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Reliance of deep-sea benthic macrofauna on
ice-derived organic matter highlighted by multiple
trophic markers during spring in Baffin Bay,
Canadian Arctic

Gustavo Yunda-Guarin1,*, Thomas A. Brown2, Loı̈c N. Michel3, Blanche Saint-Béat1,
Rémi Amiraux1, Christian Nozais4, and Philippe Archambault1

Benthic organisms depend primarily on seasonal pulses of organic matter from primary producers. In the
Arctic, declines in sea ice due to warming climate could lead to changes in this food supply with as yet
unknown effects on benthic trophic dynamics. Benthic consumer diets and food web structure were
studied in a seasonally ice-covered region of Baffin Bay during spring 2016 at stations ranging in depth
from 199 to 2,111 m. We used a novel combination of highly branched isoprenoid (HBI) lipid biomarkers and
stable isotope ratios (d13C, d15N) to better understand the relationship between the availability of carbon
sources in spring on the seafloor and their assimilation and transfer within the benthic food web. Organic
carbon from sea ice (sympagic carbon [SC]) was an important food source for benthic consumers. The lipid
biomarker analyses revealed a high relative contribution of SC in sediments (mean SC% + standard deviation
[SD]¼ 86% + 16.0, n¼ 17) and in benthic consumer tissues (mean SC% + SD¼ 78% + 19.7, n¼ 159). We also
detected an effect of sea-ice concentration on the relative contribution of SC in sediment and in benthic
consumers. Cluster analysis separated the study region into three different zones according to the relative
proportions of SC assimilated by benthic macrofauna. We observed variation of the benthic food web between
zones, with increases in the width of the ecological niche in zones with less sea-ice concentration, indicating
greater diversity of carbon sources assimilated by consumers. In zones with greater sea-ice concentration,the
higher availability of SC increased the ecological role that primary consumers play in driving a stronger
transfer of nutrients to higher trophic levels. Based on our results, SC is an important energy source for
Arctic deep-sea benthos in Baffin Bay, such that changes in spring sea-ice phenology could alter benthic food-
web structure.

Keywords: Benthic food webs, Trophic markers, Sea-ice algae, Climate change, HBIs, Stable isotopes, Baffin
Bay, Arctic Ocean

Introduction
In the Arctic Ocean, the functioning of the food web is
linked to the dynamics of sea ice (Kȩdra et al., 2015).
Indeed, the development of marine primary production,
based on unicellular microalgae associated with sea ice
(i.e., sympagic or ice algae) and with the water column

(i.e., phytoplankton; Frey et al., 2018), is strongly influ-
enced by sea-ice dynamics. During spring, when the snow
melts and sea ice becomes more transparent, the growth
of sea-ice algae provides the first substantial carbon input
to the food web, being consumed by sea-ice fauna, zoo-
plankton, and benthic organisms (Nozais et al., 2001;
Tremblay et al., 2006; Link et al., 2011). Depending on
latitude and sea-ice conditions in regions with seasonal
sea-ice cover, sympagic primary production rates range
from 2 � 10–3 to 20 g C m–2 year–1, representing 1%–
26% of total production in these areas (Gosselin et al.,
1997; Tamelander et al., 2009; Leu et al., 2011). Up to
6.5 g C m–2 year–1 of particulate organic matter (OM)
originating from this production sinks into the deep ocean
(Boetius et al., 2013). As a result, sea ice constitutes a nat-
ural regulator of energy transfer through trophic links
(North et al., 2014; Calizza et al., 2018) and strengthens
pelagic-benthic coupling (Piepenburg, 2005).
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Québec à Rimouski, Rimouski, Canada

* Corresponding author:
Email: gustavo-adolfo.guarin.1@ulaval.ca

Yunda-Guarin, G, et al. 2020. Reliance of deep-sea benthic macrofauna on ice-derived
organic matter highlighted by multiple trophic markers during spring in Baffin Bay,
Canadian Arctic. Elem Sci Anth, 8: 1. DOI: https://doi.org/10.1525/elementa.2020.047

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/8/1/047/442953/elem
enta.2020.047.pdf by guest on 17 D

ecem
ber 2020

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CorpusUL

https://core.ac.uk/display/442660742?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1525/elementa.2020.047


The response of marine food webs to variations in the
organic carbon cycle is one of the fundamental issues in
the changing Arctic Ocean due to the sensitivity of food
webs to changes in the magnitude and direction of energy
flow (Findlay et al., 2015). For a long time, the deep (below
200-m water depth) seafloor ecosystem was considered
largely unaffected by the human footprint (Bluhm et al.,
2011). Evidence suggests, however, that deep-sea ecosys-
tems can be influenced by climate-driven seasonal and
interannual changes taking place in shallower waters
(Glover et al., 2010); for example, climate change may
affect the availability of carbon resources across different
depths in the ocean (Divine et al., 2015). As benthic com-
munities depend primarily on seasonal pulses of OM that
reach the seabed, variations in the timing or quantity of
this food supply can influence interactions, abundance,
and distribution of benthic fauna (Collin et al., 2011; Roy
et al., 2014; Vedenin et al., 2018), with consequences for
food web functioning that are not yet fully understood
(Van Oevelen et al., 2011; Jeffreys et al., 2013; North et al.,
2014; Kȩdra et al., 2015; Griffiths et al., 2017; Mäkelä
et al., 2017). Some benthic fauna seem to be able to
change diet rapidly and ingest a wide range of food
sources (e.g., plant detritus, animal carcasses, bacteria, and
fungi; Gage, 2003), which makes identifying the sources of
carbon and assessing proportions ingested by consumers
difficult (Kelly and Scheibling, 2012). The absence of such
information can hinder accurate predictions of the
response of benthic consumers to changes in food supply.
Although the OM originating from the water column is
already known to be an essential food source for benthic
fauna at different depths, studies of the transfer of sym-
pagic carbon (SC) to deep benthic consumers are scarce
(e.g., Link et al., 2011; Boetius et al., 2013; Jeffreys et al.,
2013). Recently, novel approaches that use multiple tro-
phic markers (e.g., fatty acids and stable isotope ratios)
have opened new research avenues in the attempt to dif-
ferentiate with more accuracy the proportions of OM
sources in the environment (Leu et al., 2020) and in con-
sumers (Budge et al., 2008; Wang et al., 2015).

HBIs are lipid biomarkers found frequently in marine
and lacustrine sediments (Volkman et al., 1994; Belt et al.,
2007; Brown and Belt, 2016). Among HBIs, a monounsat-
urated HBI termed IP25 (Belt et al., 2007) and its homolog,
a di-unsaturated HBI II (diene, often referred to as IPSO25

in the Antarctic), have been used as proxies of SC in the
environment (Xu et al., 2006; Brown et al., 2016), notably
in Arctic benthic organisms (Brown et al., 2012; Brown and
Belt, 2012; Brown et al., 2013). In contrast with sea-ice
proxies, a further tri-unsaturated HBI (often referred to
as HBI III or triene) has been proposed as a promising
proxy for pelagic OM (phytoplankton) in the region of
open waters near the marginal ice zone (MIZ) in polar
regions (Belt, 2018; Belt et al., 2019). Based on the relative
abundances of pelagic (III) and sympagic (IP25, II) lipid
biomarkers, quantitative estimates of the relative propor-
tions of SC transfer through different trophic levels have
been calculated (Brown et al., 2017a, 2017b, 2018; Brown
and Belt, 2017), revealing the importance of each OM
source in the diet of different organisms across the Arctic

food web. For example, the HBI-fingerprint, or “H-Print,” is
an index that has been used to estimate the relative con-
tribution of both sympagic and pelagic carbon sources
(Brown et al., 2014).

