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Abstract
Polar cod and saffron cod are dominant components of the fish community in the Chukchi Sea and are ecologically impor-
tant forage fishes linking plankton to upper-level consumers. In 2017, we conducted a study as part of the Arctic Integrated 
Ecosystem Research Program to characterize the distribution, abundance, and growth of polar cod and saffron cod early life 
history stages (ELHS) in late spring and late summer in the Chukchi Sea. Ship-based plankton tows showed that polar cod 
and saffron cod larvae were centered in Kotzebue Sound in the late spring. By late summer, polar cod juveniles were most 
abundant in the offshore areas of the northern Chukchi Sea, whereas saffron cod were distributed nearshore in the southern 
Chukchi Sea around Cape Lisburne. Empirical fish collections were paired with an individual-based biophysical transport 
model to examine connectivity and relate changes in seasonal distribution to potential environmental variables. Modeled drift 
trajectories and growth in spring for polar cod and saffron cod matched well with empirical observations, especially along 
the northern coastline of Kotzebue Sound, offshore of Point Hope/Cape Lisburne. Given the coherence between modeled 
and observed distributions, Kotzebue Sound is likely a source of gadid ELHS in the nearshore areas of the Chukchi Sea and 
offshore of Cape Lisburne/Point Hope, although it is not the likely source of polar cod over Hanna Shoal in the late summer. 
This is the first study to examine seasonal distribution, abundance, and growth of polar cod and saffron cod in the US Arctic 
and provides data necessary to evaluate the impacts of climate change on forage fishes in the Arctic.
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Introduction

The Arctic has experienced accelerated warming at twice 
the rate of the global average, making Arctic ecosystems 
particularly sensitive to climate change (Graham et al. 2017; 
Tokinaga et al. 2017; Overland et al. 2018). The accumula-
tion of heat in the Arctic has increased significantly since 
the late 1990s, which correlates to a reduction in sea ice 
thickness (Maslowski 2014), a 60% loss of multiyear ice, a 
75% reduction in sea ice volume (Overland et al. 2018), and 
lower winter ice extent maxima (Graham et al. 2017). Loss 
of sea ice is expected to influence Arctic ecosystem dynam-
ics through bottom-up changes to lower trophic production 
(Kahru et al. 2011), community structure (Spear et al. 2019), 
trophic linkages (Hunt et al. 2013), shifts in benthic-pelagic 
coupling (Grebmeier et al. 2015 and citations therein), and 
food web interactions (Li et al. 2009). Ecosystem changes 
also have potential economic ramifications such as range 
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extensions of commercially important subarctic gadid spe-
cies, such as walleye pollock (Gadus chalcogrammus), 
Pacific cod (Gadus macrocephalus), and salmonid fishes, 
into regions north of the Bering Strait (Falardeau et al. 2017; 
Stevenson and Lauth 2019) in the Pacific Arctic.

Although not fished commercially in the US Arctic 
(NPFMC 2009), polar cod (Boreogadus saida), a circum-
polar species, and saffron cod (Eleginus gracilis) are cru-
cial forage fishes in Arctic marine ecosystems. Both species 
support bioenergetic pathways that transfer energy from 
planktonic food webs to upper-level consumers and apex 
predators (including humans) and are a dominant component 
of the fish community in the Chukchi Sea, although polar 
cod is more abundant than saffron cod (Whitehouse et al. 
2014; Logerwell et al. 2015). It is estimated that seabirds 
and marine mammals consume approximately 75% of the 
polar cod production (Whitehouse et al. 2014). Changes to 
the Chukchi shelf ecosystem due to climatic warming, loss 
of sea ice, and perturbations to sea ice phenology (Graham 
et al. 2017; Overland et al. 2018) may have serious implica-
tions for these ecologically important species.

Despite their ecological importance and abundance in 
Arctic ecosystems, the life history of polar cod and saffron 
cod are still relatively unknown (Logerwell et al. 2015; 
Vestfals et al. 2019). Spawning locations of polar cod in the 
US Arctic are largely unknown, although it is hypothesized 
that polar cod spawn under sea ice (Rass 1968) and that 
peak hatching likely occurs in May and June as the ice edge 
recedes (Bouchard and Fortier 2008; Vestfals et al. 2019). 
In the Pacific Arctic, development of larvae and early juve-
niles occurs along the shelf (Logerwell et al. 2015; Vestfals 
et al. 2019). Saffron cod are near-shore, demersal, under-ice 
spawners that deposit demersal eggs in nearshore areas on 
sandy-pebbly substrates (Vestfals et al. 2019 and citations 
therein) but exact locations are unknown in the US Arctic. 
Peak hatching for saffron cod occurs in April and May, ear-
lier than for polar cod, and offspring are often found concen-
trated closer to shore and at more southerly locations within 
the Chukchi Sea (Vestfals et al. 2019). The life histories of 
polar cod and saffron cod are similar in that both are plank-
tonic in shelf waters after hatching through the first sum-
mer, after which polar cod move deeper in the water column 
while saffron cod become demersal as juveniles (Logerwell 
et al. 2015; Vestfals et al. 2019).

Growth of polar cod and saffron cod is mediated by 
temperature (Laurel et al. 2016) and an additional conse-
quence of a warming Arctic is that large calanoid copepod 
species, an important prey resource for Arctic gadids, will 
be replaced by smaller, less lipid-rich copepods (Aarflot 
et al. 2018; Møller and Nielsen 2020; Bouchard and For-
tier 2020). Larvae and juveniles will be disproportion-
ally affected by these changes relative to adults due to 
their higher weight-specific growth rates, and polar cod 

may be more sensitive than saffron cod because they are 
a stenothermic species (Laurel et al. 2016). Polar cod are 
adapted to support high growth and lipid allocation at a 
narrow range of low temperatures (optimal growth rate at 
5 °C), while saffron cod experience high growth and lipid 
allocation over a wider temperature range, particularly, at 
high temperatures (optimal growth rate > 16 °C) (Copeman 
et al. 2016; Laurel et al. 2016). As such, saffron cod may 
be better able to mitigate the effects of ocean warming in 
the Arctic than polar cod.

In 2017, the Arctic Integrated Ecosystem Research Pro-
gram (Arctic IERP), funded by the North Pacific Research 
Board, conducted its first field season in the US Pacific Arc-
tic. Concurrent with the Arctic IERP surveys, the Distrib-
uted Biological Observatory (DBO) project and the Arc-
tic Marine Biodiversity Observation Network (AMBON) 
survey were also sampling the region, providing more 
coverage to this region that is often under-researched. In 
this inaugural year of sampling for the Arctic IERP, it was 
remarkable that the northern Bering Sea and Chukchi Sea 
were sampled for ichthyoplankton in both late spring and 
late summer, a first in the region. These sampling efforts 
provided an opportunity to assess the seasonal abundance, 
distribution, and growth of fishes during their early life his-
tory stages (ELHS). However, the summer of 2017 in the 
Chukchi Sea was also remarkable in environmental condi-
tions, with an elevated sea surface temperature (+ 4 °C rela-
tive to the historic average) and the lowest recorded March 
sea ice minimum in the 39-year history of the time series 
(Perovich et al. 2017; Timmermans et al. 2017), providing 
us with baseline vital rate data for polar cod and saffron 
cod, albeit during a warm year. Such baseline data, when 
coupled with further monitoring and modeling, can be used 
to determine the impact of climate warming on these two 
ecologically important species. In addition to empirical sam-
pling, we used an individual-based model (IBM) as a tool to 
simulate larval transport and examine potential linkages and 
connectivity in polar cod and saffron cod abundance and dis-
tribution between the late spring and late summer sampling 
events. Our goals for this study were to (1) examine spa-
tial patterns of distribution and abundance of polar cod and 
saffron cod during their larval (June; late spring) and early 
juvenile (August–September; late summer) stages in 2017; 
(2) assess the change in mean length to approximate daily 
growth rates in the summer for polar cod and saffron cod; 
and (3) evaluate potential sources of larval polar cod and 
saffron cod using an IBM to compare observed distributions 
and sizes with model output. This study coupled empiri-
cal observations with IBM output to synthesize, for the first 
time, the seasonal distribution, abundance, and growth of 
two co-occurring Arctic forage fishes, providing a means to 
assess the biological impacts of warming on polar cod and 
saffron cod ELHS.
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Methods

