (± 0.2
SE) to 30.0 (± 0.4 SE) m over the period of 53 d between the
1st and 4th survey (Fig. 6a–d). In contrast, weighted mean
depth at night showed less variation, ranging from 16.6 (± 0.5
SE) to 19.6 (± 0.5 SE) m during the four surveys. Daylight
hours decreased from 24 h per day at the start of the 1st survey
to 14 h per day at the end of the 4th survey. Weighted mean

depth differed between day and night (significant interaction
in GLS, t-test p = 0.01) and this difference increased as a func-
tion of yearday (significant difference in slopes, t-test
p = 0.005).

Although the placement of the transducer on the saildrone
is shallower than typical on most research vessels, measure-
ments of backscatter and individual acoustic targets were
restricted to > 4 m depth. We found no significant difference
between day and night backscatter (t-test comparing day and
night on all sampling days, p = 0.27), indicating that there
were not a significant number of scatterers migrating above
the sampling range during the surveys. Although it is possible
that some scatterers remained shallower than the transducer
at all times, it is unlikely that we missed a large portion of the
fish population which would have had to remain above the
insonified depth throughout the entire survey period.

Backscattering cross-section (σbs) measurements were
obtained from 252,949 acoustic single targets detected during
the four small-scale surveys. Daily mean σbs was positively
related to yearday (σbs = −7.68 × 10−6 + 4.54 × 10−8(yearday),
p < 0.001, r2 = 0.44; Fig. 6e), which results in a predicted
increase in σbs from 1.7 × 10−6 (± 1.4 × 10−6 SE) to 3.5 × 10−6

(± 1.6 × 10−6 SE) between the midpoints of the first and fourth
small-scale survey (Table 1). Estimates of standard length
derived from σbs correspond to a change in length of 2.1 cm
between the midpoints of the first and last survey (3.4–

Table 1. Summary of small-scale survey observations. The mean SA, model-predicted backscattering cross-section (σbs) at the midpoint
of each small-scale survey, abundance from 38-kHz backscatter, and estimated standard length of gadids are given. Standard errors are
given in parentheses. Lengths were calculated from the model-predicted σbs at each survey midpoint using the TS–length relationship
defined for Arctic cod (Geoffroy et al. 2016, Table S1).

20 Jul–03 Aug 23 Jul–12 Aug 13–28 Aug 30 Aug–11 Sept

Mean SA (m2 nmi−2) 197 (� 53) 177 (� 76) 281 (� 79) 369 (� 80)

σbs (m
2) 1.7 × 10−6 (� 1.4 × 10−6) 2.0 × 10−6 (� 1.4 × 10−6) 2.8 × 10−6 (� 1.5 × 10−6) 3.5 × 10−6 (� 1.6 × 10−6)

Abundance index (fish m−2) 2.5 (� 0.6) 2.0 (� 0.8) 2.2 (� 0.6) 2.3 (� 0.5)

Estimated length (cm) 3.4 (1.1, 5.1) 3.7 (1.6, 5.4) 4.7 (2.7, 6.4) 5.5 (3.5, 7.2)

Fig. 5. 38-kHz backscatter (SA, m
2 nmi−2) along the saildrone trackline during the (a) 1st, (b) 2nd, (c) 3rd, and (d) 4th small-scale surveys. The center of

gravity and variance of the spatial distribution computed from the gridded cells common to all surveys (region encompassed by the dashed line) is indi-
cated by the black circles and lines, respectively. Note that the first two survey periods overlap in time. The 40- and 100-m depth contours are shown.
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5.5 cm). Using the model-predicted values of σbs from the first
day and last day of the small-scale surveys (Fig. 6e), the
change in length corresponds to a growth rate of 0.54 mm d−1

over the 53-d period (Table S1). This estimate of growth rate is
sensitive to the specific TS–length relationship used to convert
scattering strength to fish length, and the use of alternative
relationships results in a large range of estimates
(0.24–0.89 mm d−1; Table S1).

