
 

 

 

UHI Research Database pdf download summary

Spatial variation in carbon source use and trophic position of ringed seals across a
latitudinal gradient of sea ice
Carlyle, Cody G.; Roth, James D.; Yurkowski, David J.; Kohlbach, Doreen; Young, Brent G.;
Brown, Thomas A.; Riget, Frank F.; Dietz, Rune; Ferguson, Steven H.
Published in:
Ecological Indicators
Publication date:
2022

The re-use license for this item is:
CC BY
The Document Version you have downloaded here is:
Publisher's PDF, also known as Version of record

The final published version is available direct from the publisher website at:
10.1016/j.ecolind.2022.109746

Link to author version on UHI Research Database

Citation for published version (APA):
Carlyle, C. G., Roth, J. D., Yurkowski, D. J., Kohlbach, D., Young, B. G., Brown, T. A., Riget, F. F., Dietz, R., &
Ferguson, S. H. (2022). Spatial variation in carbon source use and trophic position of ringed seals across a
latitudinal gradient of sea ice. Ecological Indicators, 145, [109746]. https://doi.org/10.1016/j.ecolind.2022.109746

General rights
Copyright and moral rights for the publications made accessible in the UHI Research Database are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights:

1) Users may download and print one copy of any publication from the UHI Research Database for the purpose of private study or research.
2) You may not further distribute the material or use it for any profit-making activity or commercial gain
3) You may freely distribute the URL identifying the publication in the UHI Research Database

Take down policy
If you believe that this document breaches copyright please contact us at RO@uhi.ac.uk providing details; we will remove access to the work
immediately and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.ecolind.2022.109746
https://pure.uhi.ac.uk/en/publications/d9451eca-dcf8-4303-8db7-50fdca7bc51c
https://doi.org/10.1016/j.ecolind.2022.109746


Ecological Indicators 145 (2022) 109746

Available online 1 December 2022
1470-160X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Spatial variation in carbon source use and trophic position of ringed seals 
across a latitudinal gradient of sea ice 

Cody G. Carlyle a,b,*, James D. Roth b, David J. Yurkowski a,b, Doreen Kohlbach a,c, Brent 
G. Young a, Thomas A. Brown d,e, Frank F. Riget f, Rune Dietz f, Steven H. Ferguson a,b 

a Fisheries and Oceans Canada, 501 University Crescent, Winnipeg, Manitoba R3T 2N6, Canada 
b Department of Biological Sciences, 50 Sifton Road, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada 
c Norwegian Polar Institute, Fram Centre, Tromsø, Norway 
d Marine Ecology and Chemistry, Scottish Association for Marine Science, Oban, United Kingdom 
e School of Geography, Earth and Environmental Sciences, University of Plymouth, Plymouth, United Kingdom 
f Aarhus University, Roskilde, Denmark   

A R T I C L E  I N F O   

Keywords: 
Pusa hispida 
Stable isotope ratios 
Highly branched isoprenoids 
Arctic 
Ice algae 
Food web 

A B S T R A C T   

Anthropogenic climate change is causing changes to the Arctic sea-ice system with implications for the 
magnitude and timing of Arctic pelagic and ice-associated (sympagic) primary production that influences food 
web interactions. Ringed seals (Pusa hispida) are generalist predators that, as a species experience vastly different 
icescapes from low to high-Arctic latitudes. Quantifying spatial variation in their diet can help us understand 
how changes in sea-ice dynamics affect trophic interactions in Arctic marine food webs. However, multiple 
complementary analytical tools to examine variation in carbon source use and trophic dynamics in the diet of 
ringed seals have not yet been applied across their latitudinal range in the Arctic. We conducted stable isotope 
analysis (δ13C and δ15N) and measured highly branched isoprenoid diatom lipid biomarkers of ringed seals from 
the low, intermediate, and high Arctic (from 61.1◦N to 77.5◦N) to investigate spatial variation in their carbon 
source use and trophic position in relation to sea-ice dynamics. Both δ13C and highly branched isoprenoids 
indicated that ringed seals from higher latitudes had more sympagic carbon in their diet (liver δ13C: − 18.3 ± 0.2 
‰, HBI: 89.9 ± 2.08 %) than ringed seals at lower latitudes (liver δ13C: − 21.1 ± 0.1 ‰, HBI: 22.0 ± 2.73 %). 
Ringed seal trophic position increased from the low (3.78 ± 0.02) to high (4.76 ± 0.03) Arctic, suggesting 
increased fish consumption or a different trophic structure coinciding with the latitudinal change in carbon 
source. Ringed seals demonstrated a clear shift from low to high Arctic in the relative contribution of phyto-
planktonic vs sympagic primary production. These patterns are likely linked to the vastly different icescapes in 
these environments and demonstrate that shifts in primary producer composition and Arctic food webs can be 
identified in ringed seal diets. Information on these prey and energy shifts over large spatial scales also provides 
insights into potential future changes to Arctic ecosystem function with continued sea-ice decline.   

1. Introduction 

In response to anthropogenic climate warming, species globally are 
undergoing poleward shifts in their distributions (IPCC 2014, Pecl et al. 
2017). These species distribution shifts are occurring at varying spatial 
and temporal scales, which has implications for interspecific in-
teractions from primary producers to top predators, and therefore can 
have profound impacts on ecosystem structure and function (Kortsch 
et al. 2015; Frainer et al. 2017). In the Arctic, the rapid decrease in 
several sea-ice characteristics including extent, thickness, and length of 

