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1.  INTRODUCTION

The Arctic Chukchi Sea represents a transition
region between the North Pacific and the Arctic,
where the advection of warm, nutrient-rich water as
well as primary and secondary producers trans-
ported from the Bering Sea are mixed over its shal-
low shelf (Grebmeier et al. 2018). The poleward
movement of Pacific water from the Bering Strait and
its impact on circulation (e.g. Weingartner et al.

2005) and nutrient distributions (see Lin et al. 2019)
to the Chukchi Sea are well documented. Northward
flow across the shallow (50 m) Chukchi shelf follows
several paths northward, with primary production
strongly influenced by local winds and historic ice
cover over 7−8 months of the year. As a result, pri-
mary production in the water column and from ice
algal production is strongly seasonal and substantial;
total primary production at ice melt is estimated at
>400 g C m−2 yr−1 despite seasonal ice cover (Greb-
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meier et al. 2018). The rapid and efficient transfer of
primary production to the benthos is a common fea-
ture here and among other high latitude marine sys-
tems and has also been reported in the southeastern
and northern Bering Sea (McConnaughey & McRoy
1979, Highsmith & Coyle 1990) and northwest Bar-
ents Sea Marginal Ice Zone (Tamelander et al. 2006).
The freshly produced primary production reaching
the seabed supports high biodiversity and species
richness of benthic communities in the Chukchi Sea
continental shelf and a tight coupling between pela -
gic and benthic realms (Grebmeier et al. 1989, Iken
et al. 2010). The rapid sedimentation to the benthos
provides a supply of labile organic matter influenc-
ing benthic biomass, trophic structure and organic
carbon (OC) cycling on the shelf (Feder et al. 2005,
2011).

Epibenthic organisms are particularly important
contributors to the overall energy turnover on Arctic
shelves such as the Chukchi through active bioturba-
tion and trophic interactions with infauna, demersal
fishes and marine mammals (Feder et al. 1994,
Bluhm et al. 2009). On the Chukchi shelf, quantita-
tive assessments of the epibenthos have shown the
ubiquity of the northern Neptune whelk Neptunea
heros (family Buccinidae) (e.g. Ravelo et al. 2014).
Although assumed to be mainly scavengers as juve-
niles, as adults N. heros are also high trophic level
predators, with bivalves and polychaetes as their
main prey items (MacIntosh & Somerton 1981, North
et al. 2014). Although lacking the accessory boring
organ found in other carnivorous gastropods, N. he -
ros utilize their extremely long proboscides and mus-
cular foot to prey on large clams and benthic infauna
(Shimek 1984). In the related gastropod N. arthritica
(Fujinaga & Nakao 1999) and others that include
Hemifusus tuba, food consumption rates and shell
length generally show an inverse relationship, as
juveniles allocate a significant amount of energy to
increase shell size and reduce predation pressure
compared to mature individuals (Morton 1990). For
some species, food consumption rates also appear to
correspond with reproductive cycles. For example,
N. arthritica displays a non-feeding winter phase fol-
lowed by minimal feeding during copulation/spawn-
ing in spring; its maximum growth and feeding sub-
sequently occurs during summer and fall with gonad
maturation (Fujinaga & Nakao 1996). For most spe-
cies, eggs with developing gametes are initially held
internally and then cast on shells of conspecifics dur-
ing gestation and development.

Despite the potential for a wide range of foods,
bivalve fragments (ctenidial remains, shell fragments

or siphonal coverings) are frequently observed as the
main gut contents in adult N. heros and related N. anti-
qua and N. ventricosa (Taylor 1978, Shimek 1984). A
common bivalve prey of N. heros throughout the
Arctic is the northern clam Astarte borealis (North
et al. 2014). As a slow-growing species, A. borealis
reach only 3−4 cm in size as adults, yet it is a cosmo-
politan benthic suspension feeder with a varied diet
(Saleuddin 1965) and broad distribution (Müller-
Lupp & Bauch 2005). A. borealis also appears to con-
tain significant lipids in its adductor muscle, which
makes it an attractive prey to predators during fall
and winter when ice cover and reduced sunlight limit
new production and the availability of lipid-rich and
nutritionally valuable algal detritus.

This study examined diet and metabolism reflected
in the abundance and distribution of lipid markers in
N. heros and several potential diets. In this role, lipids
represent not only essential metabolic requirements,
but can provide molecular proxies for tracing diet his-
tory and processing (e.g. Viso & Marty 1993, Morais
et al. 2003). Sterols were a major focus here as they
have been shown to provide taxonomic resolution for
a number of eukaryotes which have distinctive com-
position, especially in differentiating algal and animal
origins (e.g. Volkman 1986). The taxonomic source
specificity that individual sterol structures can pro-
vide was expanded through the analysis of com-
pound-specific carbon isotopic analysis (CSIA) of ma-
jor sterols in N. heros to investigate if isotopic values
allow insight into the balance of direct incorporation
versus metabolic synthesis or modification of these
structural lipids (e.g. Gergs et al. 2015). Sterols and
other lipids have shown their value for seasonal ex-
amination of diet trends in other mollusks such as
scallops (Lavaud et al. 2018), but here, foot muscle
tissues of whelks from juveniles to gravid adults were
characterized to determine if lipid composition re -
flected long-term diet trends. The guiding hypothesis
was that as animals matured, lipid composition would
reflect the transition from detrital/ scavenging feeding
modes in juveniles to largely pre datory be havior in
adults. Potential diets analyzed thus inclu ded both
suspended particulates, sur face sediments at collec-
tion sites and A. borealis. Eggs collected opportunisti-
cally at several stages of development were included
to identify lipids transferred from adults to eggs and
to follow their retention by developing embryos dur-
ing maturation. The objective was to use lipid proxies
in N. heros and its developing embryos to trace diet
patterns across whelk age categories together with
CSIA to provide insight into energy transfer in this
polar shelf environment.
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2.  MATERIALS AND METHODS