Particle tracking
The passive particles in the simulation were primarily trans-

ported to the northeast (Figs. 7a-e, S2). By the end of the 60-d
model run, the majority of particles were dispersed along the
slope after being transported through Barrow Canyon
(Fig. 7e). Initial movement of particles out of the survey region
(Fig. 7a,b) was in two directions; particles in the northwest
region of the survey area moved north toward Hanna Shoal,

while the remainder of the particles followed the Alaska coast-
line to the northeast.

From 20 July to 02 August, particles were advected out of
the small-scale survey region at a consistent rate, with the pro-
portion remaining in the small-scale survey area decreasing
from 49% to 33% (Fig. 7f). The rate of advection out of the
small-scale survey region decreased from 02 August to
25 August, when the proportion of particles in the survey
region increased to � 40% and there were periods where parti-
cles returned to the region from the north. Thereafter the rate
of export increased, with only 11% of all particles remaining
in the survey area by mid-September. Through most of the
model run, the proportion of particles along the Beaufort/
Chukchi slope steadily increased. By 18 September, or 60 d
after the start of the first small-scale survey, 65% of particles
had been advected seaward of the shelf break (> 100 m bottom
depth) in the Chukchi and Beaufort Seas (Fig. 7e). The model
runs produced similar results with particles tracked across
depths of 10–40 m (Fig. 7f), indicating that (1) the system is
strongly barotropic, that is, there is little vertical shear to the
flow; and (2) inferences drawn from the model are not sensi-
tive to fish depth.

Discussion
Acoustic surveys of age-0 gadids

Although the timing and location of spawning events are
not known, large numbers of age-0 Arctic cod have been previ-
ously observed in the Chukchi Sea in the late summer and fall
(De Robertis et al. 2017). The absence of a large population of
age-1+ Arctic cod suggests that age-0 fish found in the eastern
Chukchi Sea likely originated elsewhere, and that either over-
winter mortality is high or they do not remain in place as they
grow to maturity. This mortality and/or emigration is likely
also occurring for other gadids including age-0 walleye pol-
lock, for which large spawning stocks are observed in the
Bering Sea but few age-1+ fish have been reported in the east-
ern Chukchi Sea (Goddard et al. 2014). We analyzed repeat
acoustic surveys and used particle tracking simulations to gain
insights into possible directions of arrival and movement of
these age-0 gadids through the eastern Chukchi Sea, and
whether the absence of older individuals is most likely due to
mortality or emigration of age-0 individuals.

Although we were not able to directly sample acoustic tar-
gets, acoustic scatterers throughout the areas surveyed by the
saildrones have spatial distributions and scattering properties
that are consistent with those expected from age-0 gadids.
Backscatter was highest in the northeastern Chukchi Sea, con-
sistent with observations from previous surveys in which trawl
samples in that area were dominated by large numbers of
age-0 Arctic cod (Quast 1974; Eisner et al. 2013; De Robertis
et al. 2017). The large-scale survey estimates of mean SA

(144 and 188 m2 nm−2) are similar in magnitude with esti-
mates observed in previous acoustic surveys in the region

Fig. 6. (a–d) Distributions of nighttime and daytime hourly weighted
mean depth of backscatter during the small-scale surveys. Boxes indicate
the interquartile range, horizontal gray lines the median, vertical lines the
5% and 95% intervals. Circles indicate observations beyond the whiskers.
(e) Daily means of backscattering cross-section (σbs) of all targets
observed in small-scale surveys. Linear fit for the 53-d period is indicated
by the black dashed line (σbs = −7.68 × 10−6 + 4.54 × 10−8(yearday),
p < 0.001, r2 = 0.44).
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(63.6 and 164.9 m2 nm−2 observed in 2012 and 2013), in
which age-0 Arctic cod < 6 cm in length were the dominant
contributors to 38-kHz backscatter (De Robertis et al. 2017).
More recently, preliminary data from midwater trawl surveys
in 2017 and 2019 indicate that primary scatterers across the
shelf are age-0 gadids < 6 cm in length, and that while Arctic
cod are the historically dominant scatterers, age-0 pollock may
be becoming more abundant (R. M. Levine unpubl.). The σbs
measurements observed in the four small-scale surveys
(1.7 × 10−6 to 3.5 × 10−6 m2, Table 1) are consistent with
observed in situ observations of both age-0 Arctic cod and
walleye pollock < 6 cm (Brodeur and Wilson 1996; Geoffroy
et al. 2016) rather than the much higher σbs expected for
larger individuals. For example, the σbs for a 15-cm Arctic cod
is � 8-fold greater than for a 3.5-cm fish (Geoffroy et al. 2016),
and � 14-fold greater for a 15-cm age-1 pollock than a 3.5-cm
age-0 (Brodeur and Wilson 1996; Traynor 1996). Although
estimates of length are sensitive to the choice of TS–length
relationship (Table S1), the σbs-derived lengths are consistent

