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Abstract :

Polar cod (Boreogadus saida) is one of the most studied Arctic marine fishes given its circumpolar
distribution and centralised role in the Arctic marine food web. In contrast, relatively little is known about
two other Arctic Gadidae: saffron cod (Eleginus gracilis) and Greenland cod (Gadus ogac). Climate
change is expected to have an effect on sea ice-associated species, such as polar cod, but due to our
lack of knowledge of other arctic gadid species it remains unclear how climate change will impact them
and their interactions within the arctic marine ecosystem. Here, we explored the ecology of three Arctic
Gadidae that co-occur in the Canadian Beaufort Sea. Stable isotope (Sl) (niche overlap) and fatty acid
(FA) (correspondence analysis and linear discriminant analysis) biomarkers were used to assess
among- and within-species differences and trophic niche. Despite the close habitat proximity of saffron
cod and polar cod while on the shelf, trophic niche characterisation revealed only a marginal overlap.
Marginal niche overlaps also occurred for the two coastal species with similar diets, saffron cod and
Greenland cod, likely reflecting regional-scale differences between two habitats. Within-species, polar
cod collected from three habitats (shelf, upper- and lower-slope habitats) were not differentiated likely
due to the movement of individuals between habitats. In contrast, Greenland cod had a narrow trophic
niche and differentiation occurred between the two collection sites. The comparison of trophic niches
defined by stable isotope and fatty acid proved a promising tool for new insights into the ecology of
Arctic fishes.
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Introduction

Reliable baseline information for Arctic marine food webs is essential for assessing the ecological
responses anticipated to occur with climate change (Wassman et al. 2011). While some aspects related to
the organisation of Arctic marine food webs are relatively well characterised, including general marine
trophic structures, energetic pathways and pelagic-benthic coupling (e.g. Hobson and Welch 1992; Welch
et al. 1992; Hobson et al. 1995, 2002; Iken et al. 2005), basic ecological information, including diet and
habitat use, is generally lacking particularly for Arctic marine fishes. The paucity of information is in part
due to the lack of commercial interest in many Arctic species and the high costs and logistical challenges
associated with accessing remote, seasonally ice-covered areas. As a result, sampling effort is typically
restricted to the open-water season, and is often limited by temporal and spatial coverage of sea ice.

Adequately characterising marine fish diets and habitat uses is further limited by classical
approaches to dietary analyses (e.g. gut content analysis) that provide insights into short-term prey
ingestion (i.e. the ‘last meal’), biased toward specific prey tissues (i.e. hard parts opposed to soft tissues,
Bowen and Iverson 2012), and, therefore, represent only a limited area of habitat (e.g. Iverson et al. 2004;
2007) or temporal profile of prey use (Fry 2006). Ecological biomarkers such as stable isotope (SI) ratios
and fatty acids (FA) signatures are powerful tools that have been widely applied over the past decade
because they are readily measured, integrate information across ecologically relevant scales, provide
understanding of both sources of energy and trophic position, and are sensitive to changes and respond in a
predictable manner to those (Post 2002; Iverson et al. 2004; Chouvelon et al. 2015). Sl and FA have been
applied to studies of various aspects of feeding ecology of Arctic region marine fishes, including: diet,
trophic structure, resource partitioning, individual specialisation, and niche segregation (Budget et al. 2002;
Iverson et al. 2002; Giraldo et al. 2016; Stasko et al. 2015; Brewster et al. 2016).

Ratios of stable carbon (8'°C) and nitrogen (8"°N) isotopes are typically applied in trophic
ecological studies to determine the contribution of marine and terrestrial food webs to the diet of consumers
and/or to estimate trophic position (Post 2002). In marine environments, §"3C provides a proxy for foraging
habitat (i.e. sources of organic matter), since 8**C values change only by a small amount at each trophic
level (i.e. <1%o). In contrast, 5°N values indicate trophic position because consumers are enriched in *°N

relative to their prey (reviewed in Post 2002; Hussey et al. 2014). A combination of §'*C and "N values of



an individual can be used to quantitatively define the ‘isotopic niche’ of a species (Layman et al. 2007;
Newsome et al. 2007). The isotopic niche, however, is unable to distinguish among prey items with similar
isotopic signatures (Newsome et al. 2007).

FA analyses can provide information on the composition of predator diets and indicate foraging
strategies (benthic versus pelagic), since consumers assimilate dietary characteristics of essential FA from
their prey (lverson et al. 2004; Tucker et al. 2008). FA signatures integrate consumers’ diets over a period
of several weeks (Iverson et al. 2004; Budge et al. 2006). Therefore, the combined use of Sl and FA
provide multiple lines of evidence for the feeding ecology of marine fishes that helps define trophic niches
(i.e. sources of prey and trophic positions of both prey and predator) to facilitate inferences regarding the
general diets of species (El-Sabaawi et al. 2009; Connelly et al. 2014).