2.1.  Sample collection and preparation

Northern Neptune whelks Neptunea heros and
their primary prey, the northern clam Astarte bore-
alis, were collected from the Northern Chukchi shelf
during the Chukchi Offshore Monitoring in a Drilling
Area-Chemical and Benthos (COMIDA-CAB) cruise
in August 2012. Epibenthic otter trawls of 10 min
duration were used to collect invertebrates at adja-
cent sites (Fig. 1). Shell lengths of whelks were mea -
sured, and animals were grouped into 4 size classes
based on shell size: 4−6, 6−8, 8−10 and >10 cm.
Shells were removed and dissection was conducted
aboard the ship. Foot muscle from multiple animals
across binned size classes (n = 4−8 per size class)
were combined for analysis. In addition, several
 individual adult females with eggs excised were

 dissected and their foot muscle wrapped in pre-
 combusted foil and immediately frozen in liquid
nitrogen (LN2) and stored until analysis. Eggs were
opportunistically collected at 3 stages of develop-
ment for analysis including internal eggs sacs dis-
sected from gravid females (internal), newly at -
tached egg cases on adult shells at early stages of
development (external− fresh) and egg cases near
hatch (external− mature). For processing, external
egg cases were carefully cleaned of external material
and frozen in LN2 for analysis. For A. borealis, adduc-
tor muscle tissues of 8 animals were dissected from
shells (3−4 cm) and tissue was pooled before storage
in LN2. Suspended particulate organic matter (POM),
representing potential dietary material, was ob -
tained from bottom waters (35 m) using pre-cleaned
Tygon tubing and a Masterflex peristaltic pump.
Whole water was collected in carboys and filtered in
a closed system onto pre-combusted (450°C, 4 h)
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Whatman glass fiber filters for lipid and particulate
organic carbon (POC) analysis; filters were stored
frozen at −80°C until analysis. Undisturbed surface
sediment (0−1 cm) for comparison was sampled adja-
cent to trawl sites using a Van-Veen sampler (Fig. 1)
with sediments immediately frozen (−20°C) and stored
in pre-cleaned plastic I-Chem jars with Teflon-lined
screw caps. Prior to lipid extraction and OC determi-
nation, sediments were lyophilized and thoroughly
homogenized. OC content (after CaCO3 removal by
acidification with 1 N HCl) of POM and sediments
was measured with an Exeter Analytical 440-XA
 Elemental Analyzer using standard protocols (EPA
method 440; Zimmerman et al. 1997).

2.2.  Lipid extraction and analysis

Total lipids were extracted from tissues, POM and
surface sediments using standard protocols with a
mixture of hexane:acetone (1:1, 35 ml) at 80°C for
30 min using a MARS microwave-assisted extraction
system (CEM Corporation) as previously described
(Belicka et al. 2004, Harvey et al. 2014). Prior to ex-
traction, 5α-cholestane (Sigma-Aldrich) and nonade-
canoic acid (Sigma-Aldrich) were added and served
as internal standards for the quantification of sterol
and fatty acid fractions, respectively. Following ex-
traction, total lipids were filtered through pre-cleaned
combusted (4 h at 450°C) glass wool and combined
with 2-4 ml hexane:acetone (1:1) rinses of the extrac-
tion vessel and the solvent removed by rotary evapo-
ration. Total lipid extracts were then hydro lyzed with
a solution of 0.5 N KOH in methanol: water (7:1 v/v) at
70°C for 30 min. Sterols were partitioned 3 times with
a mixture of hexane: diethyl ether (9:1) and combined.
The remaining hydrolyzed mixture was acidified with
HCl to pH < 2 and fatty acids partitioned with hexane:
diethyl ether (9:1). Total neutral products including
sterols were derivatized with bis(trimethylsilyl)trifluo-
roacetamide (BSTFA) amended with 25% pyridine at
50°C for 15 min to form the trimethylsilyl products.
Fatty acids were analyzed as the fatty acid methyl
 esters (FAMES) following derivatization with BF3 in
MeOH.

Neutral lipid products including sterols together
with FAMES were separated and quantified by cap-
illary gas chromatography (GC) with an Agilent
6890N Network GC System equipped with a J&W
Scientific DB-5MS fused silica column (60 m length,
0.32 mm i.d., 0.25 m film thickness) and flame ioniza-
tion detection. Derivatized samples without further
purification were injected in splitless mode and in -

jec tor temperature of 250°C with hydrogen as the
carrier gas. The oven temperature was ramped at
15°C min−1 to 120°C and then 3.5°C min−1 to 300°C
before holding at 300°C for 20 min. Lipids were
 identified with an Agilent 7600 Series GC System
coupled to an Agilent 5975 Network Mass Selective
Detector (MS) operated in electron ionization mode.
The column and temperature program for the GC-
MS is similar to that described above with helium
as the carrier gas. Dimethyl disulfide adducts were
also prepared and analyzed by GC-MS to assign
double bond position for monounsaturated fatty acids
(MUFAs) (Nichols et al. 1986). Analytical precision of
repeated analysis for all tissues and sediments aver-
aged ±12.6%.

