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Abstract

We analyzed liver samples from 322 ringed seals (Pusa hispida) collected from Cumberland Sound (southeast
Baffin Island) to test our ability to differentiate between carbon sources in near apex predators. Highly branched
isoprenoids (HBIs) were present in all samples, and their distributions were consistent with recognized seal habitat
use. HBI distributions in mature seals ($ 5 yr) confirmed a less variable carbon source during winter, consistent
with geographically restricted sexually mediated territorialism. In contrast, HBI distributions were more variable
for immature seals (, 5 yr old), consistent with increased movements and body growth–mediated habitat
selection. The ubiquitous presence of sea ice–derived HBIs (e.g., the ‘Ice Proxy with 25 carbons’) in every seal
collected throughout January–December indicates that springtime sea ice primary production remains important
for ringed seals throughout the year. HBI distributions remain largely unaltered by trophic transfer, enabling
them to document short-term (, 4 weeks) and seasonal changes in carbon. This important characteristic of HBIs
facilitated interpretation of sea ice–derived carbon use by seals over annual and interannual timeframes and
identified strong associations between sea ice carbon use and insolation as well as sea ice extent. Analysis of HBI
distributions could be used to monitor and predict the response of Arctic organisms to reducing sea ice extent and
the associated decline in future sea ice primary production over a range of temporal scales.

The strong seasonality in the Arctic is defined by changes
in insolation at high latitudes (Walsh 2008). Winter is
broadly characterized as being a dark period with frozen
seas and limited biological activity. In contrast, summer is
characterized by large quantities of daylight, is much
warmer, is generally ice-free, and is biologically more
productive. The springtime transition from winter to
summer represents one of the most important periods of
time in the Arctic for animals that have gone through a
negative energy balance. A combination of factors,
including increasing insolation, temperature, and accumu-
lated nutrients, facilitates large sympagic (ice-associated)
algal blooms that stimulate biological activity (Brown et al.
2011). These sympagic blooms play an important role in
the initiation of life-stage activities of certain key organisms
(Weydmann et al. 2013), thereby defining the timing and
structure of the Arctic ecosystem. As sea ice declines under
changing climate conditions (Parkinson and Comiso 2013),
it is unclear how Arctic ecosystems will be affected by an
associated reduction, and potential loss, of spring sympagic
primary production. In order to answer this question, it is
first necessary to develop methods that are capable of
reliably differentiating between springtime sympagic and
summertime phytoplanktic primary production throughout
the Arctic ecosystem. An emerging approach to achieving
this research target is the analysis of highly branched
isoprenoid (HBI) diatom lipids, some of which are
produced selectively by sea ice diatoms (Brown et al.
2014) during spring (Brown et al. 2011), whereas others are
most likely produced by pelagic phytoplankton (Belt et al.
2008).

To date, the extensive characterization of diatom-
derived HBIs in numerous marine environments has
identified that these lipids are sensitive to the environment
in which they are biosynthesized, with some demonstrating
a degree of source specificity (Belt et al. 2007). Recent
studies have also demonstrated that the analysis of HBIs in
some Arctic animals can improve our understanding of
how some organisms respond to changes in source primary
production (Brown and Belt 2012a). It has also been
identified that HBIs can be transferred across trophic
levels, following their detection in fish (Brown and Belt
2012b), birds (Brown et al. 2013b), and mammals (Brown
et al. 2013a), and related observations have been made for
some components of Antarctic ecosystems (Goutte et al.
2014). A recent development in the analysis of HBIs in
Arctic mammals uses a method that is based on the relative
abundances of all HBIs within a sample rather than a
comparison of absolute concentrations (Brown et al. in
press b). Such relative distributions of HBIs are considered
to represent an HBI fingerprint, or ‘‘H-Print,’’ that is
characteristic of the conditions of the environment in which
they were produced. However, no Arctic studies to date
have provided the opportunity for a thorough assessment
of the usefulness of HBI lipids in ecosystems, largely
because of the unavailability of sufficiently large data sets
for meaningful statistical analysis. Thus, although previous
analyses of HBI lipids in Arctic organisms have provided
some useful binary information with respect to dietary
source consumption (i.e., presence or absence), more
detailed studies involving larger sample numbers and
better-defined sample sets need to be carried out before
the corresponding large-scale ecological interpretations can
be made with confidence.* Corresponding author: thomas.brown@plymouth.ac.uk
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The current study represents a large temporal- and
spatial-scale analysis of HBIs within a key Arctic marine
mammal (ringed seals [Pusa hispida]) and represents the
first investigation into the sensitivity of the H-Print
approach to reflect known environmental and biometric
variables. At the outset, we hypothesized that the dominant
influence on HBI distributions in a marine mammal would
be determined by seasonal changes in sympagic and
phytoplanktic primary production. To test this hypothesis,
we measured the H-Prints of 322 ringed seals, and these
were compared to available biometric (seal age, length, and
mass) and environmental data (month and year sampled as
well as the corresponding changes in sea ice and insolation).
The H-Print–derived outcomes were also compared to
previously defined habitat use identified for ringed seals
from other Arctic ecosystems in order to identify spatial
patterns.