ice-covered season contributes to shifts in species distribution (Overland 
& Wang 2013, IPCC 2014). Sea-ice loss further threatens Arctic species 
through direct habitat loss, changes to interspecific interactions and 
food-web dynamics, and invasion from more temperate-associated 
species, with consequences on Arctic ecosystem structure and function 
that can vary by latitude (Post et al. 2013, Fossheim et al. 2015, Frainer 
et al. 2017). Therefore, latitudinal variation in sea-ice conditions could 
provide a space-for-time substitute to reflect and understand the future 
impacts of sea-ice loss to both lower and higher latitude Arctic ecosys-
tems (Hayden et al. 2019). 
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Latitudinal differences in sea-ice dynamics and phenology drive 
spatiotemporal variation in Arctic primary production (Tedesco et al. 
2019). In the high Arctic, sea ice is often present year round, with a high 
proportion of multi-year sea ice mixed with thinner first-year sea ice 
(Born et al. 2004, Laidre et al. 2020). Phytoplankton productivity is 
often lower in areas with heavy sea ice and longer sea-ice coverage 
because of limited light availability in the water column (Arrigo & van 
Dijken 2015). Therefore, biological activity in these areas is skewed 
towards sea-ice associated (sympagic) algae, especially when heavy 
snow and sea-ice conditions overlap with increased sunlight, tempera-
ture and nutrients in spring (Leu et al. 2015, Tedesco et al. 2019). At 
lower latitudes, seasonal first-year sea ice coverage occurs with longer 
open-water seasons in summer and fall (Wang et al. 1994). Lighter sea- 
ice conditions and longer open-water seasons are associated with in-
creases in seasonal phytoplankton blooms and a shift to more phyto-
planktonic primary production (Arrigo & van Dijken 2015, Lewis et al. 
2020). 

Spatial variation in the type and timing of carbon sources available 
also impacts the consumers present in the system, where sea-ice carbon 
production favours invertebrates that are grazers of sea-ice diatoms 
(Wang et al. 2015, Kohlbach et al. 2016) and sea-ice associated meso-
predators such as Arctic cod (Boreogadus saida) (Hobson et al. 2002, 
Kohlbach et al. 2017). In addition, during the spring melt, high export of 
ice-derived organic matter to the benthic environment also drives tight 
benthic-sympagic coupling, which can produce species-rich and pro-
ductive benthic communities (Kohlbach et al. 2019). In contrast, 
southern areas of the Arctic with lighter sea-ice conditions and an earlier 
phytoplankton bloom may favour more temperate-associated species 
who consume more phytoplankton-associated prey and are expanding 
their range northward with sea-ice loss (Kortsch et al. 2015). Therefore, 
species reliant on sea ice-derived carbon may be negatively affected by 
the phenological changes in sea-ice algal communities and availability 
(Wassman et al., 2011, Kohlbach et al. 2019, Stige et al. 2019). These 
changes can propagate up the entire food web to top predators and have 
detrimental impacts on higher trophic level species, such as polar bears 
(Ursus maritimus) (Regehr et al. 2006, Wassman et al., 2011). 

Ringed seals (Pusa hispida) are a generalist and opportunistic higher 
trophic level species with a taxonomically and functionally diverse diet 
of fish, crustaceans, and other invertebrates from benthic, sympagic, and 
pelagic-associated habitats (Mclaren 1958, Young & Ferguson 2014). As 
a mobile predator with a high degree of dietary flexibility over space and 
time, ringed seals can be sentinels or indicators of ecosystem change 
(Born et al. 2004, Young & Ferguson 2013, 2014, Yurkowski et al. 
2016b, 2018, Lowther et al. 2017, de la Vega et al. 2021a). For example, 
at low and intermediate latitudes of the ringed seal’s range in Hudson 
Bay (Florko et al. 2021) and Cumberland Sound (Yurkowski et al. 2018), 
respectively, the observed long-term shift in mesopredator fish avail-
ability, from ice-associated Arctic cod to pelagic species such as capelin, 
and negative impacts on ringed seal demographics in Hudson Bay 
(Ferguson et al. 2005, 2017) have been linked to Arctic warming and 
sea-ice loss.. Conversely, in the high Arctic regions of Canada and 
Greenland, ringed seals experience heavier ice conditions and longer 
ice-covered seasons, with Arctic cod as the dominant prey (Holst et al. 
2001; Yurkowski et al., 2016). However, there has been no investigation 
into how spatial variation in sea-ice conditions and the resulting changes 
to sea-ice based vs pelagic based food webs across latitude directly 
manifests in the diet of ringed seals. Space-for-time gradient studies 
across the ringed seals’ range that identify latitudinal variation in car-
bon source and trophic structure that coincide with sea-ice dynamics (i. 
e., high-Arctic ringed seals consume more prey from sea-ice derived food 
webs) could yield similar patterns to temporal shifts with continued sea- 
ice recession (Overland and Wang 2013, Hayden et al. 2019). 

Our objective was to test the mechanisms of change in ringed seal 
diets associated with latitudinal variation in sea-ice conditions by using 
carbon (δ13C) and nitrogen (δ15N) stable isotopes and the distribution of 
highly branched isoprenoid diatom lipid biomarkers (HBIs) in ringed 

seals from the low, intermediate, and high Arctic from May-February 
2016–2018 (Fig. 1). Stable isotopes provide time-integrative informa-
tion on diet and habitat use of a consumer and HBI analysis estimates 
carbon source use. Specifically, δ13C is commonly used to identify 
relative sources of carbon and habitat use in marine consumers (DeNiro 
and Epstein 1978, McMeans et al. 2013. Pedro et al. 2020), whereas 
δ15N increases with trophic position and can identify trophic changes of 
consumers (Minagawa and Wada 1984, Post 2002). HBI lipids can be 
used to indicate the relative importance of sympagic vs pelagic pro-
duction in polar consumer diets (Brown et al. 2014a,b, 2017, 2018). 
Therefore, we used δ13C, δ15N, and HBIs to investigate carbon source of 
diet and trophic position of ringed seal samples from the low to high 
Arctic to quantify how varying sea-ice conditions and in turn sea-ice 
derived production over the entire study area may influence the 
feeding ecology of ringed seals. We hypothesized that latitudinal vari-
ation in ringed seal diets will reflect regional sea-ice conditions, with 
signals indicative of more reliance on sea-ice-derived carbon in ringed 
seal diets at higher latitudes. Further, we expected our carbon source 
indicators δ13C and HBIs to be correlated with each other and provide 
strong complementary support for changes in relative importance of sea- 
ice derived production in ringed seal diets. We also predicted that at 
higher latitudes, ringed seal diets will exhibit increased δ15N and a 
higher relative trophic position indicative of increased fish consumption 
due to greater prevalence of ice-associated Arctic cod and/or increased 
food web complexity due to more trophic omnivory among zooplankton 
(Carroll et al. 2013, Dalpadado et al. 2016, Yurkowski et al. 2016b, 
Møller & Nielsen 2020, de la Vega et al. 2021b). Together, these metrics 
will demonstrate a response in ringed seal diets to large scale spa-
tioenvironmental changes in the Arctic ecosystem that can help us un-
derstand continued rapid changes in the Arctic. 