Specimen collection

Polar cod and saffron cod ELHS were collected in 2017, 
using three different sampling gears, as part of several 
cooperating research projects (Table 1): the Arctic Inte-
grated Ecosystem Survey (AIES; part of Arctic IERP), 
AMBON survey, the Arctic Shelf Growth, Advection, Res-
piration, Deposition (ASGARD; part of Arctic IERP) pro-
ject, and the DBO project. Larval and early juvenile Arctic 
gadids were targeted with a 60-cm bongo (bongo hereaf-
ter) equipped with a flow meter and a 505-µm mesh net 
fished obliquely from 10 m off the bottom or a maximum 
depth of 200 m to the surface in the late spring and late 
summer during the AIES and DBO surveys and to 5 m off 
the bottom or a maximum depth of 200 m for ASGARD. 
Demersal juvenile Arctic gadids (age-0, age-1 +) were tar-
geted with a benthic-sampling 3-m plumb-staff beam trawl 
(Abookire and Rose 2005) equipped with 7-mm mesh and 
a 4-mm cod end liner during the late summer AMBON 
and AIES surveys (Table 1). The beam trawl was deployed 
from the stern of the vessel and towed at 1.5–2.0 knots for 
four minutes (Logerwell et al. 2015). Juvenile gadids (age-
0, age-1 +) were also collected from the midwater during 
AMBON using a 1.5 m wide by 1.8 m high Isaacs-Kidd 
Midwater Trawl Net (IKMT) equipped with 3-mm mesh 
and a flowmeter (Table 1). The IKMT was towed double 
obliquely at 3.5–4.0 knots and these data were used to look 
at length and growth of Arctic gadids in August, prior to 
the late summer AIES surveys.

All bongo samples were fixed at sea in 5% formalin 
buffered with seawater and processed at the Plankton Sort-
ing and Identification Center in Szczecin, Poland. ELHS of 
all fishes were identified to species, enumerated, and up to 
50 specimens per taxon at each station were measured to 
the nearest 0.1 mm. Since specimens were measured after 
formalin fixation, we applied a + 1.9% correction factor to 
the measured lengths to account for shrinkage (D. Blood, 

B. Laurel, NOAA, unpublished data; Vestfals et al. 2019). 
The identifications of ELHS gadids were verified by sci-
entists at the National Oceanic and Atmospheric Adminis-
tration’s Alaska Fisheries Science Center using Matarese 
et al. (1989), Dunn and Vinter (1984), and Ichthyoplank-
ton Information System IIS (2019). Due to concerns of 
Walleye Pollock (Gadus chalcogrammus) being mis-
identified as Polar Cod, the Arctic gadids captured during 
AIES using the beam trawl were verified using genetic 
methods following Wildes et al. (2016). No specimens of 
juvenile Arctic cod (Arctogadus glacialis) were detected 
(S. Wildes, Alaska Fisheries Science Center (AFSC), per-
sonal communication), suggesting that A. glacialis was not 
present in our study region since the abundance of later 
stages is reflective of the abundance of the earlier stages 
(Bouchard et al. 2016).

Catch per unit effort of polar cod and saffron cod was 
reported as the number of individuals caught under a sea 
surface area of 10 m2 (count per 10 m2). Trawl samples 
(IKMT and beam trawl) were processed at sea with all indi-
vidual fishes being identified, enumerated, and measured to 
the nearest length in millimeters. Standard length (SL) was 
measured for individuals at flexion size or larger and noto-
chord length (NL) for individuals smaller than flexion. The 
reported size of flexion is 11.0 mm for polar cod and saffron 
cod (IIS 2019). Catch for the AIES and AMBON beam trawl 
was expressed as number of individuals caught per unit area 
swept (count per 1000 m2).

Data analysis

All catch and length data were analyzed using R (ver. 3.5.2; 
R Core Team 2019). For the length data, to account for 
only a subset of larvae being measured (n = 50 maximum), 
the estimated proportion of individuals at each length was 
multiplied by the standardized catch at that station (catch-
weighted length). Individuals of polar cod and saffron cod 
larger than 70 mm SL were presumed to be one year or older 
based on a cutoff identified in the length–frequency distribu-
tion and were excluded from the subsequent length analyses. 

Table 1   Arctic Integrated 
Ecosystem Research Program 
2017 sampling events in the 
northern Bering and Chukchi 
Seas

AIES Arctic Integrated Ecosystem Survey, AMBON Arctic Marine Biodiversity Observation Network, 
ASGARD Arctic Shelf Growth, Advection, Respiration, Deposition, DBO Distributed Biological Observa-
tory, 60BON 60-cm bongo, IKMT Isaacs-Kidd Midwater Trawl, PSBT 3-m plumb-staff beam trawl
Asterisks (*) denotes programs affiliated with Arctic Integrated Ecosystem Research Program

Survey identifier Sampling program Dates Season # of samples Gear used

SQ17-01 ASGARD* 10–29 June Late spring 61 60BON
NM17-01 AMBON 4–23 August Late summer 75

13
PSBT
IKMT

OS17-01 AIES* 8 August–25 September Late summer 72
62

60BON
PSBT

HE17-02 DBO* 29 August–10 September Late summer 64 60BON
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Our use of 70 mm SL to delineate between age-0 and age-1 
polar cod is smaller than the size of this transition identi-
fied in prior work determining length at age using otoliths 
[84.0 mm fork length (FL) and 81.6 mm total length (TL), 
respectively] (Craig et al. 1982; Lønne and Gulliksen 1989) 
because standard length excludes measuring the caudal fin 
rays that are often damaged during collection. The transition 
of saffron cod from age-0 to age-1 is not as definitive as that 
for polar cod due to an overlap in size at these ages occurring 
between 55 and 110 mm FL in the Chukchi Sea (Wolotira 
1985; Copeman et al. 2016; Helser et al. 2017). However, 
in Arctic samples collected in 2012 all individuals greater 
than 75 mm FL were age-1 based on otolith analyses, sug-
gesting our size cutoff is reasonable for the region sampled 
(Copeman et al. 2016). Specimens were then aggregated 
into 2-mm length bins. For the AMBON samples collected 
with the IKMT and the beam trawl, subsamples of fish were 
measured to the nearest millimeter. Many of the smallest 
individuals (less than 50 mm) were not measured and were 
instead sorted into approximate 10-mm size bins, enumer-
ated in the field, and then discarded. The binned individuals 
were combined with the measured individuals by simulating 
individual lengths of the binned individuals from a uniform 
random distribution within their assigned size bin. Other 
distributions (normal, beta) were considered for simulating 
lengths of the binned individuals but had minimal impact on 
the resulting length-frequencies.