Besides lipid markers, carbon and nitrogen stable iso-
tope ratios are effective tools for the study of the structure
and dynamics of food webs, as they provide time- and
space-integrated insights into trophic relationships (Lay-
man and Allgeier, 2012). Because of an often consistent
gradual 15N-enrichment of 2.3‰ per trophic step in
aquatic environments (McCutchan et al., 2003), nitrogen
isotope ratios (d15N) are used to estimate the trophic level
of consumers. On the other hand, with a 0‰–2‰ of 13C-
enrichment per trophic step, carbon isotopes ratios (d13C)
are typically used to establish the dependence of benthic
macrofauna on different food sources (Renaud et al.,
2015). Original multidimensional metrics were made to
represent the total extent of the ecological diversity using
stable isotopes only (Layman et al., 2007). In the present
study, HBI lipid biomarkers were coupled quantitatively
with stable isotopes to generate community-wide niche
proxies combining insights from both methods. To our
knowledge, this approach is unique in the literature. Me-
trics derived from this kind of analysis can give additional
clues to understand the changes in food web structures in
areas exposed to marked seasonal changes in sea-ice phe-
nology and primary productivity.

To assess the relative importance of SC as a food source
to deep benthic communities, we conducted a field inves-
tigation of macrobenthos in areas near the MIZ. Baffin Bay
provides an ideal natural laboratory to investigate the
effects of sympagic production availability on benthic
food web structure and functioning. In Baffin Bay, sea ice
starts forming in late autumn and reaches maximum
extent around March, with ice melt beginning as early
as April (Stern and Heide-Jørgensen, 2003). Excluding the
ice-free months between August and September, Baffin
Bay is always moderately covered by sea ice (Tang et al.,
2004). Ocean currents and the atmospheric temperature
influence the extent and formation of sea ice in the south
of Baffin Bay (Stern and Heide-Jørgensen, 2003). On its
eastern side, the West Greenland Current moves warm
Atlantic waters northward along the western coast of
Greenland (Bi et al., 2019). On its western side, the Baffin
Current carries cold Arctic waters and sea ice southward
along the east coast of Baffin Island, toward the Labrador
Sea (Figure 1A; Bi et al., 2019). This distinct longitudinal
gradient in sea-ice concentration (SIC) thus presents an
important feature against which to test the effects of
sea-ice decline on the availability of different carbon
sources for deep benthic consumers and how further ice
loss could affect deep communities around the Arctic.
Moreover, this region is undergoing one of the most sig-
nificant declines in sea ice in the Canadian Arctic Ocean,
as the sea-ice extent was reduced by 102,000 km2 between
1968 and 2018 (Environment and Climate Change Cana-
da, 2019). As a result of changes in atmospheric and oce-
anic temperatures, with an earlier onset of sea-ice melt in
spring (4.6 days per decade; Arctic Monitoring and Assess-
ment Programme [AMAP], 2018), a continuous reduction
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in sea-ice thickness and extent (10%–15% in spring by
2080) is predicted in Baffin Bay. Using an innovative cou-
pling of sea-ice algae lipid biomarker and stable isotope
analyses, the following hypotheses were tested: (1) Sea-ice
cover is the primary environmental driver of contribution
and geographic distribution of SC on the seabed, (2) SC is
the most important baseline food source supporting ben-
thic consumers during spring in areas close to the MIZ,
and (3) deep benthic food web dynamics and structural
variability are directly linked with both depth and avail-
ability of food sources.

Materials and methods
Study area and sampling collection

This study was conducted on board the Canadian research
icebreaker CCGS Amundsen in Baffin Bay (Figure 1A).
Twenty-four stations near the MIZ were sampled for sedi-
ments and macrofauna from June 11 to July 10, 2016,
within the framework of the Green Edge project (www.
greenedgeproject.info). Station depths ranged from 199
to 2,111 m. Epibenthic fauna were collected at 12 stations
(Figure 1B: red and green colored stations) using an Agas-
siz trawl with an opening of 1.5 m and a net mesh size of
40 mm. Box core (0.125 m2) sampling was undertaken to
collect surface sediment samples (upper 1 cm) at 17 sta-
tions (Figure 1B: red and yellow-colored stations). For
each box core, six sediment subcores were collected for
sediment pigment content (with 10-ml truncated syringes
of an area of 1.5 cm2), granulometry, organic carbon con-
tent, HBIs, and stable isotope analyses (with 60-ml

truncated syringes of an area of 5 cm2). Ice blocks contain-
ing fresh sympagic algae were collected at three stations
(G115, G318, and G409; Figure 1B). After collection, all
samples were frozen immediately at –20�C for further
analysis. Sediment porosity was estimated by measuring
the mass loss of the wet sediment dried at 60�C; total OM
content was determined as the ash-free dry weight after
combustion (500�C) and converted to total OM in the
sediment. Chlorophyll a (Chl a) content was determined
fluorometrically following the protocol of Riaux-Gobin
and Klein (1993). Water samples were collected 10 m
above the seafloor using a CTD-Rosette with 12-L Niskin-
type bottles to determine the isotopic composition of the
suspended particular organic matter (SPOM) close to the
bottom. The water was filtered onto precombusted filters
(450�C for 5 h) of 21-mm diameter Whatman GF/F glass-
fiber filters (nominal pore size of 0.7 mm).

Extraction and quantification of HBI lipid

biomarkers

In the laboratory, benthic macrofauna were separated,
weighed, and identified to the lowest taxonomic resolu-
tion possible. A total of 648 individuals were processed for
the extraction and quantification of HBIs. Due to their
small size, some individuals had to be pooled by species
per station, resulting in 249 samples processed for subse-
quent HBI measurements (Table S1). Lipid extraction and
quantification of surface sediment samples was carried
out for 17 stations. Processed samples that did not contain
all three types of HBIs were discarded from the analyses, as

Figure 1. Location of the sampling stations with bathymetry gradients. Red arrows show the northward-flowing West
Greenland Current, and blue arrows show the southward-flowing Baffin Current (Map A). Colored points show
sampling stations (June 11 to July 10, 2016) for sediment only (yellow), both sediment and benthic macrofauna
(red), and benthic macrofauna only (green; Map B). The average sea-ice concentration, ranging from 0% to 100%
(expressed here between 0 and 1; gray lines), in the spring (April 1 to June 30 between 1998 and 2017) were derived
from the National Snow and Ice Data Center (https://nsidc.org/data/nsidc-0051). DOI: https://doi.org/10.1525/
elementa.2020.047.f1
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a combination of sympagic and pelagic HBIs is required to
calculate the “H-Print” biomarker index (Equation 1) and
the percentage of SC (Equation 2).

The extraction of HBIs was carried out at Laval Univer-
sity, Québec, Canada, while the HBI analyses were done in
the marine ecology and chemistry laboratory at the Scot-
tish Association for Marine Science, Scotland, following
established techniques (Belt et al., 2012). Molecular struc-
tures of HBI alkenes measured in this study (IP25, diene,
and triene) can be found in Figure S1. HBIs were analyzed
by gas chromatography-mass spectrometry and quantified
by measuring the mass spectral intensities for each HBI in
selective ion monitoring mode (Brown et al., 2017a). The
data were obtained and analyzed using the Agilent Chem-
Station software.

SC quantification

To quantify the contribution of sympagic algae as a food
source, the “H-Print” biomarker index was calculated com-
bining the analytical intensities of three HBI biomarkers,
IP25 (m/z 350.3), II (m/z 348.3), and III (m/z 346.3), into
a single index, according to Equation 1 (Brown and Belt,
2017). High values of H-Print (>50%) are associated with
pelagic carbon, and lower values (<50%) are associated
with SC.