2. Methods 

2.1. Sample collection and study sites 

Muscle (n = 110) and liver (n = 107) tissue samples were collected 
from ringed seals by Inuit subsistence hunters as part of the community- 
based monitoring partnership coordinated by Fisheries and Oceans 
Canada (Winnipeg, Manitoba, Canada). Liver tissue was used for HBI 
analysis because approximately 70 % of HBI diatom lipids are stored in 
the liver of vertebrates (Brown et al. 2014b). In stable isotope analysis, 
liver tissue was chosen to match with HBI analysis, while muscle tissue 
with a slower turnover rate (~4 months) than liver (~1–2 months) was 
chosen due to a longer time representation to investigate spatial varia-
tion in diet (Vander Zanden et al. 2015). These tissues were collected 
from a range of latitudes to represent low, intermediate, and high-Arctic 
regions: Arviat (61.1◦N; 42 muscle and 40 liver), Pond Inlet (72.7◦N; 34 
muscle and liver), and Grise Fjord (76.4◦N; 16 muscle and 15 liver) in 
Nunavut, Canada, and in Qaanaaq, Greenland (77.5◦N; 18 muscle and 
liver) (Fig. 1; Table 1). Southwestern Hudson Bay experiences seasonal 
sea-ice coverage, with complete ice coverage in December until ice 
break up begins in June followed by an open-water season from July to 
November that then generally freezes up again in November (Wang et al. 
1994, Hochheim & Barber 2014). Pond Inlet typically experiences ice 
break up later in June or early July, with a shorter open water period 
than in Arviat, ranging from July to October, and complete ice coverage 
beginning in November (Welch et al. 1992, Galley et al. 2012). Grise 
Fjord and Qaanaaq in the high-Arctic regions of Smith Sound and Jones 
Sound do not experience ice breakup until late July, with full ice cover 
returning in early November resulting in a short open water season 
between August and October, with some sea ice remaining throughout 
the year (Vibe 1950, Born et al. 2004, Laidre et al. 2020). However, the 
presence of the North Water Polynya in southern Smith Sound and 
Northern Baffin Bay produces an area that is relatively ice free compared 
to the rest of the region (Holst et al. 2001, Born et al. 2004). Overall, the 
regions of southwestern Hudson Bay, Eclipse Sound/Lancaster Sound, 
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and Smith Sound/Jones Sound comprise a latitudinal gradient of sea-ice 
conditions that also encompasses the broadest latitudinal range of the 
circumpolar ringed seal distribution (Fig. 1). 

Ringed seal samples were collected in 2018 from Arviat, Grise Fjord, 

and Qaanaaq and in 2016–2017 from Pond Inlet due to a lack of sample 
collection in 2018. Most samples were collected in the summer and fall 
open-water season (June-November), when seals forage more inten-
sively to build up fat reserves for the winter (Young & Ferguson 2013). 

Fig. 1. Left: Sampling locations from the eastern Ca-
nadian and western Greenland Arctic. Arviat, Nuna-
vut (61.1◦N) represents low latitude (western Hudson 
Bay); Pond Inlet, Nunavut (72.7◦N) represents inter-
mediate latitude (Eclipse Sound/Lancaster Sound); 
and Grise Fjord, Nunavut (76.4◦N) and Qaanaaq, 
Greenland (77.5◦N) represent high latitude (Smith 
Sound/Jones Sound). Right: Conceptual representa-
tion of the latitudinal gradient in sea-ice conditions 
from low to high Arctic in early summer (June to 
July), approximately when ringed seals would begin 
their seasonal intense foraging.   

Table 1 
Summary of means (SD) of δ15N, δ13C, sympagic carbon, relative trophic position, and Carbon to Nitrogen ratio (C:N) for each tissue type within each location and age 
class from biomarker analysis of ringed seals in this study.  

Treatment Liver Muscle 

N δ15N (‰) δ13C (‰) C:N Trophic 
position 

Sympagic carbon 
(%) 

N δ15N 
(‰) 

δ13C (‰) C:N Trophic 
position 

Low latitude Arviat 40 16.5 
(0.4) 

− 21.1 
(0.4) 

3.5 
(0.1) 

3.8 (0.1) 22.0 (17.0) 42 16.2 
(0.6) 

− 21.5 
(0.5) 

3.4 
(0.1) 

3.8 (0.2) 

Intermediate 
latitude 

Pond Inlet 34 17.2 
(1.00) 

− 19.5 
(0.3) 

3.5 
(0.1) 

4.4 (0.3) 84.4 (13.2) 34 16.4 
(0.9) 

− 19.8 
(0.3) 

3.3 
(0.1) 

4.3 (0.4) 

High latitude Grise 
Fjord 

15 16.9 
(0.7) 

− 18.3 
(0.7) 

3.3 
(0.1) 

4.7 (0.2) 89.9 (8.1) 16 16.7 
(0.5) 

− 18.8 
(0.6) 

3.2 
(0.1) 

4.9 (0.2) 