Daily growth rates were estimated for each species as the 
change in mean length from June 19th, 2017, the median 
date of the late spring (June) ASGARD survey, and each 
late summer survey (AMBON and AIES) under the assump-
tion that these individuals were from the same cohort. The 
median date of the AMBON survey was August 13th, 2017 
and the median date of the AIES survey was September 1st, 
2017. Mean length for late spring was based on all indi-
viduals collected during the survey using the bongo. Mean 
length for the late summer individuals was gear-specific 
and calculated based on all putative age-0 specimens col-
lected during: (1) AMBON survey using a beam trawl, (2) 
AMBON survey using an IKMT, (3) AIES and DBO surveys 
using a bongo, and (4) AIES survey using a beam trawl. Data 
for these growth analyses did not include estimates from 
midwater-collected gadids sampled during the late sum-
mer AIES and DBO surveys, but they were available from 
the IKMT fished during the 2017 late summer AMBON 
survey, providing some estimates of growth of midwater-
associated fishes. Daily growth rates are presented as a 
range; the estimate provided from the late summer bongo 
collections represents a low estimate as larger gadids tend 
to escape from the bongo net (Shima and Bailey 1994) and 
likely represents individuals that are smaller-than-average. 
Late summer beam trawl collections (AIES) represent a high 
growth estimate as the coarser mesh size of the trawl may 

select for larger individuals that are larger-than-average and 
generally resulted in the greatest mean size. For polar cod, 
length-dependent mortality results in slightly greater length 
at age estimates (Thanassekos et al. 2012), suggesting our 
study will be overestimating growth since we are relying 
on changes in length of survivors (those individuals cap-
tured and measured by the various gear types) to estimate 
growth. A daily growth rate was also calculated using the 
IKMT data to explore differences in the apparent growth 
rates between age-0 fishes that are still pelagic and those that 
have become demersal by the time of sampling. We expected 
the apparent growth rate to increase as individuals become 
more demersal. Size distribution from the IKMT and beam 
trawl are likely to be directly comparable as the IKMT mesh 
size (4 mm) was identical to that of the beam trawl liner.

Densities (catch per unit area) of polar cod and saffron 
cod were mapped to explore the seasonal distribution of 
ELHS of Arctic gadids in the northern Bering and Chukchi 
seas relative to sea ice concentration on June 19th and Sep-
tember 1st, 2017. Sea ice concentrations were obtained from 
the National Snow and Ice Data Center at 25 km by 25 km 
spatial resolution (Cavalieri et al. 1996; NSIDC 2019).

Individual‑based biophysical model for polar cod 
and saffron cod

Late spring and late summer distributions were compared 
to simulated distributions from biophysical transport mod-
els parameterized for polar cod and saffron cod larval and 
early juvenile stages (Vestfals et al. 2021). Details on the 
model parameterization and the results of validation testing 
are described in Vestfals et al. (2021). These models were 
developed to simulate the growth and dispersal of early life 
stages in the northern Bering, Chukchi, and Beaufort seas 
to identify possible spawning locations, which are largely 
unknown, as well as to examine gadid connectivity between 
these seas. An implementation of the Regional Ocean Mod-
eling System (ROMS) (Shchepetkin and McWilliams 2005) 
set up in a Pan-Arctic (PAROMS) configuration (Daniel-
son et al. 2016) was used to realistically simulate the three-
dimensional (3-D) circulation field. PAROMS has a hori-
zontal resolution of ~ 5 km south of the Aleutian Islands to 
9 km in the North Atlantic and is approximately 5.5–6.0 km 
in the Chukchi Sea, and is forced by the Japanese 55-year 
atmospheric reanalysis JRA55-do (version 1.4) (Tsujino 
et al. 2018), which also provides estimates of freshwater 
runoff. Boundary conditions come from the Simple Ocean 
Data Assimilation (SODA) reanalysis (version 3.3.1) (Car-
ton et al. 2018) prior to 2015 and the Hybrid Coordinate 
Ocean Model (HYCOM) (Chassignet et al. 2009) for more 
recent years. The Oregon State TOPEX/Poseidon Global 
Inverse Solution (Egbert and Erofeeva 2002) provides tidal 
forcing and the sea ice field is based on the single-category 
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Budgell ice model (Budgell 2005). To simulate advection 
and growth of larvae, IBMs for polar cod and saffron cod 
were developed using the particle tracking tool TRACMASS 
that calculates Lagrangian trajectories from Eulerian veloc-
ity fields (Döös 1995).

Stage-specific and size-specific temperature-dependent 
growth rates were used to model the growth of polar cod 
and saffron cod (Porter and Bailey 2007; Laurel et al. 2016; 
Koenker et al. 2018) to 45 mm in length, the size at which 
these species are thought to transition from pelagic juveniles 
to more demersal juveniles, with enhanced swimming abili-
ties. In addition, these stages correspond most closely to the 
stages captured by the water column sampling gear (bongo 
and IKMT) during the field campaign allowing for compari-
son between simulated and observed distributions of the two 
species. Similar to the growth rates calculated for the 2017 
empirical data, mean daily growth rates were estimated for 
the simulated larvae for each species as the change in mean 
length from late spring (June 19th) to late summer (Septem-
ber 1st) divided by the number of days elapsed.

Hatching locations were identified through a thorough 
literature review, anecdotal evidence, and known areas of 
retention in the Pacific Arctic (Vestfals et al 2021 and refer-
ences therein). However, due to the preponderance of early-
stage individuals encountered in the Kotzebue Sound region 
during spring 2017, we focused this study on this region as 
a potential source of polar cod and saffron cod in the US 
Chukchi Sea. For our study, Kotzebue Sound will include 
the area that extends from the northwestern tip of Seward 
Peninsula to Point Hope. Simulations were initialized from 
all PAROMS grid points falling within the eastern-most part 
of Kotzebue Sound as hatching location (Fig. 1), with 10 
particles released per 5 m depth increment to the bottom at 
each PAROMS grid point. The Chukchi Sea is often shal-
lower than 40 m, which represents the maximum release 
depth of particles in the model (Vestfals et al. 2021). Based 
on results from initial particle simulations, dispersal simu-
lations were conducted with larvae hatching on the 1st and 
15th day of each month from March 1st to May 15th, for a 
total of six hatching events. Temperature-mediated growth 
and dispersal of larvae were simulated until September 1st, 
the midpoint of the late summer Arctic field surveys in 2017, 
so that the simulated distribution and size composition dur-
ing summer could be compared to the observed distributions 
and size compositions of individuals captured during the 
surveys.

IBM parameterization‑polar cod

Several vertical behaviors were developed for polar cod 
based on available literature (Borkin et al. 1986; Bouchard 
et al. 2016) and from laboratory observations (B. Laurel, 
AFSC, unpublished data). Of the five different vertical 

behavior routines tested, simulations with surface-oriented 
individuals, where all stages were found at 5 m matched 
best with prior field observations from acoustic-trawl sur-
veys conducted in 2012 and 2013 (DeRobertis et al. 2017; 
Vestfals et al. 2021). Polar cod growth was based on growth 
equations described in Koenker et al. (2018) and Laurel et al. 
(2016). Simulated larval sizes and distributions on June 19th 
(midpoint of the ASGARD survey) and September 1st (mid-
point of AIES) from simulations originating in Kotzebue 
Sound were compared to field observations.

IBM parameterization‑saffron cod

Similar vertical behaviors were used for the saffron cod 
simulations as for polar cod since no information on the 
vertical distribution of saffron cod larvae is available at pre-
sent. Preflexion larval growth from hatch to 10 mm in length 
was based on temperature-dependent growth experiments 
(B. Laurel, unpublished data; Vestfals et al. 2021). At pre-
sent, temperature-dependent growth models for saffron cod 
ELHS > 10 mm in length are not available. As growth of 
saffron cod at these small sizes is linear and resembles that 
of walleye pollock (B. Laurel, AFSC, unpublished data), the 
growth model described in Porter and Bailey (2007) was 
used to model saffron cod growth from 10 to 45 mm.