The diversity of habitat use by three Arctic species of Gadidae: polar cod (Boreogadus saida),
Greenland cod (Gadus ogac), and saffron cod (Eleginus gracilis) are shown in the distribution of these
species in offshore marine and coastal environments of the Beaufort Sea (Nielsen and Andersen 2001;
Johnson et al. 2009; Walkusz et al. 2013). Polar cod is perhaps the most well-studied Arctic marine fish and
is known to play a central role in the marine ecosystem as prey for marine mammals and birds (Bradstreet
and Cross 1982; Welch et al. 1993; Loseto et al. 2009; Walkusz et al. 2013). This species is widely
distributed throughout the Arctic Ocean (Mecklenburg et al. 2011) and occurs in a broad range of habitats
within the Beaufort Sea, from shallow coastal areas (Crawford and Jorgenson 1996; Parker-Stetter et al.
2011) to the continental shelf and slope (Rand and Logerwell 2010; Crawford et al. 2012; Majewski et al.
2016b, 2017). In contrast to the broad range of habitats occupied by polar cod, saffron cod and Greenland
cod exhibit a primarily benthic feeding strategy and are generally restricted to coastal habitats. Within the
Beaufort Sea, saffron cod are widely distributed along the coastal mainland and are locally abundant
nearshore, typically at depths less than 50m depths (Bond and Erickson 1989, 1993; Griffiths et al. 2008).
Greenland cod are sporadically distributed in Arctic and subarctic waters within Canada and Greenland and
are typically associated with coastal areas (Morin et al. 1991; Nielsen and Andersen 2001), although they
do occur over deep waters (Coad and Reist 2004). Here we explore diversity in trophic niches of three
Arctic Gadidae and demonstrate the utility of the application of ecological biomarkers to discriminate

between their trophic niches.



Given the differences in the life-history, habitat, and likely also subsequent prey-use of these species,
we used Sl and FA to: (1) evaluate among-species differences in trophic niche for polar cod, saffron cod,
and Greenland cod collected from coastal habitats, < 200m in depth; (2) identify among-habitat differences
in the trophic niche of polar cod (shelf, upper-slope, lower-slope); and, (3) assess spatial variability in
Greenland cod trophic niche by studying differences in trophic niches between sites within coastal

environments.

Materials and methods
Study Area and Fish Collections

Samples were collected from the Canadian Beaufort Sea (CBS) offshore continental shelf, slope
and three coastal areas: Shingle Point, Ulukhaktok and Sachs Harbour (Table 1; Fig 1) in the Inuvialuit
Settlement Region of the western Canadian Arctic. The study areas included dynamic environments that
were classified into three habitat groups: coastal-estuarine habitat (Shingle Point), coastal-marine habitats
(Sachs Harbour and Ulukhaktok), and offshore-marine habitats (Beaufort Sea-depth). The coastal-estuarine
habitat of saffron cod was differentiated from the coastal-marine habitat of Greenland cod by the large
freshwater influence of the Mackenzie River (i.e. Mackenzie estuary) on the Shingle Point coastal system
(Carmack and Macdonald 2002). Fish were collected from several sampling programs: saffron cod were
collected from the coastal research program (Arctic Coastal Ecosystem Study (ACES)). Greenland cod
were collected from a community based fish collection program (Sachs Harbour and Ulukhaktuk
collections), and the offshore program (Beaufort Sea Marine Fishes Project (BSMF project)) collected
polar cod (Majewski et al. 2016a). All collections occurred in the open water season of 2012. Polar cod
were collected at 26 stations that covered three habitat areas in the CBS: the shelf (15-220m), the upper-
slope (>220-510m), and the lower-slope (>510-800m). Polar cod were collected by trawling that was
conducted using a modified Atlantic Western I1A otter trawl net (codend mesh size of 0.5 inches) deployed
from the F/V Frosti (see Majewski et al. 2016b). Saffron cod were collected at a coastal station on Shingle
Point (Fig 1). Gill net bycatches from subsistence fishering and beach seines were used to sample saffron
cod from mid-July to early-August in 2012. Lastly, Greenland cod were collected from the coastal

environments of Ulukhaktok and Sachs Harbour. Sampling was conducted by community members using



jiggling rods through the ice near to the communities. These collections were opportunistic and typically
occurred between June and July 2012. All samples were vacuum sealed, packaged frozen (-18°C), and sent
to Fisheries and Oceans Canada laboratory in Winnipeg Manitoba to be processed for biological data and

tissue sampling for FA and Sl analyses (Table 1).

Fatty acid analysis

Semi-frozen fish samples were cut in half lengthwise along the medial plane and the
gastrointestinal tract (i.e. stomach and contents, and intestines) were removed, although not further
analysed. Half the remaining fish carcass was ground in a Retsch GM200 grinder in a semi-frozen state,
then re-frozen and stored at -80°C before being freeze dried in a Labconco Freezone 18 freeze drier. Lipids
were extracted from 0.25g of the freeze-dried fish using 2:1 chloroform-methanol containing 0.01%
butylated hydroxytoluene (BHT) (v/v/w) (Folch et al. 1957). The lipid phase was filtered, collected, and
dried with anhydrous sodium sulphate and evaporated under nitrogen to obtain the total lipid weight. The
fatty acid methyl esters (FAMESs) were prepared from the extracted lipid by transesterification with
Hilditch reagent (0.5 N H,SO, in methanol) (Morrison and Smith 1964). The samples were then heated for
1 hat 100°C, and gas chromatography (GC) was performed on an Agilent Technologies 7890N GC
equipped with a 30 m J&W DB-23 column. The GC was coupled to a Flame lonization Detector (FID)
operating at 350°C . Agilent Technologies ChemStation software was used to quantify peaks. Standards
were obtained from Supelco (37 component FAME mix) and Nuchek (54 component mix GLC-463). A
total of 75 FAMEs were identified for the three species of cod, with the 30 FA (representing >99% of total
FA) used to identify general diet patterns reported as percent of total FA (%FA, Table 3). The signatures of

FA 20:1n9 and 20:1n11, as well as 22:1n9 and 22:1n11, were summarised in pairs as X C20 +22

monounsaturated FA (MUFA), respectively (Table 3). The following FA (or combination of FA) were used
as trophic markers: Calanus-type markers were defined as > C20 +22 MUFA (e.g. Falk-Petersen et al.
2002). Strong influences of nearshore (i.e. terrestrial influences) benthic feeding have been identified
through high proportions of 18:3n3 and 18:2n6 FA (Budge and Parrish 1998; Tocher 2003). The remaining
18 polyunsaturated FA and 20 polyunsaturated FA were grouped into the indicators 18PUFA and 20PUFA

(Tocher 2003, 2010; Legezynska et al. 2014).