with the length distributions of age-0 gadids observed in pre-
viously collected trawl samples in the region (mean length of
3.5 cm, 99.7% of fish < 6.5 cm in August–September reported
in De Robertis et al. 2017). These multiple lines of indirect evi-
dence support our assumption that age-0 gadids dominated
contributions to backscatter in the saildrone surveys.

The repeat acoustic surveys indicate that, while the spatial
distribution of fishes in the northeastern Chukchi Sea did not
change significantly from late July to early September of 2018,
acoustic backscatter increased by � 87% during this period.
The observed increase in acoustic backscatter could have
resulted from either an increase in the abundance of scatterers,
changes in the composition (i.e., size) of the scatterers, or a
combination of both. During the small-scale surveys, σbs
between the midpoint of the first and fourth small-scale sur-
vey increased 104%. This suggests that the size distribution of
fishes in the survey region may have shifted toward larger
individuals. Over the same period, estimated fish density
derived from the acoustic observations remained consistent

Fig. 7. Results of particle tracking model. (a–d) Locations of particles at 20 m depth at the start (dark blue circles) and end (light blue circles) of the (a)
1st, (b) 2nd, (c) 3rd, and (d) 4th small-scale surveys. Particles were seeded on 20 July at the center of each 0.5� grid cell of the first-large-scale survey (see
Fig. S2). The locations of Hanna Shoal (HS) and Barrow Canyon (BC) are indicated in the first panel. (e) Locations of particles seeded at 20 m depth at
the end of the 60-d model run. The area indicated by the dashed box represents the small-scale survey region. The 40-, 100-, and 1000-m depth con-
tours are shown. (f) Proportion of particles remaining within the small-scale survey region (black lines), and particles transported to the Beaufort Sea and
Beaufort/Chukchi slope (> 100 m bottom depth, gray lines) over a period of 2 months from the start of the 1st survey. Model results for particles seeded
at fixed depths of 10–40 m are shown. The time periods of the four small-scale surveys are indicated by the gray shaded regions and lines. Note that the
1st and 2nd survey periods overlapped.
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(2.0–2.5 fish m−2, with overlapping standard errors, see Table
1). These estimated fish densities are similar to those observed
in previous surveys (0.6 age-0 Arctic cod m−2 in 2012 and 2.2
Arctic cod m−2 in 2013, De Robertis et al. 2017).

Despite substantial variability, there is a unimodal distribu-
tion of σbs which increases over time, consistent with fish
growth (Fig. S3). σbs is largely driven by swimbladder size, and
although variability is high, average backscattering strength of
individuals increases with length (Traynor 1996; Parker-Stetter
et al. 2011). The changes in σbs corresponded to an estimated
growth rate of 0.54 mm d−1 during the small-scale survey
period. This growth rate is larger than measured rates from
previous field and laboratory observations of age-0 Arctic cod
(0.26 mm d−1 at 50 mm length, Hop et al. 1997;
0.19–0.24 mm d−1 Bouchard and Fortier 2011). However,
growth rate is sensitive to the choice of TS–length relationship
(0.24–0.89 mm d−1 depending on the relationship used,
Table S1). Furthermore, σbs is orientation dependent
(Foote 1980), and these estimates of growth assume consistent
average orientation distributions over time. Although the
uncertainties are large, the increase in σbs is likely related to
growth, and it may ultimately be possible to estimate growth
rates of Arctic gadids by measuring target strength in some cir-
cumstances. In future work, this uncertainty can be reduced
by assessing TS–length relationships directly by coupling these
observations with direct sampling of fish lengths.