Results

Field data

Sea ice

As of June 1st, just prior to the survey, sea ice was present 
in the Kotzebue Sound region (S. Danielson, University of 
Alaska Fairbanks (UAF), unpublished data). By June 19th, 
the mid-point of the late spring survey, sea ice was receding 
and the entire survey area was ice-free.

Abundance, distribution, and size of polar cod

In June, the highest densities of polar cod (> 640 indi-
viduals per 10 m2) were found at nearshore stations of 
Kotzebue Sound and Point Hope transects and along the 
entire Cape Lisburne transect (Fig. 2a). Polar cod density 
was lower south of the Bering Strait with most individu-
als being encountered along the northernmost transects 
sampled in the Chukchi Sea. By late summer (August and 
September), sea ice remained absent in the survey region 
south of 75°N, except in the nearshore area of Kotzebue 
Sound. The overall density of polar cod decreased from 
an average catch of 1183 individuals per 10 m2 in the late 
spring to 7 individuals per 10 m2 in the late summer in the 
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water column. The highest densities of polar cod in the 
water column (> 10 individuals per 10 m2) were observed 
in the northern portion of the survey area in the late sum-
mer, particularly around Barrow Canyon and Hanna Shoal 
(Fig. 2b). The distribution of polar cod in the water col-
umn was similar to the distribution of demersal individu-
als. Demersal catches of juvenile polar cod (< 70 mm SL) 
were highest offshore in the northern Chukchi Sea in the 
late summer in areas where bottom water temperatures 
were below approximately 5 °C (Fig. 3a and b).

In June, the mean length of polar cod larvae in the 
water column was 9.8 mm NL (n = 850), with most larvae 
being less than 12.0 mm in length (Fig. 4a; Table 2). By 
the end of the summer, the length distribution of polar cod 
had expanded and the mean length increased to 30.1 mm 
SL ± 0.9 (n = 140) and 30.7  mm SL ± 0.4 (n = 433) for 
specimens collected in the water column with the bongo 
and IKMT gears, respectively (Fig. 4c, e; Table 2). In late 
summer (August–September) the mean length of demersal 
polar cod was 39.7 mm SL ± 0.4 (n = 718) in the AMBON 

Fig. 1   Survey stations sampled in 2017 in the Chukchi Sea, Ber-
ing Strait (BS), and northern Bering Sea. Bongo –Late spring black 
squares and late summer (August/September) gray squares; beam 
trawl–AMBON survey (August) blue inverted triangles and AIES 
(August/September) dark gray triangle; and Isaacs-Kidd Midwater 
Trawl (IKMT) –AMBON survey (August) white circles. Simulated 

release locations from the individual-based model in the eastern-most 
area of Kotzebue Sound (KS), which is  shaded in purple. Kotzebue 
Sound also refers to the broader region from the northwestern tip of 
Seward Peninsula and Point Hope to the north. Depth contours extend 
from 50 to 250 m in 50 m increments
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beam trawl samples and 47.8 mm SL ± 1.6 (n = 690) in the 
AIES beam trawl samples (Fig. 4g, i; Table 2). Based on 
changes in length and an assumption that larvae collected in 
the late summer surveys were from the same cohort as fish 
collected in the late spring, the estimated daily growth rate 
for polar cod during 2017 ranged from 0.27 mm day−1 based 
on individuals in the water column to 0.53 mm day−1 based 
on individuals that had become demersal (Table 3), with an 
overall mean of 0.39 ± 0.06 mm day−1 (n = 4) based on all 
measured individuals.

Abundance, distribution, and size of saffron cod

The density of pelagic larval saffron cod in June was high-
est at the nearshore stations in Kotzebue Sound and Cape 
Lisburne, which were both ice covered on June 1st, prior 

to the mid-point of the survey, with densities ranging from 
68 to 444 individuals per 10 m2. The highest observed 
density of saffron cod was at the innermost station along 
the southern margin of Kotzebue Sound (Fig. 2c). Catches 
south of Kotzebue Sound were low (less than 30 individu-
als per 10 m2). Densities of saffron cod were much lower 
later in the summer (August and September), with most 
of the stations yielding no saffron cod (Fig. 2d). Unlike 
saffron cod in the water column, demersal larval and early 
juvenile saffron cod in later summer were rarely encoun-
tered offshore, with most individuals concentrated near 
Cape Lisburne (Fig. 3c and d). Demersal saffron cod were 
observed in areas with higher bottom temperatures than 
demersal polar cod. In early August, saffron cod were con-
centrated in areas with bottom water temperatures greater 

Ice Concentration

log(CPUE)+1

log(CPUE)+1

Ice Concentration

a b

c d

Fig. 2   Distribution of polar cod (Boreogadus saida) (a, b) and saf-
fron cod (Eleginus gracilis) (c, d) in late spring (left column) and 
late summer (right column) 2017 collected in the water column with 
the 60-cm bongo net. Catch data are reported as catch-per-unit-effort 
(CPUE) and log(CPUE) + 1 to highlight variability at lower abun-

dances. Ice concentration (% cover) is plotted in the background. 
Black X’s denote sampled stations where polar cod and saffron cod 
were not caught. Note the different scales for CPUE between the spe-
cies
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than 7.5 °C and by September occupied areas with bottom 
water temperatures greater than 5.4 °C.

Saffron cod had a mean length of 9.3  mm NL ± 0.4 
(n = 299) in June, with most individuals measuring less 
than 14.0 mm in length (Fig. 4b; Table 2). By late sum-
mer, the mean length of saffron cod ranged from 18.5 mm 
SL ± 1.4 (n = 7) in the bongo to 40.3 mm SL ± 1.7 (n = 41) 
in the IKMT (Fig.  4d, f). The mean length of demer-
sal saffron cod was 51.6  mm SL ± 0.4 (n = 318) in the 
AMBON beam trawl and 55.1 mm SL ± 1.7 (n = 54) in 
the AIES beam trawl by late summer (Fig. 4h, j; Table 2). 
The daily growth rate for saffron cod was estimated as 
0.12 mm day−1 to 0.76 mm day−1 (Table 3), with a mean of 
0.37 ± 0.16 mm day−1 (n = 4).

Comparison of distribution and size of polar cod 
and saffron cod

Catches of saffron cod were lower relative to polar cod 
regardless of season. In June, the core distribution of saf-
fron and polar cod overlapped in Kotzebue Sound, with 
polar cod found farther offshore than saffron cod (Fig. 2). 

Later in the summer, saffron cod were encountered in 
bongo samples of the water column at only 7 of the 136 
stations sampled. Demersal juveniles of polar cod were 
observed farther offshore and to the north relative to saf-
fron cod in the late summer. They were also most abundant 
offshore of the region between Cape Lisburne and Wain-
wright at stations with bottom water temperatures cooler 
than 5.0 °C. In contrast, demersal juveniles of saffron cod 
were most abundant nearshore off Cape Lisburne and in 
northern Kotzebue Sound where bottom water tempera-
tures were warmer than 7.5 °C (Fig. 3b, d).