Methods

Geographical setting—Cumberland Sound, Nunavut,
Canada, lies on the southeast coast of Baffin Island at
approximately 65uN, 65uW. At 250 km long and 80 km
wide, Cumberland Sound is a large inlet containing
numerous small islands and glacial fjords.

The Baffin Island Current, comprising the West Green-
land Current and Arctic Ocean outflow, flows southward
past Cumberland Sound into the Labrador Sea, exporting
sea ice and icebergs. As a peripheral Arctic region,
Cumberland Sound is characterized by seasonally variable
sea ice and is in close proximity to the winter ice edge
(, 400 km). During winter, the sea ice conditions in
Cumberland Sound are also characterized by the presence

of a polynya (Hannah et al. 2009), which maintains thin ice
or open-water conditions on a local scale (Fig. 1). Monthly
mean sea ice concentrations for the period 1990 to 2011
were obtained for Davis Strait (Canadian Ice Service),
Cumberland Sound, and the Arctic (U.S. National Ice
Centre) for the years during which seal samples were
collected.

Sample collection—Three hundred twenty-two Pusa
hispida (ringed seal) liver samples were obtained from
animals collected from Cumberland Sound between 1990
and 2011 by Inuit hunters as part of their subsistence
harvests (Table 1). Sampling was carried out in accordance
with the community-based monitoring program coordinat-
ed by Fisheries and Oceans Canada in Winnipeg, Mani-
toba, Canada. Liver subsamples were frozen onsite in a
freezer at 220uC and were then shipped to Fisheries and
Oceans Canada, where they were stored at 230uC. Samples
were then freeze-dried (245uC; 20 Pa; 72 h), ground using a
mortar and pestle, and, following homogenization, were
further subsampled and sent to Plymouth University prior
to analysis.

To group individuals into age classes, seal age has been
determined by counting the annual growth layer groups in
the cementum of decalcified, stained, longitudinal thin
sections of the lower right canine by Barbara Stewart
(Fisheries and Oceans Canada; samples prior to 1996) and
Matson’s Laboratory in Montana (samples from 2007–
2011 period) following the method of Bernt et al. (1996)
and Stewart et al. (1996). All seals have been grouped into
separate age classes: adults ($ 5 yr of age), sub-adults (1–
4 yr of age), and young of the year (, 1 yr of age).
Standard length (cm; straight-line distance between nose

Fig. 1. Map of the study region. Typical March sea ice extent is shaded dark gray. Map
from Ocean Data View.
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and tail; Mclaren 1993) and body mass (kg) were measured
in the field.