2.3.  Isotopic analysis of sterols

CSIA of carbon in individual sterols was measured
in lipid extracts from N. heros foot muscle, A. bore-
alis adductor muscle and single samples of POM and
site sediments. Analysis was performed with a GC
IsoLink and TRACE GC ULTRA chromatograph
equipped with a split/splitless injector and interfaced
via a combustion furnace (at 960°C) to a Thermo
Fisher DELTA V Plus stable isotope mass spectro -
meter run in a continuous flow mode. The column
and temperature program for the GC-IRMS is similar
to that described above with hydrogen as the carrier
gas. The CO2 reference gas was automatically intro-
duced into the IRMS in a series of pulses before and
after each sequence of 5 samples, and data are re -
ported in per mil (‰) relative to the Vienna Pee Dee
Belemnite (V-PDB) standard. A C21 n-alkane stan-
dard reference material with known isotopic compo-
sition was injected in triplicate at the beginning and
end of every 5 samples in order to evaluate instru-
ment precision and reproducibility. Each experimen-
tal sample was analyzed in triplicate and peaks with
values greater than 0.5 V were recorded and consid-
ered to guarantee the accuracy of results. To correct
for additional carbon atoms on sterols during the
 formation of trimethylsilyl derivatives, cholesterol
was used as a standard reference material (Sigma-
Aldrich) and analyzed before and after derivatization
with BSTFA to determine the isotopic offset.

2.4.  Statistical analysis

Principal component analysis (PCA) was performed
using MATLAB based on weight percent composition
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(as relative abundance normalized to
dry weight) of individual sterols in
N. heros adults, eggs and their corre-
sponding food sources (POM, surface
sediments and A. borealis tissues). By
de fault, MATLAB centers the data and
uses the singular value decomposition
(SVD) algorithm for analysis. The out-
put includes the coefficients (loadings)
of each variable and score values,
which were used in the projection of
each data point into the principal com-
ponent (PC) space. Results here utilize
the coefficients to better describe the
suite of sterols contributing to the vari-
ance of the first 2 PCs which in sum de-
scribed at least 70% of total variation.
Sterols with coefficients (loadings) of
0.25 or −0.25 (out of a total possible 1 or
−1) or higher were considered signifi-
cant contributors to a PC. Zero values
were set as 10 times the GC-MS limit
of detection to account for statistical
significance. As animal tissues are dominated by
 cholesterol (>70%), it was excluded from analysis to
allow other sterols to be compared. The goal of PCA
was to use unstructured source assignments to reduce
the number of variables useful to distinguish potential
feeding relationships and meta bolism across animals
of increasing age, eggs and food sources.

3.  RESULTS

3.1.  Sterols in Neptunea heros and developing eggs

A diverse suite of 20 sterols were observed across
the size classes of Neptunea heros and developing
eggs, representing multiple dietary sources plus ap-
parent de novo synthesis (Fig. 2, Table 1). Summed
sterol concentrations in N. heros ranged from 3.88−
7.86 mg g−1 dry tissue weight with cho lesterol (C27Δ5)
as the dominant sterol (72−79%) in animals followed
by 3 algal-derived sterols seen as 24-methylcholesterol
(C28Δ5), brassicasterol (C28Δ5,22) and the 24-methyl -
cholesta-5,24(28)-dienol (C28Δ5,24(28)) (Fig. 2, Table 1).
Together with small amounts of additional algal-
 derived sterols observed, N. heros tissues across all
size classes and individuals contained 11−15% as
 algal-derived structures. In addition, Δ5,7-sterols were
only abundant in N. heros foot muscle and included
7-dehydrocholesterol as well as 24-norcholesta-5,7,
22-trienol (C26Δ5,7,22), 24-methylcholesta-5,7-dienol

(C28Δ5,7), 24-methylcholesta-5,7,22-trienol (C28Δ5,7,22),
24-methylcholesta-5,7,24(28)-trienol (C28Δ5,7,24(28)),
24-ethylcholesta-5,7-dienol (C29Δ5,7) and 24-ethyl -
cholesta-5,7,22-trieneol (C29Δ5,7,22) (see Table 1). The
distribution was surprisingly consistent; N. heros of all
ages (i.e. sizes) showed similar sterol distributions de-
rived from multiple sources, with the largest whelks
(>10 cm) having tissues only slightly lower in total
sterols.

Sterol composition in eggs collected opportunisti-
cally and representing 3 developmental stages of
Neptunea reflected multiple origins and differed
from adult tissues (Fig. 2, Table 1). As seen for adults,
cholesterol was the dominant sterol, accounting for
59−63% of total sterols in eggs across all 3 stages.
Algal-derived sterols were common and higher than
seen in adult muscle tissues, ranging from 21−24% of
the total sterols. Diatom-derived sterols were the
major component of algal sterols observed; in par -
ticular, brassicasterol and the C28Δ5,24,(28), which
together accounted for about twice the amount seen
in N. heros adults. Sterols were highly conserved
during egg maturation and also showed a large in -
crease in weight-based concentrations in external
versus internal egg masses. Dry weight normalized
concentrations increased substantially during matu-
ration, with late-stage eggs having almost 30-fold
greater sterol content compared to internal egg
masses of gravid females (Fig. 3, Table 1). Given the
consistent distribution, this suggests that structural
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Fig. 2. Total concentration and abundance of sterols in Neptunea heros, its
eggs at 3 developmental stages, clam Astarte borealis muscle tissue (as mg
g−1 dry tissue weight) and suspended particulate organic matter (POM) and
surface sediments (as mg g−1 organic carbon [OC]) at 4 sites where animals
were collected. Eggs are designated as internal egg mass (Internal), eggs
associated with recently attached egg cases (Ext-F) and mature egg cases 
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sterols were highly conserved while other cellular
compartments were metabolically utilized during
embryogenesis.

