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Introduction

Over recent decades, the predictions of climate change-
driven modifications to polar habitats are being replaced by 
quantitative observations. Evidence of changes occurring 
within marine environments of the High Arctic is increas-
ing, with dramatic reductions in ice cover, altered ocean 
circulation patterns, and rises in sea temperatures (Comiso 
et  al. 2008; Wassmann et  al. 2011; Marshall et  al. 2014). 
Alteration of the shelf and shelf-break hydrography along 
the west Spitsbergen coast is one such environment that has 
received considerable scientific attention. Atlantic water 
originating from the North Atlantic Current flows north-
ward into the Fram Strait as the West Spitsbergen Cur-
rent (WSC). The WSC is responsible for most of the oce-
anic heat transported into the Arctic Ocean, and is also a 
very important determinant of the regional oceanography 
and thus has a major influence on marine ecosystems in 
Svalbard. Less saline and colder Arctic water also flows 
northwards over the continental shelf of western Spitsber-
gen, east of the WSC, and forms a barrier for the fjords 
on western Spitsbergen from direct impact of the warmer 
Atlantic water. Exchange across this barrier, mainly wind 
driven, results in influxes of Atlantic water into these fjord 
systems (Tverberg et al. 2014; Blanchet et al. 2015). Thus, 
the variation in influx of the warm saline Atlantic water and 
colder less saline Arctic water, in addition to river run-off 
and glacial melt, dominates the physical conditions within 
the fjords in this area including the processes connected to 
sea-ice formation and melting (Cottier et al. 2005).

The temperatures of the Atlantic water in the WSC have 
never been higher than those from the start of the twenty-
first century (Spielhagen et al. 2011). Recently, several epi-
sodes of flooding of this warm Atlantic water into the fjords 
of west Spitsbergen have occurred (especially during winter 
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2005/06) with reduced sea-ice formation as one of the con-
sequences (Cottier et  al. 2005; Spielhagen et  al. 2011). 
These changes in water masses also have serious implica-
tion for the marine ecosystems in these fjord systems. As an 
example, the local fish communities have experienced an 
influx of more temperate and boreal fish species; recently, 
Atlantic mackerel (Scomber scombrus) was recorded 
in Isfjorden, a large fjord in the region, for the first time 
(Berge et  al. 2015). Other Atlantic fish species, including 
Atlantic cod (Gadus morhua), haddock (Melanogrammus 
aeglefinus), and herring (Clupea harengus), have recently 
replaced the native Arctic fish fauna to a large degree, in 
particular polar cod (Borogadus saida), which has declined 
in the region (Fossheim et al. 2015). The change in this fish 
community is attributed to continued warming of the ocean 
in this region, consistent with a predicted trend of southern 
species extending their ranges northwards into the Arctic 
with warming oceans (Gilg et  al. 2012). The changes in 
these water masses naturally affect other trophic levels of 
the sympagic, benthic, and pelagic food chain in the area 
(Søreide et al. 2013).

The most abundant marine mammal species in the fjords 
of west Spitsbergen is the ringed seal (Pusa hispida), which 
feeds, breeds, and moults in this area (Lydersen 1998). Sev-
eral studies of the feeding habits of ringed seals collected 
from Svalbard show that this seal species has a diet that 
included various fish and invertebrate species, but which 
is generally dominated by polar cod (Gjertz and Lydersen 
1986; Weslawski et al. 1994; Labansen et al. 2007). How-
ever, there have been no ringed seal dietary studies with 
material collected after 2002 around Svalbard, making the 
impact of the hydrographic changes that have taken place 
in recent years challenging to assess for this species.

Recently, the use of biogeochemical markers such as the 
relative abundance of isotopically-stable variants of carbon 
and nitrogen (δ13C and δ15N, respectively) have been used 
to characterise the feeding ecology of diving marine preda-
tors (Crawford et al. 2008). The timeframe over which δ13C 
and δ15N reflect the diet is tissue dependent; for example, 
the isotopic composition of blood plasma reflects forag-
ing over a short period (~last few days), whereas isotopic 
incorporation into muscle or bone reflects a longer period 
(on average months to years) (Newsome et al. 2010). Inert 
tissues such as whiskers (vibrissae) have the potential to 
provide a timeline of feeding behaviour; isotopes are incor-
porated into a tissue that is then inert, preserving the die-
tary information over time.