Lipid extraction and purification—Extraction of HBI
lipids from liver subsamples (0.01–1 g) was carried out
using established techniques (Belt et al. 2012; Brown et al.
2013a). An internal standard (9-octylheptadec-8-ene; 10 mL;
10 mg mL21) was added to enable the quantification of
HBIs (if required at a later date), according to the method of
Belt et al. (2012). Samples were saponified in a methanolic
KOH solution (, 4 mL H2O : MeOH, 1 : 9; 20% KOH) for
60 min (80uC). Hexane (3 3 4 mL) was added to the
saponified solutions, which were then vortexed (1 min) and
centrifuged (1 min; 2000 revolutions per minute). Superna-
tant solutions containing non-saponifiable lipids (NSLs)
were transferred to clean vials with glass pipettes and dried
(N2 stream) to remove traces of H2O and MeOH. NSLs were
then resuspended in hexane (0.5 mL) and fractionated,
providing non-polar (5 mL hexane) lipids using column
chromatography (SiO2; 0.5 g), while more polar lipids (e.g.,
cholesterol) were retained on the columns.

Lipid analysis—Analysis of purified non-polar lipid
extracts containing HBIs was carried out using gas
chromatography–mass spectrometry, according to the
method of Belt et al. (2012). Total ion current chromato-
grams were used to determine the retention time and mass
spectra of HBIs, and these were compared with those of
authentic standards and published literature for identifica-
tion purposes.

Lipid quantification—HBIs were quantified by measure-
ment of the mass spectral intensities of the molecular ion
for each HBI in selective ion monitoring mode (i.e., m/z
350.3 for Ice Proxy with 25 carbons [IP25], m/z 348.3 for
IIb, m/z 346.3 for IIIa–d;). The analytical intensities of
individual HBIs were then normalized according to totals
derived from all seven HBIs, with the resulting distribution
providing the basis for the H-Print (Brown et al. in press b).
Here, we adapted the H-Print approach further, by defining
it as the ratio of the HBI contributions from planktonic
diatoms (S IIIa–d) vs. those from sea ice diatoms (S IP25

and IIb), according to Eq. 1:

H-Print~
S IIIazIIIbzIIIczIIIdð Þ

S IP25zIIbð Þ ð1Þ

Individual H-Prints (Eq. 1) were then compared to
available biometric and environmental variables.

Results

Ringed seal biometrics—The 322 ringed seal liver samples
spanned a 20 yr period between 1990 and 2011. Samples from
both males and females (male : female sex ratio 5 1 : 0.7)
were obtained and comprised a representative range of seal
age (0–38 yr), mass (16–85 kg), and length (79–147 cm). All
biometric data are summarized in Table 1 and Fig. 2.

Both seal length and mass were normally distributed
(Fig. 2) and related (Pearson’s correlation; r 5 0.6; p 5

,0.001; n 5 219). The age distribution of ringed seal samples
was positively skewed toward younger specimens (Fig. 2),
and age was found to correlate significantly with mass
(Pearson’s correlation; r 5 0.7; p 5 ,0.001; n 5 204). The
biometric data confirmed that the chosen samples covered a
cross section of individual specimens that is likely to be
representative of the broader Cumberland Sound popula-
tion. This observed generality of biometric distributions

Fig. 2. Frequency plots of biometric data for the ringed seals
used in this study.
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increases the likelihood that HBI data obtained from
these samples will be representative of the whole
community and will not be adversely biased.

Highly branched isoprenoid lipids in ringed seals—All
ringed seal liver samples contained HBIs, with the sea ice
diatom biomarker IP25 and a related diene (IIb) being
present in every sample. The planktic HBIs (IIIa–d) were
present in 282 (87%) samples. Potentially, HBIs IIIa–d may
have been present, but below the limit of detection, in some
samples as a result of the small sample sizes available
(, 14% samples 5 , 50 mg tissue) and their generally
lower abundance, compared to IP25 and IIb, for the
majority of samples (Table 1). However, IIIa–d were also
not detected in some samples where much larger sample
masses (e.g., 0.5–1 g) were available.

Lipid variation within individual ringed seals—Based on
previous analyses of southern Arctic (including Cumberland
Sound) ringed seal communities, sexual maturity of these
seals is reached at 4.6 6 0.2 yr of age (n 5 195; data on file).
Ringed seal H-Prints were found to vary with seal sexual
maturity (Mann–Whitney U-test; , 5 yr ? . 5 yr; 95%
confidence interval; p 5 0.03; n 5 172) but not with seal sex
(Mann–Whitney U-test; 95% confidence interval; p 5 0.9; n
5 218) and were not strongly correlated with seal mass
(Pearson’s correlation; r 5 20.2; p 5 0.005; n 5 213) or
length (Pearson’s correlation; r 5 0.2; p 5 0.001; n 5 328).