3.2.  Sterols across potential diets

In the potential prey Astarte borealis, 21 sterols
were observed in tissues with a summed concentra-
tion of 5.88 mg g−1 dry muscle for the composite sam-
ple. While cholesterol remained an important com-
ponent as seen in N. heros, clam tissues contained
higher amounts of algal-derived sterols than whelks;
in particular, the 24-methyl cholesterol and the
C28Δ5,24(28). Sterols with structures that might have
multiple (animal or plant) origins were also higher
than seen in N. heros and accounted for 37% of the
sterols observed in filter feeding clams.

As might be expected for this dynamic polar shelf
system, sterols present in suspended particles
(POM) differed from underlying sediments and
 animals (Table 1). Four algal sterols accounted for
over half of the total sterols seen in POM, including
24-norcholesta-5,22-dienol, (C26Δ5,22), brassicasterol,
24-methylcholesta-5,24(28)-dienol, plus C29Δ5,24(28).
These algal sterols were coincident with those ele-
vated in both benthic invertebrates despite the ab -
sence of Δ5,7 sterols in particles. Surface sediments
at the 4 sites examined showed a more diverse
sterol distribution, including expected algal-derived
sterols as the major contributors dominated by
diatoms but also dinosterol, representing dinoflagel-
lates (e.g. Harvey et al. 1988). Sediment sterol con-
centrations (based on OC) were largely uniform,
ranging from 1.14−1.57 mg g−1 OC. Cholesterol was
seen in significant concentrations along with a num-
ber of algal sterols plus the plant-derived β-sito -
sterol (C29Δ5) as an important contributor (Fig. 2).
Sterols with several possible origins as animals or
plant and defined as multiple sources ranged from
34−44% of sediment sterols.

3.3.  PCA of sterols

Initial comparisons of sterol patterns across
N. heros size classes showed that cholesterol domi-
nated the variance in mollusks, eggs, sediments and
particles. Accounting for up to 78% of the total
sterols in adult whelks and up to 63% of eggs, cho-
lesterol defined animals versus their food sources. To
better explore diagnostic structures and potential
dietary linkages, it was removed from subsequent
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analysis and sterol composition rescaled. Remaining
sterols in N. heros across multiple size classes versus
potential diets (with cholesterol excluded) are shown
in Fig. 4. PCA results showed that 2 PCs could
describe 79% of the variance among whelks and
potential diets with animals across all size classes
clustering closely (Fig. 4). Potential food sources
showed 2 major clusters with sediments across the

76

Fig. 3. Compound-specific carbon isotopic values (as δC) of major sterols present in Neptunea heros size classes and potential
diets. Sterols are grouped based on most likely sources (algal, animal or mixed) and include major sterols observed. Error bars
are excluded for clarity but averaged ±0.26‰ SE. Individual values and standard error for replicate measures of all sterols are 

provided in Table S1. POM: suspended particulate organic matter

Fig. 4. Principal component analysis based on sterol com -
position present across Neptunea heros binned across 4 size
classes and major diet sources. Diets include the clam
Astarte borealis adductor muscle, surface sediments at
3 locations where animals were observed and suspended
particles (POM). PCA1 variance (46%) was primarily driven
by presence of algal sterols, especially those from diatoms.
PCA2 variance (33%) reflected the substantial presence
of Δ5,7-sterols in clams that were not seen in whelks or  

potential diets
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4 sites as one cluster and separated from water col-
umn particles. As might be anticipated, PC1 was
largely defined by the relative abundance of algal-
derived sterols, in particular the C26Δ5,22, C27Δ5,22,
brassicasterol, C28Δ5,24(28) and 24-ethylcholesta-
5,24(28)-dienol (C29Δ5,24(28)), which isolated clams
from sediments and POM (Fig. 4). The isolation of A.
borealis in PC2 from sediments and particles was
largely driven by 24-methylcholesterol, dinosterol
(4α,23,24-trimethylcholest-22-enol, diagnostic of dino -
 flagellates) and β-sitosterol, a plant sterol identified
in all samples but enhanced in sediments and parti-
cles. A second analysis conducted with the inclusion
of eggs showed very similar results, with close clus-
tering of eggs and animals driven by the overlap of
several Δ5,7 sterols unique to whelks (data not shown;
see Table1).

3.4.  δ13C values of sterols in animals and 
potential diets

CSIA for major sterols present in N. heros and po -
tential diets and showed a range of values dependent
on source, structure and animal size class (Fig. 3,
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m673p069 _supp .pdf). Algal sterols pres-
ent in muscle tissues across N. heros size classes,
including the C26Δ5,22, C27Δ5,22 and
C28Δ5,24,28, showed a consistent trend
to heavier values (+2.61 ± 0.24‰) with
increasing size (and age), particularly
compared to values seen in POM,
clams and sediments. A similar trend
was seen for several specific Δ5,7

derivatives, the best example being
the C26Δ5,7,22 sterol which paralleled
the depletion pattern seen in algal
sources (C26Δ5,22) and showed a 2.47‰
shift with increased size and presum-
ably age (Table S1). In contrast, cho-
lesterol isotopic values showed only
minor shifts (<0.66‰) with increasing
size for N. heros with a similar pattern
seen in its metabolically modified
derivative (C26Δ5,7). Potential sources
of dietary cholesterol in clams, POM
and sediment were similar or slightly
more depleted by comparison (Fig. 3).
For mixed-source sterols, both trends
were seen, with one sterol (27-nor-24
cholesta-5,22-dienol) showing a con-
sistent pattern of depletion with in -

creasing size, yet algal sterols and others were more
variable (Fig. 3). Other mixed-source sterols, such as
β-sitosterol, showed remarkably consistent values
across clams, sediment and POM compared to
whelks.