The observed changes in vertical distribution (change in
mean nighttime depth from 17.7 to 30.0 m during small-scale
surveys) provide further evidence that growing age-0 gadids
may have dominated the acoustic observations. As eggs and
larvae, both Arctic cod and walleye pollock are predominantly
surface associated (Spencer et al. 2020), drifting until their
swimming ability develops and their swimbladder fills. Indi-
viduals exhibit an ontogenetic migration, descending deeper
in the water column as they age. This transition in Arctic cod
and walleye pollock occurs at a length of > 30 mm, when
pelagic juveniles vertically shift to deeper water during day-
time, typically observed in late summer (Brodeur et al. 2000;
Ponomarenko 2000; Bouchard and Fortier 2011). In the
saildrone surveys, diel vertical migration behavior was initi-
ated when mean TS-derived lengths were > 30 mm. This
behavior also coincided with the onset of night in late-July
during both the first and second small-scale surveys. This
change is consistent with expected behavior for gadids as indi-
viduals increase in size over time. Together, the observed σbs
and increased vertical migration suggest that increasing back-
scatter may be due to individual growth.

Suitability of the Chukchi Sea as a nursery
Minimal changes were observed in the spatial distribution

of fish during the survey period, which is inconsistent with a
single, spatially restricted pulse of fish being advected across
the Chukchi shelf. If there was a continuous northward trans-
port, a single short spawning pulse from the south would

result in a northward shift in the center of gravity of the pop-
ulation over time, and/or large changes in abundance between
surveys. We hypothesized two alternative mechanisms to
account for our observations: (1) a greatly extended spawning
period that continues late into summer, with fish continu-
ously transported north at a steady rate with balanced immi-
gration and emigration; or, (2) retention of a population
established by mid-July for most of the summer. The latter of
these scenarios would be consistent with Arctic cod in other
regions of the western Arctic where the majority of hatching
occurs during a � 2-month period in late spring (Bouchard
et al. 2016).

Age-0 fish populations may be enhanced by being be
retained on the Chukchi shelf in summer to use the region as
a nursery. Predation from piscivorous fish is likely low, as large
fishes are scarce in the region (Sigler et al. 2011; De Robertis
et al. 2017). Piscivorous seabirds are widely distributed and
abundant throughout the Bering, Chukchi, and Beaufort Seas
(Kuletz et al. 2015), and thus seabird predation pressure dur-
ing open-water season is relatively consistent throughout the
region. In summer, seabird foraging hotspots occur on
the boundaries of the Chukchi shelf near Bering Strait and to
the north along Barrow Canyon, where there is also a seasonal
increase marine mammal presence (Kuletz et al. 2015).

Water temperatures on the Chukchi shelf are also likely to
be more conducive for growth than conditions farther north
(Laurel et al. 2016). Saildrone measurements of temperature
and salinity were limited to the upper 0.5 m, thus it was not
possible to directly assess the conditions at the same depths as
the fish. However, backscatter was lowest in the northernmost
areas of the large-scale survey area (Fig. 3), where low surface
water temperatures and salinities suggested recent mixing
with the meltwater which typically overlays cold winter water
(Weingartner et al. 2013; Danielson et al. 2017). De Robertis
et al. (2017) observed that Arctic cod on the Chukchi shelf
were largely present at intermediate temperatures (3.4–6.6�C)
and high salinities (> 30.4 psu) typical of Bering/Chukchi
Summer Water. The Bering/Chukchi Summer Water flows
north into the Chukchi Sea from the northern Bering Sea shelf
(Coachman et al. 1975; Danielson et al. 2017) and gradually
replaces the surface meltwater and deep winter water on the
Chukchi shelf (Weingartner et al. 2013). The warmer Bering/
Chukchi Summer Water is within the temperature range
(2–8�C) observed for maximum growth in Arctic cod and posi-
tive growth potential in both walleye pollock and saffron cod
(Laurel et al. 2016).