Although seal maturity is identified as an important
consideration, the data resolution did not permit separa-
tion of seal maturity groups for a detailed seasonal
analysis. As such, we considered seals of all ages in a
comprehensive seasonal comparison. Over the 20 yr period,
age-related H-Print variation was most evident during

winter (October–March; Fig. 3), during which immature
seal (, 5 yr old) H-Prints were higher than those of mature
seals ($ 5 yr old; Mann–Whitney U-test; 95% confidence
interval; p 5 ,0.01; n 5 116). For the years in which winter
and summer seasons were directly comparable (1993 and
1996), immature seals retained a generally higher H-Print
than did mature seals. No difference between H-Print and
equivalent age class was observed during summer (April–
September; Fig. 3; Mann–Whitney U-test; 95% confidence
interval; p 5 0.7; n 5 56) over any period of sampling. For
both summer and winter, seal H-Prints ranged more widely
in immature seals (relative standard deviation , 5 yr;
summer 5 66%; winter 5 77%) compared to mature seals
(relative standard deviation $ 5 yr; summer 5 52%; winter
5 33%).

Seasonal ringed seal H-Prints were compared to average
sea ice concentration and insolation between 1990 and 2011
(Fig. 4). Although positive correlations between the H-
Print and sea ice concentration data sets (Davis Strait and
Cumberland Sound) were identified, both were lagged by
2 months (lagged correlation; r 5 20.7; n 5 12), with
changes in H-Print occurring before the spring melting of
sea ice. A further significant correlation was identified
whereby increases to the H-Print coincided more closely
with a period of daily insolation of . 12 h (Pearson’s
correlation; r 5 0.7; p 5 0.02; n 5 12), consistent with the
expected increased contribution of phytoplanktic HBIs
during summer (April–September), both within the Cum-
berland Sound polynya and at the nearby ice edge (Fig. 1).
Finally, a significant interannual relationship (Pearson’s
correlation; r 5 20.9; p 5 0.05; n 5 5) was identified
between summer H-Prints and Arctic sea ice concentration
(Fig. 5) and was most clearly illustrated by the occurrence
of the highest measured summer H-Print (2008) proceeding
the lowest recorded sea ice minimum during sampling
(2007).

In contrast to these changes in the relative concentra-
tions of phytoplanktic and sea ice diatom HBIs, the ratio of
the two sea ice–derived HBIs (IIb and IP25) remained
remarkably constant in all seals (mean IIb : IP25 5 2.7;
Pearson’s correlation; r 5 0.97; p 5 ,0.0001; n 5 322;
Fig. 6).

Discussion

Previous studies employing HBI analyses within marine
ecosystems have represented mainly conceptual studies,
using largely opportunistic and somewhat–limited scale
data sets (Brown and Belt 2012b). As such, the full extent
and utility of the ecological advances that could be gained
from this type of analysis have remained largely unex-
plored. The outcomes of the current study provide two
significant advances.

We identified HBI lipids in each of a large number (322) of
seals analyzed in this study, which advances the initial report
by Brown et al. (2013a), in which only six ringed seals were
analyzed. Further, since samples spanned seals of all ages and
were collected from each month of the year over a period of
two decades, we have also identified that the incorporation of
HBI lipids into ringed seal diet is likely universal.

Fig. 3. Box plot of ringed seal H-Prints comparing available
data for seal maturity and season collected. Median values
are indicated.
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We have shown that distributions of HBIs, as measured
using the H-Print approach, can be interpreted positively
with respect to habitat use and geographical distributions
derived from other methods of analysis including, for
example, stable isotopes (Young et al. 2010). Since HBIs
were ubiquitous in these near-apex predators, it is also
likely that HBIs will be present and ubiquitous in all lower
trophic levels, consistent with the findings of previous
studies (Brown and Belt 2012b; Brown et al. in press a,b).

