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Abstract
Polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis) are key fishes in the Arctic marine ecosystem, serving as 
important trophic links between plankton and apex predators, yet our understanding of their life histories in Alaska’s Arctic 
is extremely limited. To improve our knowledge about their early life stages (ELS), we described the spatial and temporal 
distributions of preflexion larvae to late juveniles (to 65 mm in length) in the Chukchi and western Beaufort seas based on 
surveys conducted between 2004 and 2013, and examined how their abundances varied in response to environmental factors. 
Species-specific differences in habitat use were found, with polar cod having a more offshore and northern distribution than 
saffron cod, which were found closer inshore and farther south. Polar cod preflexion and flexion larvae were encountered 
throughout the sampling season across much of the shelf, which suggests that spawning occurs over several months and at 
multiple locations, with Barrow Canyon potentially serving as an important spawning and/or retention area. Polar cod ELS 
were abundant at intermediate temperatures (5.0–6.0 °C), while saffron cod were most abundant at the highest temperatures, 
which suggests that saffron cod may benefit from a warming Arctic, while polar cod may be adversely affected. This research 
provides new insights into how environmental variability influences the distribution and abundance of gadids in the Pacific 
Arctic and advances our understanding of the habitats occupied by these key forage species during their first few months 
of life.
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Introduction

Polar cod (Boreogadus saida) and saffron cod (Eleginus gra-
cilis) are key fishes in the Pacific Arctic marine ecosystem, 
serving as important trophic links between plankton and 

apex predators such as piscivorous seabirds, marine mam-
mals, and humans (Bradstreet 1986; Whitehouse 2011). 
While the basic biology and life history of these two species 
is relatively well understood at the species level (Wolotira 
1985; Bradstreet 1986), much less is known about their ecol-
ogy (e.g., abundance, distribution, migrations, and patterns 
of habitat use) in Alaska’s Arctic. Given their important eco-
logical role, there is a need to characterize the habitat these 
species occupy, particularly during their early life stages 
(ELS). Information about the seasonal and spatial distribu-
tions of ELS is important for identifying habitat critical to 
spawning and development, characterizing the dispersal of 
eggs and larvae from spawning locations to juvenile nursery 
habitats, and understanding how environmental variability 
can alter connectivity between these habitats, which can 
potentially affect recruitment and population dynamics.

Polar cod is the most abundant and ubiquitous fish spe-
cies in the Arctic, with a circumpolar distribution extending 
from the Arctic Basin onto the surrounding shelves and into 
the marginal seas (Bradstreet 1986; Scott and Scott 1988; 
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Mecklenburg et al. 2018). Polar cod are known to under-
take extensive migrations between their summer feeding and 
winter spawning grounds, moving southward in the fall and 
returning northward in the spring (Baranenkova et al. 1966; 
Ponomarenko 1967, 1968; Gjøsæter 1973). Spawning loca-
tions in Alaska’s Arctic are currently unknown, although 
in the Siberian Arctic it occurs along the Chukotka Penin-
sula south to the Gulf of Anadyr (Sunnanå and Christian-
sen 1997). Spawning occurs in areas near the ice edge and/
or under ice cover from November to March (Baranenkova 
et al. 1966; Ponomarenko 2000), with peak spawning in 
January and February (Craig et al. 1982). Spawning takes 
place close to the surface (Shleinik 1973 and Yudanov 1976 
in Ponomarenko 2000), though it may also occur near the 
seafloor (Ponomarenko 1968; Geoffroy et al. 2011). A num-
ber of nearshore, shallow spawning grounds are thought to 
exist in the North American and Siberian Arctic (Craig et al. 
1982; Thanassekos and Fortier 2012; Logerwell et al. 2015).

Polar cod eggs are pelagic and buoyant, rising to the 
ice–water interface after they are spawned (Yudanov 1976; 
Graham and Hop 1995; Ponomarenko 2000). Eggs develop 
under ice cover or in areas that have recently become ice-free 
(Rass 1968), with development times ranging from 35 days 
at 1.5 °C (Aronovich et al. 1975) to 77–79 days at − 1.5 °C 
in the laboratory (Altukhov 1981). Hatching occurs as early 
as December in regions warmed by large freshwater inputs 
and as late as August in colder regions (Bouchard and For-
tier 2011), with peak hatching in May and June, coinciding 
with the timing of ice break up (Yudanov 1976; Bouchard 
and Fortier 2008). Laboratory studies have shown that larvae 
are surface-oriented, at least for the first few months of life 
(B. Laurel, National Oceanic and Atmospheric Administra-
tion (NOAA), personal communication). In the Barents Sea, 
newly hatched larvae were found within 5 m of the surface 
and moved deeper as they developed (Borkin et al. 1986). In 
late summer, pelagic juveniles descend from the surface lay-
ers to deeper in the water column between 30 and 55 mm in 
length (Matarese et al. 1989; Ponomarenko 2000; Bouchard 
and Fortier 2011), but most often between 35 and 45 mm 
(ICES CM 1983, 1985, 1986, 1987, 1988).

Saffron cod have an Arctic-boreal Pacific distribution 
and are widely distributed in nearshore regions of the North 
Pacific from the Korean Peninsula to southeast Alaska, and 
to Dease Strait in the Canadian Arctic (Mecklenburg et al. 
2002). Although typically marine, they can live in brackish 
waters for extended periods of time, particularly as juve-
niles (Wolotira 1985). Spawning typically occurs in January 
and February, but can extend from late December through 
the end of March depending upon the region and severity 
of winter conditions (Pokrovskaya 1960; Bond 1982). In 
relatively mild winters, peak spawning occurs later and is 
often prolonged, compared to cold winters, when spawn-
ing begins earlier and peak activity occurs over a shorter 

period (Wolotira 1985). Saffron cod spawn demersally under 
ice in shallow (2–10 m), nearshore areas with sandy-pebbly 
substrate, and high salinity waters under strong tidal influ-
ence (Morrow 1980; Fechhelm et al. 1985; Wolotira 1985; 
Johnson 1995; Mecklenburg et al. 2002).

Saffron cod eggs are demersal, (slightly) adhesive, and 
are capable of successful development under ice at sub-zero 
temperatures (Berg 1949; Wolotira 1985). Temperature-
dependent egg development ranges from 90 days at − 1 °C 
to 33 days at 5 °C in the laboratory (B. Laurel, NOAA, per-
sonal communication). Peak hatching occurs in April and 
May, prior to the warming of coastal waters in the Arctic 
and northern Pacific, though it occurs later farther south 
(Wolotira 1985). Newly hatched larvae spend between 
2–3 months in the plankton before descending to the bot-
tom in mid-summer, between 39 and 56 mm in length in 
the Pacific and 55 and 60 mm in the Arctic (Wolotira 1985), 
though larger age-0 fish can still be found in surface waters 
in late summer (Eisner et al. 2012).

The Arctic is undergoing rapid, unprecedented environ-
mental change. Air temperatures have increased by 3.5 °C 
since the beginning of the twentieth Century (Richter-Menge 
et al. 2016) and in the Beaufort and Chukchi seas, monthly 
surface air temperature anomalies that exceed 6 °C are now 
frequent occurrences (Wood et al. 2015). The Chukchi Sea 
is experiencing one of the largest warming trends of any 
marine environment (Richter-Menge et al. 2016). In addi-
tion to large reductions in sea-ice concentration (Comiso 
et al. 2008), sea-ice extent and duration have declined dra-
matically, with earlier spring ice retreat and delayed fall ice 
formation shortening the period of ice cover by ~ 3 months 
(Stammerjohn et al. 2012). It is unclear how reduced ice 
cover, earlier ice melt, and greater freshwater input associ-
ated with warming in the Arctic will impact species like 
polar cod and saffron cod, which spend a large portion of 
their lives under the ice. Recent laboratory studies have 
shown that polar cod have a cold-adapted physiology that 
is suited for both high growth and rapid lipid allocation 
at lower temperatures (Laurel et al. 2016; Copeman et al. 
2016). In contrast, saffron cod have a eurythermic physiol-
ogy that is better suited for survival in a warming Arctic 
(Laurel et al. 2016; Copeman et al. 2017). In addition to 
potential changes in their growth and survival due to warm-
ing, climate-mediated changes in the distribution and abun-
dance of these species will likely have profound effects on 
the Arctic marine ecosystem.

The objectives of this research were to characterize the 
distribution and abundance of polar cod and saffron cod 
ELS in the Chukchi and western Beaufort seas and to better 
understand how these species might respond to a changing 
ocean environment. We expected that polar cod, a stenother-
mic species, would have strong responses to changing envi-
ronmental conditions, particularly temperature, while saffron 
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cod, a eurythermic species, would be less sensitive to similar 
environmental forcing. Findings of this study will provide 
important baseline information about their ELS, which can 
be used to identify and describe essential fish habitat (EFH) 
for larvae and age-0 juveniles in Alaskan waters, as required 
by law (U.S. Sustainable Fisheries Act 1996). Additionally, 
this information can be used to inform individual-based 
models (IBMs) developed to identify polar cod and saffron 
cod spawning locations and source/sink populations, and 
will improve our general knowledge of habitat important 
to their ELS, which can lead to more effective population 
management in a changing climate and in anticipation of 
increased human development in the region.