Polar cod and saffron cod were similar in mean size 
in June when their distributions also overlapped. Later in 
the season, far fewer saffron cod (n = 420) were captured 
and measured compared to polar cod (n = 1981). Demer-
sal saffron cod were larger than those found in the water 
column in the late summer. The range of daily growth 
rates was wider for saffron cod than polar cod, but the 
mean daily growth rate was similar between saffron cod 
and polar cod at 0.37 ± 0.16 and 0.39 ± 0.06 mm day−1, 
respectively (n = 4).

log(CPUE)+1

log(CPUE)+1

Bottom Temperature

Bottom Temperature

Fig. 3   Late summer distributions of demersal juvenile polar cod 
(Boreogadus saida) from AMBON (a) and AIES (b) beam trawl 
collections and of demersal juvenile saffron cod (Eleginus graci-
lis) from the AMBON (c) and AIES (d) beam trawl collections. The 

background color denotes bottom temperature in °C. Catch data are 
reported as catch-per-unit-effort (CPUE) and log(CPUE) + 1 to high-
light variability at lower abundances. Note the different scales for 
CPUE between the species
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IBM simulated data

Simulated distribution and size of polar cod

On June 19th, simulated polar cod hatching in Kotzebue 
Sound between March 15th and May 15th had similar dis-
persal trajectories and were mostly found to be retained in 
and around Kotzebue Sound and in the nearshore region 
northward to Cape Lisburne (Fig. 5). At Cape Lisburne, 
some larvae were transported offshore to the north and to 

the west, and were concentrated in two different trajectories, 
except for simulated individuals hatched on May 15th. Other 
individuals were transported northward along the coast-
line. Based on the 2017 simulations, no individuals were 
transported to the south in the late spring, though polar cod 
were observed in the late spring survey around St. Law-
rence Island (Fig. 2a; Fig. 5). By September 1st, simulated 
polar cod were found in the nearshore region from Kotzebue 
Sound north to Wainwright (Fig. 6). Simulated polar cod 
were advected offshore, almost due west, at Cape Lisburne/
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Fig. 4   Length distributions of polar cod (Boreogadus saida) (left) 
and saffron cod (Eleginus gracilis) (right) during the late spring (a, 
b) and late summer collections with 60-cm bongo (c, d), Isaacs-Kidd 
Midwater Trawl (IKMT) (e, f), AMBON beam trawl (g, h), and AIES 
beam trawl (i, j). Dotted black lines denote the mean length for each 

histogram. Blue bars represent individuals collected from the water 
column and brown bars represent those collected along the seafloor. 
Specimens are binned into 2-mm length intervals and standardized by 
CPUE when all captured individuals were not measured (i.e., bongo)
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Point Hope. Hatch date did not greatly impact the end points 
of the simulated polar cod on September 1st (Fig. 6). In the 
late summer, simulated polar cod were abundant offshore 
of Cape Lisburne/Point Lay and Wainwright but uncom-
mon nearshore along the coastline from Kotzebue Sound to 
Wainwright (Fig. 6), which was consistent with the empiri-
cal data (Fig. 2b; Fig. 3).

The mean size of simulated polar cod individuals hatched 
between March 1st and April 1st was larger than individuals 
captured in the field (Fig. 4, Fig. 7). Simulated individuals 
hatched on May 1st and May 15th were on average smaller 
than the field samples. For larvae that hatched on April 15th, 
the average size of simulated polar cod matched the aver-
age size of the captured individuals, although the range was 
broader for the individuals caught in the field compared 
to the simulated individuals (Table 2, Table 4). In the late 
summer, the average size of the simulated polar cod was 
smaller than the wild-caught specimens regardless of hatch 
date (Fig. 7). The simulated sizes were most similar to polar 
cod captured using the bongo in the late summer (Table 2, 
Table 4).

Simulated distribution and size of saffron cod

The simulated distribution of saffron cod in the late spring 
and late summer was similar to that of polar cod (Fig. 8). 

Similar to polar cod in the late spring, no simulated saf-
fron cod larvae were found along the southern coastline 
of Kotzebue Sound, whereas saffron cod larvae were cap-
tured along the southern coastline of Kotzebue Sound and 
northern coastline of Norton Sound (Figs. 2–3). In the late 
summer, simulated saffron cod were densely concentrated 
along the coastline extending from Kotzebue Sound to just 
north of Wainwright with two offshore advection areas at 
Point Lay/Cape Lisburne and south of Wainwright (Fig. 9). 
Catches of saffron cod were low in the late summer but the 
areas with the highest catches corresponded to high den-
sity areas identified by the model, particularly offshore of 
Wainwright and Point Lay/Cape Lisburne (Figs. 2–3; 9).

Regardless of season or hatch date, simulated saffron 
cod were smaller on average than field captured individu-
als (Table 2, Table 4). In addition, the length range of 
simulated individuals was narrower than the captured 
individuals in the late spring and late summer (Fig. 10). 
Unlike simulated polar cod, there was little overlap in the 
late spring and late summer sizes of simulated saffron 
cod (Fig. 10). In the late spring, simulated saffron cod did 
not grow larger than 8.5 mm NL and had a mean size of 
5.7 mm NL ± 0.0025–0.0037 for all simulated hatch dates 
(Fig. 10, Table 4). In the late summer, the average size of 
simulated saffron cod ranged from 14.6 mm SL ± 0.024 to 
14.9 mm SL ± 0.023 (Fig. 10, Table 4).

Table 2   Late spring and late summer 2017 observed length data for polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis)

Mean size, standard error, and sample size (n) are displayed within the parentheses. Demersal gears are emphasized in italics and all lengths are 
reported in mm and in standard length, unless noted otherwise
AIES Arctic Integrated Ecosystem Survey, AMBON Arctic Marine Biodiversity Observation Network, 60BON 60-cm bongo, IKMT Isaacs-Kidd 
Midwater Trawl, NL notochord length

Species Late Spring Late Summer

60BON 60BON IKMT AMBON Trawl AIES Trawl

Polar cod 5.1 NL–19.7
(9.8 ± 0.4 NL, n = 850)

13.2–56.1
(30.1 ± 0.9, n = 140)

18.0–56.0
(30.7 ± 0.4, n = 433)

18.0–69.0
(39.7 ± 0.4, n = 718)

18.5–69.8
(47.8 ± 1.6, n = 690)

Saffron cod 4.7 NL–21.2
(9.3 ± 0.4 NL, n = 299)

11.4–22.4
(18.5 ± 1.4, n = 7)

22.0–59.0
(40.3 ± 1.7, n = 41)

31.0–68.0
(51.6 ± 0.4, n = 318)

37.9–69.0
(55.1 ± 1.7, n = 54)

Table 3   Daily growth rate estimates (mm day−1) for polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis) in the Chukchi Sea 
between late spring and late summer

Demersal sampling gears are emphasized in italics
AIES Arctic Integrated Ecosystem Survey, AMBON Arctic Marine Biodiversity Observation Network, 60BON 60-cm bongo, IKMT Isaacs-Kidd 
Midwater Trawl, n sample size

Species 60BON IKMT AMBON Trawl AIES Trawl Mean daily

Polar cod 0.27 0.37 0.53 0.51 0.39 ± 0.06 (n = 4)
Saffron cod 0.12 0.56 0.76 0.61 0.37 ± 0.16

(n = 4)
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Discussion

Spawning areas and drift

Sea ice was present in Kotzebue Sound at the approxi-
mate time of hatch for both polar cod and saffron cod until 

early June (S. Danielson, UAF, unpublished data; Cavalieri 
et al. 1996), suggesting that sea ice may be important for 
the newly hatched larvae of both species. Kotzebue Sound 
may indeed be a hatching area for polar cod and a source of 
juveniles to the north later in the summer. One of the main 
northward currents in the eastern Chukchi Sea is the Alaska 