H-Print ð%Þ

¼ Pelagic HBI ðIIIÞ
Sympagic HBIs ðIP25 þ IIÞ þ Pelagic HBI ðIIIÞ � 100:

Equationð1Þ

To estimate the relative proportion of SC in sediments
and benthic fauna, we used Equation 2 proposed by
Brown et al. (2018). It is based on a previously established
calibration that converts the H-Print values into estimates
of SC (Brown and Belt, 2017). To calculate the relative
proportion of OM derived from sea ice (ice organic matter,
iOM), we used Equation 3 whereby the OM percentage in
sediments (OM, %) is multiplied by the SC estimation
from Equation 2.

Sympagic carbon ðSC;%Þ ¼ 101:08� 1:02�H-Print ð%Þ;
Equationð2Þ

Ice organic matter ðiOM; %Þ ¼ SC ð%Þ � OM ð%Þ:
Equationð3Þ

Carbon and nitrogen stable isotope analyses

Sediments and benthic fauna that had been previously
treated (i.e., lipid extraction) for HBI analyses were
freeze-dried at –50�C and ground to a fine powder with
mortar and pestle. HCl was used to remove carbonates
prior to stable carbon isotopic (d13C) analysis. Surface sed-
iment and organisms with significant carbonate struc-
tures, for example, echinoderms, were soaked in 1 N
HCl until bubbling ceased. The stable nitrogen isotopic
(d15N) composition was determined on nonacidified sam-
ples to avoid the alteration of d15N values (Roy et al.,

2015). Stable nitrogen isotope ratios were measured using
a continuous-flow isotope ratio mass spectrometer (Ther-
mo Electron Delta Advantage) in the continuous-flow
mode (Thermo Electron ConFlo III) with an ECS 4010
Elemental Analyzer/ZeroBlank Autosampler (Costech Ana-
lytical Technologies) in the laboratory of oceanography at
Laval University, Quebec, Canada. Replicate measurements
of international standards (USGS40 and USGS41 from the
International Atomic Energy Agency; B2151 from Elemen-
tal Microanalysis) established measurement errors of
�0.2‰ for d13C and d15N. Stable isotope ratios
are expressed in delta (d) units (d13C, d15N) as the
per mil (‰) difference with respect to standards:
dXð%Þ ¼ ½ðRsample � RstandardÞ=Rstandard� � 103, where X is
13C or 15N of the sample and R is the corresponding ratio
13C/12C or 15N/14N. Standards were calibrated against the
international references Vienna PeeDee Belemnite for car-
bon and atmospheric air (N2) for nitrogen.

Trophic level and origin of carbon

Based on the trophic position (TP) for each benthic con-
sumer, we studied the relative assimilation and transfer of
SC across the benthic community assuming a constant
enrichment factor (D) of 2.3‰ per trophic level in con-
sumers of aquatic environments (McCutchan et al., 2003).
The surface sediment bulk d15N signature was used as
a baseline in the estimation of the trophic level for each
consumer. Benthic macrofauna were categorized into
three different groups, high consumers (including second-
ary, tertiary, or upper consumers as well as scavengers, etc.,
TP � 3), omnivores (3 > TP > 2), and primary consumers
(TP � 2), using Equation 4:

TP ¼ d15N Consumer � d15N base

Dd15N
þ l ; Equationð4Þ

where d15NConsumer is d15N of the benthic consumers,
d15Nbase is the nitrogen isotope ratio of the base of the
food chain or “sediment baseline,” Dd15N is the trophic
enrichment factor between successive trophic levels, and l
¼ 1 is the TP of “baseline.” The sediment baseline was
estimated using the mean d15N calculated for the 17 sed-
iment stations. Carbon isotopes ratios (d13C) were used to
establish the dependence of benthic macrofauna on dif-
ferent food sources.

SIC data

Satellite SIC data were derived from Nimbus-7 SMMR and
DMSP SSM/I-SSMIS Passive Microwave Data and down-
loaded from the National Snow and Ice Data Center (Ca-
valieri et al., 1996). Spring (April 1 to June 30) SICs at each
station were averaged for the period of 1998–2017, ex-
pressed in percentages, and the standard deviation (SD)
was calculated. Such averaged spring SIC was considered
relevant in this study because benthic consumers have
access to sedimentary carbon deeper than the top approx-
imately 1 mm deposited in 2016. Consequently, the lipid
signature in animals likely represents several years of accu-
mulated carbon.
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Statistical analyses

All statistical analyses and graphical procedures were per-
formed using R (R Core Team, 2019) and Ocean Data View
version 5.1.7 (https://odv.awi.de), respectively. The nor-
mality of residuals was examined using Q–Q plots. Linear
models were employed to evaluate simultaneously the
effect of environmental variables (i.e., depth and SIC) and
their interactions on percentages of SC found in both
sediment and benthic consumer samples. Furthermore,
linear models were used to predict the relationship
between SC (%) found in sediments and SC (%) assimi-
lated by the benthic macrofauna across stations. A cluster
analysis using the Euclidean dissimilarity index was per-
formed to identify groups and classify the benthic stations
according to the relative proportion of SC assimilated by
the benthic macrofauna. Box plots of the relative percent-
age of SC found in benthic macrofauna were made to
visualize concordance with the hierarchical clustering
analysis. To compare variations in the relative assimilation
of SC (%) by benthic consumers across species and sta-
tions, a Tukey’s test was run following an analysis of var-
iance. Finally, using Stable Isotope Bayesian Ellipses in R
(Jackson et al., 2011), standard ellipses and convex hulls
were created to study interspecific ecological niche varia-
tions in the d15N versus SC iso-space. The niche space is
a measure used in food web studies to describe both the
amounts of resources and the habitats used by animals
(Reid et al., 2016). In this context, convex hulls represent
the full range of resources used by benthic consumers,
whereas standard ellipses, which are bivariate equivalents
of SD, represent the core isotopic niche, that is, resources
most commonly used by consumers.

Results
Spatial distribution and relative contribution of SC

in sediments

Satellite observations between the years 1998 and 2017
showed a spatial trend in the average spring SIC in the
region studied (Figure 1). As expected, we observed more
variability in SIC (Table 1) in the eastern region of the
study area where the warmer West Greenland Current
induces later ice formation and earlier ice breakup
(Figure 1A and B). Sediment samples were comprised
of four different textural groups, that is, slightly gravelly
sandy mud, sandy mud, gravelly mud, and mud. The per-
centages of OM across all sediments ranged from 1.75% to
6.47% (Table 1), with no apparent relationship to textural
group (linear model; F ¼ 4.06, P value ¼ 0.13), although
linear models indicated that gravel (F ¼ 11.15, P value <
0.01) and mud (F ¼ 16.62, P value < 0.001) had an effect
on OM percentage in sediment. Lower percentages of OM
in sediments were recorded in the southeastern stations,
while higher percentages were recorded in the western
stations of Baffin Bay (Table 1). A linear model showed
a significant effect of both depth (F ¼ 30.87, P value <
0.001) and SIC (F ¼ 75.94, P value < 0.001) on OM per-
centage in sediment, but no interactive effects between
these environmental variables were detected.

HBI biomarkers indicated that all surface sediments
contained both sympagic (IP25, II) and pelagic (III) lipids.

In addition, the relative contribution of SC to the sedi-
ments ranged from 37% to 98% (mean SC% + SD ¼
86% + 16.0, n¼ 17; Table 1; Figure S2). Based on a linear
model, SIC had a significant effect on the relative contri-
bution of SC in sediment (F ¼ 118.51, P value < 0.001),
whereas no significant effects of depth alone or in com-
bination with SIC were detected on SC. Lowest SC percen-
tages in sediments were found in the shallower
southeastern stations of Baffin Bay (Table 1; Figure S2).
The greatest relative contribution of SC was encountered
in the western stations of the study area, revealing a gra-
dient of decreasing SC values from the west to the east of
Baffin Bay. A similar pattern of decreasing SIC was
observed from west to east in the sampled area (Table 1;
Figure S2).