HBI lipid variation and seal biometrics—The absence of a
sex-related difference in H-Prints identified here is consis-
tent with the findings of a similar study that analyzed 192
ringed seals from southern Hudson Bay (Young and

Ferguson 2013), in which a seasonal comparison of d13C
and d15N revealed no discernible difference between male
and female ringed seals. In contrast, comparison of H-
Prints with seal life stages revealed a clear relationship
(Fig. 3). Since ringed seal sexual maturity is closely
connected with changes in seal habitat use, including
increased territorialism (Smith and Hammill 1981; Krafft
et al. 2007), this is expected to significantly affect seal
feeding habits throughout the year. Indeed, we note that
the observed difference in H-Print was more defined during
winter (October–March), with mature seals ($ 5 yr) having
consistently lower H-Prints, with a greater relative contri-
bution from the sea ice algal-derived HBIs. In contrast,
immature seal (, 5 yr) H-Prints were, on average, higher

Fig. 4. (A) Mean 6 1 standard deviation (SD) and median H-Prints of ringed seals. Samples from different years are combined to
provide a continuous series. Vertical black dashed lines indicate winter and summer seasons. (B) Mean Davis Strait sea ice concentration
(Canadian Ice Service) compiled using data only from years during which ringed seals were sampled.
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and far more variable during this period, suggesting a
substantial difference in habitat use within this cohort.
These apparent age-defined H-Prints are consistent with
telemetry observations, which identified that mature ringed
seal winter ranges in the Western Arctic were typically
, 1 km, and no more than 30 km (Kelly et al. 2010),
resulting in a more consistent under–ice dominated diet. In

addition, adult ringed seals exhibited more localized
movement behavior than do sub-adults in the Bering and
Chukchi Seas during the fall and winter periods (Crawford
et al. 2012). Although comprehensive telemetry data were
not available for Cumberland Sound seals, one adult male
was successfully tagged in Clearwater Fjord in 2011 and
remained within 30 km of the tagging location throughout
the year (D. J. Yurkowski unpubl.). During summer, the
differences between mature and immature ringed seal H-
Prints were much less well defined, and both were more
variable, indicating increased diversity in diet and habitat
use among all seals. Indeed, Kelly et al. (2010) identified
that ringed seals were less geographically restricted during
summer, with some travelling up to 1800 km from their
winter habitats in the western Arctic.

Seasonal HBI lipid variation in ringed seals—At the
beginning of the calendar year (January–March), seal H-
Prints were generally low (0.23), with increased contribu-
tions of the sea ice–derived HBIs at this time, consistent
with benthic feeding under ice (Brown et al. in press a) and
limited geographical range. In spring (April–May), there
was a distinct increase in the magnitude of the H-Prints
(0.39 to 0.56), with greater relative contributions from the
phytoplanktic HBIs (Fig. 4), consistent with a hypothe-
sized change in diet to pelagic forage fish at this time
(Young and Ferguson 2013). While this transition was not
discernable from d15N data in Hudson Bay ringed seals, a
combination of fatty acid and stomach content analysis did
indicate a similar change in this nearby community (Young
and Ferguson 2013). However, hierarchical cluster analysis
using d15N, d13C, and fatty acids in Hudson Bay seals
suggested that the dietary transition from benthic to pelagic
feeding may occur earlier in Cumberland Sound (April–
May) than in Hudson Bay (June), despite the fact that ice
melt generally occurs later here. This relatively early and

Fig. 5. Interannual comparison of ringed seal H-Prints (gray) with Arctic sea ice extent
(black; Pearson’s correlation; r 5 20.9; p 5 0.05; n 5 5).