Fig. 5   Density of simulated 
endpoints from individual-based 
models in the late spring (June 
19th, 2017) for polar cod (Bore-
ogadus saida) larvae hatching 
in Kotzebue Sound. Hatch dates 
are: a March 1st, b March 15th, 
c April 1st, d April 15th, e May 
1st, and f May 15th. Density is 
calculated in a 0.5 × 0.5 degree 
grid
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Coastal Current (ACC), which flows through Bering Strait 
and past the mouth of Kotzebue Sound and it is likely to 
entrain larvae originating in the Sound. Transport through 
Bering Strait has been increasing in recent years, which, 

in turn, has increased heat transport into the Chukchi Sea 
and the rate of sea ice retreat in the spring (Woodgate et al. 
2012; Woodgate 2018), as well as current velocity that may 
increase the dispersal potential for ELHS entrained in the 

Fig. 6   Density of simulated 
endpoints from individual-based 
models in the late summer (Sep-
tember 1st, 2017) for polar cod 
(Boreogadus saida) hatching in 
Kotzebue Sound. Hatch dates 
are: a March 1st, b March 15th, 
c April 1st, d April 15th, e May 
1st, and f May 15th. Density is 
calculated in a 0.5 × 0.5 degree 
grid
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ACC. However, high polar cod abundance in the summer of 
2014 corresponded to reduced transport through the Bering 
Strait (Randall et al. 2019), leading to decreased advection 
and higher local retention of ELHS. Simulations suggest that 
polar cod collected along the seafloor and in the water col-
umn along the coast and in some offshores areas were likely 
hatched in Kotzebue Sound and were transported north by 
the ACC to the northern Chukchi Sea. We believe the likeli-
hood of contamination of polar cod by Arctic cod (A. glacia-
lis) is low and not of concern for our analyses. The identity 
of polar cod collected in the late summer AIES beam trawl 
was confirmed genetically (S. Wildes, Alaska Fisheries 

Science Center (AFSC), personal communication). Since 
the primary currents entering the US Chukchi Sea shelf flow 
from the south to the north (Danielson et al. 2017), it is 
unlikely that there is a source of Arctic cod, a high Arctic 
species, in the southern Chukchi Sea or Bering Strait that 
would substantially contribute to the larval gadid community 
of the region (Aschan et al. 2009), especially considering the 
low sea ice and high water temperatures observed in 2017 
(Timmermans et al. 2017; Perovich et al. 2017).

Saffron cod are caught in lower densities than polar cod 
in the late summer, likely due to their ELHS preferring 
nearshore habitats not sampled by our surveys (Logerwell 

Fig. 7   Length histograms of simulated polar cod (Boreogadus saida) 
larvae by hatch date from the individual-based model in 2017. Hatch 
dates are: a March 1st, b March 15th, c April 1st, d April 15th, e 
May 1st, and f May 15th. Blue bars represent late spring (June 19th) 
lengths and red bars represent late summer (September 1st) lengths. 

The dashed blue line denotes the mean size of the simulated polar cod 
in the late spring, whereas the red dashed line denotes the mean size 
of the simulated polar cod in the late summer. Specimens are binned 
into 2-mm length intervals
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et al. 2015; Vestfals et al. 2019). Similar to polar cod, Kot-
zebue Sound may be a hatching or early nursery area for 
saffron cod in the late spring. Demersal saffron cod were 
concentrated in the nearshore, warm waters in northern Kot-
zebue Sound and around Cape Lisburne, which was similar 
to the model-predicted distribution, suggesting that saffron 
cod hatched in Kotzebue Sound were the major source of 
demersal individuals in the late summer of 2017. Albeit 
speculative, the few larval saffron cod caught in the water 
column offshore of Wainwright and Barrow Canyon may be 
a result of a bet-hedging spawning strategy for saffron cod 
spawned in Kotzebue Sound and Bering Strait, such as has 
been documented in other sub-arctic gadids (Laurel et al. 
2008; Hutchings and Rangeley 2011). Prolonged hatching 
periods will result in later hatched saffron cod larvae devel-
oping in warmer water where growth rates may be enhanced 
if mortality related to prey and predators is reduced (Laurel 
et al. 2008).

Growth and development

The daily growth rates calculated for polar cod and saffron 
cod were based on individuals collected in the water column 
and along the bottom using gears that collectively target lar-
vae and juveniles and are used as a coarse estimate of growth 
in the US Chukchi Sea in the absence of otolith-derived 
growth rates. Assuming no size-selectivity over the range of 
sizes that were present, we were able to estimate a range of 
daily growth rates based on changes in mean length between 
specimens collected in the late spring and late summer of 
2017. Our estimates assume that measured individuals were 
randomly selected from the same cohort sampled in the late 

spring and again in the late summer. However, it is probable 
that individuals from other hatching locations and cohorts 
were present in the northern Chukchi Sea in the late summer, 
violating this assumption (e.g., larvae originating from the 
other side of the U.S. –Russian Federation maritime bound-
ary). In our region in 2017, hatching was observed from Jan-
uary through May, with a peak in April (Z. Chapman, UAF, 
personal communication), based on the individuals captured 
during the late spring bongo samples. However, we are likely 
missing newly hatched larvae in the late spring bongo sam-
ples due to the extrusion of these individuals through the 
505 µm bongo net mesh (Thanassekos et al. 2012), biasing 
our samples to individuals that hatched earlier or possessing 
higher growth rates. The daily growth rate results should 
be interpreted with caution without a more robust measure 
of growth using otolith-derived estimates, which is impos-
sible for our study due to our specimens being preserved in 
formalin at sea. Otolith-derived ages would provide refine-
ment of the length-based daily growth rates estimated in this 
study by determining individual growth rates and allowing 
for subsequent exploration of differences in growth trajecto-
ries by gear type, sampling season, and region. However, we 
did account for differences in growth rate by gear type and 
sampling time by estimating daily growth rates as a range, 
providing a conservative and a maximal estimate each late 
summer survey and gear type. Our length-based daily growth 
estimates also assume a constant growth rate over the sam-
pling season, which is likely violated as individuals attain 
later stages and larger sizes (Thanassekos and Fortier 2012).

Daily growth estimated in this study for polar cod 
ranged from 0.27 mm day−1 to 0.53 mm day−1 with a mean 
of 0.39 ± 0.06 mm day−1 (n = 4). Our most conservative 

Table 4   Late spring and late summer 2017 simulated length data for polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis)

Mean size in mm and standard error are reported within the parentheses for each hatching date and sample size (n) is reported