There are several challenges to using stable isotopes 
in the whiskers of ringed seals to provide dietary infor-
mation. Unlike the linear growth of otariid whiskers, 
which provides the opportunity to recover a timeline of 
feeding behaviour (Cherel et  al. 2009), the growth and 

replacement patterns of phocid whiskers are still largely 
unknown. Five studies have characterised the growth of 
phocid whiskers; these studies have suggested that grey 
seals (Halichoerus grypus) (Greaves et  al. 2004), har-
bour seals (Phoca vitulina) (Hirons et al. 2001), leopard 
seals (Hydrurga leptonyx) (Hall-Aspland et  al. 2005), 
spotted seal (Phoca largha) (McHuron et  al. 2016), and 
captive northern elephant seals (Miroungia angustiro-
stris) (Beltran et  al. 2015) display whisker growth that 
is characterised as exponential, and often best fitted by 
a Von Bertalanffy growth function. Furthermore, using 
both biogeochemical techniques and visual observation, 
there are ambiguous reports of whether whisker shed-
ding occurs annually during the moult (e.g., McHuron 
et al. 2016) or in a random fashion, with some whiskers 
being retained for multiple years (Hirons et al. 2001; Bel-
tran et al. 2015). However, all studies of phocid whisker 
growth suggest that there is no catastrophic seasonal 
shedding of whiskers and individuals have a fully func-
tional whisker bed year-round.

The purpose of our study was to determine whether 
recently observed changes in the hydrography and the 
marine food web around the west coast of Spitsbergen 
could be detected in the δ13C and δ15N values present 
in the whiskers of two cohorts of ringed seals collected 
in 1990 and 2013. Acknowledging the limitations for 
whisker growth discussed above, the data from our study 
are interpreted under two alternate hypotheses relating to 
whisker replacement and the dietary periods that might 
be represented for ringed seals: H1: When individual 
whisker replacement occurs, it does so in the same sea-
son on each occasion (Hirons et al. 2001; McHuron et al. 
2016). Thus, early stage whisker growth will be com-
parable between individuals in terms of which season 
the dietary information reflects. H2: Individual whisker 
replacement is completely random; thus, no part of an 
individual’s whisker is directly comparable with whisk-
ers from any other individual, either within or between 
cohorts. We make the conservative assumption that 
whisker growth asymptotes at approximately 200  days 
as reported for other phocid species (see above). Conse-
quently, the data from whiskers within a cohort can be 
used only to characterise the complete niche breadth of 
the cohort during a random 200 day period at some stage 
during the 2 years prior to sampling.

Considering this, we hypothesise that the increased 
intrusion of temperate North Atlantic water onto the 
western shelf of Spitsbergen between 1990 and 2013 has 
modified the food web to such an extent that such changes 
will be detectable using stable isotope values present in 
whiskers (vibrissae) of the local adult ringed seals, which 
inhabit the region year-round (Hamilton et al. 2016).
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Materials and methods

Whisker sampling and preparation

Entire whisker beds from juvenile and adult male ringed 
seals were collected in 1990 (n = 23) and 2013 (n = 27) from 
animals harvested for other purposes at several locations 
along the west coast of Svalbard (Fig. 1). Given that ringed 
seals can travel considerable distances while foraging at sea 
(Hamilton et  al. 2016), in the context of our overall goal, 
any differences in the distribution of samples sites between 
the 2  years are irrelevant. Whisker beds were placed in 
aluminium foil and stored at −20 °C until prepared for 
analyses. The longest whisker from each bed was snipped 
at the base flush with the muzzle. Each whisker was then 
placed into a glass vial with 2:1 chloroform:methanol for 
removal of lipids (expected to be very low), and agitated 
in an ultrasonic bath at 40 °C for 15 min. Vials were then 
drained, and each whisker was cleaned by hand using a wet 
lint-free cloth (Kimwipe™). Vials were then refilled with 
distilled water and placed back into the ultrasonic bath for 
an additional 10–15 min. After this stage, excess water was 
drained and each whisker was oven-dried for 24 h at 40 °C. 
Before sectioning, each whisker was checked for debris 
visually under a stereomicroscope and any further clean-
ing was performed using a scalpel blade. Each whisker was 
then measured to the nearest millimeter and sectioned into 