Advective influences on age-0 fishes
The low backscatter in areas near meltwater indicates that

these fish are unlikely to be originating from the north or
areas influenced by recent ice melt and are either passively or
actively remaining in warmer conditions. The Chukchi shelf is
a highly advective environment, where advection is likely to
dominate over the directed swimming movements of small
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fishes. The association of age-0 gadids with warmer water con-
ditions supports the hypothesis that the age-0 gadids observed
on the Chukchi shelf are likely advected northward from
spawning areas to the south. Advective transport north across
the Chukchi shelf is generally attributed to both local winds
and a far field forcing relating to a sea level difference between
the Pacific and the Arctic (see Woodgate et al. 2005 for discus-
sion). Since 1990, the annual mean northward velocity of the
flow through the Bering Strait has ranged from � 18 (± 2) cm
s−1 in 2001 to � 28 (± 3) cm s−1 in 2014 (lowest and highest
annual mean velocities of the 1991–2015 period; Wood-
gate 2018). This includes periods of southward flow and thus
the northward mode speed is higher (from � 20 to
> 40 cm s−1, Woodgate 2018 their Fig. 4). In the northeastern
Chukchi Sea, the mean velocities of the upper 10 m of the
water column in summer average � 8 cm s−1, ranging from
0.5 to 22.8 cm s−1 from 2010 to 2015 (Stabeno et al. 2018). In
respiration experiments, maximum aerobic swim speeds of
Arctic cod were 3 to 3.6 body lengths s−1 (12–14 cm s−1 for a
4-cm fish) during burst swimming activity (Kunz et al. 2018).
In studies of related gadid species, routine swimming speeds
of juvenile fish were 0.5 to 0.6 body lengths s−1 (2–2.4 cm s−1

for a 4-cm fish, Peck et al. 2006). For age-0 gadids of 3.5 cm
length, this suggests a routine swimming speed of approxi-
mately 1.9 cm s−1, which is an order of magnitude lower than
typical advective currents. These estimates support the
hypothesis that passive transport likely plays a dominant role
determining the distribution of age-0 gadids on the Chukchi
shelf, and that swimming behaviors have relatively small
impacts on long-term distributions.

In late summer 2018, transport simulations suggest that
age-0 gadids were advected northward, likely to the Beaufort
and Chukchi slopes and Arctic basin. As expected, the model
indicated that net transport was northward, with 90% of
modeled particles released in the large-scale survey area dis-
persed along the shelf or slope to the north of the survey area
at the end of the 60-d model run. However, during the month
of August, only a few particles left the survey area, and during
some periods transport reversed to increase particle abundance
within the small-scale survey area (Figs. 7f, S2). The decrease
in the rate of particles leaving the survey area and subsequent
return of particles suggests that age-0 gadids are retained on
the Chukchi shelf by episodic flow reversals. Estimates of
retention based on particle transport from the survey area are
consistent at 10, 20, 30, and 40 m depth (depths where the
bulk of the backscatter occurred throughout the survey
period). This suggests that variations in horizontal advection
of fishes are likely insensitive to vertical movements or water
column position.

Flow reversals similar to those occurring in the 2018 parti-
cle tracking model are commonly observed in the northeast-
ern Chukchi Sea, and are associated with strong southward
winds (Woodgate et al. 2005; Stabeno et al. 2018; Pisareva
et al. 2019). De Robertis et al. (2017) speculated that difference