3.5.  Fatty acids in N. heros and developing eggs

Fatty acids represent a metabolically active lipid
pool, and summed concentrations in whelk foot
 muscle ranged from 4.53−6.42 mg g−1 dry wt (Fig. 5,
Table S2) Tissue total fatty acid content showed only
small variations across increasing class size. Polyun-
saturated fatty acids (PUFAs) accounted for a major
fraction of the total fatty acids in adults (47−66%) and
eggs (37−46%), with PUFA signatures mainly com-
prising C20:4n-3, C20:5n-3 and C22:2 acids. These
highly unsaturated dietary acids appear to be de -
rived largely from diatoms and were highly con-
served with eggs during development as a fraction of
total fatty acids (Table S2). MUFAs (mainly C18: and
C20:1 isomers) and saturated fatty acids (mainly
C16:0 and C18:0) each contributed a similar fraction
to total fatty acids. Branched acids (as iso and anteiso
C15 and C17 forms) accounted for 2−4% of the total
fatty acids seen in N. heros size classes and individ-
ual females and their eggs.

77

Fig. 5. Total concentration and abundance of total free and esterified fatty
acids in Neptunea heros, its eggs at developmental stages, clam Astarte bore-
alis muscle tissue (as mg g−1 dry tissue weight), suspended particulate
organic matter (POM) and surface sediments (as mg g−1 organic carbon [OC])
at 4 sites where animals were collected. Eggs are designated as internal egg
mass (Internal), eggs associated with recently attached egg cases (Ext-F) and 

mature egg cases near hatch (Ext-M)
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Similar to sterol concentrations in adults, fatty
acids in N. heros eggs over the 3 developmental
stages showed a consistent distribution, with low
amounts of saturated acids and higher MUFAs com-
pared to animal tissues (Fig. 5). Algal-derived PUFAs
transferred from adults were an important compo-
nent, particularly the diatom-derived C20:5n-3,
which was abundant in individual females. For all
3 egg stages, PUFAs accounted for the largest frac -
tion of total fatty acids and re mained a major fraction
during development. As with sterols, the relative
concentration of fatty acids increased substantially in
developing external eggs compared to internal egg
masses, suggesting that lipids as a biochemical frac-
tion were conserved as eggs matured.

3.6.  Fatty acids among potential diets

In A. borealis, total fatty acid concentrations in
body tissues (7.41 mg g−1 dry wt) were only slightly
higher than that seen for equivalent N. heros tissues
(Fig. 5). Algal-derived C20:5n-3 and C22:6n-3 acids
were primary contributors to total fatty acids present
in clams, with PUFAs accounting for almost two-
thirds of total acids present. MUFAs, particularly
C16:1 and C18:1n-9, accounted for 22% of total fatty
acids. Saturated (13% of total) and branched fatty
acids (1% of total) were lower in A. borealis than
N. heros, with bran ched acids similar in abundance.

Water column particles represent the major food
source for filter feeding clams, and total fatty acids in
suspended particles were significant at 52.16 mg g−1

OC (Fig. 5, Table S2). Algal-derived PUFAs were the
important contributors to the total fatty acids of POM,
reflecting fresh algal material largely derived from
diatoms and in agreement with sterol distributions.
Saturated fatty acids (mainly C16:0 and C18:0) and
MUFAs (mostly C16:1) accounted for 39 and 44%
of the total fatty acid concentration, respectively.
Branched fatty acids (largely C15 iso and anteiso
forms) in POM accounted for 2% of the total and
were similar to animal tissues.

The 4 surface sediments examined showed vari-
able concentrations and expected lower amounts
than seen for particles and ranged about 4-fold
among the sites. Distributions of fatty acids were
more varied at one site (UTX8) which contained sub-
stantial amounts of recent algal material as PUFAs.
Saturated fatty acids (mainly C16:0) were similar
across sites at 29−35% of total acids present, with a
larger variation seen in the fraction of MUFAs
(mainly C16:1). Branched fatty acids also varied,

ranging from 1% of fatty acids at H6 to 5% of total
acids at CBL11.

4.  DISCUSSION

4.1.  Sterols as trophic markers in Neptunea heros
and its potential diets

On the broad, shallow continental shelf of the
Chukchi Sea, substantial amounts of labile autoch-
thonous carbon reach the benthos, including diag-
nostic lipids that can be traced throughout the food
chain. The 21 sterols in the clam Astarte borealis re -
vealed a diet derived mainly of phytodetritus despite
seasonal ice cover (Grebmeier 2012). Diatoms (Gladu
et al. 1991, Barrett et al. 1995), particularly Thalas-
siosira sp., are known producers of the C28Δ5,24(28),
which was abundant in the whole body and muscle
tissue of A. borealis. Small amounts were also seen
in Neptunea heros, reflecting pathways for direct
ingestion of detritus or consumption by clams and
subsequent incorporation. This balance of direct ver-
sus secondary incorporation is supported by the shift
seen in isotopic abundance for several sterols, with
lower depletion seen with increased animal size
classes. For example, diatom-derived brassicasterol
accounted for a significant fraction of the total sterols
in clam adductor muscle but was only present in
trace amounts of N. heros. Concentrations of dehy-
drocholesterol and brassicasterol in POM were simi-
lar to values previously reported for Chukchi Sea
particles (Belicka et al. 2004) and correspond to con-
centrations seen in bivalves (e.g. Goad 1978).