quarters. The middle 1 mm from each quarter and the first 
1  mm proximal to the muzzle were sampled, resulting in 
five distinct samples from each whisker. Each 1 mm seg-
ment was then weighed, to ensure the target weight of 
>180 μg, necessary for δ13C and δ15N analysis. Note that, 
in some cases, it was necessary to take slightly more than 
1  mm, particularly towards the distal end of the whisker. 
However, no segment was greater than 1.5 mm in length. 
Each segment was then labelled from ‘A’ to ‘E’ starting at 
the proximal end.

Stable isotope analysis

Clean and cut whiskers from each segment were weighed 
into tin cups, and δ13C and δ15N of each sample were 
determined using a Delta V Advantage Thermoscientific 
continuous flow mass spectrometer (Thermo Electron Cor-
poration, Bremen, Germany) coupled to a 4010 Elemental 
Combustion System (Costech Instruments, Valencia, CA, 
USA). Stable isotope values are reported as per mil (δ) and 
were calculated using the equation:

where X represents 13C or 15N and R is represented by 
13C:12C and 15N:14N. By convention, Vienna Pee Dee 
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Fig. 1   Locations of ringed seal (Pusa hispida) whisker sampling 
events in 1990 (n = 23) and 2013 (n = 27). The West Spitsbergen Cur-
rent (WSC) is a northward-flowing, warm, saline current of Atlantic 
water that flows along the western shelf of Svalbard. A cooler, Arctic 
water current runs parallel to the WSC but along the shelf. During 

the last decade, seasonal intrusions of the WSC onto the shelf and 
more recently into the fjords along the western coastline of Spitsber-
gen have been recorded, leading to a gradual “borealisation” of the 
marine ecosystem in the region
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Belemnite (VPDB) and atmospheric nitrogen (AIR) were 
used as standard reference materials for carbon (δ13C) and 
nitrogen (δ15N), respectively. Analysis precision met stand-
ards acceptable in published literature based on standard 
deviation values of <0.2‰ for δ13C and δ15N for internal 
laboratory standards run after every 12 samples (NIST 
1577c and internal lab standard tilapia (Oreochromus spp.) 
muscle [both n = 221)], which were <0.2‰ for δ13C and 
<0.2‰ for δ15N. Accuracy was deemed acceptable based 
on achieving δ13C and δ15N values within 0.2‰ of certi-
fied NIST standards analysed during the same time as sam-
ple; δ15N values were within 0.1‰ (NIST 8573) and (NIST 
8549), and for δ13C within 0.2‰ (NIST 8542) and −0.1‰ 
(NIST 8573) of certified values.

Data analyses

To determine whether inter-individual variability existed, 
we ran a series of linear mixed models for each time period, 
with isotope value (δ13C and δ15N) as the dependent varia-
ble, whisker segment as the fixed effect, and individual as a 
random effect. Based on model outputs, whisker segments 
that exhibited non-significant levels of individual-level var-
iability were pooled for each time period. Further analyses 
were then conducted in line with the hypotheses outlined 
above.

Hypothesis #1: whiskers are shed at a predictable time 
of year

Under this hypothesis, and considering the presumed expo-
nential growth of phocid whiskers, sections D and E rep-
resent the most rapid period of growth during the initial 
eruption of the new whisker, incorporating isotopes from 
dietary intake over a period of weeks (Beltran et al. 2015). 
As such, the isotope values from these distal segments 
should be comparable across time periods. Consequently, 
given the results from the modelling process outlined 
above, we employed a model-based clustering approach 
with two input parameters (δ13C and δ15N) from each time 
period, using the R package ‘Mclust’ (Fraley and Raftery 
2007). Model selection was made using Bayesian Informa-
tion Criteria (BIC), because this approach typically penal-
ises overly complicated models. A posteriori classification 
was made using leave-one-out quadratic discriminant anal-
ysis (LOOCV-QDA). Assessments of different clustered 
means of δ13C and δ15N within and between time periods 
were made using a Bayesian approach with non-informa-
tive priors and a normally distributed likelihood model. 
The degree of support for mean differences was assessed by 
resampling the posterior distribution with a Gibbs resam-
pler, applied using JAGS v.3.4.0 and the R package ‘rjags’ 
(Plummer 2003) with 10,000 Markov Chain Monte Carlo 

iterations after a burn-in of 1000 iterations. Discrete group-
ings were given to clusters with strong support (posterior 
probability >95%) for differences in isotopic values.