Late spring

3/1 3/15 4/1 4/15 5/1 5/15

Polar cod 9.8–17.6
(11.3 ± 0.010)
n = 19,970

9.3–16.7
(11.2 ± 0.0091)
n = 19,970

8.5–15.1
(10.5 ± 0.0077)
n = 19,970

7.9–14.1
(9.7 ± 0.0066)
n = 19,970

7.2–11.7
(8.7 ± 0.0043)
n = 19,970

6.6–9.7
(7.9 ± 0.0032)
n = 19,970

Saffron cod 5.1–8.4
(5.7 ± 0.0037)
n = 19,970

5.1–8.5
(5.7 ± 0.0037)
n = 19,970

5.1–8.5
(5.7 ± 0.0035)
n = 19,970

5.1–8.5
(5.7 ± 0.0033)
n = 19,970

5.1–8.4
(5.7 ± 0.0028)
n = 19,970

5.1–8.4
(5.6 ± 0.0025)
n = 19,970

Late summer

3/1 3/15 4/1 4/15 5/1 5/15

Polar cod 12.6–33.7
(20.4 ± 0.032)
n = 19,908

11.4–33.9
(20.8 ± 0.036)
n = 19,872

10.5–32.0
(20.2 ± 0.034)
n = 19,895

9.8–30.7
(19.4 ± 0.036)
n = 19,945

9.1–27.8
(17.6 ± 0.031)
n = 19,966

8.3–23.5
(15.9 ± 0.026)
n = 19,947

Saffron cod 9.7–25.3
(14.9 ± 0.023)
n = 19,919

9.6–25.0
(14.8 ± 0.024)
n = 19,873

9.6–25.4
(14.7 ± 0.024)
n = 19,914

9.6–52.7
(14.6 ± 0.024)
n = 19,940

9.6–35.7
(14.8 ± 0.021)
n = 19,965

10.7–30.4
(14.9 ± 0.020)
n = 19,940
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growth estimate for polar cod (0.27 mm  day−1) agrees 
well with previous field studies (Bouchard and Fortier 
2011; Thanassekos et al. 2012; Vestfals et al. 2019). Daily 
growth for polar cod in this study may also be higher 
than is typical due to the elevated water temperatures 

experienced in 2017. Even though polar cod are adapted 
to maximize growth at colder temperatures than saffron 
cod, warmer spring sea surface temperature and earlier ice 
retreat may be advantageous to larval polar cod due to the 
availability of zooplankton production supported by earlier 

Fig. 8   Density of simulated 
endpoints from individual-based 
models in the late spring (June 
19th, 2017) for saffron cod 
(Eleginus gracilis) hatching in 
Kotzebue Sound. Hatch dates 
are: a March 1st, b March 15th, 
c April 1st, d April 15th, e May 
1st, and f May 15th. Density is 
calculated in a 0.5 × 0.5 degree 
grid
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ice algae and phytoplankton blooms. This would improve 
the temporal match of early hatching polar cod with their 
zooplankton prey (Bouchard et al. 2017). Under scenarios 
of continued warming in the Arctic, polar cod may lose 

this growth advantage leading to reduced survival when 
thermal tolerances of their ELHS are exceeded.

This study is one of the first to estimate daily mean 
growth for ELHS of saffron cod (0.12–0.76 mm day−1; 

Fig. 9   Density of simulated 
endpoints from individual-based 
models in the late summer (Sep-
tember 1st, 2017) for saffron 
cod (Eleginus gracilis) hatched 
in Kotzebue Sound. Hatch dates 
are: a March 1st, b March 15th, 
c April 1st, d April 15th, e May 
1st, and f May 15th. Density is 
calculated in a 0.5 × 0.5 degree 
grid
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0.37 ± 0.16 mm day−1; n = 4) collected within the Chukchi 
Sea. The conservative estimate for daily growth for saffron 
cod was based on bongo collections in the late summer. 
The lack of larger saffron cod in the bongo gear compared 
to the mid-water trawl suggests that larger saffron cod 
were present in the water column, but avoided the bongo 
net, which targets smaller individuals (De Robertis et al. 
2017; Vestfals et al. 2019). A more realistic lower estimate 
for daily growth was derived from the mid-water IKMT 
at 0.56 mm day−1. Saffron cod experience faster growth 

and better condition at higher temperatures than polar 
cod (Laurel et al. 2016; Vestfals et al. 2019), consistent 
with larger sizes and higher apparent growth rates in this 
study, therefore, a warming Arctic may favor saffron cod 
over polar cod. The growth advantage for saffron cod at 
higher temperatures may come at the expense of increased 
metabolic demands and a shift in the zooplankton commu-
nity to smaller, less lipid-rich copepod species (Copeman 
et al. 2017; Aarflot et al. 2018; Møller and Nielsen 2020; 
Bouchard and Fortier 2020).

Fig. 10   Length histograms of simulated saffron cod (Eleginus gra-
cilis) larvae by hatch date from the individual-based model in 2017. 
Hatch dates are: a March 1st, b March 15th, c April 1st, d April 15th, 
e May 1st, and f May 15th. Blue bars represent late spring (June 19th) 
lengths and red bars represent late summer (September 1st) lengths. 

The dashed blue line denotes the mean size of the simulated saffron 
cod in the late spring, whereas the red dashed line denotes the mean 
size of the simulated saffron cod in the late summer. Specimens are 
binned into 2-mm length intervals
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Model‑data comparison

Kotzebue Sound was selected as the source of simulated 
polar cod and saffron cod ELHS in this study due to the 
preponderance of small larvae observed in this area in the 
late spring, highlighting the region’s potential role as a key 
hatching and/or nursery habitat for the ELHS of these spe-
cies. The observed distribution of Arctic gadids along the 
northern coastline of Kotzebue Sound in the late spring 
matched well with simulated larval distributions from the 
model. At Point Hope and Cape Lisburne, a portion of the 
ACC is often deflected offshore (Danielson et al. 2017), 
which is reflected in both the late spring model simulations 
and survey catch data. The IBM predicts that larval polar 
cod and saffron cod will be advected offshore and northward 
at Cape Lisburne. Consistent with the model simulations, we 
observed high catches of polar cod and saffron cod offshore 
of Cape Lisburne during the spring survey. High abundances 
of polar cod and saffron cod may also be present north of 
Cape Lisburne in the spring as predicted by the IBM, but 
we lack the empirical data to test this as sampling did not 
extend north of Cape Lisburne. Additionally, the simulated 
distributions for saffron cod and polar cod from the IBM 
were similar to each other. This is due to the use of a sin-
gle release location (Kotzebue Sound) for both species and 
identical behavior routines so that differences in distribu-
tion in our study were associated with the species-specific 
temperature-dependent growth rates used to parametrize the 
IBMs (Vestfals et al. 2021).

There was no evidence from the model that larvae are 
advected south from Kotzebue Sound. Any spawning in Kot-
zebue Sound is likely not the origin of individuals that were 
caught around St. Lawrence Island or nearshore along the 
northern Seward Peninsula during spring. Recent modeling 
work suggests that polar cod hatching south of Bering Strait 
could be the source of larvae and early juveniles encountered 
in surveys in the northeastern Chukchi Sea in 2012 while 
Bering Strait and Kotzebue Sound were likely source regions 
for saffron cod in 2012 and 2013 (Vestfals et al. 2021).

In the late summer, the IBMs for polar cod and saf-
fron cod indicated high concentrations of larvae and early 
juveniles nearshore from northern Kotzebue Sound to 
Wainwright, offshore of Point Hope/Cape Lisburne, and 
offshore of Wainwright. The modeled distributions agree 
with the observed late summer distribution of saffron cod 
where higher abundances were generally nearshore, espe-
cially around Point Hope and Cape Lisburne, with abun-
dance decreasing offshore. This suggests that Kotzebue 
Sound is a center of abundance and potentially serves as 
an important spawning and hatching area for saffron cod 
in the Chukchi Sea, a possibility that has been suggested 
anecdotally (A. Whiting, Village of Kotzebue, personal 
communication; Vestfals et al. 2021). Larval polar cod were 

ubiquitous offshore in the Hanna Shoal region during the 
late summer surveys in 2017, which is consistent with polar 
cod distributions in other years (Logerwell et al. 2020), but 
was not captured well by the model, indicating that other 
hatching locations are major contributors to the observed 
age-0 aggregations in this area (Vestfals et al. 2021). The 
simulated distribution overlapped with the distribution of 
late summer polar cod ELHS individuals offshore of Point 
Hope and Cape Lisburne, as well as nearshore extending 
from Cape Lisburne to Wainwright, suggesting Kotzebue 
Sound may be a potential source of polar cod to these areas 
in the late summer.