in age-0 Arctic cod distribution between 2012 and 2013 may
be linked to variability in currents and prey availability, and
recent work has proposed variation in wind-driven retention
as an explanation (Vestfals et al. 2019). Woodgate et al. (2005)
developed a linear model for determining water velocity in
the northeastern Chukchi Sea as a function of the pressure
head forcing and surface wind speed. Offshore of Cape
Lisburne, assuming a baseline pressure head velocity of
9.4 cm s−1 (see Table 3 in Woodgate et al. 2005), surface wind
speed would need to exceed 7.2 m s−1 to the south to balance
the pressure head forcing, temporarily stopping northward
transport. Wind speed measurements from the saildrones indi-
cate that from 01 August to 30 August, the mean velocity of
the north–south wind component was 2.3 m s−1 to the south,
with 21 days having mean southward winds (Fig. S4). How-
ever, during 10.3% of August, wind velocity to the south was
> 7.2 m s−1, during which predicted net northward transport
would be near zero or negative. This simplistic calculation is
supported by the particle tracking model which shows this
wind reversal was sufficient to account for the particle reten-
tion on the shelf. We hypothesize that wind-driven relaxation
in northward transport may be responsible for, and predict,
retention of age-0 gadids in the northeastern Chukchi Sea.

It also seems reasonable to hypothesize that interannual
variations in circulation influence advection and subsequent
retention of age-0 gadids in the Chukchi Sea. Transport
through the Bering Strait (which is generally indicative of the
northward flux through the Chukchi Sea, Woodgate
et al. 2005) estimated from near-bottom velocity data indi-
cates that monthly mean transport during summer 2018
(R. A. Woodgate pers. comm.) was similar to the 1990–2004
climatology (Woodgate et al. 2005), even though in the
annual mean, 2018 was higher in flow than the climatology.
Thus, as it is summer that most concerns us, it is likely that
the observed summer residence time of age-0 gadids in the
Chukchi in 2018 is fairly typical, and suggests a hypothesis
that cold-adapted species such as Arctic cod may have adapted
to spawn at a time and place that more or less reliably places
larvae in this apparent nursery area.

The Pacific Arctic is currently undergoing rapid changes,
including increased northward transport through Bering Strait
in recent decades (Woodgate 2018). These changes in advec-
tion, temperature, and ice cover have the potential to alter
Arctic gadid populations. Bouchard et al. (2017) proposed that
an initial decrease in ice cover, resulting in warmer conditions,
would increase survival and growth of larval Arctic cod. How-
ever, continued temperature increases beyond their preferred
growth range could depress physiological condition and sur-
vival of larval Arctic cod, while enhancing conditions for lar-
val walleye pollock (Koenker et al. 2018). Winter spawning
provides a lengthy growth period for Arctic cod, during which
maximizing prewinter size may be important for survival
(Bouchard and Fortier 2011). Increased northward transport in
summer may more quickly transport Arctic cod off the shelf

Levine et al. Autonomous vehicle surveys of Arctic gadids

11



and into the Arctic basin, shortening time available for growth
in this potentially favorable nursery environment.

Increased input of Pacific water onto the shelf may also
increase the presence of subarctic and boreal gadids, increas-
ing competition and predation among pelagic species (Sigler
et al. 2011). This transition has already been observed in the
Barents Sea, where larger boreal species have expanded their
distribution, increasing predation on and competition with
smaller Arctic species (Fossheim et al. 2015). Subarctic gadids
of high abundance in the Bering Sea such as walleye pollock
and Pacific cod may be more likely to be transported north,
following the same advective pathways across the Chukchi
shelf as Arctic cod. Evidence from recent midwater surveys
conducted in the region (R. M. Levine unpubl.) suggest other
broadly distributed fishes such as walleye pollock or saffron
cod have the potential to move further north, increasing in
abundance on the Chukchi shelf as conditions warm
(Huntington et al. 2020). The potential for these species to
survive overwinter in the Arctic, however, is still unknown.

We found that distributions of age-0 gadids in the Chukchi
Sea are strongly driven by two factors: advection and retention
within specific water masses. Further studies are needed to bet-
ter understand specific oceanographic features (e.g., currents,
fronts, ice presence, water masses) and to investigate their
demographic effects on gadids in the region. For example, in
situ observations of fish movement and behavior (e.g., target
tracking from moored acoustic instruments; Kaartvedt
et al. 2009) paired with direct observations of currents have
potential to better constrain potential pathways for transport
of fishes, resolve the timing and seasonal dynamics of their
development from eggs to juveniles, and predict recruitment
into downstream populations along the Beaufort and Chukchi
Sea slope.