Hypothesis #2: whiskers are shed randomly 
throughout the year

Given the implications of random shedding of whiskers, 
the analytical scope for characterising differences between 
time periods is limited. Consequently, we relied on biplots 
of all whisker segment δ13C and δ15N values and qualita-
tively compared trends between time periods.

Results

In total, 250 whisker segment samples were analysed, rep-
resenting 23 individuals from 1990 to 27 individuals from 
2013. Linear mixed effects modelling resulted in whisker 
segments D and E displaying no differences in isotopic val-
ues across individuals within time periods (linear mixed 
effects F22 = 0.03, p = 0.7). Consequently, segments D and 
E were used for further clustering analysis under Hypoth-
esis #1. On the basis of δ13C and δ15N values of whisker 
segments D and E, model-based clustering and subsequent 
BIC model selection identified two distinct clusters based 
on the different time periods, for which LOOCV-QDA cor-
rectly assigned isotopic samples with relatively high cer-
tainty to their time period of origin (1990: 89.4%; 2013: 
78.7%; Fig. 2). Based on the δ13C values in these clusters, 
there was strong support for a mean decrease of δ13C in 
segments D and E of 1.1‰ (posterior probability >99%, 
95% CI 0.88–1.4‰ and 0.87–1.4‰, respectively). Simi-
larly, there was strong support for a slight decrease in δ15N 
between 1990 and 2013 of approximately 0.6‰ (posterior 
probability >95%, 95% CI 0.08–1.1‰) in segment D sam-
ples, with weaker support for differences between the time 
periods in segment E (mean difference 0.3‰, posterior 
probability = 80%, 95% CI −0.28 to 0.8‰).

Under Hypothesis #2, isotope biplots of δ13C and δ15N 
showed a broadening of the range of δ13C values from 
1990 (−16.97 to −19.23‰) to 2013 (−17.4 to −20.25‰), 
though this coarse-scale interpretation failed to show any 
major changes in δ15N between decades (Fig. 3).

Discussion

For diving predators such as the ringed seal, explanations 
of isotopic variability must reflect changes in the food web 
at a scale relevant to the predators’ movement patterns. 
Considering this, irrespective of the assumptions made 
behind growth rates and shedding patterns of ringed seal 
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whiskers, the results of our study suggest that the carbon 
base of the West Spitsbergen marine food web exploited 
by ringed seals has broadened, with a decrease in the lower 
limit of δ13C of at least 1‰. Similarly, given the emerg-
ing evidence of diminished diet tissue discrimination fac-
tors with increased δ15N (Hussey et al. 2014), a decrease in 
δ15N of ~0.6‰ for an apex predator such as the ringed seal 
may reflect a relatively large trophic position shift between 
the sampling periods.

A predator’s δ13C and δ15N reflects its diet and these 
ratios vary in relation to the ecology of predators and their 
prey. When δ13C variability is detected, it can be inter-
preted as a shift in the geographic location of foraging by 
the predator or a change in the carbon cycle supporting 
the food web that supports their prey field (Crawford et al. 
2008). In the High Arctic, changes in dietary δ13C reflect 
changes in the source of carbon between isotopically dis-
tinct pelagic, sympagic, and benthic-dominated food webs 
(Tamelander et al. 2006). Consequently, our results must be 
related to some combination of (1) shifting between the dif-
ferent food webs by the ringed seals, and (2) a change in 
the biogeochemical composition of the food web underpin-
ning the preferred prey items of the seals.