Other sterols including the 24-methyl cholesterol,
β-sitosterol and the C29Δ5,22 observed in N. heros
have multiple dietary origins and showed varied iso-
topic signatures. These sterols can represent vascu-
lar plant signatures and have been used as tracers of
terrestrial-derived organic matter in Arctic rivers,
particles and marine sediments (Belicka et al. 2004,
Fahl & Nöthig 2007, Vonk et al. 2008). Although it is
tempting to assign a direct incorporation pathway,
some caution is warranted for these field collections;
it is possible that algal sterols may have been incor-
porated in tissues through secondary routes such as
clam predation. There are also rare exceptions that
marine phytoplankton could be the source of these
sterols in polar systems. For example, at multiple
sites in Antarctica, β-sitosterol was the dominant
sterol found in sea-ice diatom communities (Nichols
et al. 1990) and was also seen in surface sediment
from Ace Lake, Antarctica (Volkman 1986). This
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sterol has also been seen in POM from the Chukchi
Sea shelf (Belicka et al. 2004) and was assigned as
being of phytoplankton origin based on the absence
of a vascular plant source and the concurrent pres-
ence of significant diatom biomarkers. Whether
these sterols arise from POM or clams from the
Chuk chi shelf, their presence in N. heros points to
dietary incorporation. Isotopic values for β-sitosterol
were very similar for clams, sediment and POM
(range −26.11 to −26.38‰), which argues for a single
source but does not allow direct consumption or clam
predation of N. heros to be distinguished.

Although A. borealis are mainly reported as benthic
suspension feeders with a specialized siphon for ex-
tracting food particles from seawater, Hummel (1985)
and others (e.g. Legeżyńska et al. 2014) have sug-
gested they may also act as deposit feeders. The sterol
signature in muscles of A. borealis argues for suspen-
sion feeding as the primary route in Chukchi shelf
waters, where near-bottom currents drive sediment
resuspension and lateral transport along the broad,
shallow continental shelf (Johnson et al. 1988). Diag-
nostic algal-derived sterols are also seen in N. heros
tissues at somewhat lower amounts and may reflect a
combination of a diet transition for N. heros during
maturation towards predation as well as removal dur-
ing translocation of algal-derived sterols to eggs
(Table 1). In either case, it is apparent that whelks rely
on algal sterols plus the biosynthesis or metabolic
modification of sterols seen as the Δ5,7 structures ob-
tained directly or through predation to provide struc-
tural lipids for membrane integrity. These lipids are
also transferred to eggs, with the consistent distribu-
tion suggesting that there is little selection of actual
structures during transfer from adults.

As a predator, adult N. heros have the potential to
incorporate and store sterol signatures through
trophic transfer. One example is the major sterol
campesterol seen in A. borealis that was also abun-
dant in surface sediment (16−20% of the total sterols)
but at the time of sampling was absent in POM. If
N. heros sterol composition reflects a shift in feeding
strategy with size as suggested, the presence of cam -
pesterol across all size classes suggests multiple
modes of trophic transfer, with sediment uptake asso-
ciated with scavenging or detrital feeding of smaller
animals and direct incorporation by predation for
adults. While campesterol in N. heros likely results
from predation on bivalves, juvenile whelks may have
consumed material directly as detrital material; this is
supported by the absence of shell fragments seen in
smaller N. heros guts during dissection but the abun-
dant presence of sediment. Alternatively, the con-

sumption of infauna prey may have allowed sterol
transfer to whelks, and predation on polychaetes as
an alternate route has been observed (Taylor 1978,
Shimek 1984, Fujinaga & Na kao 1999). Further, re -
cent reports of the deposit feeders Nephthys ciliata
and Praxillella gracilis on the Chukchi shelf could
provide additional food and sterol sources (Dunton et
al. 2014). If feeding activities are similar to that seen in
the Bering Sea to the south (Shimek 1984), adult N.
heros from the Chuk chi shelf are likely to feed as
predators rather than scavengers. Recent analysis of
δ15N value in foot muscle corroborates the observed
lipid distribution and their higher trophic position
than many benthic invertebrates (McTigue & Dunton
2014), suggesting that the presence of campesterol in
larger adults was incorporated via predation rather
than direct sediment ingestion.