Materials and methods

Study area

The Chukchi Sea consists of a broad (~ 500 km), shallow 
(~ 50 m) shelf extending ~ 800 km northward from Bering 
Strait to the Chukchi Slope. Inflow from the northern Ber-
ing Sea is driven by the seasonally fluctuating Pacific–Arc-
tic pressure gradient (Stigebrandt 1984; Aagaard et al. 
2006), which brings freshwater, nutrients, heat, carbon, 
and organisms into the Chukchi Sea through Bering Strait 
(Wyllie-Echeverria et al. 1997; Weingartner et al. 2005; 

Woodgate et al. 2005; Moore and Stabeno 2015). The 
northward flow is comprised of cold, relatively saline, and 
nutrient-rich Anadyr Water (AW) in the west (Sambrotto 
et al. 1984); relatively warm, low-salinity Alaska Coastal 
Water (ACW) in the east; and Bering Shelf Water (BSW), 
which is a mixture of the two water masses (Coachman 
et al. 1975). Water travels over the Chukchi shelf along 
three main pathways: Herald Canyon in the west, the Cen-
tral Channel across the mid-shelf, and Barrow Canyon 
in the east (Fig. 1). After exiting Barrow Canyon, water 
either flows westward along the Chukchi shelf break as 
the Chukchi Slope Current, or eastward into the Beaufort 
Sea along the shelf break and slope (Corlett and Pickart 
2017). Flow over much of the shelf responds rapidly to 
local winds and can be highly variable, even reversing 
at times (Weingartner et al. 2005; Woodgate et al. 2005; 
Danielson et al. 2017). During the summer and fall, low-
salinity waters associated with coastal run off and solar 
heating are transported northward by the seasonal Alaska 
Coastal Current (ACC, Coachman et al. 1975). During 
the late fall to early winter, the water column cools to 
near-freezing temperatures and remains near the freezing 
point until late spring and early summer, when increased 
solar radiation and the arrival of warmer water from the 
Bering Sea lead to rapid warming, melting of sea ice, and 
increased river discharge (Weingartner et al. 2005; Dan-
ielson et al. 2017).

Fig. 1   Map of the study region 
showing typical flow pathways 
of the Chukchi Sea and western 
Beaufort Sea based on Corlett 
and Pickart (2017). BS Bering 
Strait, KS Kotzebue Sound, LB 
Ledyard Bay
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Data sources

We used data on the abundance and length composition of 
larval (preflexion and flexion) and juvenile polar cod and 
saffron cod from two primary sources: (1) ichthyoplankton 
surveys conducted in the Chukchi and Beaufort seas between 
2004 and 2013, and (2) acoustic-trawl surveys conducted in 
the Chukchi Sea during 2012 and 2013 as part of the Arc-
tic Ecosystem Integrated Survey (Arctic Eis, Mueter et al. 
2017).

Ichthyoplankton surveys

To characterize the horizontal distributions of polar cod 
and saffron cod larvae in the northern Bering, Chukchi, 
and western Beaufort seas, historical larval abundance and 
length data, including sampling date, geographic sampling 
location (latitude and longitude), and bottom depth at each 
sampling location were obtained from the Ichthyoplankton 
Information System database at NOAA’s Alaska Fisheries 
Science Center (AFSC; Table 1). Data were collected dur-
ing surveys conducted by the AFSC (2004, 2005, 2008), 
the Russian-American Long-term Census of the Arctic 
(RUSALCA: 2004, 2009, 2012), and the Arctic Eis program 
(2012, 2013). Apart from Arctic Eis, which sampled nearly 
identical stations in both 2012 and 2013, these surveys var-
ied in the geographical regions sampled but mostly occurred 
during August and September over the course of a decade 
(Table 1).

Depth-integrated ichthyoplankton samples were collected 
using 60-cm diameter Bongo nets (333- or 505-µm mesh) 
equipped with flowmeters and towed obliquely from the 
surface to near-bottom depths. Specimens were preserved 
using a buffered 5% formalin–seawater solution, after which 
fish larvae were transferred to 70% ethanol. Ichthyoplankton 

were identified to the lowest possible taxon, enumerated, and 
measured at the Plankton Sorting and Identification Center 
in Szczecin, Poland, and subsequently verified by AFSC 
staff using information found in Matarese et al. (1989). 
Catch-per-unit-effort (CPUE) for each station was calculated 
as the number of larvae caught under 10 m−2 of sea surface 
area. A correction factor of + 1.9% was applied to standard 
length (SL) records to account for shrinkage in formalin (D. 
Blood, B. Laurel, NOAA, unpublished data) and each meas-
ured fish was assigned to a development stage based on those 
described in Matarese et al. (1989) and available literature 
(Table 2). At present, polar cod eggs cannot be definitively 
distinguished from those of walleye pollock (Gadus chal-
cogrammus) (D. Blood, M. Busby, NOAA, personal com-
munication); thus, egg data were excluded from the analysis.

Acoustic‑trawl surveys

In 2012 and 2013, the Arctic Eis program conducted com-
prehensive ecosystem surveys of the U.S. northern Bering 
Sea and Chukchi Sea shelves (Mueter et al. 2017). The sur-
veys began on 7 August and progressed northward from 
Bering Strait along designated transects until reaching the 
Chukchi shelf break by the first week of September, after 
which sampling recommenced in Bering Strait and pro-
gressed southward to 60 °N until the last week of September.

Acoustic-trawl (AT) methods were used to estimate the 
abundance and distribution of pelagic organisms during each 
survey. The AT surveys (see De Robertis et al. 2017a, b 
for details) provide the best available information about the 
distributions of the abundant pelagic age-0 polar cod and 
saffron cod present in this environment during late sum-
mer. Acoustic backscatter was measured continuously along 
transects on a 1.0° longitude and 0.5° latitude grid using 
a calibrated echosounder. Trawl samples and estimates of 

Table 1   Cruise information for polar cod (Boreogadus saida) and saf-
fron cod (Eleginus gracilis) early life stages caught in 60-cm diameter 
Bongo nets north of Bering Strait (≥ 65.75 °N) from the Alaska Fish-

eries Science Center’s (AFSC) Ichthyoplankton Information System 
database

Data were collected during surveys conducted by the AFSC, the Russian-American Long-term Census of the Arctic (RUSALCA), and the Arctic 
Ecosystem Integrated Survey (Arctic Eis)

Survey year Date range of samples Survey month Cruise/Survey name Number of 
Bongo net 
samples

Number of samples 
with catch

Number of fish meas-
ured

Polar cod Saffron cod Polar cod Saffron cod

2004 8/13–8/22 Aug. 1KR04/RUSALCA 17 8 1 101 1
2008 8/6–8/21 Aug. 1OE08 38 17 5 60 7
2009 9/6–9/29 Sep. 1KR09/RUSALCA 22 5 – 16 –
2012 8/30–9/15 Aug.–Sep. 1KR12/RUSALCA 19 1 – 50 –

8/7–8/21 Aug. 1BE12/Arctic Eis 63 4 1 7 1
8/27–9/10 Aug.–Sep. 2BE12/Arctic Eis 39 6 – 6 –

2013 8/7–8/17 Aug. BE13−01/Arctic Eis 41 4 5 4 6
8/22–9/10 Aug.–Sep. BE13−02/Arctic Eis 58 23 – 30 –
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sound scattering properties of organisms were used to con-
vert acoustic backscatter into estimates by species and size 
class (De Robertis et al. 2017a, b). A combination of surface 
trawls conducted at pre-determined stations, and midwater 
trawls conducted in areas of high backscatter were used to 
identify the species and size composition of sound scattering 
organisms. A large (122-m headrope) Cantrawl rope trawl 
was used for all surface and midwater trawls in 2012, while 
in 2013, a smaller (12-m headrope) modified-Marinovich 
herring trawl was used for midwater sampling (De Rober-
tis et al. 2017a). As fishes encountered in the 2012 survey 
were small and likely poorly retained by the Cantrawl, a 
field study was conducted to determine the selectivity of 
the Cantrawl and modified-Marinovich trawls (De Robertis 
et al. 2017a). The AT abundance calculations incorporated 
the resulting gear, species, and size-dependent probabilities 
of capture (De Robertis et al. 2017b); however, the final 
estimates of abundance at length are sensitive to the selec-
tivity parameters used in these calculations, particularly for 
the smallest size classes which are poorly retained by the 
trawls (De Robertis et al. 2017a, b). Abundance estimates 
for 10-mm size classes of polar cod and saffron cod rang-
ing from 5 to 305 mm in length were calculated along the 
survey trackline. Species abundance (fish m−2) at each sam-
pling station was computed for three ELS, postflexion larvae 
(15–35 mm), early juveniles (35–45 mm), and late juveniles 
(45–65 mm), by averaging all measurements within 15 km 
of the nearest station.

Environmental data

Temperature and salinity data for the ichthyoplankton analy-
sis were obtained from conductivity, temperature, and depth 
(CTD) measurements taken concurrently with plankton 
sampling at each survey station. For stations with missing 
CTD data (8.1% of stations), temperature and salinity data 
were obtained from the closest station in space and/or time. 

When more than one adjacent station was used, measure-
ments were averaged (Online Resource 1).

To examine the relationship between ice and Arctic gadid 
ELS, the distance (in km) from each sampling station to 
the sea-ice edge was calculated from Multisensor Analyzed 
Sea Ice Extent-Northern Hemisphere (MAISE-NH) 4-km 
products obtained from the National Snow and Ice Data 
Center (NSIDC), or the U.S. National Ice Center/Naval Ice 
Center for 2004 and 2005 stations, and measured using Arc-
GIS 10.4 (ESRI 2017). Distance to land was also calculated 
to determine species associations with nearshore habitats. 
Exploratory analyses showed that temperature and distance 
to the ice edge were highly correlated, as were salinity and 
distance to land. Thus, only temperature and salinity were 
used to develop statistical models.

Temperature and salinity data used in the AT survey data 
analysis were obtained from CTD casts conducted at each 
sampling station. Temperature and salinity measurements 
taken at the surface and just above the bottom were averaged 
for the analysis.

Data analysis

Ichthyoplankton survey data

Polar cod larvae were present at several survey stations in 
the Bering Sea; however, due to the low number of samples 
with positive catch (< 10%), many of which were outside 
the period during which the majority of data were collected 
(August–September), we focused our analysis on larvae 
found north of Bering Strait (≥ 65.75 °N) to better describe 
their distribution and abundance in the Chukchi and western 
Beaufort seas. The low number of stations with positive saf-
fron cod catch prevented a comprehensive analysis for this 
species beyond a description of their general size, distribu-
tion, and abundance in the region (Table 1).

Table 2   Polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis) development stages and the number of samples of each stage collected 
north of Bering Strait (≥ 65.75 °N) using 60-cm diameter Bongo nets

Stages are based on Matarese et al. (1989)
a The mean of the minimum length of transition in the Pacific and the Arctic (Wolotira 1985) was used as the length at which saffron cod begin to 
transition to more demersal habitats

Polar cod stage Length (mm SL) Number Saffron cod stage Length (mm SL) Number

Egg 1.53–1.90 mm (diameter) 0 Egg 1.30–1.70 mm (diameter) 0
Yolksac < 8.5 0 Yolksac 3.5–8.49 0
Preflexion 8.6–10.9 14 Preflexion 8.5–10.9 0
Flexion 11.0–16.9 119 Flexion/postflexion 11.0–23.9 7
Transformation 17.0–29.9 117 Transformation 24.0–27.0 2
Early juvenile 30.0–44.9 22 Early juvenile 27.1–46.9a 6
Late juvenile 45.0–65.0 2 Late juvenile 47.0a–65.0 0
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Generalized additive models (GAM) with compound 
Poisson-gamma distributions (Tweedie distributions with 
index parameter 1 < p < 2) (Tweedie 1957; Winker et al. 
2014) were used to model the effects of location (latitude 
and longitude) and environmental covariates (Julian day, 
JD; bottom depth, BD; temperature, T; and salinity, S) on 
the abundance of polar cod and saffron cod ELS. GAMs are 
very well suited to model nonlinear species–environment 
interactions (Hastie and Tibshirani 1990) and have been used 
extensively in marine ecology and to model fisheries spa-
tial data (see Guisan et al. 2002 for a general review). The 
Tweedie distribution, which has a point mass at zero but 
is otherwise continuous, is particularly useful when there 
is a high proportion of zeros in the data (Shono 2008) and 
includes both the Poisson and negative binomial models as 
special cases. As year differences were confounded with 
geographic sampling location and given the general paucity 
of samples in the region, data were pooled across years and 
separate GAMs were developed to examine spatial patterns 
and temporal/environmental effects. A similar approach was 
used to model the mean length of polar cod ELS, but with 
a Gaussian distribution. Bottom depth was log-transformed 
to reduce the leverage and influence of a few deep stations 
on the regression.

The response variables x(ρ,λ) were the standardized larval 
and juvenile polar cod abundance (number 10 m−2) or mean 
length (in mm SL) at location ρ, λ (in degrees longitude and 
latitude), which were modeled as either spatial models:

or environmental models:

where gi and s are one-dimensional (1-D, Wood 2004) and 
two-dimensional (2-D, Wood 2003) smoothing functions, 
respectively, and ε is a normally distributed error term. To 
avoid overfitting, the degrees of freedom for smooth terms 
were constrained by limiting the number of knots to four for 
1-D smoothers in the environmental models and 10 for 2-D 
smoothers in the spatial models. The best model was chosen 
using a backwards-stepwise elimination process, where the 
model term with the highest p value was removed until a 
model that produced the lowest Akaike Information Crite-
rion (AIC, Akaike 1998) was found. Smooth terms in the 
length model were replaced with a simple linear relation-
ship, as the estimated degrees of freedom (edf) were equal 
to 1.

Acoustic‑trawl survey data

The location (latitude, longitude), bottom depth, and associ-
ated temperature and salinity data from CTD measurements 

(1)x(�,�) = s(�, �) + �(�,�)

(2)
x(�,�) = g1(JD(�,�)) + g2(BD(�,�)) + g3(T(�,�)) + g4(S(�,�)) + �(�,�),

taken at each station were used to model the abundance of 
the three ELS of polar cod and saffron cod within a 15-km 
radius. As for the ichthyoplankton data, the analysis focused 
on data collected north of Bering Strait (≥ 65.75 °N) and 
followed the same approach to model the standardized polar 
cod or saffron cod abundance (mean number of fish m−2) 
of postflexion larvae, early juveniles, and late juveniles at 
each location. Separate models were fit for 2012 and 2013 
to account for differences in the midwater trawl nets used in 
the AT survey.

All statistical analyses were carried out in R (R Core 
Team 2017) using the ‘mgcv’ library (Wood 2006). Residual 
diagnostics were used to assess distributional assumptions 
and independence. In particular, deviance residuals were 
mapped and their semivariance was plotted against distance 
between sampling points by year to test for the presence 
of possible spatial auto-correlation. While we found some 
evidence for auto-correlation, we were unable to incorpo-
rate residual auto-correlation into the model in combina-
tion with the Tweedie distribution. Therefore, some of the 
model results should be interpreted with caution, as confi-
dence intervals may be wider than shown in cases where 
auto-correlation was present.

Results

Ichthyoplankton survey data

A total of 297 ichthyoplankton stations north of Bering 
Strait were used to characterize the distribution and abun-
dance of polar cod and saffron cod ELS. Stations were 
sampled between 7 August and 28 September over bottom 
depths ranging from 15 to 440 m. Water temperatures ranged 
between − 1.4 and 10.8 °C, with salinities between 24.13 
and 33.87. Polar cod and saffron cod were present at 68 and 
12 stations, respectively.

Polar cod ELS were measured at 66 stations, with fish 
ranging in size from 9.2 to 47.9 mm SL (mean and standard 
deviation (SD) of 18.8 ± 6.8 mm SL, n = 274), represent-
ing preflexion to late juvenile stages. Polar cod ELS were 
sampled over bottom depths ranging from 24–440 m, tem-
peratures ranging between − 1.4 and 7.5 °C, and salinities 
from 28.75 to 33.87. Over 89% of polar cod ELS were col-
lected at stations north of 69 °N. Smaller larvae were found 
around Barrow Canyon, along the western Beaufort shelf 
and slope, near Wrangel Island, and on the Chukchi shelf 
north of 71 °N (Fig. 2a). Transformation-sized larvae, which 
were also found near Barrow Canyon, were more widely 
dispersed over the shelf, as were early juveniles.

Saffron cod ELS were collected at 12 stations, with fish 
ranging in size from 13.2 to 43.8 mm SL (mean and SD 
of 25.1 ± 9.8 mm SL, n = 15), representing flexion to 
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early juvenile stages. Larvae were collected over bottom 
depths ranging from 15 to 114 m, temperatures between 
0.2 and 8.8 °C, and salinities between 28.65 and 32.43. 
Flexion- and postflexion-sized larvae were found just east 
of Barrow Canyon, while most transformation-sized lar-
vae and early juveniles were found farther south, below 
69.5 °N (Fig. 2b). Saffron cod abundance was highest in 
nearshore regions, in particular south of Point Hope and 
east of Barrow Canyon, and was lowest in the western 
Chukchi Sea (Fig. 2b).

Abundance analysis

The abundance of polar cod ELS varied significantly 
across the study area (GAM: F  =  8.03, edf  =  7.31, 
p < 0.0001), with the highest densities in the southern and 
western portions of the Chukchi Sea, especially around the 
Chukotka Peninsula and Wrangel Island, as well as around 
Barrow Canyon (Fig. 3a). Environmental factors and time 
of sampling also had significant effects on abundance and 
explained a larger proportion of the deviance (40.7%) 
than the spatial model (31.0%) (Table 3). The AIC-best 
model included Julian day (GAM: F = 10.69, edf = 2.90, 
p < 0.0001), bottom depth (GAM: F = 4.79, edf = 1.74, 
p = 0.0076), temperature (GAM: F = 14.92, edf = 1.00, 
p = 0.0001), and salinity (GAM: F = 5.87, edf = 2.76, 
p  =  0.0022) (Table  3). Abundance peaked around 23 
August, increased nearly linearly with increasing bottom 
depth, decreased linearly with increasing temperature, and 
tended to be higher in both fresher (coastal) waters and at 
higher salinities (Fig. 3b–d). 

Length analysis

The spatial model confirmed significant spatial variation and 
patchiness in size (GAM: F = 3.38, edf = 7.68, p = 0.0016) 
(Fig. 4a), and the environmental model suggests that these 
variations may be largely explained by significant increases 
in size with sampling date (LR: β  =  0.27, t63  =  3.18, 
p  =  0.0023) (Fig.  4b) and temperature (LR: β  =  1.29, 
t63 = 3.24, p = 0.0019, Fig. 4c) (Table 3). The apparent 
growth rate estimated from the environmental model was 
0.27 mm day−1, which agrees well with field estimates of 
growth (0.28 mm day−1, Bouchard and Fortier 2011) at com-
parable temperatures, but is higher than laboratory estimates 
for ELS (0.11–0.19 mm day−1, Koenker et al. 2018; Lau-
rel et al. 2017). Field-based rates often exceed laboratory 
estimates, as only the survivors of size-based predation are 
observed, thereby selecting for faster growing individuals 
(Bailey and Houde 1989; Litvak and Leggett 1992).

Acoustic‑trawl survey data

A total of 133 and 144 stations were used in the analyses of 
polar cod and saffron cod ELS abundances estimated from 
the AT surveys in 2012 and 2013, respectively. In general, 
both species occupied more stations (Table 4) and were 
more abundant in 2013 compared to 2012 (Figs. 5, 6, 7, 
8). Polar cod ELS exhibited spatial variability across the 
eastern Chukchi shelf in 2012 (Tables 5, 6), with higher 
abundances observed over the northern portions of the sur-
vey area compared to farther south (Fig. 5a, c, e). In par-
ticular, abundances were highest off the coast between Point 
Lay and Icy Cape, around 70.5 to 71.0 °N. Spatial patterns 
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Fig. 2   Mean size (in mm SL) and log-transformed catch-per-unit-
effort (n 10 m−2 + 1), of a polar cod (Boreogadus saida) and b saf-
fron cod (Eleginus gracilis) early life stages collected at each sam-
pling station using 60-cm diameter Bongo nets during surveys 

conducted by the Alaska Fisheries Science Center (AFSC;  2008), 
Russian-American Long-term Census of the Arctic (RUSALCA; 
2004, 2009, 2012), and the Arctic Ecosystem Integrated Survey (Arc-
tic Eis; 2012, 2013) in the Chukchi and western Beaufort seas



	 Polar Biology

1 3

accounted for 45.4 to 57.3% of the deviance, while environ-
mental variables explained a somewhat smaller proportion 
of the deviance, ranging from 29.1 to 31.9% (Table 5). Polar 
cod abundance varied strongly with temperature, with simi-
lar responses observed across the three ELS (Fig. 5). The 
abundance of all stages increased with increasing tempera-
ture, reaching a peak between 5.0 and 6.0 °C, with sharp 
declines observed at higher temperatures (Fig. 5b, d, g). Late 
juvenile abundance declined with increasing bottom depth 
to ~ 60 m (Fig. 5f); however, depth did not significantly 
affect the abundance of smaller size classes (Tables 5, 6; 
Fig. 5).  

The spatial distribution of polar cod in 2013 was similar 
to that in 2012, with ELS more abundant in the north-
ern portion of the survey region compared to the south. 
Abundances were higher in 2013, with the highest abun-
dances found farther south (~ 69.5–70.0 °N) and more 
offshore than in 2012, concentrated to the northwest of 
Cape Lisburne and also around Barrow Canyon (Fig. 6a, 
e, i). The temperature response was similar across size 
classes (Fig. 6c, g, k) and was similar to that found in 
2012, with peak abundances between 5.0 and 6.0 °C and 
sharp declines at higher temperatures. However, relation-
ships with bottom depth changed between years. While 
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Fig. 3   Effects of location (a), Julian day (b), log-transformed bottom 
depth (c), temperature (d), and salinity (e) on the abundance of polar 
cod (Boreogadus saida) early life stages collected in the Chukchi and 
Beaufort seas using 60-cm Bongo nets. Spatial (a) and environmen-
tal (b–e) effects were modeled separately using generalized additive 
models (GAMs). For the spatial effect (a), darker colors represent 

higher abundance and lighter colors represent lower abundance. Red 
represents higher abundances and blue represents lower abundances 
in the online version. Circles are scaled to the maximum catch-per-
unit-effort (176.19 larvae 10 m−2). Stations with no catch are repre-
sented by (+)

Table 3   Generalized additive 
model (GAM) formulations 
for abundance and mean 
length (mm SL) of polar cod 
(Boreogadus saida) early 
life stages estimated from 
ichthyoplankton surveys in the 
Chukchi and Beaufort seas

Number of observations, percent (%) deviance explained, and Akaike Information Criterion (AIC) values 
are shown. Length due to environmental factors was estimated using a linear model
g and s 1- and 2-dimensional smoothing functions, respectively, JD Julian day, BD log-transformed bottom 
depth, T temperature, S salinity, (ρ, λ) longitude and latitude coordinates, ε error term

Model Polar cod n % dev. exp. AIC

Abundance
 Spatial x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 297 31.0 830.64
 Environmental x(ρ,λ) = g1 (JD(ρ,λ)) + g2 (BD(ρ,λ)) + g3 

(T(ρ,λ)) + g4 (S(ρ,λ)) + ε(ρ,λ)

297 40.7 814.54

Length
 Spatial x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 66 41.0 448.85
 Environmental x(ρ,λ) = g1 (JD(ρ,λ)) + g3 (T(ρ,λ)) + ε(ρ,λ) 66 21.8 454.23
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bottom depth was not a significant predictor of postflexion 
larvae and early juveniles in 2012, it was positively associ-
ated with their abundances in 2013 (Tables 5, 6; Fig. 6b, 
f). Higher abundances of late juveniles were found in 
deeper areas in 2013 (Fig. 6j) compared to 2012 (Fig. 5f), 
consistent with a more offshore distribution and higher 
densities over Barrow Canyon. Unlike 2012, salinity was 
significantly associated with polar cod abundance in 2013 
(Tables 5, 6). Early and late juveniles were most abundant 
at ~ 31.20, while the peak abundance of postflexion larvae 

occurred at a slightly lower salinity, ~ 30.75. Abundances 
of all stages declined at the highest salinities (Fig. 6d, h, l).

Spatial patterns in the abundance of saffron cod varied 
across ELS in 2012. High abundances of postflexion larvae 
were confined to a narrow region around Point Hope and 
Cape Lisburne (Fig. 7a). Early juveniles were also most 
abundant in these areas, with moderately high densities 
found south of Point Hope in the ACC in outer Kotze-
bue Sound (Fig. 7d). For both stages, a few low-density 
observations were found in the northeastern corner of the 
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Fig. 4   Effects of location (a), Julian day (b), and temperature (c) on 
the mean length of polar cod (Boreogadus saida) early life stages col-
lected in the Chukchi and Beaufort seas using 60-cm diameter Bongo 
nets. Spatial (a) and environmental (b, c) effects were modeled sepa-
rately. Data for the spatial effect (a) were modeled using a general-
ized additive model (GAM) with a Tweedie distribution, which has a 
point mass at zero, but is otherwise continuous. A linear model with a 

Gaussian distribution was used to model environmental effects (b, c). 
For the spatial effect (a), darker colors represent a larger mean length 
and lighter colors represent a smaller mean length. Red represents 
a larger mean length  and blue represents a smaller mean length  in 
the online version. Circles are scaled to the maximum mean length 
(44.9 mm SL) of polar cod collected at each station

Table 4   Number of stations used in the acoustic-trawl survey data 
analysis for 2012 and 2013, along with bottom depth range (in 
meters), average surface–bottom temperature (mean  ±  SD in °C), 
average surface–bottom salinity (mean  ±  SD), and the number of 

stations occupied by polar cod (Boreogadus saida) and saffron cod 
(Eleginus gracilis) early life stages (ELS): postflexion larvae (15–
35 mm), early juveniles (35–45 mm), and late juveniles (45–65 mm)

2012 2013

Number of stations sampled (n) 133 144
Depth range (m) 19–99 17–101
Average surface–bottom temperature (°C) 5.17 ± 2.83 4.45 ± 3.28
Average surface–bottom salinity 30.94 ± 1.29 30.61 ± 1.28

Number of stations occupied

Polar cod ELS
 Postflexion larvae (15–35 mm) 39 87
 Early juveniles (35–45 mm) 69 107
 Late juveniles (45–65 mm) 65 92

Saffron cod ELS
 Postflexion larvae (15–35 mm) 9 33
 Early juveniles (35–45 mm) 29 32
 Late juveniles (45–65 mm) 37 28
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Fig. 5   From left to right, effects of location (a, c, e), bottom depth 
(f), temperature (b, d, g), and salinity (no significant effect)  on the 
abundance of polar cod (Boreogadus saida) postflexion larvae (a, b), 
early juveniles (c, d), and late juveniles (e–g) on the Chukchi shelf 
estimated by the Arctic Ecosystem Integrated Survey (Arctic Eis) 
acoustic-trawl survey in 2012. Spatial (a, c, e) and environmental 
(b, d, f, g) effects were modeled separately using generalized addi-
tive models (GAMs). Empty panels indicate that the covariate was 

not included in the final model. For the spatial effect, darker colors 
represent higher abundances and lighter colors represent lower abun-
dances. In the online version, red represents higher abundances and 
blue represents lower abundances. Circles reflect log-transformed 
abundances (fish m−2) of 0.001, 0.1, 0.5, and greater than 0.5, to a 
maximum of 1.635 (postflexion larvae), 2.616 (early juveniles), and 
0.139 (late juveniles). Stations where estimated abundance was zero 
are represented by (+)
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study area, including the Barrow Canyon region (Fig. 7a, 
d). Late juveniles were abundant in much of the ACC, but 
also extended offshore north of Cape Lisburne (Fig. 7g). 
Environmental covariates significantly affected the abun-
dance of saffron cod ELS (Tables 5, 6), accounting for 
much of the deviance at the postflexion stage (80.6%), but 
a smaller proportion at the early juvenile (60.9%) and late 
juvenile stages (58.4%; Table 5). Abundances of all saf-
fron cod ELS tended to increase with both bottom depth 
and temperature (Fig. 7), but the salinity effect was not 
significant (Tables 5, 6). 

Spatial patterns in saffron cod abundance remained 
fairly consistent across the postflexion larval and early 
juvenile stages in 2013, with the highest abundances seen 
close to shore near Icy Cape south to Kotzebue Sound, 
and the lowest abundances found around Barrow Can-
yon (Fig. 8a, c). In contrast, late juvenile abundance was 
very low east of Icy Cape, but was high almost every-
where else (Fig. 8e). Spatial and environmental models 
accounted for a relatively high proportion of deviance 
across all stages (48.3–84.2%), except for the postflexion 
environmental model (26.0%) (Table 5). Temperature had 
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Fig. 6   From left to right, effects of location (a, e, i), bottom depth (b, 
f, j), temperature (c, g, k), and salinity (d, h, l) on the abundance of 
polar cod (Boreogadus saida) postflexion larvae (a–d), early juveniles 
(e–h), and late juveniles (i–l) on the Chukchi Sea shelf estimated by 
the Arctic Ecosystem Integrated Survey (Arctic Eis) acoustic-trawl 
survey in 2013. Spatial (a, e, i) and environmental (b–d, f–h, j–l) 
effects were modeled separately using generalized additive models 
(GAMs). Empty panels indicate that the covariate was not included in 

the final model. For the spatial effect, darker colors represent higher 
abundances and lighter colors represent lower abundances. In the 
online version, red represents higher abundances and blue represents 
lower abundances. Circles reflect log-transformed abundances (fish 
m−2) of 0.001, 0.1, 0.5, and greater than 0.5, to a maximum of 2.722 
(postflexion larvae), 2.562 (early juveniles), and 0.879 (late juve-
niles). Stations where estimated abundance was zero are represented 
by (+)
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a positive effect on abundance across all stages (Fig. 8b, 
d, g), with a notable, sharp increase with increasing tem-
perature to ~ 4.0 °C for late juveniles. Bottom depth had a 

significant, positive effect on the abundance of late juve-
niles only (Fig. 8f). As in 2012, the salinity effect was not 
significant (Tables 5, 6).
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Fig. 7   From left to right, effects of location (a, d, g), bottom depth 
(b, e, h), temperature (c, f, i), and salinity (no significant effect) on 
the abundance of saffron cod (Eleginus gracilis) postflexion larvae 
(a–c), early juveniles (d–f), and late juveniles (g–i) on the Chukchi 
shelf estimated by the Arctic Ecosystem Integrated Survey (Arctic 
Eis) acoustic-trawl survey in 2012. Spatial (a, d, g) and environmen-
tal (b, c, e, f, h, l) effects were modeled separately using generalized 
additive models (GAMs). Empty panels indicate that the covari-

ate was not included in the final model. For the spatial effect, darker 
colors represent higher abundances and lighter colors represent lower 
abundances. In the online version, red represents higher abundances 
and blue represents lower abundances. Circles reflect log-transformed 
abundances (fish m−2) of 0.001, 0.1, 0.5, and greater than 0.5, to a 
maximum of 0.153 (postflexion larvae), 0.122 (early juveniles), and 
0.009 (late juveniles). Stations where estimated abundance was zero 
are represented by (+)
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Fig. 8   From left to right, effects of location (a, c, e), bottom depth 
(f), temperature (b, d, g), and salinity (no significant effect)  on the 
abundance of saffron cod (Eleginus gracilis) postflexion larvae (a, b), 
early juveniles (c, d), and late juveniles (e–g) on the Chukchi shelf 
estimated by the Arctic Ecosystem Integrated Survey (Arctic Eis) 
acoustic-trawl survey in 2013. Spatial (a, c, e) and environmental 
(b, d, f, g) effects were modeled separately using generalized addi-
tive models (GAMs). Empty panels indicate that the covariate was 
not included in the final model. For the spatial effect, darker colors 

represent higher abundances and lighter colors represent lower abun-
dances. In the online version, red represents higher abundances and 
blue represents lower abundances. Circles reflect log-transformed 
abundances (fish m−2) of 0.001, 0.1, 0.5, and greater than 0.5, to a 
maximum of 0.374 (postflexion larvae), 0.449 (early juveniles), and 
0.482 (late juveniles). Note that the confidence intervals for the envi-
ronmental effects extend beyond the figure at larger values and that 
the scale differs on the y-axis for the temperature effect. Stations 
where estimated abundance was zero are represented by (+)
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Discussion

Differences in the distributions of polar cod and saffron 
cod suggest habitat partitioning at the larval and juvenile 
stages. However, their distributions overlapped in some 
areas, particularly near Barrow Canyon, where larvae of 
both species were abundant in Bongo net samples. While 
the AT survey detected high abundances of polar cod ELS 

in both 2012 and 2013 over most of the northern Chukchi 
shelf, especially from Cape Lisburne to Icy Cape, these 
were areas of particularly low abundance in the ichthyo-
plankton survey data. The highest abundances of early 
stages of polar cod estimated by the ichthyoplankton spa-
tial model were found outside of the Arctic Eis survey 
area, specifically, around Barrow Canyon, in the western 
Beaufort Sea, along the Chukotka Peninsula, and around 

Table 5   Generalized additive model (GAM) formulations for polar 
cod (Boreogadus saida) and saffron cod (Eleginus gracilis) abun-
dance (fish m−2) of postflexion  larvae (15–35  mm), early juveniles 

(35–45  mm), and late juveniles (45–65  mm) estimated by  the 2012 
and 2013 Arctic Ecosystem Integrated Survey (Arctic Eis) acoustic-
trawl surveys in the Chukchi Sea

Number of observations, percent (%) deviance explained, and Akaike Information Criterion (AIC) values are shown. Terms in gray were not sig-
nificant, but remained in the model, as their inclusion produced the lowest AIC value
g and s 1- and 2-dimensional smoothing functions, respectively, BD bottom depth, T average surface–bottom temperature, S average surface–bot-
tom salinity, (ρ, λ) longitude and latitude coordinates, ε error term

Model Polar cod n % dev. exp. AIC

Spatial 2012
 Postflexion x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 57.3 156.10
 Early juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 50.9 14.87
 Late juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 45.4 − 380.31

Environmental 2012
 Postflexion x(ρ,λ) = g2 (T(ρ,λ)) + ε(ρ,λ) 133 31.9 176.81
 Early juvenile x(ρ,λ) = g2 (T(ρ,λ)) + ε(ρ,λ) 133 29.1 48.50
 Late juvenile x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + ε(ρ,λ) 133 30.2 − 357.92

Spatial 2013
 Postflexion x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 37.4 326.99
 Early juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 48.9 182.16
 Late juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 48.8 − 134.71

Environmental 2013
 Postflexion x(ρ,λ) =   + g2 (T(ρ,λ)) + g3 (S(ρ,λ)) + ε(ρ,λ) 144 34.1 333.54
 Early juvenile x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + g3 (S(ρ,λ)) + ε(ρ,λ) 144 36.3 217.96
 Late juvenile x(ρ,λ) =   + g2 (T(ρ,λ)) + g3 (S(ρ,λ)) + ε(ρ,λ) 144 33.2 − 95.63

Model Saffron cod n % dev. exp. AIC

Spatial 2012
 Postflexion x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 80.6 99.41
 Early juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 60.9 − 43.84
 Late juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 133 58.4 − 245.24

Environmental 2012
 Postflexion x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + ε(ρ,λ) 133 56.7 95.51
 Early juvenile x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + ε(ρ,λ) 133 40.0 − 32.41
 Late juvenile x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + ε(ρ,λ) 133 27.8 − 220.18

Spatial 2013
 Postflexion x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 52.1 25.12
 Early juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 66.9 26.79
 Late juvenile x(ρ,λ) = s (ρ,λ) + ε(ρ,λ) 144 84.2 − 47.24

Environmental 2013
 Postflexion x(ρ,λ) = g2 (T(ρ,λ)) + ε(ρ,λ) 144 26.0 35.75
 Early juvenile x(ρ,λ) = g2 (T(ρ,λ)) + ε(ρ,λ) 144 48.3 35.07
 Late juvenile x(ρ,λ) = g1 (BD(ρ,λ)) + g2 (T(ρ,λ)) + ε(ρ,λ) 144 75.7 − 39.28



Polar Biology	

1 3

Wrangel Island, which suggests that the large numbers of 
older juveniles observed in the AT survey area may have 
been transported there from elsewhere. This is consistent 
with the observation of high abundances of young-of-the-
year polar cod in this area, but relatively few adults in 
AT and bottom trawl surveys (De Robertis et al. 2017b). 
Higher densities of polar cod ELS found over the west-
ern portion of the Chukchi shelf suggest that the western 
Chukchi Sea may support greater abundances of juvenile 
polar cod in general (Nikolayev et al. 2008). Indeed, a 
2017 AT survey in the Arctic Eis sampling region found 

that juvenile polar cod were most abundant in the north-
west portion of the survey area, with higher abundances 
than those observed in previous years (A. De Robertis, 
unpublished data). Although only a few stations were 
sampled over the Chukchi slope and Arctic Basin dur-
ing the ichthyoplankton surveys, those samples yielded 
high densities of polar cod, particularly early juveniles. 
A recent ichthyoplankton survey conducted in late sum-
mer 2017 also encountered polar cod ELS over the slope, 
although these fish appeared to be smaller in size (M. 
Busby, NOAA, personal communication). While the origin 

Table 6   Generalized additive model (GAM) results for spatial and 
environmental models developed for polar cod (Boreogadus saida) 
and saffron cod (Eleginus gracilis) postflexion larvae  (15–35 mm), 

early juveniles (35–45 mm), and late juveniles (45–65 mm) based on 
abundances estimated by  the 2012 and 2013 Arctic Ecosystem Inte-
grated Survey (Arctic Eis) acoustic-trawl surveys in the Chukchi Sea

F statistics, estimated degrees of freedom (edf), and p values are shown
g and s 1- and 2-dimensional smoothing functions, respectively, BD bottom depth, T average surface–bottom temperature, S average surface–bot-
tom salinity (ρ, λ) longitude and latitude coordinates

Model Postflexion larvae Early juveniles Late juveniles

F edf p value F edf p value F edf p value

Polar cod
2012
 Spatial
  s (ρ,λ) 7.53 8.49 < 0.0001 14.12 8.64 < 0.0001 20.46 8.39 < 0.0001

 Environmental
  g1 (BD(ρ,λ)) – – – – – – 2.46 2.23 0.0557
  g2 (T(ρ,λ)) 22.49 2.90 < 0.0001 23.91 2.93 < 0.0001 20.43 2.93 < 0.0001
  g3 (S(ρ,λ)) – – – – – – – – –

2013
 Spatial
  s (ρ,λ) 8.20 8.22 < 0.0001 18.17 8.43 < 0.0001 17.73 8.36 < 0.0001

 Environmental
  g1 (BD(ρ,λ)) 5.77 1.84 0.0027 10.84 1.28 0.0002 5.78 1.55 0.0106
  g2 (T(ρ,λ)) 7.70 2.78 < 0.0001 8.07 2.71 < 0.0001 17.47 2.72 < 0.0001
  g3 (S(ρ,λ)) 13.32 2.66 < 0.0001 16.59 2.87 < 0.0001 13.38 2.83 < 0.0001

Saffron cod
2012
 Spatial
  s (ρ,λ) 2.88 8.04 0.0041 16.71 7.65 < 0.0001 10.47 8.32 < 0.0001

 Environmental
  g1 (BD(ρ,λ)) 3.62 1.10 0.0653 11.59 1.00 0.0009 2.26 2.20 0.0904
  g2 (T(ρ,λ)) 7.49 1.00 0.0071 12.89 2.26 < 0.0001 19.19 1.00 < 0.0001
  g3 (S(ρ,λ)) – – – – – – – – –

2013
 Spatial
  s (ρ,λ) 9.05 7.93 < 0.0001 12.22 8.21 < 0.0001 209.90 8.98 < 0.0001

 Environmental
  g1 (BD(ρ,λ)) – – – – – – 9.38 1.00 0.0026
  g2 (T(ρ,λ)) 21.89 1.00 < 0.0001 49.77 1.00 < 0.0001 19.64 1.00 < 0.0001
  g3 (S(ρ,λ)) – – – – – – 1.91 2.56 0.1446
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of these fish is unknown, the slope habitat may be impor-
tant for polar cod ELS, as well as for age-1 + polar cod 
(e.g., Parker-Stetter et al. 2011).

Depth, temperature, and salinity are three important abi-
otic habitat features influencing the distribution of marine 
fishes (Laprise and Pepin 1995; Abookire et al. 2000). These 
factors, particularly temperature, were important in structur-
ing the distribution and abundance of polar cod and saffron 
cod ELS in the Chukchi and Beaufort seas. However, habitat 
associations varied between the two species, between years 
and, to a lesser extent, between ELS. Within the Arctic Eis 
survey area, we found that polar cod were distributed farther 
north (> 69 °N) and more offshore than saffron cod, which 
were predominantly found south of 70.5 °N and closer to 
shore. Our results agree well with what is generally known 
about the distributions of the two species in Alaska’s Arctic 
(Wolotira 1985; Mecklenburg et al. 2002; Logerwell et al. 
2015; De Robertis et al. 2017b). These distributional differ-
ences effectively result in habitat partitioning of the Chukchi 
shelf, most likely due to species-specific thermal and salinity 
tolerances, as well as advective processes. Indeed, currents 
and water column temperatures and salinities are known to 
structure ichthyoplankton habitats in the Chukchi Sea (Nor-
cross et al. 2010). Wyllie-Echeverria et al. (1997) noted that 
changes in the distribution and abundance of age-0 polar 
cod coincided with the boundary between Resident Chukchi 
Water (or Winter Water, WW) and ACW, where a semi-per-
manent front forms along the bottom between 70 and 71 °N 
(Weingartner 1997). High concentrations of age-0 fish were 
associated with low temperature (< 1 °C) and high salinity 
(32–33) WW. In contrast, De Robertis et al. (2017b) and this 
study found that age-0 polar cod were abundant at intermedi-
ate temperatures and high salinities in areas of the northern 
Chukchi shelf influenced by the Bering-Chukchi Summer 
Water (BCSW). Saffron cod were abundant at higher tem-
peratures and lower salinities associated with ACW over 
relatively shallow water (< 50 m). This is consistent with 
other studies that have found age-0 saffron cod in nearshore 
habitats, mostly occurring at depths less than 40 m (Wolotira 
1985; Logerwell et al. 2015; De Robertis et al. 2017b).

Both species exhibited habitat associations that may 
reflect interannual differences in circulation. Polar cod 
ELS were most abundant in shallower parts of the Arctic 
Eis survey area in 2012 and in deeper parts in 2013. In 
contrast, saffron cod were more abundant at deeper depths 
in 2012 and 2013, but associations were weak or not sig-
nificant. Weak and variable associations with water depth 
contrast with a relatively strong and consistent temperature 
association between years, and likely reflect associations 
with specific water masses, combined with interannual 
changes in the dominant circulation patterns that redistrib-
ute water masses across the shelf. The moderate amount of 
deviance explained by environmental covariates in most 

cases and differences in the apparent effects between years 
suggest that other factors are important in determining the 
abundance and distribution of polar cod and saffron cod 
ELS. In particular, we expect the distribution of larval 
stages to be driven by advective processes, which can be 
highly variable among years (Danielson et al. 2017).

Contrasting responses to temperature were identified 
in the abundance and length models developed for polar 
cod ELS based on ichthyoplankton survey data, with 
abundance declining and length increasing at higher tem-
peratures. Sharp declines in AT survey abundances were 
also associated with higher temperatures, with similar 
responses found among all three polar cod ELS. Similar 
temperature responses across ELS can likely be attrib-
uted to the fact that polar cod is a cold-water, stenother-
mic species with a narrow thermal window (Laurel et al. 
2016, 2017). De Robertis et al. (2017b), using the same 
AT survey data, found that age-0 polar cod were abun-
dant at intermediate temperatures (3.4–6.6 °C in 2012 
and 2.6–6.7 °C in 2013) in areas of the northern Chukchi 
shelf influenced by the BCSW. In the current study, peak 
abundances of all three polar cod size classes occurred 
between 5.0 and 6.0 °C in both years, which is similar to 
the temperatures of maximum growth (Tmax) determined 
from laboratory experiments for first-feeding and preflex-
ion larvae (Tmax = 5.2 °C and 6.7 °C, respectively, Koen-
ker et al. 2018) and juveniles (Tmax = 6.4 °C, Laurel et al. 
2017). Sharp declines in survey abundances at higher tem-
peratures are consistent with the findings of Koenker et al. 
(2018), where notable declines in laboratory survival of 
polar cod preflexion feeding stages occurred at tempera-
tures above 5 °C. At temperatures below this threshold, 
survival and early growth of polar cod have been positively 
correlated with warmer sea surface temperatures (Fortier 
et al. 2006; Bouchard and Fortier 2008, 2011). A progres-
sively earlier ice breakup may initially improve the recruit-
ment of juvenile polar cod in the fall by increasing growth 
and survival of early hatchers, however, increasingly 
earlier ice breakups will eventually become detrimental 
to their survival once thermal tolerances are exceeded 
(Bouchard et al. 2017). Further warming may also impact 
ice algae production, affecting copepod reproduction and 
the abundance of their nauplii, which are primary prey of 
first-feeding polar cod (Bouchard et al. 2017). This may be 
particularly relevant to polar cod, as they are more prone 
to starvation with warming than related gadids (Laurel 
et al. 2016).

Temperature associations were fairly similar across all 
three saffron cod ELS, with abundance increasing linearly 
with increasing temperature and higher abundances above 
4.0–6.0 °C. Few studies have examined the temperature 
responses of larval and juvenile saffron cod, but recent work 
has shown that saffron cod larvae < 10 mm in length are 
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stenothermic, tolerating a narrow range of temperatures, 
in contrast to older early juvenile stages, which tolerate a 
broader range of temperatures (B. Laurel, NOAA, personal 
communication; Laurel et al. 2016).

Polar cod exhibited variable associations with salinity 
across ELS in 2013, but responses in 2012 were not sig-
nificant. Peak hatching of polar cod eggs occurs in May 
and June, which coincides with the timing of ice break up 
(Borkin et al. 1986; Bouchard and Fortier 2008), though 
hatching occurs as late as July in the Chukchi Sea and other 
Arctic regions (Wyllie-Echeverria et al. 1997; Bouchard and 
Fortier 2011). Newly hatched polar cod larvae are able to 
survive widely fluctuating salinities after ice melt (Sakurai 
et al. 1998). Variable associations between salinity and ELS 
are expected, as sea-ice melt and river discharges in summer 
can significantly alter the salinity signature of water masses 
on the Chukchi shelf (Danielson et al. 2017). However, age-0 
polar cod in the Barents Sea preferred salinities between 
33.7 and 34.8, and occupied more saline waters within the 
preferred salinity range in warmer years compared to colder 
ones (Rajasakaren 2013). Combined, these findings suggest 
that polar cod ELS are euryhaline, tolerating a wide range 
of salinities encountered in the highly variable and seasonal 
Arctic ecosystem. Associations between saffron cod abun-
dance and salinity were not significant, which suggests that 
their ELS may also tolerate a wide range of salinities. Recent 
laboratory work has shown that larvae of both species are 
highly tolerant to salinity fluctuations (M. Spencer, NOAA, 
unpublished data). Salinity preferences for saffron cod are 
known to change by season and are associated with devel-
opmental changes, as well as with spawning and feeding 
behavior (Nikolski 1954; Wolotira 1985).

Observed relationships between polar cod and saffron 
cod ELS and temperature and salinity likely reflect the two 
species’ associations with particular water masses. Water 
mass properties on the Chukchi shelf differed considerably 
between 2012 and 2013 (Danielson et al. 2017). Near-bot-
tom BCSW was more saline in 2012 and ACW was warmer 
in 2013, but did not extend as far north due to persistent 
winds from the northeast that that led to flow reversals over 
much of the northeast Chukchi Sea and limited the north-
ward extent of the ACC. As a result, cooler Melt Water cov-
ered a larger portion of the northeast Chukchi shelf in 2013, 
extending all the way to the northwest Alaskan coast, where 
ACW is normally found (Danielson et al. 2017). Changes 
in the temperature and salinity responses of polar cod and 
saffron cod ELS between 2012 and 2013 likely result from 
wind-induced changes in the distribution of water masses. 
In the Beaufort Sea, polar cod are known to change their 
distribution based on daily movements of the shoreward 
edge of the marine water mass (Moulton and Tarbox 1987), 
and different current regimes can affect the distribution and 

abundance of saffron cod in the Sea of Japan (Vasil’kov et al. 
1981).

In the AT survey data analysis, surface and bottom tem-
peratures and salinities from CTD casts were averaged to 
reflect the environmental properties of the water column 
over which acoustic measurements were taken. While sur-
face and bottom temperatures are highly correlated, they 
diverge in strongly stratified areas, for example, where ACW 
overlays BCSW (Danielson et al. 2017; Marsh et al. 2017). 
As the vertical distribution of ELS was not resolved, asso-
ciating a particular stage with a specific water mass was not 
possible, which limits the ability to determine more pre-
cise relationships with environmental variables at this time. 
Complicating matters further is that different populations 
of polar cod and saffron cod may exist in the region, and 
may show population-specific responses to environmental 
variables. Based on growth data in the Kara, Laptev, and 
Barents seas, two forms of polar cod exist: a slow-growing 
form found in coastal regions of the Kara and Laptev seas 
and a fast-growing form associated with marine waters of 
the Barents and Kara seas (Moskalenko 1964). Differences 
between the two forms have also been noted in juvenile polar 
cod (N. Chernova, Zoological Institute of Russian Academy 
of Sciences, personal communication). In the northern Ber-
ing and Chukchi seas, Helser et al. (2017) found regional 
differences in growth for both polar cod and saffron cod, 
but it is not known if regional differences in growth exist for 
their ELS in the Chukchi Sea.

Abundance estimates of age-0 polar cod and saffron cod 
from the AT survey were 3–4 times higher for both species 
in 2013 compared to 2012 (De Robertis et al. 2017b; Figs. 5, 
6, 7, 8). Despite substantial differences in wind forcing and 
circulation over the Chukchi shelf (Danielson et al. 2017), 
their spatial distributions remained relatively consistent 
between years, which suggests that their large-scale summer 
distributions over the survey area are relatively insensitive 
to variability in environmental forcing. Indeed, species have 
likely adapted over time to maximize their dispersal success, 
reducing losses from advection by spawning in areas where 
local bathymetric features and prevailing currents deliver 
their larvae to appropriate nursery grounds (Iles and Sin-
clair 1982; Bailey and Picquelle 2002; Bailey et al. 2008; 
Duffy-Anderson et al. 2014). As a result, distribution pat-
terns are expected to remain relatively consistent between 
years. However, drift pathways may be altered by deviations 
from average conditions (Bailey et al. 2005). Despite general 
similarities between the 2012 and 2013 Arctic Eis surveys, 
a southward shift in the distributions of both species was 
evident, most notably, increased presence in 2013 of age-0 
polar cod south of Point Hope and decreased presence of 
saffron cod around Barrow Canyon compared to 2012. From 
late December 2012 to March 2013, nearly continuous up-
canyon flow was recorded at Mooring BC2 at the head of 
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Barrow Canyon, while essentially no net flow was recorded 
along the canyon axis over a similar time period in 2012 
(January–April; Danielson et al. 2017). Southward shifts in 
distribution in 2013 may result from increased up-canyon 
flows during the spawning and hatching season, resulting in 
more southwestward transport of polar cod eggs and larvae 
onto the Chukchi shelf from adult populations in the Beau-
fort Sea (Geoffroy et al. 2011; Parker-Stetter et al. 2011; 
Benoit et al. 2014). Winds in August 2013 were also more 
directionally polarized than those in 2012, blowing toward 
the south and southwest for nearly half the month, shutting 
down a portion of the ACC, and likely promoting upwelling 
in Barrow Canyon for several weeks (Danielson et al. 2017). 
During this time, polar cod and saffron cod larvae in the 
northern portion of the survey area were likely transported 
southward, with reduced northeast transport in the ACC 
leading to increased retention of larvae in the southern por-
tion of the survey area in 2013.

During winter 2012/2013, an extensive coastal polynya 
developed from Point Barrow to south of Point Hope, which 
was associated with the flow reversal in Barrow Canyon 
(Danielson et al. 2017). Higher abundances of both polar cod 
and saffron cod in 2013 could potentially be associated with 
this open water feature, as the upwelling of deep (200 m), 
warm water (> − 1 °C) Atlantic Water from the Arctic Basin 
onto the Chukchi shelf through Barrow Canyon (Ladd et al. 
2016) may have provided eggs and larvae with an impor-
tant thermal refuge from near-freezing shelf temperatures 
during winter, reducing egg development times and larval 
stage duration. Polynyas are also thought to provide the light 
necessary for first-feeding larvae to detect and capture plank-
ton prey (Bouchard and Fortier 2008), which can lead to 
increased survival during this critical stage. Faster growth 
and larger size-at-age associated with frequent winter–spring 
polynyas and longer open water periods may be advanta-
geous to larvae (Fortier et al. 2006; Bouchard and Fortier 
2008), not only through their improved ability to capture 
prey and avoid predation in the surface layers (“bigger is 
better hypothesis”, Miller et al. 1988), but also by reaching 
a larger size before migrating to depth in the fall, thus limit-
ing cannibalism (Bouchard and Fortier 2011) and increas-
ing overwinter survival, which is known to be an important 
mechanism controlling the recruitment of walleye pollock 
in the Bering Sea (Heintz et al. 2013).

Of particular interest is that small polar cod and saffron 
cod larvae were encountered in both the ichthyoplankton and 
AT surveys in the northern part of the Chukchi Sea, particu-
larly around Barrow Canyon. Spawning may have occurred 
farther south, with eggs and larvae subsequently transported 
by the ACC and other shelf currents into Barrow Canyon 
and onto the western Beaufort shelf. Alternatively, spawning 
may have taken place in close proximity to Barrow Canyon 
and larvae were retained in the area. Polar cod and saffron 

cod are thought to spawn and develop on the Beaufort shelf 
(Craig and Haldorson 1981; Craig et al. 1982; Parker-Stetter 
et al. 2011; Benoit et al. 2014; Logerwell et al. 2015). Mean 
winds on the Beaufort shelf are westward year-round and 
westward flow over the shelf can transport water into Barrow 
Canyon (Weingartner et al. 2017), along with developing 
eggs and larvae inhabiting Beaufort shelf waters. During 
periods of weak winds, a strong shelf-break front forms 
along the southeastern edge of Barrow Canyon when the 
shelf-break currents flow onto the Beaufort shelf or along 
the canyon edge, which promotes the aggregation and reten-
tion of plankton on the western Beaufort Shelf (Okkonen 
et al. 2011). Barrow Canyon is a known biological “hotspot,” 
with elevated nutrient concentrations, enhanced productivity 
rates, high benthic biomass, and high concentrations of sea-
birds and marine mammals (Grebmeier et al. 2015; Kuletz 
et al. 2015). Thus, it is likely that changing wind and current 
patterns, along with the shelf-break front, play an important 
role in the retention of gadid ELS around Barrow Canyon, 
which may provide them with enhanced feeding opportu-
nities in these highly productive waters. Small polar cod 
larvae were also found east of Wrangel Island in the west-
ern Chukchi Sea and around Hanna Shoal on the northern 
Chukchi shelf, which suggests that these areas may also be 
important for spawning and retention. Kono et al. (2016) 
have suggested the presence of two separate spawning areas 
in the northern Bering and Chukchi seas. The presence of 
two separate populations is also supported by two separate 
high-density “hotspots” for polar cod ELS off Cape Lisburne 
and in Barrow Canyon, respectively (Fig. 6).

Peak hatching of saffron cod occurs in April and May, 
with larvae spending between 2–3 months in the plankton 
before descending to the bottom in mid-summer (Wolotira 
1985). As most sampling occurred in late summer, during 
August and September, saffron cod ELS are likely not well 
represented in the ichthyoplankton surveys, which could 
explain why few fish were collected. Additionally, young 
saffron cod are known to occupy shallow, nearshore areas 
(Pokrovskaya 1960; Logerwell et al. 2015). The surveys 
in this study did not sample nearshore habitats well, with 
the nearest stations in the ichthyoplankton and AT surveys 
located more than 3 and 7.5 km away from land, respec-
tively. Alternatively, saffron cod may exhibit more avoid-
ance behavior to trawl gear compared to polar cod (see De 
Robertis et al. 2017a, their Fig. 9a, b). Thus, relationships 
between environmental drivers and saffron cod abundance in 
their nursery habitats are not fully resolved by this analysis, 
although higher abundances are strongly linked to higher 
temperatures.

While mature polar cod and saffron cod in spawning 
condition have been observed in the coastal waters of the 
Chukchi and Beaufort seas (Craig et al. 1982; Wolotira 
1985), major spawning locations have not been identified. 
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Barrow Canyon and/or the surrounding waters may be poten-
tial candidates, given that small larvae were abundant in 
ichthyoplankton samples collected in the vicinity. Currently, 
minimal sampling has occurred in the region outside of the 
summer months, thus our knowledge about the seasonal 
distribution and abundance of these species is extremely 
limited, particularly during the spawning and hatching sea-
sons. Earlier and more frequent sampling, including sam-
pling during winter months, can help to identify spawning 
locations and habitat important to developing ELS. In June 
2017 and 2018, the Arctic Shelf Growth, Advection, Res-
piration, and Deposition Rate Experiment (ASGARD) sur-
vey conducted process studies of oceanography and lower 
trophic levels in the northern Bering and southern Chukchi 
seas. This research will provide additional insights into the 
late spring distributions of polar cod and saffron cod ELS in 
the region. Preliminary findings indicate that small, age-0 
gadids were highly abundant in Bongo net samples collected 
in nearshore waters (B. Norcross, University of Alaska Fair-
banks, personal communication). To date, information about 
the vertical distributions of polar cod ELS in the water col-
umn is limited to a few studies (Borkin et al. 1986; Lafrance 
2009; Bouchard et al. 2016), but is lacking for saffron cod. 
Depth-discrete sampling would provide important informa-
tion on the vertical distributions of the different ontogenetic 
stages. Increased sampling in the nearshore region may also 
reveal the extent to which it is used for spawning or as juve-
nile nursery habitat. Identifying major spawning locations 
of polar cod and saffron cod, resolving the movement and 
distribution of their ELS, and understanding their responses 
to variable environmental forcing cannot be accomplished 
through field sampling alone, but will require the use of bio-
physical models that can track and simulate the behavior 
of eggs and larvae. These types of models have been used 
with success to model growth, mortality, and habitat con-
nectivity of polar cod around Greenland (Thanassekos and 
Fortier 2012; Thanassekos et al. 2012), and we are currently 
adapting a model developed for walleye pollock (Petrik et al. 
2015, 2016) to simulate the dispersal of polar cod and saf-
fron cod in the Pacific Arctic. These models will provide 
valuable information about spawning, growth, and potential 
habitat use of these species. Echosounders moored on the 
seafloor will also provide information about the seasonal 
dynamics and movements of these fishes, as well as their 
zooplankton prey (Kitamura et al. 2017; De Robertis et al. 
2018).

The goal of this research was to improve our knowledge 
about polar cod and saffron cod ELS by using available field 
data to characterize their distribution and abundance in the 
Pacific Arctic. Our study synthesized much of the avail-
able information on the distribution of their ELS from ich-
thyoplankton surveys that took place in the region between 
2004 and 2013 and re-analyzed existing AT survey data 

to examine the distribution and abundance of fish across 
three ELS. Species- and stage-specific differences in habitat 
use were found, with polar cod having a more offshore and 
northern distribution compared to saffron cod, which were 
found closer inshore and farther south. Polar cod preflexion 
and flexion larvae were found throughout the sampling sea-
son in Bongo net samples across much of the Chukchi shelf, 
which suggests that spawning occurs over several months 
and at multiple locations, with Barrow Canyon potentially 
serving as an important spawning and/or retention area. 
Changes in depth, temperature, and salinity differentially 
affected the abundance of polar cod and saffron cod ELS. 
Environmental associations varied between years, and to 
a lesser extent, among developmental stages. This study 
provides important baseline information about the distri-
bution and abundance of polar cod and saffron cod ELS 
in Alaska’s Arctic and how they respond to environmental 
variability. Results of this study can be used to help describe 
EFH, which is currently undefined for ELS in Arctic waters, 
and can be used to help inform IBMs developed to identify 
polar cod and saffron cod spawning locations and source/
sink populations. By identifying habitats important to polar 
cod and saffron cod ELS and the factors that influence their 
distribution and abundance in these habitats, we can bet-
ter understand how these ecologically important species 
may respond to a changing environment, leading to more 
effective management of their populations under anticipated 
warming and increased human development in the Arctic.
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