Stable isotope analyses

Muscle tissue samples were taken from the dorsal area (remaining half fish), oven-dried (40°C),
then ground into powder using a mortar and pestle, weighed, and packed into tin capsules. Samples were
analysed using a Thermo-Finnigan Delta Plus continuous flow isotope mass spectrometer (Thermo
Finnigan, Bremen, Germany) coupled to a 4010 Elemental Analyzer (Costech International S. p. A., Milan
Italy) at the University of Waterloo Environmental Isotope Laboratory. Analytical precision was 0.1%o
and £0.2%o for 8"*C and "N, respectively, and was determined by repeat analysis of duplicates (one in
ten). All resulting measurements were expressed using standard delta (8) notation as parts per thousand
differences (%o) with respect to the international reference standards, carbonate rock from the Pee Dee
Belemnite formation for §**C (Craig 1957) and nitrogen gas in the atmosphere for 5'°N (Mariotti 1983).
Analytical accuracy was validated against internal laboratory standards cross-calibrated against the

International Atomic Energy Agency standards CHg for carbon and N1 and N2 for nitrogen.

Statistical Analysis

For this study only adult, non-spawning individuals were analysed. Adult life-stage was
determined using published age or length and maturity data. Only polar cod individuals aged 2+ (Craig et al.
1982; Gallaway and Norcross 2011) and larger individuals (fork length >300mm) of saffron cod and
Greenland cod classified as adults on the basis of published age-size relationships (Morin et al. 1991;
Johnson 1995; Gallaway and Norcross 2011) were used in this study (Table 1). Spawning status was
determined by visual inspection and presence of gonads. Because lipids are depleted in *C, variation in the
lipid content among species can significantly affect §*°C values (~3-4%, Post et al. 2007). We accounted
for the variation in lipid content by calculating the carbon to nitrogen (C:N) ratio for each sample, and
applied a correction equation (Post et al. 2007; Mintenbeck et al. 2008):

8 ®Coomatised = 0 “Cunreated — 3-32 + 0.99 * C:N

As length is often related to 8*°N trophic enrichment in fish (Romanuk et al. 2011), the relationship
between 5™°N and fork length (FL) was examined using linear regression for each species (polar cod
(Linear Regression, 8"°N = 25.75 * FL - 255.85, R*= 0.60, df = 66, t = 9.98, p < 0.0001), Greenland cod

(Linear Regression, 8"°N =39.77 * FL - 208.96, R?= 0.51, df = 65, t = 8.28, p < 0.0001), and Saffron cod



(Linear Regression, 6"°N = 16.77 * FL + 182.08, R*= 0.20, df = 36, t = 3.02, p = 0.004). The regression
residual for each individual within a species was calculated and added to the species-specific means to
standardise data for size (Swanson and Kidd 2010).

For comparisons among species, only polar cod collected on the shelf were compared to the
coastal species saffron cod and Greenland cod. Statistical analyses related to FA and SI were conducted in
R ver. 3.1.0 (R Core Team 2012). For SI, ellipses were generated using the R package nicheROVER
(Swanson et al. 2015). We calculated the 40% isotopic ellipse areas for each species, and used it to evaluate
the niche of each species (using 40% of the data for each species). NicheROVER was also used to calculate
the probability of niche overlap among species (Swanson et al. 2015), and is reported as mean percent with
2.5% and 97.5% confidence intervals (CI) (mean % [CI = 2.5%, 97.5%]). The 40% isotopic ellipse area or
‘niche size’ was evaluated using 6**C and 8"°N range (§"3CR and 6"°NR) values of individuals within each
species (Table 2). The 40% data was used to mitigate the influence of extreme 8"3C and 8"°N values on the
analysis (Jackson et al. 2011). The Residual Permutation Procedure (RPP) was performed among the three
species of cod to determine variation among species using §3C and 6N as response variables, and using
mean distance (MD) as a proxy of mean isotopic differences and niche diversity. Specifically, Euclidian
distances between species’ centroids (defined by mean values of 8"3C and 5'°N, MD) were calculated and
used to determine if species were significantly different from one another (Turner et al. 2010). Additionally,
niche size was calculated and used as a metric of individual dispersion that can be compared among species.

Correspondence analysis (Benzécri 1992) was chosen to compare FA profiles among species
using the R packages ca and ggord. Distances among FA profiles were computed with Chi-square metrics
so relationships between individuals (observations) and FA (descriptors) could be viewed on a two-
dimensional plane (ordination). The correspondence analysis was performed on the proportions of FA
among the three species, examining 31 FA for 116 individuals. A linear discriminant analysis (LDA) was
performed on the FA compositions of Greenland cod (n = 66) and polar cod (n = 70), followed by a
MANOVA, to determine if individuals of the same species from different locations could be differentiated
depending on feeding habitats. The proportions of fatty acid signatures were normalised using a log

transformation prior to LDA (Aitchison 1986).



Results
Among-species comparison: isotopic niche overlap

Overall, the locations of niche centroids (mean Sl signatures) within bivariate isotopic space
differed among the three species (MD, p = 0.001). Mean §"C for polar cod, Greenland cod and saffron cod
were X + SE =-23.50 £ 0.15%., N = 12; ¥ = -21.76 £ 0.08%o, N = 66; and x = -22.88 £ 0.05%o, N = 38, ,
respectively, where the overall difference in mean §*C expressed in the three cod species was 1.74%o
(Table 1). A maximum 8%C difference of 4.24%. was observed when considering the lowest and highest
polar cod (-24.22%o, captured on the shelf) and Greenland cod (-19.98%o) isotopic values. Mean §*°N
values for the three gadids were as follows: for polar cod, x + SE = 14.93 + 0.07%o, n = 12; for Greenland
cod, x + SE = 15.3440.07%o, n=66; and for saffron cod, x + SE = 15.18 + 0.08%., n = 38 (Table 1). The
8"°NR expressed in the muscle tissue of polar cod (captured on the shelf, 1.78%o), Greenland cod (2.86%o),
and saffron cod (2.57%o) indicated individuals fed at a common trophic level within and among species
(Table 1). Greenland cod isotopic niche size was marginally larger (niche size =1.69) than polar cod (niche
size = 0.91), and saffron cod (niche size = 0.60) (Figure 2).

The largest probability of niche overlap was observed between saffron cod and that of shelf-
captured polar cod (Table 2). The observed 6*3C values of polar cod and saffron cod were more negative
compared to Greenland cod, resulting in the lowest probability of niche overlap between polar cod and

saffron cod with the niche of Greenland cod (niche overlap = 0.28% and 1.06%, respectively, Table 2).

Similarity of dietary patterns among-species: comparison of FA profiles

The first dimension of the correspondence analysis explained 50.99% of the variance, whereas the
second dimension explained 20.68%, for an overall total of 71.67% (Table 3, Figure 3). The first dimension
demonstrated the most among-species variance and was characterised by the FA X C22 MUFA, 22:6n3,
and X C20 MUFA (FA are listed from greatest to smallest contribution, respectively). The second
dimension was characterised by 16:1n7, X C22 MUFA, 22:6n3, and 18:1n9. Polar cod was separated from
the other species along the first axis and were characterised by high levels of X C20 +22 MUFA (Calanus-

type marker) and 22:1n7. There was greater overlap between saffron cod and Greenland cod (high

proportions of 18:3n3, 18:2n6, 22:6n3 and 22:5n3) than of either with polar cod. Greenland cod were



further characterised by 20:4n6, and saffron cod were characterised by higher proportions of 16:1n7 (Table

3).

Isotopic and FA variation within-species: Greenland cod among sites

In coastal environments Greenland cod collected from Sachs Harbour had marginally lower §3C
(% + SE =-21.91 4 0.09%o, n = 41) and §'°N values (¥ = 14.93 + 0.09%o, n = 41) compared to Ulukhaktok
individuals (% = §3C: -21.15 + 0.13%o, n = 25, §"°N: 16.00 + 0.13%o, n = 25). Niche centroids of
Greenland cod from the two locations differed significantly (MD, p =0.001, although niche sizes (Figure
4a) were similar (Ulukhaktok niche size = 0.86, Sachs Harbour niche size = 0.97). The niche of Greenland
cod individuals collected from Sachs Harbour had less probability of overlap with the niche of Ulukhaktok
individuals in contrast to the reverse for the comparison of Ulukhaktok with Sachs Harbour (Table 3).

For Greenland cod, one discriminant function was generated and accounted for 100% of the
variance. The LDA plot of the mean scores of the discriminant function showed that Greenland cod had
distinct FA compositions (MANOVA, Wilks’ 2. = 0.17, p = 0.0003, percentage of misclassification 2.9%)
between sampling sites (Ulukhaktok or Sachs Harbour) (Figure 4b). The Greenland cod positioned to the
right (+) of the LDA were primarily individuals from Ulukhaktok characterised by high proportions of
22:5n6, 18:2n4, and low 16:1n7 compared to the individuals from Sachs Harbour, positioned on the left (-)

and characterised by higher proportions of 18:1n7, 18:2n6, and 21:5n3 (Figure 4b).

Isotopic and FA variation within-species: polar cod across sites.

The 6*C and 6™N values of polar cod from the three offshore habitats (shelf, upper-slope and
lower-slope) yielded trophic niches of similar size: shelf = 0.91 (n= 12), upper-slope = 0.86 (n= 40), and
lower-slope = 1.07 (n= 18) (Figure 5). The niche centroid positions of the three habitats did not differ
significantly (MD, p > 0.47, for all). Polar cod individuals collected on the shelf had the highest niche
overlap with those from the upper-slope (Table 3). Higher overlaps were observed between the niches of
lower-slope and upper-slope caught fish (Table 3). The lowest probabilities of overlap observed among
individuals of polar cod were observed in the niches of upper-slope and lower-slope individuals with the

shelf niche (Table 3).



The first discriminant function for polar cod accounted for 53.78% of the variance, and separated polar cod
from the shelf and lower-slope habitats from individuals from the upper-slope. The second discriminant
function accounted for 46.22% of the variance, and indicated some overlap between polar cod found in the
upper-slope with those from lower-slope habitats. The FA influencing the discrimination on the first
dimension were 16:0, 16:2n4, 18:2n6, ~ C22 MUFA, 16:1n7 (Figure 6a). The FA that influenced the
second dimensions the most were 18:2n6, > C22 MUFA ,18:1n5, and 18:3n3 (Figure 6b). The results of

the LDA, where 41 individuals (57.75%) were misclassified, indicated that the three depth habitats (shelf,
upper-slope, and lower-slope) did not explain variation in fatty acid composition of polar cod (MANOVA,
Wilks’ A = 0.25, p = 0.14) particularly well. Thus, polar cod that occupy different depths (shelf, upper-slope,

and lower-slope) were not discriminated by diet inferred from FA.

Discussion

Here we assessed the among- and within- species trophic niche differences in three Arctic gadid
species occurring in the Beaufort Sea. Using SI and FA biomarkers, our trophic niche characterization
found that among-species, polar cod overlapped marginally with saffron cod when on the shelf. Within-
species comparisons demonstrated that trophic niches of polar cod could not be discriminated among

different depth groups, whereas, Greenland cod had variations in habitat-use and diet indicators.

Among-species habitat comparison: isotopic niche overlap

Trophic niches among the three gadid showed little overlap. Variations in isotopic niche breadth
along the carbon axis were observed among offshore and coastal cod species, as well as among cods
captured at different coastal sites. Niches of shelf-caught polar cod and saffron cod overlapped the most
that is largely explained by a period of shared habitat and resources during summer (Majewski et al. 2006).
Among the Beaufort Sea Gadidae, polar cod was the most depleted in **C when compared to coastal cod
species. Depletion in *C values is characteristic of pelagic foraging strategies where phytoplankton
production is the primary source energy in the food chain. This depletion associated with pelagic feeding
strategies (Hobson et al. 2002) could influence the *C-depleted values observed in polar cod, thus offshore

pelagic feeding fishes would be expected to have lower & **C compared to coastal cod species with benthic



feeding strategies (where benthic algae and detritus influence the base of the food chain, Post 2002).
Conversely, marine derived source carbon (i.e. phytoplankton) has been reported to be less depleted/more
positive (> -25.5) compared to that of terrestrial carbon (< -25.5) (Dunton et al. 2012). The significant
discharge of terrestrial carbon delivered to coastal habitats from the Mackenzie River (Stein and
Macdonald 2004) is depleted in *C (Saupe et al 1989; Dunton et al. 2006), and has been report to integrate
into some marine organisms such as benthic species, zooplankton, and bowhead whales feeding in the
region (Dunton et al. 1989; Saupe et al. 1989; Schell et al. 1989). Though, the integration and importance
of terrestrial carbon to pelagic and offshore species, such as anadromous fish, is not well characterised in
the Beaufort Sea (but see Dunton et al. 2006; Von Biela et al. 2012; Divine et al. 2015). While our results
demonstrate the importance of vicinity to the Mackenzie River in coastal fish our findings also demonstrate
a coastal and offshore difference, where coastal fishes had more enriched (Greenland cod and saffron cod)
relative to more depleted *3C in offshore species (polar cod), thus tending to support Hansen et al.(2012). A
better understanding of the assimilation processes of terrestrial **C from the benthos to pelagic species in
coastal marine systems is needed to understand the isotopic differences observed between coastal and
offshore fish, additionally characterizing the influence Mackenzie River source of depleted **C on
nearshore marine species is needed.

Despite saffron cod and Greenland cod being coastal species and their previously described diet of
primarily epi-benthic fishes (Nielsen and Andersen 2001), their isotopic niches only marginally overlapped.
We expect that the large influence of freshwater outflow from the Mackenzie River (where saffron cod was
captured), which delivers a significant source of carbon, depleted in *C into the coastal habitat (Stein and
Macdonald 2004) to be reflected in the prey of saffron cod. Thus depletion of *3C values in saffron cod that
were captured in the coastal-estuarine habitat is expected, relative to the coastal-marine environments of
Sachs Harbour and Ulukhaktok that are far removed from the Mackenzie River outflow. We recognize that
isotopic variations among species may also be impacted by species-specific factors (e.g. diet, assimilation
of §°C into tissues, Hobson et al. 2002); however, similar foraging strategies between Greenland and
saffron cods suggest that differences in habitat (coastal-marine versus coastal-estuarine) are influencing the

Sl variations between these species.
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Among-species feeding strategies comparison: fatty acid

The first dimension of the correspondence analysis was consistent with a pelagic-benthic gradient,
where species were differentiated depending on their levels of Calanus-type markers (pelagic) and benthic
algal biomarkers (20:4n6). Polar cod was the species with the higher proportion of Calanus-type markers
indicating pelagic marine feeding (Falk-Petersen et al. 2002). Feeding on copepods by polar cod accords
with previous studies where copepod species have been found to be the dominant prey in the stomach
contents of demersal juvenile and adult polar cod from the Beaufort Sea (Walkusz et al. 2013; Majewski et
al. 2016b). This finding corresponds with lower 8*3C values characteristic of pelagic feeding (Hobson et al.
2002). Although a high prevalence of zooplankton in the diet of polar cod has been reported, generalist-
feeding strategies with heavy reliance on Themisto and Calanus prey are known (Walkusz et al. 2013;
Majewski et al. 2016b). Variable diets influenced by predator size have also been identified (Gray et al.
2016; Majewski et al. 2016b; Marsh et al. 2017). Narrow pelagic feeding strategies relying on copepods are
observed in smaller polar cod (<70mm) in comparison to those of larger individuals (>70mm) whose diet
extends to include benthic prey (Gray et al. 2016). In the present study smaller polar cod (x + SD = FL:
108.20 + 6.83 mm, n = 12) were collected on the shelf; the niche of these individuals overlapped with
saffron cod. The incorporation of benthic feeding on invertebrates in polar cod could explain similar §°N
to benthic-feeding saffron cod and Greenland cod, and 8"°N values consistent with feeding approximately
two trophic levels higher than reported in Calanus copepods (Stasko et al. 2016).

The FA-inferred diets of saffron and Greenland cods did not significantly differ, suggesting that
both species had similar feeding ecologies in these two habitats. Although saffron and Greenland cod
shared similar FA signatures, higher values of 20:4n6 indicating influences from benthic invertebrate prey
(e.g. amphipods, Connelly et al. 2014) for some individuals of Greenland cod were observed compared to
saffron cod. Stomach content analysis of saffron cod in the CBS identified crustaceans and fish as prey
(Lacho et al. 1991). Previous research on Greenland cod stomach contents and isotopic analyses have
indicated Greenland cod feed on smaller benthic fish species, such as capelin, crustaceans, molluscs,
echinoderms, and polychaetes (e.g. Morin et al. 1991; Nielsen and Andersen 2001; Knickle et al. 2014),,
and this was reflected here in the more variable FA composition. Similar mean §°N and §°NR indicated

consistent trophic level feeding within the Greenland cod species, whereas 8*°N values did not differ from
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those observed in saffron cod. For instance, 8"°N of brittle stars collected from the nearshore shelf
(10.40%o), offshore shelf (11.73%o), upper-slope (12.42%o) and lower slope (12.12%o) habitats (Stasko et al
2016), in addition to §"°N values observed in molluscs (§"°N ranging from 8.5-12.7%o), polychaetes (§"°N
=12.3%o), and crustaceans (8"°N ranging from 9.2-11.4%o) (Hobson et al. 2002) results indicate consistent
feeding approximately one to two trophic levels lower then suspected predators, saffron cod (15.18%o.) and
Greenland cod (15.34%o). Enriched **C values indicative of benthic feeding (Hobson et al. 2002; Divine et
al. 2015), and a diet dominated by benthic invertebrates parallels the higher contribution of benthic FA

found in Greenland and saffron cods compared to polar cod.

Within-species comparison: polar cod habitat and diet overlap

Analyses of FA (LDA) and SI (niche overlap) of polar cod indicated that the habitat and diet did
not significantly differ among locations, since isotopic niches and FA profiles could not be differentiated
among polar cod collected on the shelf, upper-slope and lower-slope. However, polar cod displayed the
most variability in FA among species, as some individuals were characterised by FA 22:1n7 and 20:1n7,
FA markers elevated in some bivalves and elevated 22:1n7 found in benthic feeding fish (Giraldo et al.
2016). The LDA did show that polar cod were characterised by Calanus-markers (X C20 + 22 MUFA),
16:1n7, and dinoflagellate (22:6n3, 18 polyunsaturated FA and 16:0) markers. Sedimentation of diatoms to
the benthos of coastal environments has been shown to influence benthic consumer tissues through high
proportions of 16:1n7 found in benthic species in Arctic coastal habitats (Graeve 1997; Giraldo et al. 2016).
Since FA can reflect the diets of fish over a time frame of several weeks to months, the FA signal suggests
polar cod feed on prey from different depths (pelagic and benthic), causing the signal to be indistinct, thus
prey sources cannot be distinguished for these sampling locations.

Furthermore, the niche sizes or trophic dispersion of polar cod captured from the shelf, upper-
slope, and lower-slope did not differ, suggesting polar cod from different depths have similar feeding
strategies. These results agree with previous stomach analyses completed for adult polar cod that have
indicated calanoid copepods and crustaceans (i.e. amphipods) are the predominant prey in the CBS (e.g.
Walkusz et al. 2013; Majewski et al. 2016b) and elsewhere in the Arctic (e.g. Christiansen et al. 2012;

Matley et al. 2013). Polar cod collected from the three depths also could not be differentiated using §**C
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and 8"N. The similar SI values and ranges suggest similar diets across adult Arctic Cod sampled from the
three distinct habitats (see Majewski et al. 2016b). Polar cod are highly mobile and occupy a variety of
habitats that vary with respect to water mass structure (i.e. Mackenzie River discharge, polar mixed layer,
Pacific and Atlantic water masses) that have distinctive chemical and temperature profiles (e.g. Majewski
et al. 2016b). They have also been documented to perform diel vertical migration, potentially feeding on
food sources from different water mass habitats within a single day (Benoit et al. 2010; Geoffroy et al.
2015). High spatial variability in spatial habitat use and opportunistic feeding likely hampered the ability to

differentiate trophic niche within this species.

Within-species comparison: Greenland cod habitat and diet overlap

The FA signatures of Greenland cod discriminated between fish collected from Ulukhaktok and
Sachs Habour. Sachs Harbour Greenland cod feeding in the benthos of freshened habitats was indicated
through high proportions of 18:2n6 and 18:3n3 (FA profiles associated with green algae and vascular plants,
Kelly and Scheibling 2012) and high proportions of 16:1n7, a FA profile associated with benthic feeding
(Graeve 1997; Giraldo et al. 2016), compared to Greenland cod captured at Ulukhaktok. This signal may
reflect freshwater outflow from the Sachs River into Sachs Harbour where samples were taken for this
study. In contrast, the nearest significant freshwater source near Ulukhaktok, the Kuujjua River, empties
north into Minto Inlet, away from the community and the site where cod were opportunistically collected.

Greenland cod from the two locations shared similar §*C values and niche size, indicating some
similarities in feeding environments. Still, individuals collected from Ulukhaktok exhibited slightly higher
8*C values compared to those from Sachs Harbour. Greenland cod is widely distributed in coastal waters
of the Canadian Arctic (Coad and Reist 2004), and appears to exhibit some variability in niche breadth over
its range. Thus, further research is needed to identify if this isotopic variation is driven from a habitat-
specific source or dietary source. Overall ecological biomarkers Sl and FA were able to differentiate the

trophic niches of Greenland cod collected from two locations within coastal habitats.
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Conclusions

Overall, species isotopic niches generated within species coincided with the dietary patterns
indicated by FA profiles. Differences in the isotopic niches and FA composition among polar cod,
Greenland cod, and saffron cod were indicative of dietary differences consistent with known feeding
strategies and published prey types. The variation in isotopic signatures and FA profiles for Greenland cod
collected from two coastal locations was sufficient to identify differences in trophic niches that reflect
differences in diet and/or habitat use. In contrast, there were no significant differences in isotopic and FA
composition for polar cod sampled from the shelf, upper-slope, and lower-slope, despite differences in
water mass structure that influence oceanography (e.g. temperature, salinity) and prey compositions across
these habitats. The habitat overlap and mobility of polar cod appears to limit abilities to delineate the
trophic niche of this species, among areas and habitat despite this species occupying wide variety of
habitats over short time periods (i.e. seasons). As the Arctic continues to change and new stressors occur
with the decrease in sea ice extent (e.g. Arrigo et al. 2008; Barber et al. 2012), understanding the niche
partitioning and behaviours of Beaufort Sea fishes will be essential for monitoring the health of the
ecosystem. Understanding how key species such as polar cod, and lesser known species ( i.e. Greenland
and saffron cod), will adapt their trophic patterns to the changing Arctic requires an improved

understanding of habitat and diet use, particularly during the ice-covered seasons.
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Figure Captions

Fig. 1 Map of the locations that polar cod, saffron cod and Greenland cod were sampled from in 2012.
Shingle Point represents the coastal-estuarine habitat where saffron cod were collected. Ulukhaktok and
Sachs Harbour represent the coastal-marine habitats where Greenland cod were collected. The three
offshore habitats: lower-slope, upper-slope, and shelf represent the marine habitats where polar cod were

collected.

Fig. 2 Stable isotope composition (8**C and '°N) of polar cod, Greenland cod, and saffron cod. Polar cod
(circles), Greenland cod (triangles) and saffron cod (cross). The standard ellipse areas represent 40% of

each niche region.

Fig. 3 Correspondence analysis for the FA signatures of polar cod, saffron cod, and Greenland cod. Ellipses

representing 95% confidence intervals were included to identify overlap.

Fig. 4a Isotopic ellipses of Greenland cod captured from two locations: Sachs Harbour, and Ulukhaktok.
The isotopic signatures (5**C and 6'°N) were used as variables and indicate the niche breadth of each

species. The standard ellipse areas represent 40% of each niche region.

Fig. 4b Discriminant analysis of the FA composition for Greenland cod collected at Ulukhaktok and Sachs
Harbour. The first and only discriminant function accounts for 100% of the variance in fatty acid
composition among sampling sites. FA on the negative side characterized Greenland cod individuals

collected from Sachs Harbour, and on the positive, Greenland cod collected from Ulukhaktok.

Fig. 5 Isotopic ellipse of polar cod captured from three locations: shelf, upper-slope, and lower-slope. The
isotopic signatures (8'°C and 8'°N) were used as variables and indicate for niche breadth of each species.

The standard ellipse areas represent 40% of each niche region.
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Fig. 6 Discriminant analysis of polar cod captured at 3 sampling sites (depth zones) in the Canadian Arctic
where a) the first discriminant function accounts for 53.78% of the variance in fatty acid composition

among sampling sites, and b) the second discriminant function accounts for 46.22%.
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Tables

Table 1 Biological data and stable isotopes signatures (5"°C, 8N in %o) of the three species of cod. Values are reported as X + SE. The ranges in 5"°C (§°CR) and §°N

(6"°NR) values were reported. Polar cod and saffron cod data were subsamples from the previous studies Lynn (2016), and Brewster et al. (2016), respectively.

Species Location (n) Fork Length (mm) % Lipid s°C(x +SE) 6™CR 8N (x + SE) 8"°NR
(x £SE) (x £ SE)

Polar cod 70 128.55 + 3.47 20.34 +1.29 -23.33 +£ 0.07 2.46 14.93 + 0.07 2.15

( Boreogadus saida )

Shelf 12 108.20 + 6.83 2152+ 1.87 -23.50 £+ 0.15 1.72 14.82 + 0.16 1.78

Upper-slope 40 130.65 + 3.71 20.07 £ 2.16 -23.29 £ 0.10 2.46 14.93 £+ 0.08 1.97

Lower-slope 18 137.69 + 8.60 20.14 + 1.26 -23.30 + 0.13 1.82 1499+ 0.14 1.92

Greenland cod 66 401.25 +5.48 12.25 + 0.56 -21.76 £ 0.08 2.51 15.34 + 0.07 2.86

(Gadus ogac)

Sachs Harbour 41 379.54 + 4.38 11.11 + 0.60 -21.91 £+ 0.09 2.42 14.93 + 0.09 2.98

Ulukhaktok 25 435.50 + 8.90 11.00 + 1.02 -21.15 4+ 0.13 2.13 16.00 £ 0.13 2.85

Saffron cod 38 436.53 + 3.51 13.40 £+ 0.82 -22.88 £+ 0.05 1.66 15.18 + 0.08 2.57

(Eleginus gracilis)




Table 2 Probabilities of niche overlap were calculated and refer to the probability of Species A niche being found in the
niche of Species B. Confidence intervals were calculated to show the minimum and maximum percent of overlap.

Species B Species A Probability of Confidence Intervals (%)
Overlap [minimum, maximum]
Among Species
Polar cod Greenland cod 0.16% [0.00, 0.81]
Saffron cod 13.36% [1.80, 36.93]
Greenland cod Polar cod 0.28% [0.00, 1.96]
Saffron cod 1.06% [0.07, 4.19]
Saffron cod Polar cod 14.61% [4.80, 28.16]
Greenland cod 1.41% [0.32, 3.51]
Within Species: Polar cod
Polar cod (shelf) Polar cod (upper-slope) 25.17% [14.69, 41.00]
Polar cod (lower-slope) 22.73% [10.56,38.59]
Polar cod (upper-slope) Polar cod (shelf) 44.61% [25.58, 65.91]
Polar cod (lower-slope) 36.84% [23.22,51.39]
Polar cod (lower-slope) Polar cod (shelf) 38.39% [19.89, 60.91]
Polar cod (upper-slope) 35.36% [21.63, 51.04]
Within Species: Greenland cod
Greenland cod (Ulukhaktok) Greenland cod (Sachs Harbour)  8.08% [2.57, 16.67]
Greenland cod (Sachs Harbour) Greenland cod (Ulukhaktok) 14.54% [5.08, 27.25]




Table 3 Percent (%) total fatty acid (FA) content for the three cod species indicated as X + SE. Only main FA (> 1%) are
indicated. The FA signature X C20:1 encompass: 20:1n9 and 20:1n11; X C22:1 encompass: 22:1n9 and 22:1n11.

Polar cod Greenland cod Saffron cod
Saturated FA (%)
14:0 293+0.11 2.17 4+ 0.05 2.22+0.08
16:0 16.39 + 0.36 15.01+0.17 14.08 £ 0.17
18:0 2.80 £ 0.09 3.40 + 0.05 2.27+0.07
subtotal 22.12+0.56 20.58 + 0.27 18.57+ 0.32
Monounsaturated FA (%)
16:1n9 0.22 £ 0.01 0.36 £ 0.01 0.52 £ 0.02
16:1n7 14.31 £ 0.46 10.17+ 0.31 12.47 + 0.36
16:1n5 0.41+0.01 0.30+0.01 0.254+0.01
18:1n11 1.74 £ 0.06 1.01 £ 0.04 1.59 £+ 0.06
18:1n9 8.59+ 0.23 8.53 £ 0.16 11.07+0.19
18:1n7 479 +0.11 6.14 + 0.08 6.41 +0.12
18:1n5 0.72 + 0.02 0.47 £ 0.01 0.47+£0.01
»C20:1 9.52 £0.35 4.55 £ 0.15 421 £0.13
20:1n7 145+ 0.17 0.73 £0.03 0.72 £ 0.04
xC22:1 10.21 £ 0.53 2.11 £ 0.10 2.12 £ 0.13
22:1n7 0.55 + 0.04 0.14 £ 0.01 0.13 £0.01
24:1n9 0.80 + 0.03 0.63 £ 0.02 0.60 £ 0.06
subtotal 53.31 + 2.02 35.14 + 0.93 40.56 + 1.14
Polyunsaturated FA (%)
16:2n4 0.37 £ 0.01 0.27 £ 0.01 0.31+0.01
18:2n6 0.62 £+ 0.01 0.82 £ 0.04 0.85 £ 0.02
18:2n4 0.11 + 0.00 0.12 £ 0.00 0.17 £ 0.00
18:3n6 0.10 + 0.00 0.22 £0.01 0.10 £ 0.00
18:3n3 0.26 £ 0.01 0.33 £ 0.02 0.46 £ 0.02
18:3n1 0.12 + 0.01 0.11 £+ 0.00 0.09 £ 0.00
18:4n3 0.37 + 0.02 0.50 £ 0.02 0.50 + 0.03
20:2n6 0.18 £+ 0.00 0.30 £ 0.01 0.30 £ 0.01
20:4n6 0.57 + 0.03 2.47 £0.09 1.53 £ 0.06
20:4n3 0.24 + 0.00 0.32 £0.01 0.62 £ 0.02
20:5n3 8.16 + 0.22 14.09 £+ 0.23 1323+ 0.21
21:5n3 0.11 + 0.00 0.19 £ 0.00 0.24 £ 0.00
22:5n6 0.86 + 0.03 0.27 £ 0.01 0.30 £ 0.01
22:5n3 0.10 + 0.00 1.83+ 0.05 2.30 £ 0.07
22:6n3 10.46 £+ 0.50 21.33 £ 0.45 18.84 + 0.54
subtotal 22.63 + 0.86 43.17 + 0.96 39.84 +1.02
total 99.35 + 3.34 99.47 + 2.16 99.44 +2.48