Simulated lengths for both polar cod and saffron cod were 
smaller than observed specimens collected in the late spring 
and late summer from the water column or the bottom, with 
a much larger discrepancy for saffron cod than polar cod. 
This suggests that the model is underestimating growth, 
small larvae in the field experience higher mortalities than 
large larvae, temperatures in the model are underestimates, 
hatching occurs earlier than assumed, or a combination of 
these and potentially other factors. The growth equations for 
polar cod and saffron cod within the IBM are temperature-
mediated (Vestfals et al. 2021), making simulated lengths 
and estimates of daily growth sensitive to thermal conditions 
in the model, which may differ from those experienced in the 
field. No growth model exists for ELHS of saffron cod larger 
than 10 mm in length and the growth model was param-
eterized using data for walleye pollock due to their similar, 
linear growth trajectories prior to 10 mm (B. Laurel, AFSC, 
personal communication; Porter and Bailey 2007; Petrik 
et al. 2015). However, saffron cod may deviate from linear 
growth trajectories at later stages or temperatures (Vestfals 
et al. 2021). Additionally, field estimates of apparent growth 
tend to be higher than those observed in the lab because 
of ecological interactions, such as size-selective predation 
(Houde 2009). The field-based growth calculations were 
relatively coarse, encompassing all the collected individu-
als aggregated from a large spatial area, over a two-month 
sampling period, and likely originating from multiple spawn 
locations, whereas the model is based on a single release 
location.

In the late spring, simulated polar cod hatched before 
April 15th were larger on average than the individuals 
captured from the water column, suggesting the model is 
realistically reflecting the enhanced growth rates of polar 
cod in the late spring due to earlier ice retreat and warmer 
water temperatures in 2017 relative to average conditions. 
The narrow size range of individuals in the model compared 
to the field collections can indicate several potential sce-
narios. Firstly, Kotzebue Sound was selected as the source 
of polar cod and saffron cod larvae, but it is not the only 
source of larvae in the Chukchi Sea. For example, recent 
modeling work suggests that Bering Strait and Chukotka 
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Peninsula were important hatching areas for polar cod in 
the Chukchi Sea in 2012 and 2013 (Vestfals et al. 2021). 
Secondly, the presence of smaller polar cod in the catch in 
the late spring may also suggest a simulated hatch date of 
April 15th or later, although the model does not capture 
the full range of observed sizes, particularly at the upper 
end. We selected to model hatch dates between March 1st 
and May 15th, which corresponded to the duration of peak 
hatching for polar cod in 2017, although hatching has been 
reported as early as January 1st for polar cod in the Arctic 
(Bouchard and Fortier 2011; Z. Chapman, UAF, personal 
communication). In polar cod, hatch date explains more 
variability in length than temperature conditions (Bouchard 
et al. 2017), therefore, some of the inconsistencies between 
the sizes, and subsequent calculated growth rates, of field 
collected and simulated individuals may be due to the hatch 
date variability. Thirdly, field estimates also differ from 
those observed under controlled laboratory conditions due 
to ecological factors that are difficult to account for (Bailey 
and Houde 1989; Houde 2009; Vestfals et al. 2019) such 
as patchy prey distribution and small-scale environmental 
variability (temperature, salinity, etc.). Polar cod are likely 
able to take advantage of a “big risk, big reward” strategy to 
forage for limited periods of time in warm, productive waters 
along thermal-salinity fronts to maximize growth relative 
to conspecifics (Laurel et al. 2016; Bouchard et al. 2017), 
which may contribute to the wider size range observed for 
the field-collected individuals compared to simulated indi-
viduals in the late spring.

Differences between simulated and empirical data may 
also be related to the onset of demersal behavior in polar 
cod and saffron cod, which is an adaptation to avoid preda-
tion, enhance foraging, and find areas of physiological pre-
ferred temperature ranges. Given the dominance of gadids 
by number and biomass in demersal catches in the Arctic 
(Logerwell et al. 2015), fish predators of ELHS of polar 
cod and saffron cod are likely conspecifics. Cannibalism 
has been documented in other subarctic gadids and is miti-
gated by vertical partitioning between juveniles and adults 
(Bailey 1975, 1989). Adult walleye pollock in the Bering 
Sea are semipelagic and cannibalism was highest when 
juveniles moved deeper in the water column, overlapping 
with the adults (Bailey 1989). Cannibalism is considered 
rare for polar cod due to their planktivorous foraging strat-
egy, although fishes do become an important prey category 
as polar cod grow, and instances of cannibalism have been 
documented (Bain and Sekerak 1978; Benoit et al. 2010; 
Christiansen et al. 2012; Whitehouse et al 2017). Polar cod 
forage primarily on copepod nauplii (e.g., Pseudocalanus 
spp.) when smaller than 25 mm SL and shift to foraging 
on the copepodite stages of copepods, specifically Calanus 
spp. and Metridia spp., and fishes when larger than 25 mm 
SL (Benoit et al. 2010; Christiansen et al. 2012; Bouchard 

et al. 2016; Bouchard and Fortier 2020). Saffron cod likely 
become more piscivorous with increasing size (Laurel et al. 
2009), suggesting cannibalism may be more likely in this 
species than polar cod. Diet data are limited for saffron cod 
in the Chukchi Sea (Copeman et al. 2016). Increased water 
temperatures and constriction of available habitat for Arctic 
taxa may lead to increased cannibalism for polar cod and 
saffron cod as well as increased competition and predation 
if subarctic species move into the Chukchi Sea (Bouchard 
et al. 2017). A number of adult fish species from the Ber-
ing Sea, such as walleye pollock and Pacific cod, expanded 
northward in response to a reduced Cold Pool (bottom water 
temperatures < 2 °C) over the Bering Sea shelf (Stevenson 
and Lauth 2019) and are possible competitors as well as 
predators of Arctic gadids in the Chukchi Sea if climatic 
warming persists (Marsh and Mueter 2019). Near bottom 
waters may also act as a thermal refuge for smaller Arctic 
gadids, particularly small polar cod that are not as tolerant to 
higher water temperatures as saffron cod (Laurel et al. 2016).

Summary

The late spring distributions of polar cod and saffron cod 
centered in Kotzebue Sound suggest that sea ice may be 
an important environmental factor influencing hatching, 
and it may provide a nursery habitat for newly hatched 
individuals of both species. Kotzebue Sound was likely a 
source of ELHS of polar cod and saffron cod offshore of 
Point Hope/Cape Lisburne and nearshore from Kotzebue 
Sound to Wainwright during 2017. Without otolith-derived 
individual growth estimates, it is difficult to know if polar 
cod and saffron cod experienced greater growth during 2017 
compared to other years or regions due to elevated tempera-
tures, although our daily growth estimates were higher than 
reported in past research (Bouchard and Fortier 2011). Saf-
fron cod should benefit in a warmer Arctic if their ELHS are 
resilient to the loss of sea ice, and if energetic trade-offs can 
offset prey-mediated factors that may depress growth (i.e., 
reduced nutritional value, zooplankton community shift) 
(Llopiz et al. 2014; Spear et al. 2019) and an increase in 
competition and predation from sub-Arctic demersal fishes 
shifting to the north (Stevenson and Lauth 2019). With the 
forecasted warming in the Arctic and projected changes in 
sea ice dynamics, studies such as this one synthesizing the 
seasonal distribution, abundance, and growth of Arctic for-
age fishes are critical to assess changes in phenology, distri-
butions, and abundance for these species and the impacts of 
warming on habitat availability for Arctic fishes.
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