Insights on Arctic fishes from USV observations
Traditionally, acoustic surveys have relied on trawl sam-

pling of species and size composition to convert acoustic back-
scatter into abundance estimates (Simmonds and
MacLennan 2005). Recent advances in the integration of
echosounders into autonomous platforms have increased our
ability to measure acoustic backscatter remotely over long
periods (Greene et al. 2014; Mordy et al. 2017; Benoit-Bird
et al. 2018; Ohman et al. 2019). We used the endurance of the
saildrones to collect a large number of acoustic observations
over an extended period of time which would have been pro-
hibitively expensive and logistically difficult using ships.
These repeat acoustic surveys spanning large spatial and tem-
poral scales enabled us to constrain the movement of age-0
gadid fishes on the Chukchi shelf and made it possible to
determine a TS and approximate a growth rate. These insights
into the transport, growth, origins, and fate of the age-0 gadid
population were made possible by the high spatial and tempo-
ral coverage offered by autonomous platforms.

However, with current technology, it remains challenging,
in most cases, to validate species composition, size, sex, and
other organismal properties by acoustic methods alone
(Bassett et al. 2018). Thus, the key challenge going forward is
not how to measure acoustic scattering from autonomous
vehicles, but how best to use these measurements to under-
stand the abundance, distribution, and behavior of marine
organisms (De Robertis et al. 2019). While autonomous acous-
tic surveys cannot definitively identify the species and size
composition of acoustic scatterers, they can be effective in
regions where other data have shown that a single or distin-
guishable group of dominant scatterers enables interpretation
of acoustic data (Mordy et al. 2017; De Robertis et al. 2019).
Low-diversity, high-latitude regions may be favorable for
autonomous echosounder measurements because backscatter
is often dominated by a single species or group (Geoffroy
et al. 2011; De Robertis et al. 2019).

With its low pelagic diversity, the Chukchi Sea provides a
good ecosystem for the application of autonomous acoustic
survey methods. However, Arctic ecosystems are undergoing
changes that may alter species compositions (e.g.,Fossheim
et al. 2015; Huntington et al. 2020), and the assumptions that
make these inferences possible are likely to change with time.
The increased presence of species with similar acoustic proper-
ties will limit the ability to address species-specific questions
without additional sampling in rapidly changing ecosystems
such as the Arctic, although inference at the community level
(e.g., gadids) may be feasible. Future studies of high-latitude
marine environments (e.g., Arctic, Antarctic) may benefit from
the use of USVs and other autonomous platforms allowing for
acoustic measurement of fish and macrozooplankton
populations, with the potential to expand into more complex
environments and applications as the methodologies for
remote species identification improve.

Conclusions
Repeat saildrone surveys indicated that advection resulted

in the retention of age-0 gadids on the Chukchi Sea shelf
throughout the summer where they underwent in situ
growth. These fish likely originated south of the central Chuk-
chi Sea and were advected onto the northeast shelf. In late
summer, transport simulations suggest that advection played
a larger role than swimming and that these fishes were pas-
sively advected further north to the Beaufort and Chukchi
slopes and Arctic basin. Variations in transport rate and trajec-
tory may account for the interannual variability in the density
and distribution of pelagic fishes on the Chukchi shelf. In a
changing climate, changes in circulation and water column
conditions may alter the future structure of pelagic communi-
ties in the Pacific Arctic and the suitability of the Chukchi
shelf as a favorable nursery area. Although Arctic cod are
currently the dominant gadid in the region, increasing
temperatures and earlier transport off the Chukchi shelf could
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limit age-0 growth prior to their first winter, and increased
subarctic pelagic fishes such as walleye pollock may lead to
increased predation pressure and competition that may fur-
ther limit the Arctic cod population (Fossheim et al. 2015;
Huntington et al. 2020). New technologies such as autono-
mous vehicles are likely to provide opportunities to better
quantify perturbations of this rapidly changing ecosystem.
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