Recent studies have recorded an influx of temper-
ate, Atlantic water-associated fish species along western 

Svalbard. Atlantic mackerel, Atlantic cod, haddock, 
capelin (Mallotus villosus), and snake pipefish (Entelu-
rus aequoreus) (Fleischer et  al. 2007; Renaud et  al. 
2012; Berge et  al. 2015; Fossheim et  al. 2015; Dalpa-
dado et  al. 2016) have all been recorded moving into 
the fjords along the western coastline of the Svalbard 
Archipelago, in line with the increased influx of warm 
north Atlantic water into the region. Since 2006, Atlan-
tic cod and haddock have been in sufficient densities in 
the coastal waters of Svalbard as to be regularly caught 
in the same trawls with polar cod, resulting in concerns 
regarding competitive exclusion of polar cod by boreal 
fishes (Renaud et al. 2012). Interestingly, the δ15N ratios 
of Atlantic cod and haddock sampled near the ice edge 
in 2006 by Renaud et al. (2012) were approximately 2‰ 
lower than polar cod caught in the same trawl (Atlantic 
cod 9.6‰; haddock 10.3‰; polar cod 12.0‰). Under 
the assumption that polar cod still comprise the larg-
est proportion of ringed seal diet and accounting for a 
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typical trophic level of δ15N increase of approximately 
3‰ (Newsome et  al. 2010), then ringed seals should 
express a δ15N approaching 15‰. This value matches 
closely with those seen in the whiskers of seals from the 
1990s cohort in the current study, and the small though 
significant decrease described between these earlier 
samples and that from 2013 may reflect the incorpora-
tion of lower δ15N boreal fish species into their diet. If 
ringed seals shed their whiskers during the annual early 
summer moult (sensu Hypothesis #1 above), then the 
change in isotope signals we describe may represent a 
response to the increased seasonal intrusion of Atlantic 
water and a corresponding change in the availability of 
boreal fish species as potential prey during the summer 
period. Telemetry studies of adult ringed seal move-
ments along the western Spitsbergen coast show that the 
vast majority of at-sea time of adult ringed seals is spent 
in close proximity to glacier fronts deep inside fjords 
(Hamilton et  al. 2016). In addition, other recent stud-
ies in the region show the traditional Arctic zooplankton 
prey of polar cod such as Themisto libellula are becom-
ing confined to the inner areas of fjord systems along 
western Spitsbergen during the summer as a result of the 
seasonal intrusion of Atlantic water (Dalpadado et  al. 
2016). Ringed seals may be seeking out their preferred 
prey in vestiges of Arctic water close to glacier fronts, 
but opportunistically consuming Atlantic water-associ-
ated prey during movements between glacier fronts.

Alternatively, ringed seals may still maintain a 
diet heavily dominated by polar cod, but the “prey of 
their prey” may have changed, with our data reflect-
ing a change in the underlying zooplankton composi-
tion driven by the recent “borealisation” of the marine 
environment along west Spitsbergen (Fossheim et  al. 
2015). For example, although polar cod normally feed 
on T. libellula, Dalpadado et  al. (2016) have shown an 
overlap in prey of polar cod and capelin in the Svalbard 
region of up to 47%, with both species feeding on copep-
ods (Calanus spp). The increased “borealisation” Atlan-
tic water into the western fjords has likely led to the 
replacement of true Arctic copepods such as C. glacia-
lis with more Atlantic water-associated species such as 
C. finmarchicus (Slagstad et al. 2011; Gluchowska et al. 
2016). In addition, T. libellula also preys on copepods 
(Dalpadado et  al. 2016), providing an additional path-
way for changes in the zooplankton community along 
western Spitsbergen to be reflected in the changes in the 
isotopic signal of ringed seal whiskers over time, with-
out the seals switching prey. Krill are also much more 
common in the fjords, since the intrusions of warm water 
started to occur (Dalpadado et al. 2016) and thus repre-
sent a food source for fishes in the fjords, including polar 
cod.

Conclusions

Our results clearly show that there have been changes in 
the marine food web of the west Spitsbergen coast over the 
last 20  years, which are detectable in the isotopes incor-
porated into higher trophic predators. However, given that 
there have been no studies of Svalbard ringed seal diet after 
2004, we are unable to conclusively determine whether the 
cause of the isotopic shifts we observed is due to changes 
in the prey consumed by the seals or that the diets of their 
prey have changed. Given the ecosystem modification that 
has occurred along the western coast of Spitsbergen and 
considering that ringed seals are a key Arctic endemic spe-
cies, a major consumer within Svalbard fjords, and a hunted 
species throughout much of their range, addressing that this 
crucial knowledge gap should be a priority.
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