Fig. 6. Plot of IP25 vs. IIb showing consistent relationship
between these HBIs.
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abrupt springtime H-Print transition in Cumberland Sound
indicated a consistent early shift in diet from benthic to
pelagic sources at this time, which may be related to the
greater water depth in Cumberland Sound (cf. Hudson
Bay), making pelagic predation preferable to seals.
Comparison of these springtime H-Prints to monthly mean
Davis Strait and Cumberland Sound sea ice concentration
indicated that the spring H-Print transition occurred 1–
2 months before significant sea ice decline began. Analysis
of satellite-derived sea ice concentrations and Moderate
Resolution Imaging Spectroradiometry during this transi-
tion, however, revealed the appearance of the Cumberland
Sound polynya (Fig. 1), which consistently appears during
late March (Barber and Massom 2007), coincident with
the transition in measured H-Prints. Since an increased
duration of open water is correlated with increased
phytoplanktic production (Rysgaard et al. 1999), it is,
therefore, possible that the presence of the polynya
stimulates sufficient pelagic primary production to induce
an ecosystem shift from benthic to pelagic carbon source
prior to significant sea ice melt. Comparison of H-Prints
with insolation data further supports this idea, since higher
H-Prints, indicative of pelagic feeding (0.50), correlated to
insolation of . 12 h d21, which is generally accepted as the
photoperiodic threshold required for significant phyto-
planktic cell germination (Eilertsen et al. 1995).

The long-term sampling strategy also provided the
opportunity to examine the sensitivity of HBI lipids to
interannual variation in sea ice extent. The close relation
identified between summer H-Prints and September sea ice
extent is indicative of the sensitivity of HBIs to the variable
duration of the open-water period (summer). Indeed,
reduced sea ice extent can have an effect on the following
year’s sea ice conditions, leading to increased periods of
open water (Giles et al. 2013) and increased phytoplanktic
production (Rysgaard et al. 1999). Such a delay was
observed here by increases in the H-Print ratio (Eq. 1),
indicative of relatively enhanced phytoplanktic production
in summer. This effect was most apparent in 2008, when the
highest H-Print followed the lowest sea ice extent (2007)
within the sampling interval. These data suggest that, with
a predicted further reduction in sea ice extent (Giles et al.
2013), seals will likely respond by supplementing their diet
with increasing proportions of pelagic prey. In any case,
these observations will provide important baseline data
against which future trends can continue to be measured.

Improved understanding of HBI–ecosystem cycling—The
seasonal transition in H-Prints for Cumberland Sound
ringed seals, therefore, supports the hypothesis that H-
Prints are sensitive to changes in the marine environment
and the associated response of sympagic and phytoplanktic
primary production. While our current understanding of
HBI metabolism in organisms is, at present, limited, the
relationship between H-Prints and the associated environ-
mental changes lead us to propose some additional
information regarding the behavior of HBI lipids following
ingestion.

For example, although turnover rates of HBIs have yet
to be determined in detail, it has been shown previously

that Arctic zooplankton incorporated HBIs up to 4–
6 weeks after production of these lipids was observed in
sea ice (Brown and Belt 2012a). Here, we observed (in
springtime) that changes in ringed seal H-Prints also
appear to be sensitive and sufficiently rapid to record
dietary changes on a scale of , 4 weeks, similar to the
proposed 1 month turnover for d13C in ringed seal muscle
(Young and Ferguson 2013). For this change to be
recorded in higher trophic-level organisms, in close
association with measured environmental changes, indi-
cates that the trophic transfer of HBIs likely occurs
rapidly across trophic levels.

Furthermore, a close relationship between the abun-
dances of the two sea ice–derived lipids (IIb and IP25) has
already been observed in Arctic sea ice and underlying
sediments (Belt and Müller 2013), and we identified a
similarly significant correlation (r 5 0.97) between these
two HBIs in the ringed seals in the current study. Although
the relative metabolic reactivities of individual HBIs have
yet to be determined, the consistency in the relative
amounts of IIb and IP25 in the seal samples indicates that
these lipids are not affected differentially by digestion,
which supports the suggestion that H-Prints remain largely
unaltered during rapid trophic transfer. Although no
sediment was available for Cumberland Sound, the
IIb : IP25 ratio measured in ringed seals was consistent with
data for northern Baffin Bay surface sediments (IIb : IP25 5
1.9, 2.8, and 3.1; P. Cabedo-Sanz pers. comm.) as well as
those measured from other locations in the Canadian
Arctic (2.0 6 0.5 [n 5 11]; range, 1.3 to 3.1; Belt et al. 2013).
Nevertheless, determination of in vitro or in vivo HBI
reactivity should be considered an important research
target for future studies.
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