In addition to HBI biomarkers, Chl a concentrations
reflected higher algal (sympagic and/or pelagic) biomass
in areas with less SICs in the southeast and lower algal
biomass in the west (Table 1). By combining OM with
relative proportions of SC (sympagic vs. pelagic; H-Print),
we calculated the maximum theoretical percentage value
of sympagic OM (iOM) available for benthic consumption
in the sediment stations sampled. This value ranged from
9% to 63% (Table 1). Accordingly, with maximum sedi-
mentary OM of 6.47% (64.7 mg OM g–1 dry weight) and
maximum iOM content in sediment of 62.6% (based on
HBI biomarker estimates), Baffin sediments could contain
no more than 40 mg iOM g–1 dry weight.

Relative contribution of SC to benthic macrofaunal

diets

Approximately two-thirds of the benthic samples con-
tained both sympagic (IP25, II) and pelagic (III) HBIs.
Regardless of the taxonomic group, benthic macrofauna
showed a wide assimilation of SC (i.e., varying between
16% and 99%; mean SC% + SD ¼ 78% + 19.7, n ¼ 159)
in most of the study area (Table 2). Also, the relative
proportion of SC assimilated by the benthic fauna varied
significantly among species (F ¼ 3.91, df ¼ 70, P value <
0.001) and stations (F ¼ 7.40, df ¼ 11, P value < .001). The
lowest SC percentages were found in samples from the
fish Lumpenus lampretaeformis (26%), the hermit crab
Pagurus pubescens (25%), and the sea star Hippasteria
phrygiana (16%; Table S1). The brittle star Ophiacantha
bidentata and the sea star Pseudarchaster parelii had the
highest percentages of SC found among consumers
(almost 100%).

Based on the relative proportion of SC assimilated by
benthic macrofauna, a hierarchical clustering grouped
benthic stations geographically into three zones (A–C;
Figure 2A). The proportion of SC assimilated by the ben-
thic macrofauna varied among these zones, progressively
decreasing southeastward (Figure 2B and C). The average
spring SIC ranged from 43% in the southeast to 84% in
the northwest (Figure 2C; Table 2).

Based on linear models, at stations where both sedi-
ments and benthic macrofauna were sampled (Figure 1),
a significant effect was found between SC available in
sediments and SC assimilated by benthic macrofauna (F
¼ 33.64, P value < 0.001). In addition, linear models

Yunda-Guarin et al: Importance of sympagic carbon for Arctic benthic communities in spring Art. 8(1), page 5 of 18
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/8/1/047/442953/elem

enta.2020.047.pdf by guest on 17 D
ecem

ber 2020

https://odv.awi.de


Ta
bl
e
1.

Su
rf
ac
e
se
di
m
en
t
da
ta

se
t
de
ri
ve
d
fr
om

se
di
m
en
t
st
at
io
ns

co
lle
ct
ed

in
Ba
ff
in

Ba
y
in

20
16

.D
O
I:
ht
tp
s:
//
do

i.o
rg
/1
0.
15

25
/e
le
m
en
ta
.2
02

0.
04

7.
t1

St
at
io
n

D
ep

th

(m
)

D
at
ea

La
ti
tu
de

b

(N
)

Lo
ng

it
ud

eb

(W
)

SI
Cc

(%
)

H
-P
ri
nt

d

(%
)

SC
e

(%
)

O
M

f

(%
)

iO
M

g

(‰
)

d1
3
Ch

(‰
)

d1
5
N
h

(‰
)

Ch
l
ai

(m
g
g–

1
)

Te
xt
ur
al

gr
ou

pj
G
ra
ve
l

(%
)

Sa
nd

(%
)

M
ud (%
)

G
30

0
19

9
k

Ju
ne

17
,2

01
6

69
.0
0

–5
6.
79

4
3
+

4
0

6
3
.1

3
6
.8

2.
5

9
.3

–2
1.
3

5.
1

6
6
8

SM
0.
0

20
.2

79
.8

G
41
8

38
4

Ju
ne

28
,2

01
6

68
.1
1

–5
7.
77

63
+

30
40

.0
60

.2
1.
8

10
.5

–2
2.
6

4
.8

24
9

SG
SM

0.
3

44
.9

54
.9

G
30

6b
30

9
Ju
ne

18
,2

01
6

68
.9
9

–5
8.
15

71
+

30
27
.6

72
.9

1.
8

13
.0

–2
1.
4

5.
8

49
SG

SM
1.
5

4
8
.3

5
0
.2

G
61
5

61
5

Ju
ly

05
,2

01
6

70
.5
0

–5
9.
52

76
+

30
7.
0

94
.0

3.
1

29
.2

–2
1.
9

7.
4

61
SM

0.
0

20
.3

79
.7

G
31
2

1,
45

5
Ju
ne

19
,2

01
6

69
.0
1

–5
9.
56

82
+

20
10

.7
90

.2
5.
2

46
.7

–2
1.
9

8.
6

34
M

0.
0

10
.0

9
0
.0

G
70

7
1,
42

7
Ju
ly

08
,2

01
6

69
.5
1

–5
9.
81

80
+

20
12

.1
88

.7
4.
6

40
.4

–2
1.
3

7.
0

47
SM

0.
0

11
.5

88
.5

G
20

1
1,
32

1
Ju
ne

14
,2

01
6

68
.6
3

–5
9.
95

83
+

20
11
.3

89
.5

5.
5

49
.2

–2
1.
8

8.
0

11
2

SM
0.
0

22
.7

77
.3

G
40

9
1,
40

7
Ju
ne

26
,2

01
6

68
.1
1

–6
0.
00

81
+

20
11
.0

89
.8

5.
2

46
.6

–2
2.
2

7.
8

37
SG

SM
1.
4

18
.6

80
.0

G
31
8

1,
77

7
Ju
ne

20
,2

01
6

69
.0
1

–6
0.
95

85
+

20
21
.6

79
.1

5.
6

44
.6

–2
2
.7

9.
4

11
G
M

5.
2

11
.0

83
.8

G
11
5

1,
71
9

Ju
ne

13
,2

01
6

68
.4
6

–6
1.
35

84
+

20
8.
0

92
.9

5.
1

47
.2

–2
1.
2

7.
5

58
SG

SM
1.
2

19
.1

79
.8

G
71
3

1,
89

8
Ju
ly

09
,2

01
6

69
.5
0

–6
1.
58

86
+

10
6.
5

94
.5

4.
9

46
.0

–2
2.
2

9.
6

17
G
M

8.
0

15
.7

76
.3

G
40

3
1,
67

5
Ju
ne

25
,2

01
6

68
.0
3

–6
1.
60

82
+

20
6.
6

94
.3

5.
0

47
.6

–1
8
.8

9.
0

12
G
M

6.
6

13
.3

80
.1

G
32

4
1,
89

7
Ju
ne

21
,2

01
6

69
.0
0

–6
2.
36

85
+

20
6.
6

94
.3

6.
2

58
.7

–2
1.
6

8.
9

15
G
M

17
.3

16
.6

66
.2

G
51
9

2,
00

8
Ju
ly

02
,2

01
6

70
.0
0

–6
2.
42

8
7
+

10
6.
9

94
.0

5.
6

52
.4

–2
2.
0

9.
6

16
G
M

12
.8

12
.4

74
.8

G
60

5
2,
00

7
Ju
ly

04
,2

01
6

70
.5
0

–6
2.
52

8
7
+

10
4.
6

96
.3

5.
9

56
.6

–2
1.
8

9.
8

46
SG

SM
0.
9

16
.2

82
.9

G
71
9

1,
95

1
Ju
ly

10
,2

01
6

69
.5
0

–6
3.
23

85
+

10
4.
2

96
.8

6
.5

6
2
.6

–2
1.
6

9
.8

10
G
M

6.
4

15
.0

78
.7

G
60

0
2
,1
11

Ju
ly

03
,2

01
6

70
.5
1

–6
3.
99

8
7
+

10
2
.8

9
8
.3

6.
0

59
.1

–2
1.
9

9.
3

25
G
M

12
.3

22
.5

65
.2

a D
at
e
sa
m
pl
in
g
(m

on
th
/d
ay
/y
ea
r)
.

b
Sa
m
pl
in
g
lo
ca
ti
on

s
(lo

ng
it
ud

in
al

ar
ra
ng

em
en
t
fr
om

ea
st

to
w
es
t
of

Ba
ff
in

Ba
y)
.

c M
ea
n
va
lu
es

(+
st
an
da
rd

de
vi
at
io
n)
,a
ve
ra
ge

se
a-
ic
e
co
nc
en
tr
at
io
n
in

sp
ri
ng

be
tw
ee
n
th
e
ye
ar
s
19

88
an
d
20

17
(n
¼

30
).

d
H
ig
hl
y
br
an
ch
ed

is
op

re
no

id
-fi
ng

er
pr
in
t
or

“H
-P
ri
nt
”
ca
rb
on

so
ur
ce

in
de
x
(H
-p
ri
nt

>
50

%
is
as
so
ci
at
ed

w
it
h
pe
la
gi
c
ca
rb
on

,a
nd

H
-p
ri
nt

<
50

%
is
as
so
ci
at
ed

w
it
h
SC

).
e S
C
¼

sy
m
pa
gi
c
ca
rb
on

.
f O
M
¼

or
ga
ni
c
m
at
te
r
(p
er
ce
nt
ag
e
of

se
di
m
en
t
m
as
s)
.

g i
O
M
¼

ic
e
or
ga
ni
c
m
at
te
r
(p
er
ce
nt
ag
e
of

O
M

co
nt
en
t
in

se
di
m
en
t)
.

h
St
ab
le

is
ot
op

e
ra
ti
os

of
ca
rb
on

(d
13
C)

an
d
ni
tr
og
en

(d
15
N
).

i C
hl

a
¼

ch
lo
ro
ph

yl
l
a.

j S
ed
im

en
t
te
xt
ua
l
gr
ou

ps
:s
lig

ht
ly

gr
av
el
ly

sa
nd

y
m
ud

(S
G
SM

),
sa
nd

y
m
ud

(S
M
),
gr
av
el
ly

m
ud

(G
M
),
an
d
m
ud

(M
).

k T
he

m
in
im

um
an
d
m
ax
im

um
va
lu
es

ob
ta
in
ed

ar
e
sh
ow

n
in

bo
ld
.

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/8/1/047/442953/elem
enta.2020.047.pdf by guest on 17 D

ecem
ber 2020



indicated a significant effect of both SIC (F ¼ 43.21, P
value < 0.001) and depth (F ¼ 9.52, P value < 0.01) and
interactive effect of these environment variables (F ¼
5.25, P value < 0.05) on the SC assimilated by benthic
consumers. Highest mean SC values found in benthic
fauna (mean SC% + SD ¼ 94% + 9.6, n ¼ 15) were
recorded at the westernmost station G512 (Figure 2C;
Table 2).

Food web structure and transfer of SC across

benthic macrofauna

HBI lipid biomarkers and d15N values of the benthic
macrofauna revealed distinct niche spaces between zones
(Figure 3). Convex hulls showed a decrease in niche width
(trophic diversity) from Zones A–C. Moreover, the relative
position of these hulls showed that the highest assimila-
tion of SC by macrofauna was located in Zone C (where SC
ranged between 61% and 99%; mean SC% + SD ¼ 91%
+ 8.1, n ¼ 55) and the lowest in Zone A (where SC ranged
between 16% and 97%; mean SC% + SD ¼ 61% + 23.7,
n ¼ 39). In contrast, intermediate values of SC assimilated
by macrofauna were found in Zone B (where SC ranged
between 54% and 99%; mean SC% + SD ¼ 76% + 15.8,
n ¼ 65). Likewise, ellipses (core niche spaces) for Zones A
and C showed almost no overlap, suggesting important
differences in the assimilation of SC by benthic macrofau-
na in these regions (Figure 3).

Benthic macrofauna displayed a wide range of isotopic
signatures (Table S1). Differences in d15N values were
observed across species (F ¼ 18.27, df ¼ 70, P value <
0.001) and reflected in the high variability of trophic levels
occupied by the consumers. Trophic markers highlighted
variations in the extent of the niche space along the d15N
axis between the different zones (Figure 3). Convex hulls
and ellipses showed a trend of increasing niche length from
Zones A to C, relating the shortest niche length to Zone A
(d15N values from 10.7‰ to 17.9‰) and the longest to
Zone C (d15N values from 6.1‰ to 20.5‰). In Zone B,
d15N values ranged from 8.8‰ to 19.2‰ (Figure 3).

Differences in the ecological niche space across groups
of benthic consumers (i.e., primary, omnivorous, and high
consumers) and zones were observed (Figure 4). In Zone
A, SC ranged from 61.6% to 72.5% in primary consumers,
from 24.6% to 96.5% in omnivorous consumers, and from
16.3% to 75.8% in high consumers. In Zone B, SC ranged
from 56.4% to 98.6% in primary consumers, from 54.8%
to 93.2% in omnivorous consumers, and from 53.7% to
99.5% in high consumers. In Zone C, SC ranged from
85.4% to 96.7% in primary consumers, from 87.3% to
97.4% in omnivorous consumers, and from 60.6% to
99.4% in high consumers (Figure 4).

Likewise, the values of d15N varied across zones and
consumer groups. In Zone A, d15N values ranged from
10.7‰ to 11.4‰ in primary consumers, from 12.1‰ to

Table 2. Sampling details and trophic marker measurements in benthic macrofauna from stations collected in Baffin
Bay. DOI: https://doi.org/10.1525/elementa.2020.047.t2

Stations

Depth

(m) Datea
Latitudeb

(N)

Longitudeb

(W) SICc (%) nd SCe (%) nf d13Ce (‰) d15Ne (‰)

G300 199g June 17, 2016 69.00 –56.79 43 + 40 12 59 + 31.3 22 –18.1 + 1.4 13.4 + 1.8

G503 301 June 29, 2016 70.00 –57.76 65 + 30 8 71 + 10.2 20 –18.1 + 1.3 13.5 + 2.1

G418 384 June 28, 2016 68.11 –57.77 63 + 30 10 61 + 28.8 14 –18.3 + 1.8 13.1 + 1.2

G306b 309 June 18, 2016 68.99 –58.15 71 + 30 8 61 + 7.9 12 –19.4 + 1.1 13.8 + 2.3

G703 520 July 07, 2016 69.50 –58.72 74 + 30 26 74 + 19.4 36 –17.0 + 1.9 14.7 + 3.5

G309 360 June 18, 2016 69.00 –58.74 71 + 30 2 78 + 27.7 11 –18.6 + 1.5 13.5 + 2.2

G507 294 June 30, 2016 70.01 –59.12 77 + 30 29 79 + 12.5 41 –17.8 + 1.8 13.1 + 2.1

G107 403 June 11, 2016 68.50 –59.18 79 + 20 4 65 + 8.6 6 –19.7 + 1.0 13.3 + 2.3

G204 445 June 15, 2016 68.71 –59.26 75 + 30 5 65 + 23.5 12 –18.4 + 1.3 13.9 + 1.3

G615 615 July 05, 2016 70.50 –59.52 76 + 30 18 88 + 8.4 23 –17.2 + 2.2 12.3 + 3.2

G707 1,427 July 08, 2016 69.51 –59.81 80 + 20 22 92 + 5.7 31 –18.8 + 1.7 15.0 + 2.3

G512 605 July 01, 2016 70.00 –60.36 84 + 20 15 94 + 9.6 20 –18.3 + 1.8 14.1 + 3.3

aDate sampling (month/day/year).
b Sampling location (longitudinal arrangement from east to west of Baffin Bay).
cMean value + standard deviation (SD) for sea-ice concentration in spring over the years 1988–2017 (n ¼ 30).
dNumber of samples analyzed per station for sympagic carbon calculations.
eMean values + SD.
fNumber of samples analyzed per station for stable isotope ratio analyses.
gThe minimum and maximum values obtained are shown in bold.
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13.8‰ in omnivorous consumers, and from 14.1‰ to
17.9‰ in high consumers. In Zone B, d15N values ranged
from 8.8‰ to 11.0‰ in primary consumers, from 11.8‰

to 13.9‰ in omnivorous consumers, and from 15.1‰ to
19.2‰ in high consumers. Finally, in Zone C, d15N values
ranged from 6.1‰ to 11.2‰ in primary consumers, from

Figure 2. Cluster analysis performed on relative proportion of sympagic carbon (SC) assimilated by benthic macrofauna.
Cluster analysis resulted in three different zones (A); boxplot of the relative abundance of SC assimilated by the deep
benthic fauna sampled in the three zones resulting from the hierarchical clustering analysis (B); and spatial
distribution and relative percentage of SC assimilated by the benthic community across the benthic stations (C).
The average SIC, ranging from 0% to 100% (expressed here between 0 and 1; gray lines), derived from the National
Snow and Ice Data Center in spring (April 1 to June 30) between 1998 and 2017 in Baffin Bay, Canadian Arctic. DOI:
https://doi.org/10.1525/elementa.2020.047.f2

Figure 3. Biplot illustrating the ecological niche characteristics of the benthic community for each zone. Convex hulls
(dashed lines) and standard ellipses (full lines) represent the niche space, sympagic carbon (SC%) versus d15N, for
three different zones in Baffin Bay (June 11 to July 10, 2016): Zone A (blue), Zone B (red), and Zone C (green; Figure 2).
Convex hulls represent the full range of the ecological niche area of resources used by benthic consumers, while
ellipses represent the core niche area used by consumers. DOI: https://doi.org/10.1525/elementa.2020.047.f3
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12.1‰ to 13.9‰ in omnivorous consumers, and from
14.0‰ to 20.5‰ in high consumers (Figure 4).We noted
a greater variability of d15N values in both primary and
high consumers in Zone C compared to the other zones.

To assess the origin of carbon, amount of resources,
and habitat used by benthic macrofauna, we analyzed
d13C values of consumers and food web baselines (i.e.,
SPOM, fresh sympagic algae, and sediment). Surface sedi-
ments were slightly enriched in carbon isotopes compared
to SPOM. d13C values ranged from –23.8‰ to –20.1‰ in
SPOM, from –22.7‰ to –18.8‰ in sediments, from –
20.7‰ to –13.4‰ in fresh sympagic algae, and from –
18.6‰ to –18.1‰ in wracks of the macroalga Fucus ve-
siculosus, found only at station G418 in Zone A.

Macrofaunal d13C values ranged from –21.5‰ to –
12.9‰. Values of d13C in benthic macrofauna ranged
from –21.2‰ to –13.6‰ in Zone A, from –21.2‰ to –
12.9‰ in Zone B, and from –21.5‰ to –13.7‰ in Zone C
(Figure 5). Among macrofauna, the sea stars Icasterias pa-
nopla and Urasterias lincki were the most 13C-enriched in
this study (d13C ¼ –12.9‰ and –13.6‰, respectively).
None of the benthic macrofauna analyzed were 13C-
depleted to d13C values lower than –22‰, which would
have reflected a higher consumption of phytoplankton or
SPOM. Differences in the shape of density distribution d13C
values were observed (Figure 5), which reflect changes in
relative importance of carbon sources used by consumers.
The largest peak of d13C values was detected in Zone A, the
second highest d13C peak in Zone B, and the lowest d13C
peak in Zone C. A secondary peak of d13C was evidenced in
all three zones but was more pronounced in Zone C. The
d13C values from the benthic macrofauna showed similar
ranges in all zones studied, but the most positive d13C
values corresponded mostly to Zones B and C (Figure 5).

Discussion
Influence of SIC and depth on distribution and

availability of SC in sediment

We found a significant relationship between SIC and SC,
associated with a decreasing gradient in the relative con-
tribution of SC from the western to eastern side of Baffin
Bay. Our results also revealed a latitudinal SC gradient
between the southeast and northwest stations, with SC
increasing toward the northernmost stations. Indepen-
dent of hydrographic conditions, we detected a significant
effect of SIC on the relative contribution and distribution
of SC in sediment. Previous studies that explored how
benthic food webs responded to changes in sea ice and
primary food supply highlighted the critical role that sea
ice plays in Antarctic food webs (Norkko et al., 2007;
Michel et al., 2019; Rossi et al., 2019). Also, lipid bio-
marker studies denoted how latitudinal patterns in sea-
ice conditions and seasonality influenced the abundance
and distribution of HBI lipids in different Arctic regions
(Navarro-Rodriguez et al., 2013; Ribeiro et al., 2017; Koch
et al., 2020b). In Baffin Bay, Stoynova et al. (2013) studied
the distribution of HBI lipids and observed diminishing
abundances of IP25 (SC proxy) in areas with less SIC toward
the south of the Bay. Our data showed a similar trend,
highlighting that among the studied environmental para-
meters, SIC has a significant effect on the relative contri-
bution and distribution of SC on the seafloor. Therefore,
changes in SIC during spring could have had a significant
impact on sediment SC contents.

High SC percentages occurred at all of our stations.
Previous work has shown that the abiotic degradation
(e.g., Type II photodegradation and autoxidation; for
a review, see Rontani and Belt, 2019) of HBI lipids in-
creases with the number of unsaturations, and therefore,
degradation rate constants of tri-unsaturated HBIs (e.g.,
pelagic HBI) are higher than those of the monounsatu-
rated HBIs IP25 (sympagic HBI; first-order Type II photo-
degradation rate constant of 1.0� 10–2 and 1.7� 10–5 h–1

and first-order autoxidative rate constant of 3.2 � 10–1

Figure 4. Biplots illustrating the ecological niche
characteristics of the different benthic consumer groups.
Convex hulls (full lines) represent the ecological niche
space, d15N versus sympagic carbon (SC%), for three
different groups of benthic consumers: high (green),
omnivorous (orange), and primary (blue), in three
different zones in Baffin Bay, June 11 to July 10, 2016.
DOI: https://doi.org/10.1525/elementa.2020.047.f4
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and 1.0 � 10–3 h–1 for IP25 and HBI III, respectively; Ron-
tani et al., 2011; Rontani et al., 2014). Because the calcu-
lation of SC is based on a ratio of HBI of uneven reactivity
where the most subject to degradation is the pelagic HBI,
degradation of OM could lead to overestimation of SC
percentages. Therefore, for similar sinking rates, organic
particles should experience more degradation the deeper
they sink, which could cause deeper sampling sites to
present higher SC percentages compared to shallower
sites. However, as one of the major abiotic degradation
processes (Type II photodegradation) is limited to the
euphotic zone where the light necessary for this process
is available (Rontani et al., 2016; Amiraux et al., 2017), the
residence time of a particle within the euphotic zone
should dictate its degradation rather than its travel time
to sediment. Hence, for the same euphotic zone thickness,
the degradation state of HBIs as well as the potential
overestimation of SC between deep and shallow sampling
sites should be relatively similar. Moreover, the use of
pelagic and sympagic HBIs in a ratio is not a specificity
of the SC percentage. The phytoplankton-IP25 index (PIP25;
Müller et al., 2011) represents another HBI-based index
based on a ratio of IP25 and HBI III (Belt, 2018). By pro-
viding robust Arctic palaeo sea-ice reconstructions (Smik
et al., 2016; Kim et al., 2019), this index suggests that the
degradation of HBI III within the water column or sedi-
ment is reduced or at least close to that of IP25. Thus, the
high SC percentages observed in our deep stations should
likely be derived from a relatively higher contribution of
sympagic than pelagic POM rather than a preferential deg-
radation of the pelagic biomarker. The d13C values support
this interpretation, as we found the most positive d13C,
suggesting the strongest link with sympagic source values,
in the deepest stations.

Relative contribution of SC in benthic macrofauna

diets

Sea-ice lipids are known to be transferred through pelagic
food webs upward to the highest trophic levels in both
Arctic (Brown et al., 2017a, 2017b, 2018) and Antarctic
ecosystems (Goutte et al., 2013). However, only few stud-
ies have shown the presence of HBI lipids in organisms
associated with the seafloor (Brown et al., 2012; Brown
and Belt, 2012; Koch et al., 2020a). Our results showed
that both sea ice and pelagic HBI lipids were found in two
thirds of the benthic samples analyzed. It is possible that
the absence of certain HBIs (pelagic or/and sympagic) in
the other third of the benthic samples could be a conse-
quence of the tiny size of organisms, dietary preferences,
rates of reactivity of HBIs, and short residence time of HBI
lipids following ingestion by consumers (Koch et al.,
2020a). In addition, environmental factors (e.g., nutrient
availability; see Brown et al., 2020) influence the amount
of HBIs produced by algae, which in turn could indirectly
influence the presence or absence of HBIs in consumers.
The SC quantification, combined with other trophic
marker analyses, represents a novel approach to address
questions related to the assimilation and transfer of HBI
lipids through the benthic food web. However, more stud-
ies using this approach are necessary to conclude how
biological, environmental, and chemical processes could
affect their detection in sediment and organisms.

Even if the assimilated contributions of SC varied
between species present at each station, the average SC
(%) found in sediments and SC (%) assimilated by benthic
macrofauna across stations did not differ notably. This
suggests that the relative abundance of SC assimilated
in spring by benthic consumers could be explained partly
by the relative abundance of SC available on the seabed

Figure 5. Density plot of d13C of the benthic community measured in Baffin Bay in spring 2016. Limits of d13C range are
also shown for baseline items SPOM (yellow arrows), fresh sympagic algae (red arrows), sediment (black arrows),
macroalgae (purple arrows), and benthic consumers (blue arrows). The consumer measurements are from three
different zones. DOI: https://doi.org/10.1525/elementa.2020.047.f5
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(Tables 1 and 2), although benthic consumer identity (i.e.,
taxonomic group) or feeding strategy (i.e., functional
group) could also play a role (see below). Consumption
pathways of OM across the benthic community have been
documented previously in the Arctic (Hobson et al., 2002;
McTigue and Dunton, 2014; Mäkelä et al., 2017), showing
variations in the utilization of phytoplankton or SC
sources across regions and time. However, studies that
investigated the role of sea-ice–derived carbon in benthic
diets during spring indicated that SC and bacterially re-
worked OM represented the most important food sources
for benthic consumers (North et al., 2014; Kohlbach et al.,
2019). Regardless of how we addressed the analysis of the
carbon assimilation and transfer through benthic consu-
mers (i.e., HBI and/or stable isotope analyses), the spread
of values showed similar results, among which benthic
consumers exhibited strong patterns in SC assimilation
in response to gradients of SC values. Hence, SC (%) assim-
ilated by deep benthic fauna increased toward sites with
higher SIC during the spring in the northwest of Baffin
Bay. Based on our results, we highlight SC as an important
food source in the diet of different benthic taxa in
springtime.

Food web structure and transfer of SC

Trophic markers revealed shifts in the ecological niche
space (i.e., niche width) of the benthic community across
zones. Decreases in niche width from Zones A to C sug-
gested a greater diversity of carbon sources used by con-
sumers in Zone A. Our results showed that the percentage
of SC available for benthic consumption is a determining
factor shaping the ecological niche space. Thus, the most
significant differences in niche space corresponded to
areas with strong differences in SC percentages (Figure 3).
Across trophic groups, changes in the niche space revealed
variations in SC assimilation by benthic macrofauna.
Omnivorous and primary consumers relied the most on
SC in all zones, showing the narrowest niche space in Zone
C. On the other hand, high consumers showed low to
moderate assimilation of SC in Zone A, with a high
increase in SC assimilation in Zones B and C. In addition
to variations in the niche width, d15N range was greater in
both primary and high consumers from Zone C, compared
to Zones A and B. Although percentages of SC available for
the consumption of benthic macrofauna should vary over
the seasons and regions (Boetius et al., 2013), benthic
consumers can specialize on the consumption of some
available basal resources, which is ultimately reflected in
the food web structure (Rossi et al., 2019). Likewise,
changes in the ecological niche can reflect mechanisms
adopted by the different groups to ingest different food
sources (Iken et al., 2001). For example, primary consu-
mers adapted to feed on more selective food items occu-
pied a restricted ecological niche space and the lowest TPs
in this study. This result means that aside from environ-
mental conditions that influence the availability of food
sources, changes in the benthic food web could be a reflec-
tion of the plasticity of those benthic consumers that can
ingest different carbon sources efficiently (Mäkelä et al.,
2017). For instance, Rossia megaptera, a cephalopod,

shifted from a high trophic level in Zone A (high consu-
mers) to a lower trophic level (omnivorous) in Zone B. In
addition, our data suggest that high availability of SC may
influence the transfer efficiency of this basal source.

The d13C values from the benthic community revealed
differences in resource assimilation between zones, indi-
cating that consumers probably depend on multiple base-
line items, among which sympagic algae provide one of
the main carbon inputs for consumers in spring. Very
positive d13C values (typically linked to consumption of
ice algae) were found mainly in benthic fauna from Zones
B and C, suggesting that at the time of sampling, the SC
resource might be used less commonly by benthic fauna
in Zone A (Figure 5). Some studies have proposed a link
between 13C-enriched benthic invertebrates and the con-
sumption of organic material that has been reworked by
microbes (Michel et al., 2016; Amaro et al., 2019; Gradin-
ger and Bluhm, 2020). Therefore, unaccounted resources
(e.g., from bacteria) may have also influenced isotopic
compositions in consumers. Likewise, increases of d15N
with depth in both sediments and benthic fauna may be
linked to biological and chemical processes, including
microbial consumption and degradation of OM in the
water column (Macko and Estep, 1984; Stasko et al.,
2018) and remineralization (Feder et al., 2011; Lehmann
et al., 2019), which could influence nitrogen isotopic com-
positions across benthic macrofauna. However, for some
surface deposit feeders (e.g., the arthropod Diastylis rath-
kei), we found exceptionally low d15N values (at the same
level of the baseline/sediment d15N values), coinciding
with previous findings (Iken et al., 2005; Renaud et al.,
2011). The cause for these depleted 15N values remains
unexplained in this study, but 15N depletions may have
been influenced by the isotopic composition of unknown
baseline sources such as cyanobacteria or other N2-fixing
microorganisms (Karlson et al., 2014). Based on our re-
sults, the benthic food web is supported by several carbon
sources. In springtime, however, sympagic algae and prob-
ably microbially degraded OM seem to have important
functions in supporting and shaping the benthic food
web. Although this study gives some clues about the func-
tioning of the benthic food web, many questions remain
to be resolved, including the role of microbial communi-
ties in deep benthic food webs. Continued study of how
temporal and spatial changes in basal resource inputs,
including reworked material, impact nutrient transfer and
food web structure is needed, particularly in areas with
notable changes in SIC.

Climate change, consumer diets, and food web

structure

The quantity of POC that reaches the polar seabed influ-
ences deep benthic community structure and plays an
essential role in shaping patterns and trends in biomass,
density, and macrobenthic production (Grebmeier and
Barry, 1991; Degen et al., 2015). Coinciding with reduc-
tions in sea-ice cover and warming waters, shifts in both
benthic biomass and species composition have been
described for some Arctic regions, suggesting that climate
change may also impact biological diversity in these deep-
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sea ecosystems (Grebmeier et al., 2018; Rybakova et al.,
2019). Predictions point to future alterations in primary
production in the Arctic Ocean due to a reduction in sea-
ice extent and changes in its phenology (Tedesco et al.,
2019). As a result, the quality and quantity of the OM that
reaches the seafloor will be impacted negatively by taxo-
nomic and biochemical alterations and by increased graz-
ing pressure in the pelagic zone (Jeffreys et al., 2013),
which could in turn weaken pelagic-benthic coupling pro-
cesses (Olivier et al., 2020) and the efficiency of energy
transfers across food webs (Post, 2017). In terms of food
quality, Leu et al. (2011) found that sympagic primary
production is generally of better nutritional quality than
pelagic production. Moreover, sympagic production is bet-
ter conserved because of its higher sinking rates (avoiding
most of the abiotic degradation that occurs in euphotic
zones) and frequent mismatch with the onset of grazing
activity. Hence, an increase in phytoplankton production
due to an earlier onset of sea-ice melt will not necessarily
imply more food for deep benthic communities. Instead,
climate change may reduce the size of phytoplanktonic
cells (Li et al., 2009) and lower the overall quality and
quantity of some primary food sources. Here, we estab-
lished a connection between contrasting sea-ice condi-
tions and changes in deep benthic consumer diets and
food web structure. Our results denoted a link between
niche sizes and diversity of food sources, highlighting
a reduction in niche size when food diversity decreased.
As an increase in the diversity of basal sources leads to
temporal stability in the supply of organic carbon to food
webs, food restrictions (i.e., decrease in diversity) could
lead to the temporal instability of the system (Wing
et al., 2012). Likewise, preference for ice algae as food was
reflected in niche sizes. Narrower niches were associated
with primary and omnivorous consumers in regions with
a major abundance of SC. Consumer food preferences may
be linked to feeding mode and the ability of animals to
capture, handle, and digest food and to the energy value
that this resource represents for consumers (Araújo et al.,
2011). Thus, instead of revealing lesser adaptability to
ingest different kinds of food sources, narrow niches may
reflect the strategies adopted by consumers to ingest food
of great nutritional value. Finally, ellipses and d13C values
indicated that the resource most commonly used by con-
sumers was ice algae. A reduction in the availability of SC
could increase both intraspecific and interspecific compe-
tition and predation among the consumers, ultimately
affecting structure, dynamics, and seasonal stability of
deep-sea benthic food webs in the Canadian Arctic.

Conclusions
Quantifying the importance of SC as a food source in the
Arctic is an increasingly important research objective as
sea-ice extent and thickness continue to decline. The pres-
ent study represents the first analysis of the transfer of
sea-ice and pelagic lipids through a diverse range of ben-
thic species at different depths and sea-ice conditions,
supporting the idea that SC is an important energy sub-
sidy for deep benthic communities that could be dis-
rupted in the years to come. Climate change will drive

food quality and availability in the future Arctic Ocean,
which can affect the transfer of matter and energy to high-
level consumers, including commercial fish and Inuit peo-
ple. Also, a greater disparity in the formation and melting
period of sea ice could lead to consequences not yet
defined in cycles of production and delivery of OM to
benthic fauna. Changes in the quantity of sympagic OM
available to benthic consumers and/or the timing of its
availability could disrupt the life cycles of benthic organ-
isms and affect lower benthic trophic levels. Such disrup-
tion could in turn induce changes in ecosystem
functioning at different levels in the Arctic food web. The
use of lipid biomarkers in the quantification of SC assim-
ilated by benthic consumers proved to be a powerful tech-
nique that could enhance our understanding of deep
benthic communities. Also, the novel combination of HBIs
with stable isotope ratios (d15N; d13C) was shown to be
a suitable method in the study of the benthic food web
structure. Our results indicated considerable assimilation
of SC by benthic consumers during spring/early summer,
providing estimates of SC assimilated by benthic consu-
mers in areas with different dynamics in sea-ice cover.
Regardless of depth, our results showed that the relative
contribution and distribution of SC in the seabed was
regulated mainly by sea-ice cover. In this study, availability
of food sources and ecological strategies (i.e., diversity of
resources and habitats used by animals) adopted by ben-
thic consumers were major drivers shaping the benthic
food web structure across sampled sites. As benthic fauna
are key members of the organic carbon cycle, further long-
term studies encompassing all four seasons over multiple
years would be beneficial to establishing how variations in
sea-ice phenology can influence food supply and nutrient
transfers among Arctic benthos. Decreases in spring SICs
with alterations in timing, quantity, and origins of the OM
that reach the seafloor could lead to temporal changes in
the nutritional composition of benthic consumer diets,
which in turn could impact the structure and functioning
of these ecosystems. In response to Arctic warming, raising
our capacity to detect the ecological impacts of continued
sea-ice decline is a fundamental priority, requiring more
empirical studies that explicitly test the effects of sea-ice
reduction on biological responses and the resilience of the
ecosystem.
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Figure S1. Molecular structures of highly branched
isoprenoid alkenes measured in this study.
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Figure S2. Sediment stations showing the spatial dis-
tribution and relative percentage of sympagic carbon in
Baffin Bay.

Table S1. Benthic macrofauna measurements from
samples collected in Baffin Bay in spring 2016.
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Mäkelä, A, Witte, U, Archambault, P. 2017. Ice algae
versus phytoplankton: Resource utilization by Arctic
deep sea macroinfauna revealed through isotope
labelling experiments. Mar Ecol Prog Ser 572:
1–18. DOI: http://dx.doi.org/10.3354/meps12157.

McCutchan, JH, Lewis, WM, Kendall, C, McGrath, CC.
2003. Variation in trophic shift for stable isotope
ratios of carbon, nitrogen, and sulfur. Oikos
111(2): 416. DOI: http://dx.doi.org/https://doi.
org/10.1034/j.1600-0706.2003.12098.x.

McTigue, ND, Dunton, KH. 2014. Trophodynamics and
organic matter assimilation pathways in the north-
east Chukchi Sea, Alaska. Deep Res Part II 102:
84–96. Elsevier. DOI: http://dx.doi.org/10.1016/j.
dsr2.2013.07.016.

Michel, LN, Danis, B, Dubois, P, Eleaume, M, Fournier,
J, Gallut, C, Jane, P, Lepoint, G. 2019. Increased sea
ice cover alters food web structure in East Antarcti-
ca. Sci Rep 9(1). DOI: http://dx.doi.org/10.1038/
s41598-019-44605-5.

Michel, LN, David, B, Dubois, P, Lepoint, G, De Ridder,
C. 2016. Trophic plasticity of Antarctic echinoids
under contrasted environmental conditions. Polar
Biol 39(5): 913–923. DOI: http://dx.doi.org/10.
1007/s00300-015-1873-y.

Müller, J, Wagner, A, Fahl, K, Stein, R, Prange, M,
Lohmann, G. 2011. Towards quantitative sea ice
reconstructions in the northern North Atlantic:
A combined biomarker and numerical modelling

approach. Earth Planet Sci Lett 306(3–4):
137–148. DOI: http://dx.doi.org/10.1016/j.epsl.
2011.04.011.

Navarro-Rodriguez, A, Belt, ST, Knies, J, Brown, TA.
2013. Mapping recent sea ice conditions in the
Barents Sea using the proxy biomarker IP25: Implica-
tions for palaeo sea ice reconstructions. