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Abstract

Arctic Cod (Boreogadus saida) dominates fish assemblages in the Arctic and provides a
valuable food source to upper trophic level predators. Little is known about several important

facets of its biology and ecology in the Pacific Arctic, including in the Chukchi and Beaufort
seas. The physical connectivity of these two biologically and hydrologically unique seas
provides an excellent opportunity to explore differences in Arctic Cod life history characteristics

such as age, growth, and movement dynamics in these two adjacent areas. To establish a current
benchmark of Arctic Cod life history and movement characteristics for the Pacific Arctic, Arctic

Cod otoliths collected from 2009 to 2014 during twelve research cruises conducted throughout

the Chukchi and Beaufort seas were used to estimate growth and age structure for this species

from the two regions. Ages of Arctic Cod ranged from 0 to 5 years with significant overlap in
size at age. Growth of Arctic Cod collected in the southern Chukchi Sea and eastern Beaufort

Sea regions were similar, suggesting freshwater-influenced regions may enhance growth
compared to other areas. Additionally, microchemistry of age-0 Arctic Cod otoliths was analyzed

to determine potential differences in elemental signatures between the Chukchi and Beaufort
seas, and to infer movement between them. Otolith trace element concentrations were distinct
between the Chukchi and Beaufort seas, indicating populations of Arctic Cod from the Chukchi

and Beaufort seas can be differentiated based on otolith elemental signatures. Furthermore,

elemental signatures from the cores of otoliths were significantly different from those from the
edges in both seas suggesting early life history movement. As the Pacific Arctic faces warming
sea temperatures and sea ice reduction, predicting a species-level adaptation to a changing
environment is nearly impossible without establishing a benchmark for future comparison. This

research will provide valuable insight into Arctic Cod across a broad portion of its distribution.
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General Introduction
The Arctic has experienced an unprecedented rise in sea surface temperatures and

historically low sea ice extent (Dai et al. 2019). These dramatic changes to the Arctic have
highlighted the importance of understanding how a warming climate may affect the present

ecosystem. Arctic Cod (Boreogadus saida) is an abundant, ice-associated fish that provides an

essential connection between top predators and lower trophic levels within the Arctic marine
ecosystem. Arctic Cod dominates fish assemblages in the Pacific Arctic region including the
Chukchi and Beaufort seas, a region where population structure and general patterns of

dispersion and migration of this species remain relatively unknown. While Arctic Cod life

history has been well documented throughout much of its circumpolar distribution, examining
Arctic Cod from the Chukchi and Beaufort seas provides an opportunity to explore differences in
growth, distribution, and movement in two adjacent seas, each with different biological and

physical processes. Predicting a species-level adaptation to a changing environment is nearly

impossible without establishing a benchmark for future comparison.
Arctic Cod is a relatively short lived species (7-8 years) that has evolved to thrive in the
Arctic (Geoffroy et al. 2011, David et al. 2016). Arctic fishes such as Arctic Cod are
stenothermic, and typically grow faster in relatively cool temperatures when compared to other

northern gadid species (Laurel et al. 2016). Stenothermic growth benefits high latitude fishes but

requires a narrow temperature range to prosper. Spawn timing is likely synchronized with
increasing sea ice (Nahrgang et al. 2014). Spawning occurs as early as late fall and as late as
spring (Bouchard and Fortier 2011) when buoyant eggs rise and settle beneath the ice-water

interface (Hop et al. 1995). Variations in spawn timing of Arctic Cod likely exist due to its broad
spatial distribution, but may vary as a result of different environmental conditions such as
temperature and salinity (Bouchard and Fortier 2011). Once hatched, young Arctic Cod typically

concentrate in epipelagic waters (< 100 m) where prey is abundant (Ponomarenko 2000,
Geoffroy et al. 2016, Kono et al. 2016). Remaining in epipelagic waters is believed to be a

strategy to avoid cannibalism from larger, older Arctic Cod (Rand et al. 2013) that are commonly
found in deeper waters (Benoit et al. 2010). As Arctic Cod become larger, pelagic juveniles often

begin the descent to deeper (> 100 m) offshore waters within the first year of hatching (Geoffroy

et al. 2015). Juvenile and adult Arctic Cod have been found in habitats with wide temperature (0°
to 13.5°C) and salinity (10 to 35 PSU) ranges (Craig et al. 1982). With the loss or thinning of sea
1

ice, movement and overall survival of this species may change. In the Chukchi and Beaufort

seas, Arctic Cod's capacity for growth and movement between these regions are not fully
understood.

Otoliths are calcified structures found in the inner ear of fishes that are commonly used to
estimate the age and growth rates of fish and identify stock origins and preferred habitat
(Campana 1999). Growth increments composed of calcium carbonate are added to the outer edge

of the otolith daily in the form of rings (Pannella 1971, Campana and Neilson 1985), similar to
tree rings. Once a growth band is added, the structure of the otolith remains metabolically inert

and therefore becomes a tool to determine the age of a fish. These daily otolith growth rings

provide useful life history information such an approximate hatching date of individual fish by
back-calculating from the known date of capture. Determining movement and growth rates in the

Chukchi and Beaufort seas will increase ecological knowledge for Arctic Cod.

Recent studies indicate otolith microchemistry can assist in answering questions
regarding patterns of dispersion and migration. Elemental composition of an otolith is
proportional to that of the ambient water that the fish inhabits at the time of deposition (Veinott

et al. 2013). As growth layers within the otolith create a temporal record of the surrounding
environment that the fish has inhabited (Campana 1999), trace element analysis can be useful in

determining past geographic regions utilized by fishes. Because an otolith chemical signature

should reflect its water mass at time of accretion, otolith microchemistry analysis may potentially
be used for determining natal origins of Arctic Cod from the Beaufort and Chukchi seas. Otolith

microchemistry is a tool that has been utilized in the Chukchi and Beaufort seas (Gleason et al.
2016), but not as extensively compared to other regions of the world (Veinott et al. 2013). If

successful, identifying basic life history of an Arctic species such as Arctic Cod through otolith
analysis may be useful when in situ observations are nearly impossible due to the Arctic's
isolated nature and severe environmental conditions.

To establish benchmark age and growth dynamics, and to identify potential movement and

natal origins of Arctic Cod in the Pacific Arctic, this project had many objectives. The following
are addressed in Chapter 1: 1) characterize mean length-at-age of Arctic Cod in the Beaufort and

Chukchi seas, 2) reconstruct past Arctic Cod individual growth using otolith annuli

measurements, 3) compare age-1 to age-2 individual Arctic Cod growth rates among five years
2

from the eastern Beaufort Sea, and 4) compare population-level growth rates and maximum
lengths between regions of the two seas using a von Bertalanffy growth function. The following
are addressed in Chapter 2: 5) assess the potential for differentiating natal origins of age-0 Arctic

Cod from the Chukchi and Beaufort seas based on elemental signatures of otolith cores, and 6)

identify potential movement of age-0 Arctic Cod by comparing otolith core and edge elemental
signatures.
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Chapter 1 Age composition and growth rates of Arctic Cod in the Chukchi and Beaufort seas
1.1 Abstract
Arctic Cod, Boreogadus saida, dominates fish assemblages in the US Arctic and inhabits
two hydrographically unique regions, the Chukchi and Beaufort seas. Growth was examined

from Arctic Cod collected from the southern and northern Chukchi Sea (SCS and NCS) and the
western and eastern Beaufort Sea (WBS and EBS) at the individual level using otolith

measurements, and the population level using a von Bertalanffy growth equation. The largest

Arctic Cod were collected from the SCS region and reached the greatest asymptotic length of all

four regions. Growth and asymptotic length in the EBS were similar to those in the SCS,

indicating that growth of Arctic Cod in the EBS was comparable to the nutrient-rich Chukchi
Sea. When compared to the SCS, NCS, and WBS, individual-level retrospective growth obtained

from otoliths was largest in the EBS region for all ages. Arctic Cod may achieve greater size and
faster growth in freshwater-influenced regions such as the SCS and EBS regions with relatively

high primary production and water temperatures favorable for juvenile development.
Contemporary growth rates of Arctic Cod in the Chukchi and Beaufort seas can be used in future

comparisons to evaluate effects of climate change and anthropogenic influences.
1.2 Introduction

Dramatic changes to the Arctic have highlighted the need for a greater understanding of
the present Arctic ecosystem. Arctic sea surface temperatures have risen by 0.4°C over the past

150 years (IPCC 2013). Additionally, from 1997 to 2014, Arctic summer sea ice extent

decreased on average by 130,000 km2, or roughly four times as fast as the sea ice loss during
1979 to 1996 (IPCC 2018). With the strong potential for an ice-free Arctic summer in the near
future (Overland and Wang 2013; Rogers et al. 2015), it is imperative to document the current
state of Arctic marine biota. Arctic Cod, Boreogadus saida, is an abundant fish species in the
circumpolar Arctic and is found in marine and brackish waters in northern Russia, Alaska,

Canada, Norway, and Greenland (Mecklenburg et al. 2011). Extensive research on Arctic Cod

has been conducted in the Russian (Rass 1968; Ponomarenko 2000) and European Arctic (Falk-

Petersen et al. 1986; L0nne and Gulliksen 1989). By comparison, only within the last 40 years

has Arctic Cod research expanded to the Pacific Arctic, slowly providing a better understanding
of the role of the species in the region. This project aims to gain a further understanding of this
4

important species by documenting length-at-age and comparing interregional growth rates of

Arctic Cod collected from the Pacific Arctic.
Arctic Cod is abundant in two hydrographically unique seas in Alaska: the Chukchi and

Beaufort seas (Lowry and Frost 1981; Carmack and Wassmann 2006; Piatt and Springer 2007).
The Chukchi Sea extends approximately 800 km northward from the Bering Strait to the shelf

break of the Arctic Ocean (Weingartner 1997; Crawford et al. 2012). The Alaska Coastal Current

(warm, fresh, nutrient-poor), Anadyr Water (cold, salty, nutrient-rich), and Bering Sea Water
(characterized by properties in between the two) introduce an abundance of nutrients through the

Bering Strait into the Chukchi Sea, increasing regional productivity (Grebmeier et al. 2006;

Danielson et al. 2017). To the east of the Chukchi Sea, the Beaufort Sea begins at Point Barrow

and continues eastward into Canada. The Alaska Coastal Current flows to the Chukchi Sea and
continues to the Beaufort Sea, creating a strong and narrow coastal jet (Lukovich and Barber

2006). This narrow jet mixes in the eastern Beaufort Sea with the outflow of the Mackenzie
River, the third largest river in the Arctic, and spreads out across the continental shelf (Benoit et
al. 2008). While the freshwater influence of the Mackenzie River increases primary productivity,

the Beaufort Sea is typically not as biologically productive as the Chukchi Sea (Wong et al.

2013). Additionally, both the Chukchi and Beaufort seas are seasonally covered with sea ice. The
timing of sea ice retreat typically begins in late May (Frey et al. 2015); overall sea ice cover has

decreased in recent years (Overland and Wang 2013; Parkinson and Comiso 2013). Sea ice
decline and the oceanographic differences between the Chukchi and Beaufort seas may affect

food availability, biology, and life history of Arctic Cod considerably (Laurel et al. 2016;
Nahrgang et al. 2016). Understanding the life history of Arctic Cod and its adaptations to its

present environment in the Pacific Arctic is vital as habitat is expected to change dramatically.
The high abundance and broad circumpolar distribution of Arctic Cod emphasize the

importance of understanding the aspects of its life history. However, their growth characteristics

in the Chukchi and Beaufort Seas are not fully understood. Environmental characteristics of
habitat, such as temperature and salinity, can greatly affect growth dynamics (Craig et al. 1982;
Falk-Petersen et al. 1986; Laurel et al. 2017). Arctic Cod are stenothermic and have a narrow
window of temperatures at which growth is maximized (Laurel et al. 2016). Despite this,

juvenile and adult Arctic Cod have been found in habitats with wide temperature (0°- 13.5°C)
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and salinity ranges (10-35) (Craig et al. 1982; Moulton and Tarbox 1987; Crawford et al. 2012;

Bouchard et al. 2015; De Robertis et al. 2017). The southern and northern regions of the Chukchi

Sea experience variability in temperature and salinity due to sea ice formation and melting, wind
mixing, and the strength of the northward transport of the different water masses from the Bering

Strait (Weingartner et al. 2005). In the nearshore region of the southern Chukchi Sea, an area

heavily influenced by the warmer, fresher Alaska Coastal Current, Arctic Cod was found to be
larger at age on average when compared to fish from other offshore locations in the Chukchi Sea
suggesting this region of the Chukchi Sea may be more favorable for growth (Gillispie et al.

1997). Similar to the Chukchi Sea, temperature and salinity ranges fluctuate drastically in the
western and eastern Beaufort Sea, as these regions experience strong freshwater influence from

both the Colville and Mackenzie rivers (Kulikov et al. 1998). Evaluating Arctic Cod growth
variation across two adjacent, hydrographically distinct seas has not yet been conducted and will

provide a useful benchmark for future comparison as a dramatically changing climate may

potentially impact circumpolar Arctic Cod habitat.

Growth can be understood at both the individual and population levels using different
approaches. Individual-level retrospective annual growth can be inferred from spacing between
annuli (Bouchard and Fortier 2011) because the annuli spacing is thought to be linearly related to

overall somatic growth (Campana and Neilson 1985; Mossegard et al. 1988; Walker 2017).
Otolith-based annual age estimates and incremental ring width measurements have been shown
to provide a good approach for reconstructing the growth of individual fishes (Wilson and Larkin

1980; Chambers and Miller 1995). To quantify population-level growth differences among
regions in the Pacific Arctic, length-at-age information can be used to fit a von Bertalanffy

growth equation (Ricker 1975). While this technique has been utilized in fisheries modeling

since the late 1930s, it has consistently proven useful in fisheries with limited stock information
and provides a descriptive model of length-at-age data (Lester et al. 2004) and is still commonly
used (e.g., Helser et al. 2017; Mikkelsen et al. 2018). Arctic Cod growth dynamics established

from the von Bertalanffy growth equation have been calculated from the Bering Sea and
southern Chukchi Sea (Helser et al. 2017), but not elsewhere in the Pacific Arctic.

Comprehensive Arctic Cod growth analyses at the individual and population levels have
not yet been conducted for the Pacific Arctic. To establish benchmark age and growth dynamics

6

of Arctic Cod in the Pacific Arctic, this project had the following objectives: 1) characterize

mean length-at-age of Arctic Cod in the Beaufort and Chukchi seas, 2) reconstruct past Arctic
Cod individual growth using otolith annuli measurements, 3) compare age-1 to age-2 individual

Arctic Cod growth rates among five years from the eastern Beaufort Sea, and 4) compare

population-level growth rates and maximum lengths among seas using a von Bertalanffy growth
function. Based on nutrient availability and water temperatures, I hypothesize that Arctic Cod

will be larger at age and will grow at faster rates in the Chukchi Sea compared to the Beaufort
Sea. Results of this project will increase the understanding of potential biological responses to a

warmer climate that Arctic Cod will likely encounter in the near future and will provide an

examination of the growth dynamics of Arctic Cod across a large spatial scale in the Pacific
Arctic.
1.3 Methods

1.3.1 Sampling areas
Arctic Cod for this project were collected from 2009 to 2014 in the ice free months
(August-September) during twelve research cruises conducted in the Beaufort and Chukchi seas
(Table 1.1, Figure 1.1). Arctic Cod were collected from the following Chukchi Sea cruises: the
Russian-American Long-term Census of the Arctic (RUSALCA) in 2009 (Yun et al. 2014,

Ershova et al. 2015, Mecklenburg and Steinke 2015), the Alaska Monitoring and Assessment

Program (AKMAP) in 2010 and 2011 (Gray et al. 2016, Gleason et al. 2016), Chukchi Sea
Environmental Studies Program (CSESP) in 2009 and 2010 (WWW0902, WWW0904,
WWW1003; Blanchard et al. 2013, Norcross et al. 2013), and the Arctic Ecosystem Integrated

Survey project (ArcticEIS) in 2012 (Gray et al. 2016; Helser et al. 2017; De Robertis et al.
2017). From the Beaufort Sea, Arctic Cod were obtained from the following cruises: CSESP
(WWW1004) cruise in 2010, the BOEM-2011 cruise in 2011 (Divine et al. 2015a; Gray et al.

2016; Norcross et al. 2017), and the US-Canada Transboundary (TB2012, TB2013, TB2014)
cruises in 2012, 2013, and 2014 (Divine et al. 2015b; Bell et al. 2016; Smoot and Hopcroft 2017;

Questel et al. 2016; Norcross et al. 2017). These combined cruises from the Beaufort and
Chukchi seas cover a large portion of Pacific Arctic habitat utilized by Arctic Cod.

For a more detailed understanding of spatial variation in Arctic Cod growth across their
Pacific Arctic distribution, the Chukchi and Beaufort seas were divided into regions (Figure 1.1).
7

Based on hydrography (Weingartner et al. 2005), the Chukchi Sea was divided into Northern
Chukchi Sea (NCS) and Southern Chukchi Sea (SCS) regions at 70°N where a semi-permanent

front occurs. Beaufort Sea sample sites were divided at 151.75°W, near the Colville River, into
the western Beaufort Sea (WBS) and eastern Beaufort Sea (EBS), based on previous demersal

fish surveys (Rand and Logerwell 2011).

A variety of bottom trawl gear was used in the Chukchi Sea to collect Arctic Cod.

Bottom trawl nets included a standard plumb staff beam trawl (PSBT) with a 3-m beam
(Gunderson and Ellis 1986). The PSBT had a 4.7-m headrope and 4.6-m footrope, 7-mm body

mesh, 4-mm mesh codend liner, and a 1.3-m vertical opening. Other 3-m, 4-m, and 5-m beam
trawls fished in the Chukchi Sea all had a 12-mm codend liner. Additionally, an otter trawl (OT)
was also used that had a 9.1-m headrope, 38-mm body mesh, and 19-mm mesh in the codend,

and was held open with two 61 x 122-cm (23 kg) doors. The different sizes of the beam trawls
allowed researchers to target a broad size range of fish. Also a much larger bottom trawl, the 83

112 net was used; it had a body mesh of 102 mm, a codend mesh of 32 mm and a 2.5-m vertical
opening (Stauffer 2004).

Similar to the Chukchi Sea, a variety of sampling methods was used to collect Arctic Cod

in the Beaufort Sea. Identical bottom trawl nets were used in the Beaufort Sea as in the Chukchi
Sea, including the PSBT and OT. In the Beaufort Sea, the majority of the samples was caught

with a PSBT or a modified plumb staff beam trawl (PSBT-A). The PSBT-A had rollers added to
the footrope (Abookire and Rose 2005) to avoid boulders, rocks and muddy substrate that were
frequently encountered in the Beaufort Sea. The Canadian beam trawl net (CBT) also had a 3-m

beam to hold the mouth open, roller gear on the 4.2-m footrope, a 4.2-m headrope, 10-mm mesh
in the body and 6-mm mesh as codend liner. In addition to the bottom trawl nets, two midwater

nets were fished in the Beaufort Sea. The Isaacs-Kidd Midwater Trawl (IKMT) had a 3-mm
body mesh size and codend attachment with dimensions of 1.5-m wide by 1.8-m high. An

Aluette midwater net (AMT) had a mouth opening of 8 m x 7 m, and 42-mm mesh at the mouth,
35-mm mesh at the intermediary, and 12-mm mesh in the cod-end liner. Collectively, the range

of nets utilized for sampling in the Beaufort and Chukchi seas covered a wide range of mesh

sizes, which reduced gear bias on size selectivity for Arctic Cod collection.
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1.3.2 Age determination
Following collection at sea, Arctic Cod were brought to the University of Alaska

Fairbanks Fisheries Oceanography Lab for analysis. Total length was measured and rounded to
the nearest millimeter (mm). For age determination, 20 Arctic Cod were randomly selected per
10 mm increment bin range (i.e., 1-10 mm, 11-20 mm, 21-30 mm, etc.) when available, per

station, per cruise. Sagittal otoliths were removed, cleaned, and mounted in heated
Crystalbond™ thermoplastic on a clear slide. Using a Buehler® isomet low speed saw, otoliths

were transversely thin sectioned by grinding down the rostrum and then reheated to place the flat

edge of the otolith onto the glass microscope slide. The exposed surface then was ground until
growth rings were visible under a compound microscope. If the first otolith was damaged during
processing, the second otolith was prepared. A transmitted light photo of each otolith was taken

with a camera-mounted dissecting microscope (Leica M165C). Two independent readers

determined the age of the fish by using the photos to count annual growth rings. When readers
disagreed on assessment of fish age, the readers re-aged the otoliths concurrently to assign a final
age. Length-at-age regression plots were created for quality control. Outlying data points for the

length-at-age regression, defined as three or more standard deviations outside of the mean of the

age data, were removed from the analysis.

1.3.3 Length-at-age
Mean length-at-age of Arctic Cod was compared among regions. Total lengths (mm) of

Arctic Cod with corresponding estimated ages were plotted using Sigma Plot software (v. 12.5,
Systat Software Inc. 2011). A two-tailed t test was used to test for differences in mean total
length between the seas. A one-way ANOVA (α = 0.05) using Sigma Plot software was used to

test for differences in average length at each age by region (SCS, NCS, WBS, and EBS).
Differences among regions were detected using a Holm-Sidak multiple comparison test. In age

groups in which sample sizes were not equal and the assumption of normality was not met using
the Shapiro-Wilk test, a non-parametric Kruskal-Wallis one-way ANOVA was used, followed by

pairwise analyses using the Dunn's Method (α = 0.05, Dunn 1961).

1.3.4 Individual Retrospective Growth Analysis
Annual growth-at-age of individual Arctic Cod collected from all four regions was

estimated by measuring the distance between successive annuli from images of transversely
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sectioned otoliths using Leica Imaging Software. Growth from hatch to age-1 was difficult to
accurately determine as the hatch ring was not always easily discernable. Therefore, that interval

was excluded from the analysis. Growth was measured to the nearest one micron between the
first and second annuli to determine the growth between age-1 and age-2, the second and third
annuli to determine growth between age-2 and age-3, and finally the third and fourth annuli to

determine the growth between age-3 and age-4. Growth at each age was compared among
regions using a one-way ANOVA (α = 0.05, Chambers and Miller 1995). For example, the width
of the growth zone between age-1 and age-2 was compared across all four regions (SCS, NCS,

WBS, and EBS). In regions where sample sizes were not equal and the assumption of normality

was not met, a one-way non-parametric Kruskal-Wallis test was used. Subsequent pairwise
multiple comparisons were conducted using Dunn's multiple comparison test (α = 0.05).

Interannual differences in growth of individual fish between age-1 and age-2 were tested
in the EBS region because five years of data (2010 - 2014) were available. Samples from the
SCS, NCS, and WBS regions were not tested as they only had a maximum of three separate

years of data collection. Differences in growth were only tested between age-1 and age-2 across
five years of sampling efforts due to the small sample size of Arctic Cod age-3 and older

collected from multiple years. Differences in mean increment width (growth) between age-1 and

age-2 fish in the EBS were tested with a one-way ANOVA. Subsequent pairwise multiple

comparisons were conducted using the Holm-Sidak method (α = 0.05).
1.3.5 Population Growth Analysis
The von Bertalanffy growth function (VBGF) was used to determine growth parameters

of Arctic Cod using the following equation (Ricker 1975):
Lt = L∞[1 - e(-K(t-t0))]

where Lt is mean fish length-at-age t, L∞ is the mean asymptotic length, t is age of fish in

years, and t0 is the theoretical age when L = 0. The rate of increase in length of the fish is a
constant proportion (K) of the difference between the maximum and present length (L∞ - Lt). The

K value influences the shape of the best fit lines and cannot be used as an indicator of growth by

year. VBGF parameters were calculated using an iterative function in Minitab version 17.3.1. To
test for differences in the growth parameter (K), a total of six, two sample t-tests were performed
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in Excel using a Bonferroni adjusted family error rate of α = 0.008 to reduce the risk of a Type I

error among regions.

1.4 Results
1.4.1 Arctic Cod age and length frequency distributions

Age and length were measured from 2,709 Arctic Cod from four regions (Table 1.1): 481
from SCS, 1,025 from NCS, 253 from WBS, and 950 from EBS. Mean total length of Arctic Cod
collected from the Chukchi Sea (mean length = 96 mm, n=1506; Table 1.2) was significantly

larger (t2707 = 2.59, p= 0.01) then Arctic Cod collected in the Beaufort Sea (mean = 92 mm, n=
1203; Table 1.2). Within the Chukchi Sea, Arctic Cod collected in the SCS region were
statistically (t1504 = 1.96, p= 0.01) larger (105 mm) than those from the NCS (91 mm; Table 1.2).
In the Beaufort Sea, on average, the smallest Arctic Cod of all four regions were found in the

WBS (77 mm; Table 1.2) and were significantly smaller (t1201 = 1.96, p= 0.01) than Arctic Cod
collected in the EBS (96 mm; Table 1.2).

The age composition of Arctic Cod revealed similar overall age trends between the
Chukchi and Beaufort seas (Figure 1.2). Overall, ages ranged from age-0 to age-5. The younger

age classes were dominant in all regions with age 0, age-1 and age-2 collectively composing
94% of the total samples collected. In the Chukchi Sea, ages ranged from age-0 to age-4 for both
the NCS and SCS. In the Beaufort Sea, age ranged from age-0 to age-5, yet age-5 Arctic Cod

were only found in the EBS and made up 0.4% of the total samples collected in the region. In the

WBS region, 62% of all Arctic Cod were age-0. Age-4 and age-5 were far less common in this
study and composed only 2% of the total samples.

Length-at-age was highly variable for each region, however some trends could be
discerned. Overall, age-0 and age-1 Arctic Cod collected from the Chukchi Sea had a smaller

range in length when compared to the same ages in the Beaufort Sea. For example, age-0 Arctic
Cod in the Chukchi Sea were as small as 20 mm and as large as 105 mm while Arctic Cod from

the Beaufort Sea were as small as 15 mm and as large as 139 mm. The older age classes (age-2,
age-3, age-4) had greater length-at-age ranges in the Chukchi Sea than the Beaufort Sea. Age-2,
age-3, and age-4 Arctic Cod collected in the NCS region were consistently the smallest in mean

length-at-age (Table 1.2). Age-3 was the maximum age collected in the WBS where the smallest
length-at-age range also occurred.
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No clear pattern could be detected when examining differences in length-at-age. Length-

at-age differed among regions for age-0 (H=136.97, p<0.001; Table A-1), age-1 (H=15.36,

p=0.002; Table A-2), age-2 (H=45.19, p<0.001; Table A-3), age-3 (F3,123 = 9.722, p<0.001;
Table A-4), and age-4 (H=6.36, p=0.042; Table A-5). Significant differences in lengths-at-age

were found within the Chukchi Sea between the SCS and NCS regions for age-0, age-2, and age3, yet differences were only detected within the Beaufort Sea from the WBS and EBS regions for

age-0 (Table 1.3). With the exception of age-2, Arctic Cod collected from the SCS and EBS, the
two regions with the greatest spatial distance between them, were significantly different at each
length-at-age. Full results of the individual ANOVA tests are included in the Appendix from

Table A-1 to Table A-5.

1.4.2 Individual retrospective growth analysis:
Annual growth varied among regions and ages. Mean growth for all ages typically was

smaller in the Chukchi Sea regions when compared to the Beaufort Sea regions (Table 1.4).
Specifically, the EBS region was significantly different when compared to the Chukchi Sea.

Growth between age-1 and age-2 and age-2 and age-3 were significantly different between the
EBS and both Chukchi Sea regions (Table 1.5). However, no significant differences were
detected in growth from any age between the WBS and both Chukchi Sea regions. Finally, no

significant differences in growth were found between seas. Full results of the individual ANOVA
tests are described in the Appendix from Table A-6 to Table A-8.

A total of 243 otoliths were used to examine interannual differences in growth from 2010
to 2014 in the EBS (Table 1.6) and a significant difference was determined for at least one year

(F4,238 = 5.82, p<0.001; Table 1.7). Out of the five years, growth between age-1 and age-2 was
smallest in 2011 and greatest in 2013 (Table 1.6). Pairwise multiple comparisons determined

significant differences in growth between age-1 and age-2 from 2011 and 2013, 2012 and 2014,
and 2013 and 2014 (Table 1.7).

1.4.3 Population Growth Analysis
The von Bertalanffy growth model indicated regional variation in growth parameters and

asymptotic length (Figure 1.3). The SCS region had the largest overall asymptotic length with a
growth parameter of K= 0.22 while Arctic Cod from the WBS region reached the smallest

asymptotic length with a growth parameter of 0.49 (Table 1.8). Arctic Cod from the NCS region
12

were comparable to the WBS region, reaching an asymptotic length of 177 mm and a growth
parameter of 0.42 (Table 1.8). Growth parameters from the regions with the smallest asymptotic

lengths, the WBS (175 mm) and NCS (177 mm), were also not found to be statistically different

(t1277 = 1.15, p=0.15). The EBS region had the second highest asymptotic length, with a growth
parameter of K= 0.29 (Table 1.8). When growth parameters from regions with the largest

asymptotic lengths, the SCS (275 mm) and EBS (253 mm), were compared, they were not found
to be significantly different (t827 = 1.15, p=0.249).

1.5 Discussion
This study utilized nearly 3,000 Arctic Cod from the Pacific Arctic to provide a broad

examination of length-at-age and growth across a vast portion of its circumpolar distribution.
Arctic Cod growth at both the individual and population level varied significantly by region,

likely caused by the hydrographically distinct nature of the two seas. Varying growth estimates
suggest movement within the Chukchi and Beaufort seas as well as regions that may be more
conducive to growth, increasing our understanding of Arctic Cod population dynamics in the
Pacific Arctic.

As a small, relatively short-lived gadid species, Arctic Cod predictably had a similarly
limited age composition in all four regions. The oldest Arctic Cod collected in the Alaskan
Arctic was age-8 (Gillispie et al. 1997), whereas this study only determined age-5 as the

maximum age with majority of the ages less than age-2. Fewer ages documented above age-2
suggests an increase in the rate of natural mortality. In the 2012 Arctic Eis survey in the Chukchi
Sea, mortality rates started at 14% for age-1 fish and increased to 34% at for age-6+ fish (Marsh

et al. 2019. In addition to the limited age composition determined for all regions, there was a
significant overlap in size at age, indicating length is not always a useful proxy when
determining age of Arctic Cod. Similar size overlap and small age range for Arctic Cod was also
found in the northern Bering and the Chukchi seas in a study spanning approximately thirty years

(Helser et al. 2017). The significant overlap in length-at-age indicates that analysis of otolith
annuli is a more reliable tool to estimate age than body length in a short-lived Arctic fish.
Juvenile Arctic Cod from the SCS region were larger compared to the other three regions.

While hatch timing and locations are not fully understood for the Chukchi Sea, larger young of
the year Arctic Cod present in this study may indicate earlier hatching in the SCS than
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elsewhere. The “winter thermal refuge hypothesis” (Bouchard and Fortier 2008) theorized that

brackish conditions in the under-ice plume provide relatively warm temperatures (0-1°C),

allowing more rapid egg development needed for successful first-feeding of larvae in the winter
months. The SCS region receives a direct influx of nutrients obtained from northern flowing

water masses including the warm Alaska Coastal Current (Weingartner et al. 2005). The warm
inflow of the Alaska Coastal Current through the Bering Strait is comprised of coastal discharge

(Weingartner et al. 2005), and may create a warmer surface layer expected to favor early

hatching and relatively fast growth of Arctic Cod from the SCS region.
Individual growth results of this study suggest that the stratified properties of the

Beaufort Sea generate a relatively productive region for Arctic Cod. Individual-level
retrospective growth was greatest for Arctic Cod of all ages collected from the two regions of the

Beaufort Sea. Differences in annual growth of Arctic Cod in the Beaufort Sea likely result from
interannual variability in the physical properties of this region. The riverine influence of the

Mackenzie River varies year to year, and consequently, the stratified properties of the Beaufort

Sea differ also. The plume formed by the buoyant fresh river water and melted sea ice is large,
irregular, and shallow, but changes in the strength of stratified waters in the Beaufort Sea may
also change with wind, tides, and ice retreat (Walkusz et al. 2010). Additionally, the Beaufort

Sea shelf receives a large input of terrestrial organic matter from the Mackenzie River (Guo et al.
2007). Terrestrially derived organic matter has been documented throughout the Beaufort Sea

shelf, and patches of high levels of marine-signature carbon have also been identified in the EBS

(Divine et al. 2015b), possibly resulting from localized hydrographic conditions conducive for
nutrient accumulation, and consequently growth conditions for benthic residing Arctic Cod.

Incremental widths between age-1 and age-2 were greatest in 2013 when the upper 10 m of the

stratified layer in the Eastern Beaufort Sea salinity was as fresh as 10 PSU, and temperatures
ranged from -1°C to 10°C (Norcross et al. 2017). This fresh layer was not as distinct in 2011 and

2014 when Arctic Cod growth was on average the smallest. Therefore, high growth may be
strongly dependent on strong stratification in the eastern Beaufort Sea. Future research should

focus on analyzing Arctic Cod growth during years of strong stratification versus weak
stratification.
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Differences in the growth parameters among regions as determined by the von

Bertalanffy growth model are likely the result of regional environmental variation. The adjacent
regions of the NCS and WBS had the smallest asymptotic lengths and growth parameters of the
four regions. High densities of Arctic Cod have been found in these two neighboring regions that

includes Barrow Canyon (Crawford et al. 2012), an area located at the confluence of three water
masses that experiences high levels of production and upwelling (Hill et al. 2005; Logerwell et
al. 2017). Conversely, asymptotic lengths and growth parameters were greatest from the SCS and

EBS regions, suggesting that while Barrow Canyon is a known productive region for Arctic Cod,
these regions may be more conducive for growth. Regional oceanographic currents and physical
structure of these two regions result in different prey consumption (Gray et al. 2016). The

shallow nature and influx of nutrients from northern flowing water masses into the SCS produces
high benthic abundance and biomass when compared to the Beaufort Sea, where the extensive
ice coverage, narrow shelf, and oceanic currents limit primary production, and is more of a

pelagic system (Grebmeier and Barry 1991). In fact, Helser et al. (2017) found estimates of
asymptotic length in the northern Bering Sea (L∞= 266) were higher when compared to the SCS
region (L∞= 221) suggesting possible increased feeding opportunities and survival in the lower

latitudinal habitat. While the present study did not evaluate growth parameters from the Bering
Sea, the southernmost sample area, the SCS, did have the highest L∞ value of L∞ = 275 of all four

regions. However, the input of terrestrial organic matter from the Mackenzie River in the more

northerly region of the sample area provides the basis for a productive food web by increasing
primary production and consequently, the energy available to higher marine trophic levels across
the Beaufort shelf and slope (Bell et al. 2016). The stratification that leads to relatively warm
temperatures in the upper layer and increased feeding opportunities likely increases growth

potential for Arctic Cod in the EBS, providing vital habitat for this species. These results suggest
that Arctic Cod are able to sustain high levels of growth in the SCS and the EBS in the Pacific
Arctic.
Utilizing two separate methods to determine growth produced conflicting results as
rankings of regional retrospective individual-level (otolith-based) and population-level growth

differed. At the population-level growth examined with the VBGF suggested highest growth in

the SCS and EBS regions; however, individual level mean growth determined from otoliths was

greatest in both the Beaufort Sea regions. The most notable discrepancy was the relatively large
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individual-level growth found in Arctic Cod collected from the WBS region whereas population

level growth indicated Arctic Cod from the WBS was the smallest. While both growth analysis

methods should be complementary and produce similar findings, the assumption that annuli
spacing is directly proportional to overall growth may not be true. The relationship between
incremental growth and somatic growth has been documented in many fish species (Kurita et al.

2004; Schismenou et al. 2016); however, in cases of extreme physiological stress, the
relationship may break down (Morales-Nin 2000). Arctic Cod otolith and fish growth

relationships have been found in the Chukchi and Beaufort seas (Walker 2017) and in Svalbard

(Fey and Węsławski 2017), however incremental growth and somatic growth relationships were
not examined for either study. In Northern Baffin Bay, age to standard fish length was

established for Arctic Cod using marked daily otolith rings that were later confirmed as daily
growth (Bouchard and Fortier 2008). However, this relationship was established at near-zero
temperatures. Evaluating somatic growth and incremental otolith growth may have best results in

a laboratory setting where stressors can be monitored and controlled to better understand the
relationship between otolith and fish growth in a variety of environments.
Several factors may confound the results of this study. Interregional differences in
environmental conditions may mask true growth potential. For example, EBS samples used in

the study were a compilation of five consecutive years of collections. Arctic Cod from this

region exhibited a high maximum achievable length, yet this is not the case every year. The
spatial and temporal range of length-at-age data available for analysis may also affect the results.

A similar study conducted in the northern Bering and Chukchi seas spanning approximately
thirty years found a larger asymptotic length (L∞ =266) and slower growth from Arctic Cod
collected in the Northern Bering Sea when compared to the Chukchi Sea (Helser et al. 2017).

Undoubtedly, the connectivity of the Chukchi and Beaufort seas may also confound the

interpretation of the results of this project. The transportation of Arctic Cod via oceanographic
currents has likely occurred within the sample regions (Pickart et al. 2016). Fish collected in the

Beaufort Sea may have been transported from the Chukchi Sea and thus early growth would not
be representative of the Beaufort Sea. To better understand population dynamics of Arctic Cod in
the Chukchi and Beaufort seas, future studies will include trace element analysis of cores of fish
otoliths to potentially identify a chemical signature which may reflect water mass occupation
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(Gleason et al. 2016). Such otolith microchemistry work will help in identifying potential
movement from the Chukchi and Beaufort seas.

This study generated a benchmark of Arctic Cod growth characteristics in both the

Chukchi and Beaufort seas for 2009-2014 against which comparisons can be made in the future.
The present study of Arctic Cod growth highlights the importance of understanding basic life
history of this abundant fish species in the Arctic as regional differences in length-at-age,
growth, and asymptotic length were observed in the four regions analyzed in the Chukchi and

Beaufort seas. Arctic Cod is predicted to be the Arctic fish species most affected by increasing
temperatures in the Arctic (Hurst et al. 2013) and may only briefly survive warm sea
temperatures due to reduced growth potential and condition (Laurel et al. 2016). Warming sea
temperatures and ice-free conditions may decrease suitable Arctic Cod habitat, and consequently,
survival. A general downward trend in asymptotic length within the last 30 years has already

been identified for the northern Bering and southern Chukchi seas (Helser et al. 2017).
Therefore, the current state of the species is important to document as the Arctic is quickly

changing. As the Arctic continues to change, this encompassing view of Arctic Cod growth
dynamics in the US Arctic will be a useful reference to understanding of the future change in

growth and subsequent survival of Arctic Cod.
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1.6 Figures

Figure 1.1: Sampling locations of Arctic Cod in the Chukchi and Beaufort seas, coded by
collection cruise. Solid lines delineate sampling subregions. Detailed cruise names can be found
in Table 1.1. Map courtesy of Brenda Holladay.
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Figure 1.2: Age composition of Arctic Cod by regions. Southern Chukchi Sea (SCS) and
Northern Chukchi Sea (NCS) regions were divided at 70°N and the Western Beaufort Sea
(WBS) and Eastern Beaufort Sea (EBS) were divided at 151.75°W
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Figure 1.3: Length-at-age of Arctic Cod by region denoted by symbol. Length-at-age was used to
calculate the von Bertalanffy growth function (VBGF) including the growth constant (best fit
line) and the mean asymptotic length L∞. The best fit line and symbols are coded by region.
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1.7 Tables

Table 1.1: Scientific cruise (cruise designator) listed by region, year, and geographic range
(latitude in the Chukchi Sea and longitude in the Beaufort Sea).

Region
Southern Chukchi Sea
Russian-American Long-term Census of the Arctic
(RUSALCA)
Alaska Monitoring and Assessment Program (AKMAP)
Arctic Ecosystem Integrated Survey (Arctic Eis)
Northern Chukchi Sea
Chukchi Sea Environmental Studies Program
(WWW0902)
Chukchi Sea Environmental Studies Program
(WWW0904)
Chukchi Sea Environmental Studies Program
(WWW1003)
Russian-American Long-term Census of the Arctic
(RUSALCA)
Alaska Monitoring and Assessment Program 2011
(AKMAP)
Arctic Ecosystem Integrated Survey (Arctic Eis)
Western Beaufort Sea
Beaufish 2011
Eastern Beaufort Sea
Chukchi Sea Environmental Studies Program
(WWW1004)
BOEM-2011
US-Canada Transboundary (TB-2012-US)
US-Canada Transboundary (TB-2013-US)
US-Canada Transboundary (TB-2014-US)
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Year

Geographic Range

2009

65.68°-73.34°N

2010
2012

68.43°-69.96°N
68.50°-73.00°N

2009

70.64°-71.30°N

2009

70.64°-71.49°N

2010

70.64°-71.98°N

2009

65.68°-73.34°N

2011

70.05°-71.30°N

2012

68.50°-73.00°N

2011

155.22°- 145.08°W

2010

146.43°- 145.09°W

2011
2012
2013
2014

155.22°- 145.08°W
151.1°-136.67°N
151.1°-136.67°N
151.1°-136.67°N

Table 1.2: Sample size, minimum and maximum, and average total length (mm) with standard
error (SE) of Arctic Cod estimated for each age, by sea and region.

Sea
Chukchi Sea
Beaufort Sea
Region
Southern Chukchi Sea
Age-0
Age-1
Age-2
Age-3
Age-4
Northern Chukchi Sea
Age-0
Age-1
Age-2
Age-3
Age-4
Western Beaufort Sea
Age-0
Age-1
Age-2
Age-3
Eastern Beaufort Sea
Age-0
Age-1
Age-2
Age-3
Age-4

Age-5

Sample
Size

Min Length
(mm)

Max Length
(mm)

Avg Length (SE)

1,506
1,203

20
15

229
240

96 (1.0)
92 (1.3)

481
163
140
136
33
9
1,025
345
387
245
43
5
253
158
40
50
5
950
337
325
224
46
14
4

42
42
56
77
119
123
20
20
63
62
78
80
26
26
72
81
117
15
15
48
71
128
175
163

213
92
183
213
207
210
229
105
152
196
229
212
182
91
127
165
182
240
139
203
212
213
231
240

105 (1.9)
62 (0.8)
105 (1.9)
135 (2.4)
176 (4.8)
173 (8.8)
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91 (1.1)
53 (0.6)
98 (0.9)
124 (1.4)
144 (5.0)
161 (25.0)
77 (2.2)
52 (0.60)
100 (2.3)
129 (2.5)
150 (12.2)
96 (3.1)
49 (1.1)
100 (1.3)
137 (1.5)
165 (3.2)
198 (4.7)
206 (18.3)

Table 1.3: Results of Dunn's (Q) Method multiple comparison test examining differences in
median length-at-age of Arctic Cod for five different age classes among regions: southern and
northern Chukchi Sea (SCS and NCS), and the western and eastern Beaufort Sea (WBS and
EBS). Significant differences in the pairwise comparisons reported for Dunn's Q statistic at
p<0.05 with *.
Age-0
Age-1
Age-2
Age-3a
Age-4

SCS vs NCS

SCS vs WBS

SCS vs EBS

*

*

*

*

*

NCS vs WBS

NCS vs EBS
*

*

EBS vs WBS
*

*

*

*
*

a Holm-Sidak multiple comparison used to compare average length-at-age age-3 because assumption of normality
met

Table 1.4: Average width of the otolith growth zone (mm) between annuli ± standard error
(sample size) of three ages of Arctic Cod for the southern and northern Chukchi Sea (SCS and
NCS), and the western and eastern Beaufort Sea (WBS and EBS).
Region
SCS
NCS
WBS
EBS

Age 1-2
0.20±0.005 (108)
0.19±0.004 (192)
0.21±0.007 (54)
0.23±0.004 (244)

Age 3-4
0.10±0.015 (6)
0.11±0.029 (3)

Age 2-3
0.12±0.007 (28)
0.11±0.009 (25)
0.13±0.020 (5)
0.15±0.006 (54)

0.11±0.007 (17)

Table 1.5: Results of Dunn's (Q) method multiple comparison test examining differences in
width of the otolith growth zone between Arctic Cod annuli between ages 1-2, ages 2-3, and ages
3-4 by region: southern and northern Chukchi Sea (SCS and NCS), and the western and eastern
Beaufort Sea (WBS and EBS). Significant differences in the pairwise comparisons reported for
Dunn's Q statistics at p<0.05 with *.
Growth
Age 1-2
Age 2-3
Age 3-4

SCS vs NCS

SCS vs WBS

Region
SCS vs EBS NCS vs WBS
*
*
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NCS vs EBS
*
*

EBS vs WBS

Table 1.6: Sample size (n) and average width of the otolith growth zone between annuli
(thousandths of millimeters) ± standard error (SE) as measured using the width of the otolith
growth zone between age-1 and age-2 of Arctic Cod collected in the Eastern Beaufort Sea (EBS)
for years 2010-2014.
Year
2010
2011
2012
2013
2014

Eastern Beaufort Sea growth between age-1 and age-2
n
Mean
9
0.229
19
0.201
98
0.237
45
0.244
72
0.203

±SE
0.02
0.01
0.01
0.01
0.01

Table 1.7: Results of the one-way ANOVA differences in average width of the otolith growth
zone between annuli calculated by measuring the width of the otolith growth zone between
annuli between age-1 and age-2 of Arctic Cod from the Eastern Beaufort Sea for years 2010
2014). Subsequent pairwise multiple comparisons were conducted using the Holm-Sidak
method. *significant p values less than α=0.05.
ANOVA Growth Between Ages 1-2

Source of Variation
Between Groups
Residual
Total
Pairwise Test
2010 vs 2011
2010 vs 2012
2010 vs 2013
2010 vs 2014
2011 vs 2012
2011 vs 2013
2011 vs 2014
2012 vs 2013
2012 vs 2014
2013 vs 2014

df
4
238
242

SS
0.0759
0.776
0.852
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F

MS
0.019
0.00326

5.82

p-value
<0.001

Difference of Means
0.0278
0.0082
0.0156
0.0255
0.0360
0.0434
0.0023
0.0074
0.0337
0.0411

t
1.202
0.411
0.748
1.262
2.512
2.777
0.156
0.722
3.799
3.787

P
0.852
0.898
0.912
0.753
0.085
*0.046
0.876
0.852
*0.002
*0.002

Table 1.8: Von Bertalanffy parameters of Arctic Cod by sea and region, including t0, the
theoretical age when L = 0, the asymptotic length L∞ in millimeters including the standard error
(SE), and the constant rate of increase in length of the fish (K) with standard error (SE).

Region
Southern Chukchi Sea
Northern Chukchi Sea
Western Beaufort Sea
Eastern Beaufort Sea

to
-1.05
-1.03
-0.74
-0.66

25

L∞ (SE)
275 (40.47)
177 (9.46)
175 (14.36)
253 (16.06)

K (SE)
0.22 (0.05)
0.42 (0.05)
0.49 (0.09)
0.29 (0.03)
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Chapter 2 Utilizing otolith microchemistry to discriminate natal origin and movement of Arctic

Cod (Boreogadus saida) in the Chukchi and Beaufort seas

2.1 Abstract
Arctic Cod Boreogadus saida is a relatively short-lived, abundant fish commonly found in two

hydrographically unique seas offshore of Alaska: the Chukchi and Beaufort seas. This region
faces warming sea temperatures and sea ice reduction, yet population structure of Arctic Cod

remains relatively unknown. Recent studies in the Pacific Arctic indicate otolith microchemistry
can assist in answering questions regarding patterns of dispersion and migration. Here, otolith

microchemistry was used to assess the potential for determining natal origins of age-0 Arctic

Cod captured in the Chukchi and Beaufort seas by evaluating differences in elemental signatures
from these two regions. A laser ablation inductively coupled plasma mass spectrometer (LAICPMS) was used to analyze elemental ratios (Mg:Ca, Mn:Ca, Zn:Ca, Sr:Ca, and Ba:Ca) from
the core, representing the natal habitat, and the outer edge of otoliths, representing the

environment close to capture. Trace element concentrations from both the core and outer edge of

age-0 Arctic Cod otoliths were statistically distinct between the Chukchi and Beaufort seas,
indicating populations of Arctic Cod from the Chukchi and Beaufort seas can be differentiated
based on otolith elemental signatures. Additionally, elemental signatures from the core of the

otolith were significantly different from those on the edge within both seas suggesting early
movement across their distribution. Evaluating the movement of Arctic Cod is vital as habitat is
expected to change dramatically.
2.2 Introduction
Arctic Cod (Boreogadus saida) is an abundant species central to the Arctic ecosystem.

The circumpolar distribution and near omnipresence of Arctic Cod in the Arctic region provides

a valuable food source to apex predators such as marine mammals and birds and it feeds on
abundant ice-associated zooplankton (Bradstreet et al. 1986; Majewski et al. 2015; Gray et al.

2016). Much of the basic understanding of Arctic Cod life history has been derived from
research focused primarily in the Atlantic Arctic region. Only within the last 40 years has Arctic

Cod research expanded to the Pacific Arctic. While a great deal of research has focused on
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Arctic Cod and its importance to the ecosystem, population structure and movement within the
Pacific Arctic remain understudied.

Arctic Cod are commonly found in the Chukchi and Beaufort seas of the Pacific Arctic.
These two regions are characterized by their diverse hydrological, oceanographic, and biological
processes. The Chukchi Sea, a shallow and broad shelf sea, is comprised of multiple water

masses that are each characterized by specific ranges of temperature, salinity, and density. The
Siberian Coastal Current (SCC) flows southeastward from the East Siberian Sea and into the
western Chukchi Sea, and is cold, low-salinity, and nutrient-poor water (Figure 1, Weingartner

1997). The SCC converges with the Bering Sea Water (BSW), a warm, saline, and nutrient-rich
water mass and Anadyr Water (cold, salty, nutrient-rich water) as they advect northwards
through the Bering Strait and into the central Chukchi Sea (Weingartner 1997). Finally, Winter

Water (WW), a very cold and saline water mass formed the previous winter, is typically found in
the central and northern Chukchi Sea in the summer (Pickart et al. 2010). These water masses

have relatively stable conditions during summer from mid-July through September when

compared to surface water masses that are exposed to more solar radiation, riverine input and
wind mixing (Weingartner et al. 2013). The shallow nature of the Chukchi shelf supports a rich

benthic community (Grebmeier et al. 2006), which is reflected in Arctic Cod diet (Gray et al.
2016). Conversely, the Beaufort Sea has a narrow shelf that receives freshwater input from many

rivers, of which the Colville and Mackenzie rivers are the largest (Macdonald et al. 2004).
Collectively, these two rivers add approximately 350 km3 of freshwater runoff annually to the

Beaufort shelf. Stratification caused by Mackenzie River spring melt can create strong salinity
and temperature fronts (Belkin et al. 2009) and produce elevated primary and secondary
production in the surface layer of the Beaufort Sea when compared to the coastal ocean water

(Walkusz et al. 2010). Consequently, pelagic zooplankton dominate juvenile Arctic Cod diet
collected from the Beaufort Sea (Gray et al. 2016). The oceanographic differences between the

Chukchi and Beaufort seas may significantly affect the life history of Arctic Cod and create two
unique and diverse study systems.

Arctic Cod are found in different habitats throughout their life history; however,

spawning grounds have yet to be identified in the Pacific Arctic. Estimates of egg production and
survival though their first summer in the Chukchi Sea suggest that the numbers of mature Arctic
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Cod present throughout the Chukchi Sea during summer are unlikely to produce the observed
high abundances of age-0 Arctic Cod in the US Chukchi Sea (Marsh et al. 2019). This implies

that mature Arctic Cod migrate to the Chukchi Sea to spawn in the winter, age-0 fish are
advected from outside the area, or that adult Arctic Cod abundance is underestimated. In the

Beaufort Sea, Arctic Cod have been collected on the shelf and on the slope, but nearly half of the
Arctic Cod on the shelf were age-0, while the older Arctic Cod (age 1+) were more commonly

found on the slope (Norcross et al. 2017). As Arctic Cod become older and larger, they move
from the upper layer of the water column and descend to deeper, offshore waters where they
inhabit demersal, pelagic, and cryopelagic zones (Graham and Hop 1995; Geoffroy et al. 2016;

David et al. 2016). Identifying spawning locations is challenging, as age-0 have been found

throughout the Pacific Arctic (Bouchard et al. 2015; Norcross et al. 2017,), which indicates
multiple spawning populations may be present. High densities of age-0 Arctic Cod have been

found in the northern Chukchi Sea (De Robertis 2017) where temperatures are typically cooler
than in the Bering Sea. In 2012 when warm Alaska Coastal Water (ACW) reached farther north

in the Chukchi Sea than its typical range, far fewer age-0 Arctic Cod were observed (Marsh et al.

2019), suggesting the warmer waters may restrict suitable habitat. Gaining an understanding of
spawning locations and potential populations will assist in the designation of important Arctic

habitat to protect and fill in gaps in the understanding of Arctic cod life history in the Pacific

Arctic.

Otoliths, the calcified structures found in the inner ear of fishes, are commonly used to
estimate the age and growth rates of fish but have also been used to classify specific stock
identification and preferred habitat (Campana 1999). Otolith microchemistry, the study of

specific combinations and concentrations of trace elements within an otolith, is a tool that has

proven successful in discriminating spatial structure in marine populations at scales ranging from

hundreds of meters (Standish et al. 2008; Clarke et al. 2009) to thousands of kilometers (Ashford

et al. 2008, Macdonald et al. 2013). During the crystallization of the otolith, elements similar to
calcium become incorporated into the otolith matrix and substitute for calcium in the aragonite
matrix (Campana 1999). The incorporation of the trace elements is influenced by the ambient
water that the fish inhabits, diet (Gallahar and Kingsford 1996; Buckel et al. 2004), and
environmental variables such as salinity (DiMaria et al. 2010; Woodson et al. 2013), thereby

acting as a record of the specific geographic regions utilized by fishes (Campana 1999).
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Consequently, as otolith formation begins in the latter part of the egg stage, the initial deposition
of trace elements in the otolith core is representative of natal origin (Wright et al. 2002).
Conversely, elements found at the edge of the otolith represent integration of environmental
elements or diet near site of capture. Because water masses are characterized by specific ranges

of temperature and salinity, various elements influenced by environmental variables can be used
to determine habitat of fishes. Water temperature has a significant effect on elemental ratios of

Magnesium (Mg), Strontium (Sr), and Barium (Ba) to Calcium (Ca) in Arctic Cod otoliths from
the Chukchi Sea (Gleason et al. 2016). Often, effects are seen in both temperature and salinity

because of their relationship with each other (Fowler et al. 1995). Cooler temperatures are often

associated with higher salinities. As an otolith chemical signature reflects water mass occupation,
comparing Arctic Cod collected from the Chukchi and Beaufort seas offers a retrospective look

at potential spawning areas and patterns of dispersion of a keystone species in a rapidly changing
Arctic.
To determine the utility of otolith elemental signatures in identifying unique natal origins

and possible movement of Arctic Cod in the Pacific Arctic, otoliths from Arctic Cod collected

from the Russian Chukchi Sea and the Canadian Beaufort Sea were selected for microchemistry

analysis. The objectives of the study were to 1) assess the potential for differentiating natal
origins of age-0 Arctic Cod from the Chukchi and Beaufort based on elemental signatures of

otolith cores, and 2) identify potential movement of age-0 Arctic Cod by comparing otolith core
and edge elemental signatures. I hypothesized that the core signatures would be different

between seas based on previous success rates in identifying Arctic Cod from different water

masses in the Chukchi Sea by otolith elemental signature (Gleason et al. 2016). Additionally, I
hypothesized that the elemental signatures measured from the core and edge within a sea

(Chukchi or Beaufort) would be different due to transport by currents of pelagic larvae and

juveniles. Otoliths analyzed from the Chukchi Sea will add to a library of established signatures
from Arctic Cod, while elemental signatures from Arctic Cod otoliths in the Beaufort Sea are
newly quantified for the region. These results provide insight into Arctic Cod distribution and
movement in the Pacific Arctic, including the connectivity of these two regions, as well as

determining the possibility of multiple spawning populations, and assist in understanding the
population structure of Arctic Cod in a changing environment.
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2.3 Methods

2.3.1 Sampling areas and methods
Age-0 Arctic Cod were collected from two cruises in the Pacific Arctic during ice-free
months (August-September; Figure 2): the Russian- American Long-term Census of the Arctic

(RUSALCA) in the Russian Chukchi Sea in 2009, and the US-Canada-Transboundary cruise

(TB-2013-US) in the Canadian Beaufort Sea in 2013. Arctic Cod were selected from transects

separated by approximately 1,500 km. All samples collected from RUSALCA were collected
from the two westernmost transects of the cruise, at latitudes 71.64°-72.43°N and longitudes
172.53°-179.55°W. TB-2013-US samples were collected from near the mouth of the Mackenzie
River in Canada at latitudes 69.70°-70.52°N at longitudes 136-138°W (Figure 2.2). A total of

eleven stations were included in this study.

Arctic Cod were collected using multiple sampling methods. In the Chukchi Sea, samples
were collected using two bottom trawls: an otter trawl (OT) and a plumb staff beam (PSBT)
trawl (Gunderson and Ellis 1986). From the Beaufort Sea, 95% of the Arctic Cod were collected

with an Isaacs-Kidd Midwater Trawl (IKMT) that targeted pelagic fishes. The IKMT was
deployed at stations 500-750 m in depth, however the net only fished obliquely to depths of 200

m. The remaining Arctic Cod in the Beaufort Sea (5%) were collected with a modified PSBT
(Abookire and Rose 2005) or a Canadian Beam Trawl (CBT; Table 2.1). Whole fish were frozen

at sea.
2.3.2 Otolith preparation and analysis
At the Fisheries Oceanography Laboratory at the University of Alaska Fairbanks (UAF),

sagittal otoliths, the largest of the three sets of otoliths, were removed from Arctic Cod and
prepared for chemical analysis. The otoliths were transversely sectioned using a Buehler®

isomet low speed saw and ground to approximately 200-400 μm thickness with lapping film on

a Buehler rotating wheel until growth rings were visible under a compound microscope. Otoliths
were mounted to a small glass cover slip with heated Crystalbond™509 thermoplastic cement

that was affixed to a petrographic slide with heated wax. A final polish with alumina paste

improved the visibility of the microstructure of the otolith. The second otolith was prepared if the

first otolith was damaged during processing. A transmitted light photo of each otolith was taken
with a camera-mounted dissecting microscope (Leica M165C) and subsequently aged by two
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independent readers by counting annual growth rings. In the event of a disagreement in age, the

readers re-aged the otolith to assign a final agreed-upon age. All Arctic Cod utilized for this
project were age-0 and subsequently referred to as juvenile. For efficient chemical analysis, as

many as nine otoliths were transferred to a single 25 x 45 x 1.27 mm slide by reheating the slide
containing the single polished otolith and gently transferring the glass cover slip containing the

polished otolith to the group slide.
Trace elements were analyzed at the UAF Advanced Instruments Lab. Otoliths from the

Chukchi and Beaufort seas were combined on one group slide to randomize sample order to

reduce instrumental bias. Sample slides were rinsed with Milli-Q water and air dried in a slide

storage box prior to chemical analysis. A New Wave UP-213 laser ablation (LA) system with an
inductively coupled plasma mass spectrometer (ICP-MS) fitted with a cs lens stack was used to

detect a suite of trace metals in Arctic Cod otoliths. On each otolith, two zones were ablated
(core and edge; Figure 2.3). Each line was typically 350 μm to 500 μm in length and 25 μm
wide. The ablated otolith material was sent to the ICP-MS with helium (He) carrier gas. Isotope

abundances of calcium (42Ca), magnesium (24Mg), manganese (25Mn), zinc (30Zn), strontium
(88Sr), and barium (138Ba) were measured in each sample. The suite of elements was chosen for
the highest natural abundances in otoliths with the least interferences in the ICP-MS based on

proven success from previous Arctic research (Bouchard et al. 2015; Gleason et al. 2016).

To ensure accuracy and consistency in the otolith microchemistry results, the LA-ICPMS was cleaned and tuned at the start of each day of processing (three days total). Laser ablation

was set to 80% power, 30 s warm-up, 5 s dwell time, 10 Hz pulse rate, 10 μm∕s laser sampling
rate, 5 μm sample depth, and 25 μm line width (Gleason et al. 2016). Standard reference

materials (SRM) were used during the LA-ICP-MS analysis to ensure the quality of the
measurements due to instrumental drift. National Institute of Standards and Technology®
(NIST) 610 glass material was used as the primary SRM at the beginning of each sampling day

and each time the sample chamber was opened to switch out slides (approximately every nine

samples for an average of 3-4 times a day). Typically, NIST612 (glass) and National Research
Council of Canada FEBS-1 (otolith) were used as secondary SRMs to determine the accuracy

and precision of ICP-MS measurements. The NIST612 and FEBS-1 were each ablated with a

120 μm long continuous line prior to otolith ablation.
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Each element was expressed as a ratio to calcium to account for fluctuations in the

amount of material ablated and to standardize concentrations in relation to calcium. Elemental
concentrations and limits of detection (LOD) were calculated using the Iolite software package

(v. 2.5, 2013) in IGOR Pro software (v.6.2 WaveMetrics 2010). Background levels of the

analytes were collected for 30 s prior to each SRM and otolith sample. Averaged counts per

second (cps) background levels were then subtracted from averaged cps of each analyte
measured in samples and standards during ablation. The internal standard (ISTD) 43Ca was used

to calibrate abundances of raw chemical data to account for instrumental drift that may have

occurred during the ICP-MS process. The output of each analyte ANwas reported in parts per
million (ppm) and then converted to molar ratios to calcium Ca. The following equation was

used:

Where CAN

is the concentration of an analyte in ppm of a given element in the sample (otolith

transect), WCa is the molar weight of calcium, WAN is the molar weight of the analyte, and CIS

is the concentration in ppm of the internal standard element (43Ca). The percentage relative error
is a determination of how accurate instrument measurement values are compared with reference
values of the SRM (Gleason et al. 2016). The detection limit of an individual analytical

procedure is the lowest amount of analyte in a sample that can be detected but not necessarily
quantified as an exact value.
2.3.3 Data analysis
Variation in elemental ratios of otoliths from the Chukchi and Beaufort seas was assessed
with several univariate and multivariate analyses. Prior to parametric statistical analysis,
assumptions of normality, equal variance, and independence were satisfied by applying a log10
transformation to the elemental ratios. Strong outliers, defined as >3 standard deviations of the

mean value per element, were removed from the analysis (DiMaria et al. 2010).
To determine regional differences by sea, the multi-elemental ratios were compared from
Arctic Cod otoliths captured in the Chukchi and Beaufort seas using a multivariate analysis of

variance (MANOVA). Pillai's trace statistic (Zar 1999) was used to determine whether the sea
had a significant effect on the multi-elemental composition. To determine what specific elements
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differed between seas, multiple one-way analyses of variances (ANOVA; α = 0.05) were

performed to determine the differences in mean individual elemental ratios from the Chukchi and

Beaufort seas. In the case of non-normality after transformation, a nonparametric Kruskal-Wallis
one-way ANOVA was performed.

Potential movement of Arctic Cod was assessed using a MANOVA to determine if
differences could be detected in multi-element otolith composition from the two ablated

locations on the otolith (core vs. edge) within a sea. Pillai's trace statistic (Zar 1999) was used to

determine whether the sea had a significant effect on the multi-elemental composition. If the
MANOVA indicated that the multi-elemental composition of otoliths measured from the core
differed from the edge in one sea, then individual elements from otoliths in one sea were

compared from the core to elemental ratios measured from the edge using a one-way ANOVA (α
= 0.05).
A discriminant analyses was used to classify Arctic Cod as from the Chukchi or Beaufort

seas based on the multi-elemental signature in the core and edge. Classification accuracy was

determined with quadratic discriminant function analysis. Non-metric multidimensional scaling
(nMDS) Shepard's Plot used elemental ratios to visualize the distribution of individual samples.
The nMDS plots used Kruskal fit scheme 1 (R Core Team, Vegan package 2015) and were
considered adequate when they had a maximum stress ≤0.2.

For the Chukchi and Beaufort seas, correlations and relationships between elemental
ratios measured in the edge of the otolith and temperature and salinity at the time of fish capture
were assessed using linear regressions. At each sample station, temperature and salinity were

measured using a conductivity-temperature-depth (CTD) recorder. Two CTD models were used:

a Sea-Bird model SBE911+ CTD (Sea-Bird Electronics, Inc., Bellevue, WA) during RUSALCA
in 2009 and a Seabird SBE25 CTD during TB-2013-US. At each station, temperature and
salinity were collected at every one-meter increment during vertical profiles. In the Chukchi Sea,
all Arctic Cod samples were collected with bottom trawl nets and were compared to the deepest

temperature and salinity sampled at the station, usually within 5 m of bottom. Arctic Cod
collected in the Beaufort Sea using an IKMT came from throughout the fished depth of the water

column. As the IKMT did not fish depths greater than 200 m or 10 m above the seafloor,
temperature and salinity values were averaged from 10 m to 200 m at stations deeper at than 200
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m, or from 10 m below the surface to 10 m above the seafloor at stations shallower than 200 m.
Pearson correlation coefficients were calculated to determine the direction of the relationship

between elemental ratios and environmental variables. Using previous standards, the strength of

correlations (r) were described as weak (± 0.1-0.3), moderate (± 0.3-0.5), and strong (± 0.5-1.0)
(Gleason et al. 2016).

Statistical analyses and data visualizations were conducted using Sigma Plot software (v.
12.5, Systat Software Inc. 2011), R v. 3.2.5 (R Core Team, 2015), or Microsoft Excel v. 2013.

2.4 Results
Comparable numbers of Arctic Cod otoliths were successfully analyzed from both seas:
Chukchi Sea - 27 from 5 stations; Beaufort Sea - 32 from 6 stations (Table 2.1). Each otolith

was ablated on the core and edge for a total of 118 elemental signatures that included ratios of
24Mg:42Ca, 25Mn:42Ca, 30Zn:42Ca, 88Sr:42Ca, and 138Ba:42Ca. Juvenile Arctic Cod available for
analysis from the Chukchi Sea were larger on average (x= 64 mm) with a smaller size range (46

mm to 80 mm) compared to those from the Beaufort Sea (x= 34 mm; 24 mm to 80 mm).

2.4.1 Core and edge comparisons

Overall, otolith elemental signatures collected from the Chukchi and Beaufort seas were
significantly different from one another (MANOVA: Pillai's trace = 0.76, F1,116 = 71.86,

p<0.001). Elemental ratios including Sr:Ca and Ba:Ca were on average measured in greater
quantities in the Chukchi Sea compared to the Beaufort Sea, while Mg:Ca, Mn:Ca, and Zn:Ca
were lower on average in the Chukchi Sea when compared to the Beaufort Sea. Individual
elements that differed significantly by sea included Mn:Ca, Sr:Ca, and Ba:Ca (Table 2.2). In both

the core and edge region of the otolith, ratios of Sr:Ca and Ba:Ca were higher in the Chukchi Sea
while levels of Mg:Ca, Mn:Ca, and Zn:Ca were higher in the Beaufort Sea (Figure 2.4). The

multi-elemental composition was significantly different between the core and edge zones of the
otoliths from both the Chukchi (Pillai's trace = 0.746, F1,52 = 28.20, p<0.001) and Beaufort seas
(Pillai's trace= 0.342, F1,62 = 6.05, p<0.0001), indicating potential movement within each sea.

Mean individual elements measured from the Chukchi Sea increased from the core to the edge in

Mg:Ca (0.54 mmol/mol to 1.48 mmol/mol), Sr:Ca (2.22 mmol/mol to 3.28 mmol/mol).
Additionally, in the Chukchi Sea, three mean elemental ratios decreased from core to the edge

region: Mn:Ca (0.008 mmol/mol to 0.007 mmol/mol), Zn:Ca (0.06 mmol/mol to 0.05 mmol/mol
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and Ba:Ca (18.69 μmol∕mol to 15.45 μmol∕mol); Figure 2.5). In the Beaufort Sea, the mean value

of four individual elements from increased from the core to the edge: Mg:Ca (1.06 mmol/mol to
2.37 mmol/mol), Mn:Ca (0.06 mmol/mol to 0.067), Sr:Ca (1.46 mmol/mol to 1.47 mmol/mol),

Ba:Ca (9.51 μmol∕mol to 10.15 μmol∕mol), whereas there was a decrease of Zn:Ca (0.13

mmol/mol to 0.09 mmol/mol; Figure 2.6). A significant difference in the elemental ratio from the
core and edge of Sr:Ca was detected in the Chukchi Sea (p < 0.001; Table 2.2), while in both the
Chukchi and Beaufort seas, significant differences in individual elemental ratios were detected in

Mg:Ca (p < 0.001) from the two ablated locations (core and edge).

2.4.2 Classifying elemental signatures

Five elemental ratios were used to classify otoliths into four groups as combinations of
Chukchi Sea or Beaufort Sea, and core or edge of the otolith. Reclassification rates of elemental
signatures based on sea and location of otolith ablation was high, with an average success rate of

81%. Correct classification accuracy ranged from 69% to 96% (Figure 2.7) with the highest for
the Chukchi core and Chukchi edge, and the lowest from the Beaufort core and Beaufort edge.
Otoliths from the Chukchi core and the Chukchi edge were very distinct with almost no overlap
with each other. Nearly 90% of the elemental signatures from the Chukchi core were correctly

identified as Chukchi Core elemental signatures. Similarly, 96% of Chukchi edge elemental
signatures were correctly classified as Chukchi edge. The remaining elemental signatures
incorrectly classified from the Chukchi Sea were small. Approximately 4% of the elemental

signatures from the Chukchi Sea edge were classified as Beaufort core and 11% of signatures

from the Chukchi core were classified as Chukchi edge. Classification rates from Arctic Cod
collected in the Beaufort Sea were not as clearly defined; 69% of the otoliths were correctly

classified into the Beaufort core and Beaufort edge. However, more overlap within sea was
predicted from the Beaufort Sea otoliths. Of the elemental signatures taken from the Beaufort
core, approximately 22% were predicted to be from the Beaufort edge. Similarly, in the Beaufort

edge, 28% of the elemental signatures were predicted to be from the Beaufort core,

approximately 9% of otoliths from the Beaufort core were predicted to be Chukchi core and in
the Beaufort edge otoliths, approximately 3% were predicted to be Chukchi Sea edge.

The pattern of data points from the nMDS plots indicates variability in elemental
signatures between the Chukchi and Beaufort seas (Figure 2.8). Based on the distance between
46

points, samples collected from the Beaufort Sea were more similar to each other compared to
samples collected in the Chukchi Sea with little overlap between the seas. When individual
samples were grouped based on their elemental signature from the core and edge by sea of
capture, the scatter of data points clustered into 4 groups from the nMDS plot. Overlap in

elemental signatures from within both the Chukchi Sea and Beaufort Sea was apparent.

Elemental signatures from the core of the Chukchi Sea were widespread along the vertical axis
with elemental signatures from the Chukchi edge clustered in the center of the spread of Chukchi

core elemental signatures. This indicates that while the Chukchi edge was very similar to many
of the Chukchi Sea core samples, there was a great deal of variability in the Chukchi core

elemental signatures. Otoliths from the Beaufort Sea were more scattered across the horizontal

axis, with greater definition between the core and edge samples, when compared to the Chukchi

Sea. One otolith from the Beaufort edge displayed similarity with samples from the Chukchi

Core, while no otoliths from the Chukchi Sea overlapped the Beaufort Sea. This clustering
suggests the otoliths from the Chukchi and Beaufort seas could be clearly defined, yet the
overlap between the core and edge indicate some similarities in elemental signatures within seas.

2.4.3 Effects of environmental variables on otolith edge elemental composition
Few significant relationships were detected in otolith edge elemental chemistry with
temperature and salinity measured at the time of fish capture from the Chukchi and Beaufort

seas. On average, the water conditions in the Chukchi Sea near time of capture were less saline
(30.9 PSU) and warmer (-0.9°C; Table 2.1) when compared to the Beaufort Sea (31.8

PSU, -1.3°C). Elemental edge chemistry from the Chukchi Sea displayed a strong positive
relationship with temperature and Ba:Ca (r = 0.69, p < 0.001) and a strong negative correlation to
salinity (r = -0.64, p < 0.001; Table 2.3). A moderate negative relationship was displayed for

Zn:Ca and temperature (r = -0.37) as well as a moderate positive relationship with Zn:Ca and
salinity (r = 0.39), however the relationship was not statistically significant for either. All other
elemental relationships and environmental variables were weak and statistically non-significant

in the Chukchi Sea. In the Beaufort Sea, only Sr:Ca was significantly positively related to
temperature (r = 0.38, p = 0.03; Table 2.3). Finally, in the Beaufort Sea, there was a strong,

negative correlation with Mn:Ca and salinity (r = -0.58, p < 0.001), yet despite a significant
relationship with Ba:Ca and salinity (p = 0.02), the negative correlation was moderate (r = -0.41).
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The remaining elements, Mg:Ca, Zn:Ca, and Sr:Ca did not have a significant relationship with
salinity, and were thus poorly correlated.

2.5 Discussion
Results from this study expand knowledge of otolith trace element signatures for juvenile
Arctic Cod collected from the Chukchi Sea and establish previously unknown otolith trace

elemental signatures from the US-Canadian border of the Beaufort Sea. Furthermore, the high

classification accuracy of this study suggests the potential for multiple natal regions within the

Chukchi and Beaufort seas, and indicates that at least two separate stocks exist. Differences in
individual elemental signatures varied across regions, suggesting the benefit of a multi-element
approach in identifying population structure is ideal. This study improves the understanding of

population structure and movement of Arctic Cod prior to further warming of Arctic
temperatures and more reduction of sea ice (IPCC 2018), which may shift the overall marine fish

distribution.

2.5.1 Natal origin
Distinct otolith core signatures suggest the existence of at least two spawning grounds for
Arctic Cod in the Pacific Arctic. Spawning locations in the Chukchi Sea have not been observed,

yet larvae have been found throughout much of the US Chukchi shelf (De Robertis et al. 2017),

indicating that spawning occurs over several months across a wide region. Size-based and
seasonal distribution patterns of Arctic Cod indicate a spawning location in the southern Chukchi

Sea (Forster et al.2020). The general northward flow of water through the Bering Strait and
across the Chukchi Sea (Weingartner et al. 2005, 2013) is a likely mechanism for advection of
Arctic Cod eggs and larvae from spawning locations to the east of Chukotka Peninsula and south

to the Gulf of Anadyr (Vestfals et al. 2019) resulting in the wide distribution of age-0 Arctic Cod

found in the northeast Chukchi Sea. Acoustic backscattering detected high densities of juvenile
Arctic Cod in the northeast Chukchi Sea, thus this region may act as a nursery ground (De

Robertis et al. 2017) for a southern-based population originating from the northern Bering Sea,

or southern Chukchi Sea. Otolith elemental composition differences from the Chukchi and

Beaufort seas suggest while a southern Chukchi Sea spawning location may exist, it may only

account for a portion of Arctic Cod present in the Pacific Arctic.
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The Beaufort Sea, a region influenced by freshwater sources such as the Mackenzie

River, may contain natal and nursery areas for Arctic Cod. During a three-year survey conducted

during the ice-free months of August and September in the Beaufort Sea, juvenile Arctic Cod
were more abundant on the narrow shelf of the Beaufort Sea than the slope (Norcross et al.

2017), suggesting a nursery habitat for young of the year and a potential site of recent spawning.

Hatch date can be back-calculated by assuming average early growth rates of Arctic Cod 0.18
0.24 mm day-1 across the Pacific Arctic seas (Bouchard and Fortier 2011). The Arctic Cod in the

Beaufort Sea used for this study were all smaller than 45 mm and averaged 34 mm in length,
suggesting a hatch date of approximately 4.5 months prior, or late April. This timing is similar to

the US Beaufort Sea (Gallaway et al. 2017) and the Canadian Beaufort Sea, where the average
hatch date of mid-April, discerned through otolith back-calculation, is early by comparison to

mid-May and early June in other polar regions, including the Atlantic Arctic (Bouchard et al.
2011). Similar hatch timing in regions across the Beaufort Sea supports the winter-refuge
hypothesis wherein under-ice river plumes, such as the relatively warm freshwater plume of the
Mackenzie River, provide a thermal refuge that enables Arctic Cod to hatch, initiate first feeding,
and grow in winter (Bouchard et al. 2011). Early hatch timing of the larval Arctic Cod and

otolith elemental signatures influenced by freshwater from rivers such as the Mackenzie River,
provide evidence of a successful spawning and natal ground for Arctic Cod in the Eastern

Beaufort Sea.

2.5.2 Early movement

Movement appeared consistent throughout each sample region as elemental ratios
measured from otolith cores were significantly different from elemental ratios measured in the

edge of the otolith in both the Chukchi and Beaufort seas. However, elemental signatures were

very distinct in the Chukchi Sea, resulting in highly accurate classification rates (89-96%),
suggesting a greater spatial movement, or no movement, but drastic change in ambient sea water

trace element composition from time between natal origins to location of capture. The
differences in elemental signatures from the core within the Chukchi Sea could be seen in the

nMDS plot (Figure 2.8) as it appears there was a wide vertical spread in the signatures. Oceanic

transport is typically responsible for the movement of larval and juvenile fishes such as Arctic
Cod (Lukovich and Barber 2006). Due to small body size and weak swimming ability, the

distribution of small individuals is influenced by the direction and speed of the prevailing
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oceanic currents (Graham and Hop 1995). As fish become larger, swimming ability improves,
and movement becomes easier. Due to gear selectivity, Arctic Cod captured in the Chukchi Sea
on average were larger in size compared to Arctic Cod collected from the Beaufort Sea.

Therefore, the larger, likely older Arctic Cod (Zane Chapman, UAF, personal communication)
collected just north of the SCC, may have been transported eastward from the East Siberian Sea

via the SCC (Figure 2.1). Advection via the SCC may be likely, but due to the widespread

pattern of the Chukchi core otoliths on the nMDS plot, the number of spawning and/or nursing

grounds in the Chukchi Sea may be more plentiful when compared to the Beaufort Sea. Large

densities of juvenile Arctic Cod found over the Russian portion of the Chukchi shelf suggest that
the western Chukchi Sea may support high abundances of juvenile Arctic Cod (Nikolayev et al.

2008). Despite locating large densities of juvenile Arctic Cod, spawning grounds remain elusive.

Nearshore, shallow spawning grounds have been suggested in North America (Craig et al. 1982;

Thanassekos and Fortier 2012) and Siberian Arctic (Fevolden and Christiansen 1997) but have
not been identified. Early movement of pelagic age-0 Arctic Cod suggest the shallow nature of
the Chukchi Sea may provide a large area of vital habitat for a mass spawner such as Arctic Cod.
Despite Chukchi Sea stations being located approximately 1,500 km from Beaufort Sea

stations, a small percentage of Arctic Cod collected from the Beaufort Sea were classified with

Chukchi Sea core and edge signatures (Figure 2.7), suggesting a possible west to east transport in
this area. The chemical signatures of approximately 9% of the Beaufort Sea core signatures were

classified as Chukchi Sea core signatures where the origins may be located within the East
Siberian Sea, but remain unknown. Winter Water (WW), a very cold and saline water mass, was

the dominant bottom water mass at the Chukchi Sea stations at time of capture, and was

widespread in the region surrounding Wrangel Island at all the stations sampled and progressed

northwards and eventually east (Pisareva et al. 2015). Approximately 3% of Beaufort Sea edge
samples were classified as Chukchi Sea edge, and were therefore very similar to WW. The SCC
moves around the sample locations west of Wrangel Island and may mix with WW and

northward currents through the Bering Strait such as the Anadyr Water or the ACC (Figure 2.1;
Danielson et al. 2017). The ACC may be responsible for Arctic Cod transport from the Chukchi

Sea along the Alaskan Coast around Pt. Barrow and into the Beaufort Sea (Figure 2.1; Okkonen

et al. 2009). However, in August 2013, the time of these collections, the ACC was moving
northeasterly much more weakly than the previous year (Danielson et al. 2017). This shift, due in
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part to southerly sustained winds, likely slowed eastern advection of Arctic Cod larvae

distribution, reducing the possibility the natal origin of the Arctic Cod collected in the Beaufort

Sea was located 1,500 km to the west, despite the elemental analysis. When comparing the
elemental signatures from the Chukchi edge and the Beaufort core, the differences suggested
these fish did not occupy similar water masses. Localized movement within each sea appears

more likely. Movement inferred based on dissimilar elemental ratios or similarly categorized
signatures could be the result of fish movement or of water chemistry changing over time in one
location.

2.5.3 Physical water characteristics
Temperature and otolith edge elemental signature relationships were inconsistent with
previous studies (DiMaria et al. 2010; Bouchard et al. 2015; Gleason et al. 2016). In general,

temperature appeared to have a minimal effect on otolith chemistry in the Chukchi Sea. Ba:Ca

had a positive relationship with temperature in contrast to previous work where there was a

negative relationship (Gleason et al. 2016). Additionally, Sr:Ca was positively correlated to
temperature in the Beaufort Sea, but not in the Chukchi Sea. One possible reason for the

inconsistencies may be due to the limited temperature ranges sampled, as temperature plays a
greater role in elemental chemistry in fishes inhabiting regions with a wide variety of water

temperatures (Campana 1999). Previous research in the Chukchi Sea had wider temperature
ranges (-1.5 to 9.4°C; Gleason et al. 2016). In the present study, the temperature ranges at the

stations from both seas were minimal, spanning less than 2°C (-1.5 to -0.3°C; Table 2.1).
Temperature has been known to influence otolith elemental incorporation in larval and juvenile

marine fishes (Bath et al. 2000, Martin et al. 2004, Martin and Thorrold 2005). However,
elemental signatures from age-0 Arctic Cod from previous work in the Chukchi Sea did not
display a relationship with temperature while otolith chemistry in older age classes of Arctic Cod
were significantly affected by water temperature (Gleason et al. 2016). Future research should

focus on incorporating wider temperature ranges to compare with elemental signatures to better
understand elemental relationships and trace element abundance.
The salinity of the ambient water appeared to have a mixed effect on otolith edge

elemental concentrations. Each sea receives some amount of freshwater discharge. Siberian
rivers feed into the western Chukchi Sea and flow around Wrangel Island (Weingartner et al.
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1999). The Beaufort Sea experiences freshwater input from both the Colville and Mackenzie
rivers (Kulikov et al. 1998). At the site of capture, the GRY stations off the mouth of the

Mackenzie River in the Beaufort Sea were undoubtedly affected by freshwater as extremely

freshened conditions were observed in the upper 10 m of the Polar Mixed Layer with salinity
approximately 10 PSU (Norcross et al. 2017). A positive Sr:Ca and salinity relationship has been

established in various fishes (Bath et al., 2000; Martin et al., 2004; Secor and Rooker 2000;
Sturrock et al. 2012) including five regions where Arctic Cod inhabit, such as the eastern

Beaufort Sea (Bouchard et al. 2016). In the present study, there was a weak, positive relationship
with Sr:Ca and salinity in the Beaufort Sea, whereas in the Chukchi Sea, the relationship was

similarly weak, but negative. Similar to findings from this project from the northern Chukchi
Sea, for juvenile Arctic Cod collected further south in the Chukchi Sea, Sr:Ca was also inversely

correlated with salinity (Gleason et al. 2016). Nevertheless, the relationships presented in this
project were not strong or significant in either sea. Based on the station depth and temperature

and salinity values, freshwater influence of the Beaufort Sea could not be well determined
because all Arctic Cod were collected with pelagic fishing gear, and therefore the exact depth of

capture could not be determined. The Arctic Halocline Water (AHW) mass that extends from 50

m to approximately 200 m corresponds best with high salinity values (>34 PSU; Norcross et al.
2017) present in the Beaufort Sea. Depending on the location of capture in the water column, it is

possible Arctic Cod, especially in the Beaufort Sea, experienced less saline environment

compared to the corresponding CTD data at depth of fishing.
Barium concentrations are often present in higher quantities in freshwater discharge,
therefore resulting in an inverse relationship with salinity (Cooper et al. 2008). In the present

study, Ba:Ca was inversely proportional to salinity in both seas, a relationship common in many
fishes (Martin and Thorrold 2005; Walther and Thorrold 2006). Levels of barium in the otolith

edge were higher in the Chukchi Sea resulting in a stronger relationship there than in the
Beaufort Sea. Despite the strong inverse Ba:Ca relationship with salinity in the Chukchi Sea, on
average, a more saline environment was recorded in the Beaufort Sea (Norcross et al. 2017).

Differing relationships with Ba:Ca and salinity values for each of the seas may be due to the
challenge of determining the depth in which the Arctic Cod were collected. Four stations were

fished using the IKMT that collected approximately 95% of the Arctic Cod samples from the
Beaufort Sea. Because the IKMT fishes the entire water column from the surface to
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approximately 200 m (regardless if stations were deeper than 200 m), determining the exact

depth of capture with which to compare environmental data is challenging. Juveniles were

caught at depths less than 200 m using the IKMT as the net descended to depth or as the net
ascended to the surface, hindering our interpretation of ambient environmental characteristics

and elemental concentration levels in the Beaufort Sea. Temperature and salinity at IKMT

stations were averaged approximately 10 m below the surface to 10 m above the seafloor, or 200
m if the stations were greater than 200 m in depth. As Arctic Cod become larger, pelagic age-0
fish often begin the descent to deeper (>100 m), offshore waters within the first year of hatching

(Geoffroy et al. 2016). Since offshore Arctic stratified waters vary in temperature and salinity,

future studies should consider collecting fish using depth-discreet pelagic gear in addition to
pelagic gear such as the IKMT to better understand the water mass at location of capture in
determining a possible relationship with environmental variables and trace elements such as
Ba:Ca.

This study provides evidence that populations of Arctic Cod from the Chukchi and

Beaufort seas can be differentiated based on otolith elemental signatures. Results of this project

offer insight into potential spawning grounds such as the East Siberian Sea or eastern Beaufort
Sea, and a possible west to east early juvenile transport. Additionally, mixed results in otolith

edge and physical environment warrant future research into better understanding relationships of
trace elements and pelagic age-0 Arctic Cod. Sea ice reduction and warming temperatures will

likely reduce habitat available for spawning and available prey necessary for successful natal or

nursery ground for Arctic Cod (Dahlke et al. 2018). As temperatures increase, this species'

distribution and behavior are likely to change (Laurel et al. 2016). Temperatures in the Arctic are

warming more than twice as fast as the earth's overall average temperature, with 2019 air
temperatures above 60°N reaching 1.9°C above the 1981-2010 average (Richter-Menge et al.

2019). Understanding this species' adaptations to a warming climate is vital. Future management
actions will necessitate the understanding of Arctic Cod population structure before removing the

ban on commercial fishing in US Arctic waters that has been prohibited since 2009 (NPFMC
2009). Within the North Pacific Fishery Management Council's Arctic Fisheries Management

Plan, Arctic Cod is listed as one of only two finfish species with commercial potential, which

emphasizes the need for additional study of this species. Movement and overall reproductive
success of this species seemingly reliant on sea ice may change with the loss or thinning of sea
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ice (Overland and Wang 2013). No stock assessments have been conducted on US Arctic fishes,

including on Arctic Cod, due in part to the lack of basic life history information. Results of this
project undoubtedly assist in identifying potential spawning grounds and movement of juvenile

Arctic Cod within the Pacific Arctic that will help to meet the research requirements outlined by
the NPFMC prior to fishery development.
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2.6 Figures

Figure 2.1: Major currents of the Chukchi and Beaufort seas. Three main branches of Pacific
origin water (Alaska Coastal Water, Bering Shelf Water, and Anadyr Water) enter the Bering
Strait and circulate through the Chukchi and Beaufort Seas. Red boxes indicate sample areas in
the Russian Chukchi Sea and Canadian Beaufort Sea (After: Grebmeier, 2012.)
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Figure 2.2: Sampling locations of age-0 Arctic Cod from two cruises in the Pacific Arctic: (a) the
Russian-American Long-term Census of the Arctic (RUSALCA) from the two westernmost
transects (WN and SS) of the cruise in the Chukchi Sea in 2009, and (b) the US-CanadaTransboundary cruise (TB-2013-US) from west of the Mackenzie River in Canada (GRY
stations) in the Beaufort Sea in 2013. Beaufort Sea maps have corresponding station depth
included in station name. Maps courtesy of Kathy Smilkrud (Alaska Department of Fish and
Game).
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Figure 2.3: Photograph of an age-0 Arctic Cod sagittal otolith viewed under transmitted light.
The red areas designate the laser transect lines.

57

Figure 2.4: Comparison of mean (±2 standard error) element values in core and edge otolith
locations collected in the Beaufort Sea (red) and Chukchi (black) seas. Stars denote significant
differences among elements, determined by one-way analysis of variance (ANOVA; p <0.05).
Note the breaks in y-axes for “Core” graph at 0.25 to 0.5 mmol/mol and in “Edge” graph from
0.25 to 1.0 mmol/mol.
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Figure 2.5: Ratios of select elements (mmol/mol) compared to calcium (Ca) in core and edge of
juvenile Arctic Cod otoliths (n=27) from the Chukchi Sea. Barium (Ba:Ca) is expressed in
μmol∕mol. Boxes represent 25 th and 75th percentiles and the horizontal line within the box
represents the median. Whiskers represent the 10th and 90th percentiles. Dark circles represent
outliers (2±SD). Red lines indicate mean elemental ratio (mmol/mol) to calcium (Ca).
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Figure 2.6: Ratios of select elements (mmol/mol) compared to calcium (Ca) on core and edge for
juvenile Arctic Cod otoliths (n=32) from the Beaufort Sea. Barium (Ba:Ca) is expressed in
μmol∕mol. Boxes represent 25 th and 75th percentiles and the horizontal line within the box
represents the median. Whiskers represent the 10th and 90th percentiles. Dark circles represent
outliers (2±SD). Red lines indicate mean elemental ratio (mmol/mol) to calcium (Ca). Mean
Barium (Ba:Ca) is expressed in μmol∕mol.
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Figure 2.7: Classification accuracy (percentages) of otolith natal area based on Arctic Cod otolith
multi-elemental signatures from the otolith core and edge collected in the Chukchi and Beaufort
seas using a quadratic discriminant function analysis (QDFA). Actual location otolith ablation
zones and sea of capture are located on the x-axis, while the predicted classification percentage
of sea and ablated zone on the otoliths are represented by different colors within the bar.
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Figure 2.8: Non-metric multidimensional scaling (nMDS) plot of Arctic Cod otolith chemical
signatures collected from 2009 and 2013 in the Chukchi and Beaufort seas. Each point represents
an elemental signature from one individual Arctic Cod. Points closer together are more alike than
points further apart. Elemental signatures taken from the otolith core region of Arctic Cod
represent the natal region. Elemental signatures taken from the otolith edge region represent
where they were collected.
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2.7 Tables

Table 2.1: Number (n) of Arctic Cod collected in the Chukchi and Beaufort seas by cruise, gear,
average total length (TL) and ranges in parentheses. Corresponding environmental variables
include average salinity (PSU) and average temperature (°C) and ranges in parentheses.

Sea

n

Mean
TL (mm)

54

64

OT

50

27-45

PSBT

4
64

63
(46-80)
76
(72-80)
34

CBT

2

80

IKMT

61

33
(24-45)
36

Gear

Chukchi

Beaufort

PSBT-A

1

Depth (m) of
station

Salinity (PSU)

Temperature (°C)

31.0

-0.6

42-45

30.9
(30.5 to 31.7)
31.7
(31.5 to 31.8)
31.8

-0.9
(-1.5 to -0.4)
-1.45
(-1.46 to -1.45)
-1.3

200

34.6

-0.3

50-750
Fished: (10-200)

31.7

-1.3

(30.3 to 32.4)
32.4

(-1.4 to -1.2)
-1.2

750

Table 2.2: Results of a series of one-way analysis of variance (ANOVA) comparing individual
trace elemental ratios from age-0 Arctic Cod otoliths within and between the Chukchi and
Beaufort seas (ALL) were significant at p < 0.05. Elemental ratios compared by location on the
otolith (core vs. edge) and sea of capture (Chukchi and Beaufort). Ratios were log10 transformed
for statistical analysis.
ANOVA Comparison
Chukchi Core vs Chukchi Edge
Beaufort Core vs Beaufort Edge
Chukchi Core vs Beaufort Core
Chukchi Edge vs. Beaufort Edge
Chukchi Edge vs. Beaufort Core
Chukchi Core vs. Beaufort Edge
Beaufort Sea ALL vs Chukchi Sea ALL

Mg:Ca
<0.001
<0.001
<0.001
0.024
0.141
<0.001
0.341
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Mn:Ca
0.562
0.357
<0.001
<0.001
<0.001
<0.001
< 0.001

Zn:Ca
0.329
0.883
0.002
0.005
<0.001
0.053
0.146

Sr:Ca
<0.001
0.946
<0.001
<0.001
<0.001
<0.001
<0.001

Ba:Ca
0.869
0.861
0.04
0.009
0.003
0.053
<0.001

Table 2.3: Linear regression models and associated parameters for Arctic Cod otolith edge
chemistry (Element Ratio) with temperature (°C) and salinity (PSU) from the Chukchi and
Beaufort seas. Parameters include degrees of freedom (df), Pearson's correlation (r), adjusted R2,
corresponding F statistic, and P-value significant at p < 0.05. The relationships, or strength of
correlations (r) of otolith edge chemistry and select environmental conditions were described as
weak (± 0.1-0.3), moderate (± 0.3-0.5), and strong (± 0.5-1.0).
Sea
Chukchi Sea
Temperature

Salinity

Beaufort Sea
Temperature

Salinity

Element Ratio

df

r

R2

F

P-value

Mg:Ca
Mn:Ca
Zn:Ca
Sr:Ca
Ba:Ca
Mg:Ca
Mn:Ca
Zn:Ca
Sr:Ca
Ba:Ca

1,25
1,25
1,25
1,25
1,25
1,25
1,25
1,25
1,25
1,25

0.09
0.05
-0.37
-0.08
0.69
0.07
-0.04
0.39
-0.11
-0.64

0
0
0.14
0.01
0.47
0
0
0.15
0.01
0.41

0.19
0.05
4.03
0.15
22.05
0.12
0.04
4.46
0.3
17.11

0.67
0.82
0.06
0.71
<0.001
0.73
0.85
0.45
0.59
<0.001

Mg:Ca
Mn:Ca
Zn:Ca
Sr:Ca
Ba:Ca
Mg:Ca
Mn:Ca
Zn:Ca
Sr:Ca
Ba:Ca

1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30

-0.42
-0.23
-0.07
0.38
-0.15
0.04
-0.58
-0.16
0.17
-0.41

0.18
0.05
0.001
0.15
0.02
0.001
0.34
0.03
0.03
0.17

6.43
1.61
0.15
5.13
0.73
0.049
15.43
0.79
0.88
5.98

0.12
0.21
0.70
0.03
0.40
0.83
<0.001
0.38
0.36
0.02
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Conclusion

The population dynamics of Arctic Cod in the Pacific Arctic are slowly becoming better
understood (Mueter et al. 2016; Marsh et al. 2019; Forster et al. 2020). Results from this study

expand on what is known about Arctic Cod life history across approximately 1,500 km of the

species' distribution. Age structure throughout the Pacific Arctic was fairly similar, yet growth
varied at the individual and population level by region. Arctic Cod from the freshwater

influenced EBS region experienced the greatest individual-level growth compared to the other

regions. However, the greatest population-level growth occurred in the SCS, the southernmost

region of this study. This study also demonstrated that there may be two populations of Arctic

Cod based on otolith microchemistry. Furthermore, movement between the Chukchi and
Beaufort seas likely occurred. The connectivity of the Chukchi and Beaufort Sea provides ample
available habitat, but further research should focus on how the characteristics of each the

Chukchi and Beaufort seas contribute to the survivability of the species throughout its life span.
The results of this study will improve the understanding of Arctic Cod life history in the Chukchi
and Beaufort seas, and inform future research as the Pacific Arctic changes.

Understanding discrete populations in the Pacific Arctic in part relies on an accurate
understanding of movement. In this study, based on geographic sampling locations and otolith

microchemistry, it is likely that at least two populations of Arctic Cod exist in the Chukchi and
Beaufort seas. Based on prevailing eastward currents, young Arctic Cod present in the Chukchi
Sea were likely advected from the Siberian Coastal Current, while small, young Arctic Cod from
the Beaufort Sea were the result of a spring hatching event in the western Beaufort Sea.

Prevailing currents in the Pacific Arctic responsible for the advection of eggs and larval Arctic

Cod may allow for a better understanding of population structure. The abundance of young
Arctic Cod found throughout the Pacific Arctic provides evidence for the hypothesis that

multiple populations exist. A recently described “migration triangle” in the Chukchi Sea (Forster

et al. 2020) suggests a movement pattern in Arctic Cod among spawning, feeding, and nursery

areas. Future research should focus on determining whether Arctic Cod return to the vicinity of
their natal origins to spawn, which would suggest multiple genetic populations. A better

understanding of Arctic Cod population structure, reproductive strategy, and migratory behavior
would help in the prediction of the response of the Arctic marine ecosystems to climate change.
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Arctic Cod were found throughout the Chukchi and Beaufort seas, but more research is
needed to determine the extent of movement between these two seas. The concept of a west to

east transport of juvenile Arctic Cod over shorter distances based on similar otolith
microchemistry seen in the Chukchi and Beaufort seas is plausible. Historically, the Chukchi
Sea, with high benthic abundance and biomass, is known to be more productive than the

Beaufort Sea (Grebmeier 2012). Comparatively, the Beaufort Sea's extensive ice coverage,
narrow shelf, and oceanic currents limit primary production, and is more of a pelagic system
(Grebmeier and Barry 1991). The physical and biological differences between the two regions

may dictate where and when Arctic Cod will have higher survivorship and perhaps necessitate
the movement within these two regions. For example, at the juvenile stage, Arctic Cod are

pelagic and therefore may have higher survivorship if hatched in the Beaufort Sea where pelagic
prey is more abundant (Gray et al. 2016). In the Chukchi Sea, where benthic prey is abundant,
older, larger Arctic Cod may have higher survivorship and achieve greater growth. However,
with such a small sample of otoliths analyzed for chemical characteristics, the issue is certainly

not adequately resolved.

Relationships between the physical environment and otolith edge microchemistry were
explored to further the understanding of abiotic effects on the abundance of trace elements found

in otoliths. Stations with Arctic Cod and CTD collections available in both the Chukchi and
Beaufort seas provided an opportunity to evaluate differences among diverse habitats as
temperature and salinity can greatly affect growth and overall success of a species (Craig et al.
1982; Falk-Petersen et al. 1986). However, those stations sampled differed by sea on average of

approximately -0.4°C and 0.9 PSU and, which limited the results to a subset of habitat typically
inhabited by Arctic Cod. In this study, otolith microchemistry of only age-0 Arctic Cod was

compared to environmental variables. Elemental signatures from age-0 Arctic Cod otoliths from
the Chukchi Sea did not display a relationship with temperature, while in previous research,

water temperature significantly affected trace elemental values in otoliths from older age classes
of Arctic Cod (Gleason et al. 2016). This suggests that fish age may be a factor in determining

relationships between the physical environment such as temperature and salinity and otolith
microchemistry values. Obtaining accurate trace elemental measurements from water at the time
of fish capture is vital. While this study was limited to age and a small range of elemental

variables in both seas, differences could be seen in elements heavily influenced by freshwater
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input (Mg, Mn, and Ba; Campana 1999), perhaps guiding future research to focus on a broader

age range of Arctic Cod collected from a variety of habitats to further the understanding

relationships with abiotic factors and otolith trace elemental values.
This study provides current information about Arctic Cod growth in the Chukchi Sea, a

region that has already experienced change due to Arctic warming. Warmer sea temperatures and
lower sea ice extent may already be altering growth of Arctic Cod. Arctic Cod growth

coefficients from the northern Chukchi Sea in the late 1970s and 2012 were much higher, with
smaller asymptotic lengths than Von Bertalanffy parameters calculated from the present study
(Helser et al. 2017). However, according to this study, Arctic Cod are reaching greater maximum

achievable lengths but at slower rates when compared to forty years ago. Sea-ice retreat,
typically responsible for spring blooms in primary production, consequently supporting

secondary production (Fortier et al. 1996) occurs earlier in the season. Food resources may not
be as plentiful, but may be more consistently available over the course of their life history.

Additionally, the change in growth parameters and asymptotic lengths over time may be due to
the variations in transport and flow patterns resulting in fluctuations in nutrients and plankton

being delivered to the Chukchi Sea shelf (Woodgate et al. 2010). As temperatures increase, this

species' distribution and behavior are likely to change (Laurel et al. 2016).

To better understand population dynamics of Arctic Cod in the Chukchi and Beaufort seas,
future research should consider several factors. While this study spanned multiple years,
selecting one year may help to identify conducive regions, and therefore conditions for Arctic

Cod survival. Additionally, trace element analysis of otolith cores from multiple age classes,
should be considered to identify potential natal origins and movement across the regions. A
greater sample size across multiple years may elicit patterns in elemental composition patterns

with the physical water characteristics such as temperature and salinity.
The complexities of the Chukchi and Beaufort seas, including seasonal variation in
temperature, sea ice, and oceanographic currents are reflected in many of the results of this

research. Pacific Arctic can support Arctic Cod, but not always to the full benefit of the species.
Growth varied throughout the Chukchi and Beaufort seas suggesting this portion of the

Transportation of Arctic Cod via oceanographic currents has likely occurred within the sample
regions. Results of this project offer insight into potential spawning grounds such as the East
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Siberian Sea or eastern Beaufort Sea. Relationships in otolith trace elemental values and physical

environment conflicted with previous established relationships and warrant future research into

better understanding relationships of trace elements on age-0 Arctic Cod. With the Arctic rapidly

changing, it is important to understand the current status of this important species and to
determine how future ecosystem changes might affect vital habitat.
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Appendix

Table A-1: Results of the Kruskal-Wallis (H) one-way ANOVA (p < 0.05) to test for differences
in median fish length (mm) at age-0 by region. Subsequent pairwise comparisons were
conducted using Dunn's (Q) method and reported at significance p≤0.05 with * and NS if not
significant.
Region
SCS
NCS
WBS
EBS

N

Median

163
345
158
337

60
52
51
44
Difference of
Ranks
321.66
223.45
195.92
125.74
27.53
98.21

Pairwise Test for Age-0
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

H
136.968

P
<0.001

Q
11.638
6.909
7.116
5.667
0.989
3.516

p≤0.05
*
*
*
*

NS
*

Table A-2: Results of the Kruskal-Wallis (H) one-way ANOVA (p < 0.05) to test for differences
in median length at age-1 by region. Subsequent pairwise comparisons were conducted using
Dunn's (Q) method and reported at significance p≤0.05 with * and NS if not significant.
Region
SCS
NCS
WBS
EBS
Pairwise Test for Age-1
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

N
140
386
40
325

Median
107
97
101
98
Difference of Ranks
97.49
82.22
54.13
43.36
28.09
15.27

80

H
15.361

P
0.002

Q
3.840
3.160
1.173
1.014
0.651
0.788

p≤0.05
*
*

NS
NS
NS
NS

Table A-3: Results of the Kruskal-Wallis (H) one-way ANOVA (p<0.05) to test for differences
in median length at age-2 by region. Subsequent pairwise comparisons were conducted using
Dunn's (Q) method and reported at significance p≤ 0.05 with * and NS if not significant.
Region
SCS
NCS
EBS
WBS

N
136
245
224
50

Median
130
123
137
130
Difference of
Ranks
44.52
22.02
71.89
116.40
49.87
66.53

Pairwise Test for Age-2
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

H
45.186

P
< 0.001

Q
2.164
0.703
3.553
6.654
1.698
2.248

p≤0.05
NS
NS
*
*

NS
NS

Table A-4: Results of the one-way ANOVA (p<0.05) to test for differences in average length at
age-3 by region. Subsequent pairwise analyses reported using the Holm-Sidak method and
reported at significance p≤ 0.05 with * and NS if not significant.
Regions
Between Regions
SCS
NCS
WBS
EBS

Pairwise Test for Age-3
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

N

Mean

33
43
5
46

176
144
149
165

Difference of
Means
10.10
25.72
31.35
21.50
5.64
15.61

81

F
9.722

P
<0.001

t
1.667
2.017
5.099
3.770
0.449
1.248

p≤0.05
*

NS
*
NS
NS
NS

Table A-5: Results of the Kruskal-Wallis (H) one-way ANOVA (p < 0.05) to test for differences
in average length at age-4 by region. Subsequent pairwise comparisons were conducted using
Dunn's (Q) method and reported at significance p≤0.05 with * and NS if not significant.
Region

N

Median

SCS
NCS
EBS

9
5
14

178
187
193
Difference of
Ranks
8.694
5.35
3.344

Pairwise Test for Age-4
SCS vs EBS
EBS vs NCS
NCS vs SCS

H
6.357

P
0.042

Q
2.474
1.248
0.729

p≤0.05
*

NS
NS

Table A-6: Results of the Kruskal-Wallis (H) one-way ANOVA to determine differences in
annual growth of otoliths between ages 1-2 by region. Subsequent pairwise comparisons were
conducted using Dunn's (Q) method and reported at significance p≤0.05 with * and NS if not
significant.
Region
SCS
NCS
WBS
EBS

Pairwise Test
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

N

Median

105
192
54
243

0.204
0.190
0.212
0.222

Difference of
Ranks
58.792
28.427
33.331
92.123
61.758
30.365

82

H
32.169

P
< 0.001

Q
2.933
0.989
1.600
5.559
2.336
1.176

p≤0.05
*

NS
NS
*
NS
NS

Table A-7: Results of the Kruskal-Wallis (H) one-way ANOVA to determine differences in
annual growth of otoliths between ages 2-3 by region. Subsequent pairwise comparisons were
conducted using Dunn's (Q) method and reported at significance p≤0.05 with * and NS if not
significant.
Table A-7
Region

N

Median

SCS
NCS
WBS
EBS

28
25
5
54

0.108
0.104
0.123
0.142

Difference of
Ranks
20.584
7.732
9.128
29.712
16.86
12.852

Pairwise Test
SCS vs EBS
SCS vs WBS
SCS vs NCS
NCS vs EBS
NCS vs WBS
WBS vs EBS

H
16.758

P
< 0.001

Q
2.722
0.490
1.021
3.782
1.060
0.847

p≤0.05
*

NS
NS
*
NS
NS

Table A-8: Results of the one-way ANOVA to determine differences in annual width of the
otolith growth zone between annuli growth of otoliths between ages 3-4 by region.
Region

N

Mean

SCS
NCS
EBS

6
3
17

0.100
0.109
0.111

83

F
16.758

P
0.803