Qaanaaq 18 17.0 
(0.4) 

− 19.0 
(0.3) 

3.5 
(0.1) 

4.8 (0.1) 81.0 (9.5) 18 15.9 
(0.4) 

− 19.1 
(0.3) 

3.2 
(0.0) 

4.6 (0.2) 

Pup 26 16.8 
(1.1) 

− 19.6 
(1.2) 

3.4 
(0.1) 

4.3 (0.5) 71.2 (28.9) 26 16.3 
(1.1) 

− 20.0 
(1.2) 

3.3 
(0.1) 

4.3 (0.7) 

Subadult 39 16.8 
(0.4) 

− 20.0 
(1.0) 

3.5 
(0.1) 

4.2 (0.4) 58.2 (33.9) 40 16.1 
(0.4) 

− 20.4 
(1.1) 

3.3 
(0.1) 

4.1 (0.4) 

Adult 42 17.0 
(0.7) 

− 19.8 
(1.2) 

3.5 
(0.1) 

4.3 (0.5) 59.1 (35.0) 44 16.4 
(0.6) 

− 20.0 
(1.2) 

3.3 
(0.1) 

4.3 (0.4)  

C.G. Carlyle et al.                                                                                                                                                                                                                               



Ecological Indicators 145 (2022) 109746

4

However, seals from Qaanaaq were collected during the ice-covered 
season in May, and six seals from Pond Inlet were collected during the 
ice-covered season (May: 2, January: 1, February: 3). Since the focus of 
this study was on spatial variation and most samples were collected 
during ice break-up and the open-water period and primarily between 
June-October (n = 85 out of 110), we were unable to test for a seasonal 
effect but stable isotope and HBI results from January-February (liver 
δ13C: − 19.7 ± 0.4 ‰, liver δ15N: 17.0 ± 0.7 ‰, sympagic carbon: 91.6 
± 5.3 %, n = 4) were comparable to other months (liver δ13C: − 19.4 ±
0.3 ‰, liver δ15N: 17.2 ± 1.0 ‰, sympagic carbon: 83.5 ± 13.7 %, n =
30) from Pond Inlet. Sex was recorded by hunters during sample 
collection, and seals from most locations were aged by Matson’s Labo-
ratory LLC (Missoula, MT, USA) by counting annual growth layer groups 
in cementum of the lower right canine (Stewart 1996, Young & Ferguson 
2014, Yurkowski et al. 2016b). Teeth were not collected from Qaanaaq 
seals, and therefore we estimated age using a regression fit to growth 
models (Winship et al. 2001, Young et al., 2010, Luque et al. 2014). We 
used age estimates to classify seals as pup (<1 year of age), subadult 
(1–5 years of age), or adult (>6 years of age) (Stewart 1996, Young et al., 
2010, Yurkowski et al. 2016b). 

2.2. Stable isotope analysis 

We measured δ13C and δ15N of ringed seal liver and muscle samples 
at the Freshwater Institute, Fisheries and Oceans Canada (Winnipeg, 
MB, Canada). Muscle and liver tissue were subsampled into pieces <5 g, 
freeze dried for 48 h, homogenized using a mortar and pestle, then lipid- 
extracted using a solution of 2:1-chloroform:methanol after a modified 
method from Bligh & Dyer (1959). Lipid-extracted tissue was then 
weighed into tin capsules at ~400 μg using a microbalance, then com-
busted to measure δ13C and δ15N with a continuous flow isotope ratio 
mass spectrometer (Delta V Plus; Thermo Scientific) interfaced with an 
elemental analyzer (ECS 4010; Costech Instruments) and connected via 
a Conflo IV interface (Thermo Scientific). 

The δ13C and δ15N values are expressed in per mil (‰) deviation from 
the standards of atmospheric nitrogen for nitrogen and Vienna Pee Dee 
Belemnite for carbon in delta (δ) notation with the equation: δX =
[(Rsample/Rstandard) − 1] × 1000, where X = 13C or 15N and R = 13C/12C 
or 15N/14N (Bond & Hobson 2012). Accuracy was validated based on 
certified reference materials (USGS40: δ13C = -26.39 ± 0.09 ‰, δ15N =
-4.52 ± 0.12 ‰; USGS41a: δ13C = 36.55 ± 0.08 ‰, δ15N = 47.55 ±
0.15 ‰). The standard deviation of the measurements from the certified 
reference values were <0.1 ‰ in δ13C and δ15N for USGS40 and ≤0.15 
‰ for δ13C and δ15N in USGS41a. A duplicate was run for every 10th seal 
sample and the measurement precision determined was <0.1 ‰ for δ13C 
and <0.2 ‰ for δ15N. Carbon to Nitrogen ratios (C:N) were inspected 
after lipid extraction and most samples had a C:N < 3.5, indicating low 
lipid content (<5%) and therefore no influence of lipid on δ13C (Post 
et al. 2007) (Table 1). 

We used the δ15N of ringed seals to estimate their relative trophic 
position (TPconsumer) at each location. TPconsumer depends on the trophic 
enrichment factor for 15N (Δ15Nconsumer), which can vary as a result of 
the isotopic values of the diet, protein content and quality, and between 
tissues (Hobson et al. 1996, Roth and Hobson 2000, Caut et al. 2009). 

Therefore, we first used Calanus spp. (or Calanus hyperboreus when 
species-specific distinction was made) as the baseline (TPbaseline = 2), as 
Calanus is a reliable consumer of phytoplankton (McMeans et al. 2013, 
Yurkowski et al. 2016b), and we used 3.4 ‰ for Δ15Nconsumer to estimate 
the relative trophic position of Arctic cod (TPconsumer) using equation (1) 
(derived from Brown et al. 2014a, Yurkowski et al. 2016b). We also used 
published δ15N values of Arctic cod (δ15Nconsumer) and Calanus (δ15Nba-

seline) from each location (Hobson and Welch 1992, Hobson et al. 2002, 
Chambellant et al. 2013) (Table 2). We then used the trophic position of 
Arctic cod as the TPbaseline to estimate the trophic position of ringed seals 
(TPconsumer) using a Δ15Nconsumer of 3.1 ‰ for phocid liver and 2.4 ‰ for 
phocid muscle (Hobson et al. 1996, Caut et al. 2009) 

TPconsumer = TPbaseline +
(δ15Nconsumer − δ15Nbaseline)

Δ15Nconsumer
(1) 

To account for the effect of the oceanic Suess effect on δ13C intro-
duced by difference in collection year, 0.011 ‰ yr− 1 was added to the 
δ13C values of Calanus and Arctic cod from the literature (from 1988 to 
2007) (de la Vega et al. 2019). We also added 0.3 ‰ to the Hudson Bay 
Calanus values reported in Chambellant et al. (2013) to remove a car-
bonate correction in that study, for consistency with all other samples 
and since acidification to correct for carbonates has a negligible effect on 
Calanus (Pomerleau et al. 2014). 

2.3. Highly branched isoprenoid (HBI) analysis 

Freeze-dried and homogenized liver samples were used for HBI 
analysis. Samples from Arviat and Pond Inlet were shipped to the 
Scottish Association for Marine Sciences (SAMS), Scottish Marine 
Institute (Oban, Argyll, UK), for HBI analysis while the samples from 
Grise Fjord and Qaanaaq were analyzed at the Freshwater Institute 
(FWI), Fisheries and Oceans Canada (Winnipeg, MB, Canada). A similar 
analytical procedure was used at both SAMS and FWI. Briefly, samples 
were weighed to ~ 0.46–1.0 g of homogenized tissue and HBIs extracted 
according to Belt et al. (2012). Then 5 μL of an internal standard was 
added (9-octylheptadec-8-ene; 10 μL; 10 μg mL− 1) followed by saponi-
fication in a methanolic KOH solution (4 ml H2O: MeOH, 1: 9; 20 % 
KOH) for 60 min at 80 ◦C. Next, 4 ml of hexane was added and the 
sample was vortexed for 1 min, centrifuged (1 min, 2000 rpm) three 
times before transferring supernatant solutions containing non- 
saponifiable lipids (NSLs) to a clean glass test tube, dried with N2, and 
resuspended in 0.5 ml of hexane. Finally, samples were fractionated 
with 6 ml of hexane using column chromatography with silica gel (SiO2; 
0.5g). The remaining purified, non-polar lipid extracts containing HBIs 
were analyzed using gas chromatography-mass spectrometry (with a 30 
m DB-5 analytical column) according to Belt et al. (2012) for samples at 
SAMS. For samples at FWI, gas chromatography-mass spectrometry was 
still used (Agilent 7890B attached to a 5977B MSD) but set up in a 
precolumn backflush mode (a 4-m uncoated fused silica precolumn 
connected via Agilents “purged ultimate anion” to the same 30 m DB-5 
analytical column). HBIs were quantified by the mass spectral intensity 
for each HBI in selective ion monitoring mode (IP25: m/z 350.3, II: m/z 
348.3, III: m/z 346.3). Each HBI was normalized according to the 

Table 2 
Means (SE) of δ15N, δ13C for prey samples. δ13C was corrected to account for decreasing δ13C in the atmosphere over time according to de la Vega et al. (2019) and to 
remove a carbonate correction made by Chambellant et al. (2013).  

Latitude Location Year Sampling period Species N δ13C δ15N Reference 

Low Western Hudson Bay 2004–2007 September - October Calanus spp. 19 − 19.9 (0.3) 10.6 (1.0) Chambellant et al. 2013 
Boreogadus saida 27 − 18.6 (0.8) 14.7 (1.3) 

Intermediate Lancaster Sound – Barrow Strait 1988–1990 July - August Calanus hyperboreus 6* − 20.0 (0.4) 9.2 (0.5) Hobson and Welch 1992 
Boreogadus saida 26 − 18.4 (1.0) 15.2 (0.7) 

High North Water Polynya 1998 April - July Calanus hyperboreus 80 − 20.7 (0.1) 7.9 (0.1) Hobson et al. 2002 
Boreogadus saida 8 − 19.0 (0.1) 14.1 (0.2) 

*Each sample was composed of several individuals. 
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intensities of all 3 HBIs using equation (2) known as the H-Print (Brown 
& Belt 2017) that provides a percent of HBI contributions from plank-
tonic diatoms to sea-ice diatoms. 

H − Print(%) =
III

IP25 + II + III
× 100 (2) 

An H-Print calibration was then used in equation (3) to calculate the 
estimated proportion of sea-ice derived carbon as a percentage of total 
marine carbon in ringed seal livers, which we refer to as sympagic 
carbon (%) (Brown et al. 2018, Kohlbach et al. 2019). 

Sympagic carbon (%) = 101.8 − 1.02 × H − Print (3)  

2.4. Statistical analysis 

We used linear mixed models (LMMs) to investigate spatial differ-
ences in ringed seal δ13C, δ15N, and trophic position by tissue. In liver 
δ13C, liver and muscle δ15N, and trophic position in liver and muscle, we 
used location and age class as fixed effects and month of capture as a 
random effect. In sympagic carbon and muscle δ13C, a generalized linear 
model (GLM) without the random effect was run because including 
month as a random effect resulted in ’singularity’, indicating the 
random effect variances between groups were estimated as 0 and 
including month had no impact on the model estimates. This was likely 
due to the variation between months being very small and our limited 
sampling of different months resulting in the model not being able to 
distinguish the random effect variance from 0. Barr et al. (2013) and 
Pasch et al. (2013) suggest dropping the random effect when singularity 
occurs. To investigate spatial changes in sympagic carbon (%), we used a 
GLM with a Beta distribution and a logistic link function, which is 
appropriate for our response variable that is continuous and ranges from 
0 to 100 (Ferrari & Cribari-Neto 2004, Zuur & Ieno 2016). Sex was not 
included in our models as other studies have not found sex differences in 
ringed seal diet and our preliminary data exploration supported this 
conclusion (Holst et al. 2001, Young et al. 2010, Young & Ferguson 
2014). Models were validated and model assumptions were tested by 
visual inspection of the residuals (Zuur & Ieno 2016, Hartig 2020). 

Differences between locations were compared using Tukey post-hoc 
analysis tests. P-values for LMMs were calculated using the conditional 
F-statistic for degrees of freedom with the Kenward-Roger correction 
and an F-statistic for GLMs. Global marginal (R2

m) and conditional (R2
c) 

pseudo R2 values were computed for LMMs and global pseudo R2 was 
calculated for GLMs (Nakagawa & Schielzeth 2013, Zuur & Ieno 2016) 
because the complexity of variance in LMMs (Rights and Sterba 2019) 
has led to disagreement on how to calculate standard effect sizes for 
fixed effects (i.e., partial R2 values). To assess the contribution of fixed 
effects in our models, we have reported the means of each location and 
age class for the dependent variable of each model (Table 1), as un-
standardized effect sizes are a recommended alternative to reporting 
standard effect sizes (Pek and Flora 2018). To investigate the correlation 
between the variation in sympagic carbon and δ13C, we used the non- 
parametric Spearman rho rank-based correlation coefficient because 
sympagic carbon is proportional ranging from 0 to 1 (0–100 %). Results 
for all tests were considered significant at α = 0.05. All statistical ana-
lyses were performed using R version 3.4.2 (R Core Team 2020), data 
visualization was performed using “ggplot2” (Wickham 2016) and 
“ggpubr” (Kassambara 2020), and models were fitted using “betareg” 
(Cribari-Neto and Zeileis 2010), “emmeans” (Lenth 2021), “glmmTMB” 
(Brooks et al. 2017), and “lme4” (Bates et al., 2015). 

3. Results 

3.1. Stable isotope analysis 

Location was a significant predictor of ringed seal δ13C (liver F3,12.45 
= 38.5, p < 0.0001, R2

m = 0.826, R2
c = 0.855; muscle F3,104 = 201.5, p <

0.0001, R2 = 0.851) (Fig. 2, Table 1, Table A.1). Tukey post-hoc tests 
determined that mean δ13C of Arviat ringed seals was significantly lower 
than in ringed seals from Pond Inlet (liver t12.43 = -7.65, p < 0.0001; 
muscle t104 = -16.22, p < 0.0001), Grise Fjord (liver t12.14 = -10.67, p <
0.0001; muscle t-104 = -19.74, p < 0.0001), and Qaanaaq (liver t6.28 =

-6.73, p = 0.002; muscle t104 = -18.02, p < 0.0001) (Fig. 2, Table 1). 
Pond Inlet ringed seals also had a significantly lower δ13C than ringed 
seals from Grise Fjord (liver t49.75 = -6.95, p < 0.0001; muscle t104 =

-6.90, p < 0.0001), and Qaanaaq muscle (t104 = -4.480, p < 0.0001) but 
not liver (t8.52 = -2.12, p = 0.2205) (Fig. 2, Table 1). 

Location (F3,36.23 = 3.03, p = 0.042) and age class (F2,101.7 = 4.16, p 
= 0.018) were significant predictors of δ15N in ringed seal muscle (R2

m =

0.249, R2
c = 0.481) (Fig. 2, Table 1, Table A.1). A Tukey post-hoc test 

revealed no significant differences between locations despite δ15N being 
slightly lower in Qaanaaq than Grise Fjord (muscle t23.8 = 2.655, p =
0.062) (Fig. 2, Table 1). Muscle δ15N was also significantly higher in 
adults than in pups (t103.6 = -2.521, p = 0.035) and muscle δ15N was 
slightly higher in adults than subadults (t99.7 = -2.335, p = 0.056) but 
this was not significant. In liver, there were no significant predictors of 
δ15N (F3,63.4 = 0.726, p = 0.541, R2

m = 0.096, R2
c = 0.485) (Fig. 2, 

Table 1, Table A.1). 

3.2. Sympagic carbon quantification 

Location was a significant predictor of sympagic carbon (%) (F3,104 
= 109.8, p < 0.0001, R2 = 0.774) (Fig. 3, Table 1, Table A.1). A Tukey 
post-hoc test determined that sympagic carbon was significantly lower 
in Arviat ringed seals than ringed seals from Pond Inlet (t104 = -21.26, p 
< 0.0001), Grise Fjord (t104 = -20.70, p < 0.0001), and Qaanaaq (t104 =

-16.91, p < 0.0001) (Fig. 3, Table 1). Sympagic carbon was also posi-
tively correlated with δ13C (Spearmans’s ρ = 0.71, p < 0.001, n = 106). 

3.3. Relative trophic position 

Location was a significant predictor of ringed seal trophic position 
(liver F3,63.4 = 13.2, p < 0.0001, R2

m = 0.537, R2
c = 0.737; muscle F3,36.23 

= 18.6, p < 0.0001, R2
m = 0.546, R2

c = 0.687) while age class was also a 
significant predictor of trophic position in muscle (F2,101.7 = 4.16, p =
0.018) but not in liver (F2,97.1 = 1.32, p = 0.272) (Fig. 4, Table 1, 
Table A.1). A Tukey post-hoc test determined that Arviat ringed seals 
had a lower trophic position than ringed seals from Pond Inlet in liver 
(t71.0 = -2.80, p = 0.033) but not muscle (t40.1 = -1.71, p = 0.332), Grise 
Fjord (liver t69.3 = -5.31, p < 0.0001; muscle t38.2 = -5.996, p < 0.0001), 
and Qaanaaq in liver (t41.6 = -4.02, p = 0.001) but not muscle (t20.2 =

-2.28, p = 0.135) (Fig. 4, Table 1). Ringed seals from Pond Inlet also had 
a significantly lower trophic position than ringed seals from Grise Fjord 
(liver: t96.9 = -4.85, p < 0.0001; muscle: t83.2 = -7.145, p < 0.0001) and 
Qaanaaq in liver (t41.8 = -2.90, p = 0.029) but not muscle (t22.2 = -1.53, 
p = 0.435), while Qaanaaq ringed seals had a slightly but not signifi-
cantly lower trophic position than Grise Fjord ringed seals in muscle 
(t23.8 = 2.655, p = 0.062) but not liver (t45.2 = 0.103, p = 0.999) (Fig. 4, 
Table 1). We also found that in muscle, pups had a lower trophic position 
than adults (t103.6 = -2.521, p = 0.035) and although not a significant 
difference, subadults had a slightly lower trophic position than adults 
(t99.7 = -2.335, p = 0.056). 

4. Discussion 

In this study, agreement between compositions of δ13C and HBI 
lipids, showed a shift in carbon source contribution to ringed seal diets 
over a large-scale latitudinal gradient, from a higher contribution of 13C- 
depleted phytoplankton-derived carbon in the low Arctic to more 13C- 
enriched sea ice-derived carbon in the high Arctic (Brown et al. 2014a, 
Kohlbach et al. 2019, Pedro et al. 2020, Kunisch et al. 2021). The high 
correlation between our carbon source results shows that complemen-
tary analysis of δ13C and HBIs can identify sources of carbon that are 
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present at the base of Arctic food webs and propagate up to near-top 
trophic level predators (Brown et al. 2014a). Further, ringed seal tro-
phic position was higher in the high-Arctic compared to the low-Arctic, 
suggesting latitudinal variation in trophic structure. These patterns in 
carbon source and trophic position parallel spatial variation in physical 
sea-ice conditions and the resulting changes in primary producer com-
munities and food-web structure (Overland & Wang 2013, Frainer et al. 
2017, Tedesco et al. 2019). Compound-specific stable isotope studies 
have also found a high dependency (72 %) on sympagic carbon in ringed 
seal diets at higher latitudes in the Barents Sea (~78◦N) (Kunisch et al. 
2021) and a highly variable but lower dependency (21–60 %) on sym-
pagic carbon at lower latitudes in the Bering and Chukchi Sea (~61- 
68◦N) (Wang et al. 2016). Similar increases in sympagic carbon in 

Atlantic walrus (Odobenus rosmarus rosmarus) in correlation with lati-
tude and sea-ice cover (Yurkowski et al. 2020), and in trophic position of 
ringed seals with latitude (Yurkowski et al. 2016b) have been observed. 
Ontogenetic shifts in δ15N and trophic position also occurred where both 
increased with age, but this shift was small compared to the spatial 
differences in δ15N and trophic position we observed. 

Changes in sea-ice conditions and phenology with latitude are likely 
a major driver in the carbon source use and trophic position patterns we 
observed (Arrigo & van Dijken 2015). Transient sea-ice coverage in the 
low Arctic may not be present and stable for long enough into the spring 
and summer to promote high amounts of sympagic carbon compared to 
higher latitude locations. Decreasing snow cover and multiyear ice with 
increasing first-year ice is expected to greatly increase ice-algal 

Fig. 2. δ13C and δ15N for ringed seal liver (A) and muscle (B) samples collected from Arviat, NU (61.1◦N), Pond Inlet, NU (72.7◦N), Grise Fjord, NU (76.4◦N), and 
Qaanaaq, GL (77.5◦N) (Table 1). Main: biplot of δ13C and δ15N with dashed ellipses representing the 95 % confidence intervals of multivariate t-distributions for each 
location. Top: Boxplot of δ13C for each location. Letters represent separate groups determined by Tukey post-hoc analysis. Right: Boxplot of δ15N for each location. 
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production at high latitudes (>74◦N), suggesting that sympagic carbon 
will continue to be a large part of the ringed seal diet at high latitudes in 
the short term (Tedesco et al. 2019). However, at lower latitudes 
(<74◦N), predictions of first-year ice being replaced by open water and 
mismatches with favourable light conditions suggest that the contribu-
tion of sympagic carbon to ringed seal diets will either remain stable or 
decrease over time (Tedesco et al. 2019). Furthermore, the longer open 
water season at lower latitudes would promote high levels of phyto-
planktonic productivity contributing to increased availability in the 
system for consumers (Arrigo & van Dijken 2015). Similar patterns were 
found in ringed seals over a long-term temporal gradient in Cumberland 
Sound, Nunavut, Canada, where phytoplanktonic carbon in ringed seal 
diets increased with lower sea-ice concentrations and longer open-water 
periods (Brown et al. 2014a). 

Our results indicated that the trophic position of ringed seals 

increased with latitude. Our findings of a higher trophic position at 
higher latitudes may be driven by increased consumption of forage fish, 
such as Arctic cod, which is consistent with previous studies (Holst et al. 
2001, Born et al. 2004, Yurkowski et al. 2016b). The increase in trophic 
position may also be driven by lower latitude food webs being composed 
of shorter food chains with less zooplankton complexity in the lower 
trophic levels, while the high Arctic may have longer food chains with 
increased zooplankton complexity (Young & Ferguson 2014, Yurkowski 
et al. 2016b, de la Vega et al. 2021b). In this case, high Arctic food webs 
would have more Arctic-associated invertebrates that display stronger 
carnivory near the base of food webs. The low Arctic would then consist 
of more small omnivorous or herbivorous invertebrates with one less 
trophic step at the base of the food web as a result of increased omnivory 
in association with increased phytoplankton availability for these con-
sumers (Dalpadado et al. 2016, Møller & Nielsen 2020, de la Vega et al. 

Fig. 3. Boxplot of sympagic carbon (%) as a percentage of total marine carbon in ringed seal diets from seal liver samples collected from Arviat, NU (61.1◦N), Pond 
Inlet, NU (72.7), Grise Fjord, NU (76.4◦N), and Qaanaaq, GL (77.5◦N) (Table 1). Letters represent significant differences between locations determined by Tukey post- 
hoc analysis. 

Fig. 4. Relative trophic positions calculated (see Eq. (1)) for ringed seal liver and muscle using Calanus literature values as a baseline (TP = 2) from Arviat, NU 
(61.1◦N) (Chambellant et al. 2013), Lancaster Sound, NU for Pond Inlet (72.7◦N) (Hobson and Welch, 1992), and the North Water Polynya for Grise Fjord, NU 
(76.4◦N) and Qaanaaq, NU (77.5◦N) (Hobson et al. 2002) (Table 1). Letters represent significant differences between locations determined by Tukey post- 
hoc analysis. 
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2021b). In addition, the observed latitudinal increase in ringed seal 
trophic position would not have been detected by solely using δ15N, 
further highlighting the importance of including prey baselines in the 
study design and correcting for spatial variation in baselines to avoid 
incorrect ecological interpretations (Post 2002, de la Vega et al. 2021a). 

Over this large-scale latitudinal gradient, factors that act on local 
scales can introduce uncertainty into the patterns we observed. For 
example, Qaanaaq experiences warmer currents and upwelling on the 
eastern side of Smith Sound, which can create sea-ice conditions, 
phytoplankton bloom dynamics, species assemblages, and nutrient 
availability indicative of more southern latitudes (Vibe 1950, Holst et al. 
2001, Born et al. 2004). These conditions may explain why ringed seals 
from Qaanaaq (77.5◦N) had slightly more pelagic carbon and lower 
trophic position than Grise Fjord (76.4◦N) on the western side of Smith 
Sound. Further, despite Hudson Bay being at the southern end of the 
ringed seals’ range, complete ice coverage in the winter and spring 
drives the contribution of some sympagic production to the diet of 
ringed seals in this region. Independent of sea ice, other oceanographic 
and geographical conditions such as bathymetry (coastal/shelf/pelagic), 
freshwater input (rivers/glaciers), and nutrient availability could play a 
role in the patterns we observed. For example, Pond Inlet seals displayed 
diet biomarker characteristics closer to higher latitude locations which 
could be influenced by Eclipse Sound being a constrained basin that 
promotes the formation and persistence of landfast ice later into the 
spring. 

Seasonal variation in sea-ice conditions could also impact the 
contribution of sympagic vs phytoplanktonic based food webs to the diet 
of ringed seals. In another study, seasonal variation between ice-covered 
and open-water season was observed in δ13C (~0.5 ‰), δ15N (~1.0 ‰), 
and sympagic carbon utilization (~20 %) derived from HBIs in ringed 
seals from Pond Inlet (Desforges et al. 2022). This seasonal variation was 
similar in magnitude to the spatial variation we observed in δ15N (liver: 
0.7 ‰) but was several times smaller than our observed spatial variation 
in δ13C (liver: 2.8 ‰) and sympagic carbon (67.9 %). In our study, 
month as a random effect did not explain much variation in our liver 
δ13C model and could not be included as a random effect in our muscle 
δ13C and sympagic carbon models. This suggests that the spatial varia-
tion in sympagic vs phytoplanktonic carbon contributing to ringed seal 
diets has a much larger effect than seasonal variation. However, the 
similar magnitude in spatial variation in both liver and muscle δ15N 
compared to observed seasonal variation in Desforges et al. (2022) and 
month as a random effect having explained much of the variation in our 
δ15N models suggests that seasonal variation may play a role in 
explaining dynamics in ringed seal trophic position. Higher importance 
of seasonal variation in trophic position than carbon source suggests that 
ringed seals have flexibility in prey type consumed as availability 
changes seasonally, however the carbon source ringed seals relied upon 
remained consistent. Overall, sympagic production plays a major role in 
ringed seal diets at intermediate and higher latitudes regardless of the 
time of year. 

Climate change and future sea-ice recession could eventually shift 
the base of high Arctic food webs from sympagic production to more 
phytoplankton-based production as observed at lower latitudes (Arrigo 
& van Dijken 2015, Yurkowski et al. 2020). These changes are expected 
to have detrimental impacts on Arctic species and a restructuring of 
Arctic marine ecosystems with continued decreases in the availability of 
key Arctic prey such as Arctic cod and increases in the availability or 
abundance of more temperate-associated species such as capelin and 
harp seals (Pagophilus groenlandicus) (Young & Ferguson 2014, Yur-
kowski et al. 2018, Ogloff et al. 2019). Demographic responses and a 
diet shift to more temperate capelin and sand lance has already been 
observed in the southern edge of the range of ringed seals in Hudson Bay 
(Ferguson et al. 2017, Florko et al. 2021) and future shifts to carbon 
source and trophic position in ringed seal diets in other regions could be 
accompanied by demographic responses (e.g., decreased body condi-
tion, poor reproductive success). Continued changes to Arctic primary 

production are also expected to vary by latitude (Tedesco et al. 2019) 
making it difficult to predict how Arctic ecosystems will respond. The 
flexibility in carbon source-use and trophic position of ringed seals al-
lows investigation into the variability of their diet to be a useful method 
to observe and quantify mechanisms of trophic change across the Arctic 
(Carroll et al. 2013, Lowther et al. 2017, de la Vega et al. 2021b). We 
demonstrated that ringed seals can be used as sentinel species to 
examine large-scale ecosystem change over space. Further, we have 
observed heterogeneity in carbon dynamics and trophic structure across 
the Arctic, showing that responses to sea-ice loss and climate change will 
not be uniform across large spatial scales of species ranges and ecosys-
tems. Therefore, implementing management and conservation measures 
across the Arctic must account for this spatial heterogeneity in species 
responses to effectively mitigate the impacts of global climate change. 
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