The complexity of dietary sources consumed and
those metabolically modified by N. heros is mirrored
by the diverse suite of 20 sterols observed (Table 1).
While contributions from phytoplankton, either di rec -
tly or secondarily through predation on other in -
vertebrates, are significant, a number of metabolically
derived algal sterols (desaturation at C7) were present
as well as Δ 5,7-sterols. For example, the C28Δ5,7,24(28) in
foot muscle likely originates from the diatom-derived
C28Δ5,24(28) through desaturation at delta 7. Similarly,
24-norcholesta-5,7,22-trienol (C26Δ5,7,22), 24-methyl -
cholesta-5,7,22-trienol (C28Δ5,7,22) and 24-ethyl -
cholesta-5,7,22-trienol (C29Δ5,7,22) were found in tan-
dem with the diatom markers C26Δ5,22, C28Δ5,22 and
C29Δ5,22 in foot muscle. In N. heros, the Δ5,7-sterols ac-
counted for 22−27% of the total sterol composition,
comparable to summed C26-C29Δ5,7 sterols reported in
bivalves reliant on filtration including the clam Ceras-
toderma edula (Khan & Goad 1983), the oysters Crass-
ostrea giga (Gordon & Collins 1982) and C. virginicia
(Teshima & Patterson 1981) and the mussel M. modiu-
lus (Khan & Goad 1983). This consistent presence of
the C26-C29Δ5,7-sterols in other mollusks which are not
predatory plus their presence in muscle tissues across
juvenile to largest adults suggests that N. heros does
not directly incorporate these compounds from preda-
tion activities. Instead, whelks appear to either modify
algal-derived sterols obtained through trophic transfer
or may biosynthesize Δ5,7-sterols de novo. Given the
caveat that these are field collections, the observation
of significant amounts of both algal-derived and
structurally related Δ5,7-sterols in whelk eggs appears
to be a direct consequence of the transfer of both di-
etary and modified sterols from adults during repro-
duction. Although not previously reported in this spe-
cies, the ability of marine gastropods to synthesize
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3β-sterols de novo has been observed in other species
including Neptunea antiqua and Buccinum undatum
(see Voogt 1983 and references therein). The δ13C val-
ues obtained for C27Δ5,7 in foot muscle (−24.4 ± 0.3‰)
for N. heros were similar across all size classes; this in-
dicates consistent fractionation during metabolism
and/or an isotopically invariant diet source. It also
suggests that N. heros have the ability to biosynthe-
size 3β-sterols de novo, and particularly C27Δ5,7.
Based on the dominance of structurally related cho-
lesterol (C27Δ5) in foot muscle, it is likely that the
C27Δ5,7 is a product of its dehydrogenation. Isotopic
values also suggest that cholesterol is a product of de
novo biosynthesis in N. heros, as δ13C values meas-
ured in foot muscle (−23.5 ± 0.5‰, δ13CPDB mean ± SD)
were tightly coupled across the range of animal shell
lengths (4 to >10 cm) in which animals transition to
predation with increasing size. Finally, the δ13C
values of cholesterol in A. borealis muscle (−25.0‰)
and POM (−25.0‰) were slightly enriched relative to
N. heros foot muscle and suggest isotope fractionation
arising through the food chain. To our knowledge,
this is the first report of compound-specific carbon iso-
topic analysis of sterols in both N. heros and A. bore-
alis and its use for insight into lipid metabolism in field
collections.

4.2.  Fatty acids in Chukchi Sea mollusks, 
POM and sediment

Although sterols provide essential source speci-
ficity, fatty acids can also provide source information
and support that A. borealis received a major portion
of their food directly from phytodetritus descending
to the sea floor. Diatoms are a rich source of the
PUFA C20:5n-3 (Volkman et al. 1989, Dunstan et al.
1993) which was abundant in A. borealis adductor
muscle. Essential for growth and development (e.g.
Mai et al. 1996), this acid is often a major fatty acid
sequestered by other bivalves (Isay & Busarova 1984,
Brazão et al. 2003) and is retained in tissues. As con-
sumers of A. borealis, N. heros appears to directly
acquire the C20:5n-3 PUFA, and it is the dominant
fatty acid in whelk foot muscle (Table S2). Dinofla-
gellates are also common in the Chukchi Sea (Be licka
et al. 2004) and appear a significant food source as
seen from the diagnostic C22:6n-3 acid (e.g. Harvey
et al. 1988) as a major fatty acid in N. heros.  This does
not appear unique;  in the clam Astarte sulcate this
acid accounted for the major fatty acid  observed  in
muscle tissues (C22:6 as 19−23% of the total) com-
pared to fatty acids diagnostic of diatoms  (C20:5 as

7−9%) (Olsen et al. 2009). For N. heros, its presence
in POM and its likely clam prey would provide for
multiple routes for incorporation.

A relatively high unsaturated fatty acid content ap-
pears common to a wide range of mollusks, including
filter feeding bivalves, herbivorous gastropods and
predatory whelks which are consumed (e.g. Nichols
et al. 1998). Specific PUFAs support sterol observa-
tions for direct lipid incorporation from primary pro-
duction to higher trophic level consumers in the
Chukchi Sea. This includes the C20:4 that has been
previously reported among bivalve mollusks and
predatory gastropods (Voogt 1983, Isay & Busarova
1984, Olsen et al. 2009). The C20:4 PUFA accounted
for 7% of the total fatty acid concentrations in the
 adductor muscle of both A. borealis and A. sulcata
(Olsen et al. 2009). Similarly, the high relative abun-
dance of C20:4 seen in N. heros (13−18% of the total)
has been argued as being diagnostic of foraminiferal
consumption (Legeżyńska et al. 2014) and may reflect
secondary accumulation during predation on clams.
The absence of specific fatty acids has also proven
valuable to argue against dietary incorporation by
benthic consumers; for example, invertebrates resid-
ing in seagrass communities which showed limited
 direct consumption (Kharlamenko et al. 2001). One
complication to direct comparisons is that the conver-
sion of C20:4 to C22:4 and C20:5 to C22:5 via chain
elongation appears possible among several marine
 invertebrates including star fish Astropecten sp., shrimp
Solenocera sp., sea fans Echinoptilum sp., sea ane -
mones Actinoscyphia sp. and annelids such as Hyali-
noecia sp. (Jeffreys et al. 2009); yet this mechanism
has not been described in marine mollusks despite
their widespread reported routes for fatty acid syn -
thesis (Kluytmans et al. 1985). Concentrations of the
C22:4 in A. borealis adductor muscle were similar
(0.4%) to that seen for A. sulcata (0.5−0.6%) (Olsen et
al. 2009), with the former showing a higher proportion
of C22:5 (3% of the total) than the latter (0.6−0.7% of
the total). Assuming an algal origin, this likely reflects
differences in water column communities between
the sampled locations (Jarzębski et al. 1985, Morais et
al. 2003). The retention of PUFAs in developing eggs
has been observed in other gastropods such as nudi-
branchs, but retention also appears to be species-
 specific (Martínez-Pita et al. 2005). In the case of
N. heros, algal-derived PUFAs showed a uniform dis-
tribution and increased on a weight basis with matu-
ration, suggesting that these fatty acids are tightly re-
tained to provide structural viability for veligers.

Branched fatty acids (mainly C15 and C17) diagnos-
tic of bacteria (Kaneda 1991) were seen in POM and
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surface sediments as well as both A. borealis and
N. heros (Table S2). Given that microbial fatty acids
comprise a broad suite of diagnostic branched acids
(e.g. Harvey & Macko 1997), a conservative estimate
is that bacterial contributions represent 3−4% of the
total fatty acids across POM and sediment samples
from the Chukchi Sea. Our observations were consis-
tent with branched fatty acids previously reported in
POM and surface sediment from the Chukchi shelf
(Belicka et al. 2004) and suggest the passive incorpo-
ration of microbial biomass during bivalve feeding.
Incorporation of branched fatty acids into both clam
and whelk muscle tissues appears to reflect the
movement of bacterial signatures through the food
chain.

Additional fatty acids with a non-algal origin were
also observed in Chukchi Sea mollusks, including
C22:2 which is not characteristic of phytoplankton
and was absent in POM, yet seen in both A. borealis
and N. heros. Known as non-methylene-interrupted
dienoic (NMID) fatty acids, these unusual lipids have
been reported in several phyla of marine inverte-
brates (Coelenterata, Mollusca, Echinodermata and
Arthropoda) and in the depot fats of some marine
mammals (e.g. Ackman & Hooper 1973, Budge et al.
2007, Le Grand et al. 2011). The C22 (as well as C20)
NMID acids are abundant among different families
of marine bivalves (Arcidae, Mytilidae, Ostreidae,
Veneridea, Mactridae) with relative amounts (1−
21% of the total polar lipids) reported to vary be -
tween species (Zhukova 1991, Kraffe et al. 2004). The
biosynthesis of NMID acids in bivalves is hypothe-
sized to rely on conversion of the C16:1 and C18:1
acids via chain elongation and desaturation (Zhu -
kova 1991). While biosynthesis in gastropods re -
mains unclear, many (Klingensmith 1982, Dunstan et
al. 1996, Brazao et al. 2003) have observed C22
NMID acids in various species that include N. inter-
sculpa and Buccinum sp., and its presence here in A.
borealis provides a direct dietary source for its accu-
mulation in N. heros. C22:2 also appears as one of
several characteristic fatty acids present in eggs
across all 3 development stages and was strongly
retained during maturation, which may reflect its
proposed role in cell membrane integrity (Le Grand
et al. 2011).

4.3.  Comparative lipid distribution in N. heros

For the northern Neptune whelk, differences in
lipid composition across size classes reflect a range of
activities including varied food consumption as juve-

niles transition to predatory behavior and adults that
translocate lipids during reproduction. Storage lipids
are particularly important to large, sexually mature
whelks, which experience non-feeding or reduced
feeding periods throughout winter and during copu-
lation/spawning in spring (Pearce & Thorson 1967,
Power & Keegan 2001). In N. heros, the reduced con-
centrations of total sterols and fatty acids in the
largest (>10 cm) versus smaller whelks or mature
females (H17F in Table S2) may reflect reduced feed-
ing and transfer of lipid material to eggs through
reproductive activities. N. heros may follow a similar
strategy as the gastropod Arion empiricorum, in
which foot muscle showed a decrease in lipid abun-
dance coincident with an increase in genitalia lipids
(Catalan et al. 1977). Although these field collections
do not allow a direct experimental linkage to be
established, it does suggest adult females retain sig-
nificant lipid reserves in muscle apart from gonadal
tissues.

On the Chukchi shelf, N. heros is dependent on
primary production and intermediate consumers for
food resources, and the suite of lipid markers in mus-
cle tissues suggests it relies on both over time. We
hypothesized that whelk lipid composition would
reflect a changing diet with maturity, and both fatty
acid and sterol distributions reflected a diverse set of
dietary and modified lipids, representing direct in -
gestion (algal sterols and algal PUFAs), predation
(C22 NMID fatty acids) and metabolic modification
(Δ5,7-sterols). This dietary resilience appears to occur
early during their maturation, with animals of inter-
mediate size showing similar lipid distributions and
patterns in muscle tissues as the largest adults. The
lipids present in likely food sources and compound-
specific carbon isotope values suggest that N. heros
rely on modification of algal-derived sterols to pro-
duce the diagnostic suite of Δ5,7-sterols characteristic
of gastropods. The most abundant Δ5,7-sterol (C27

5,7)
may also have contributions from the dehydrogena-
tion of cholesterol, which isotope values suggest is
largely produced de novo. The lipids present in eggs
not only reflect the initial transfer of largely algal-
derived material by adults during biosynthesis, but
also selective conservation of some lipids during mat-
uration. This region is particularly sensitive to cli-
mate change, with recent observations of decreasing
ice and its earlier retreat having the potential to alter
the balance of water column versus ice-derived algal
production (Grebmeier et al. 2018). A shift in algal
sources and its seasonal timing may decrease ben-
thic biomass as the flux of ice-algal production to the
benthos declines and a higher proportion of the
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annual primary production is recycled in the water
column. Tracing lipid sources and isotopic signatures
in benthic consumers such as N. heros provides im -
portant measures to follow trophic status and meta-
bolic processes among benthic consumers and the
dynamics of their food resources in this changing
environment.
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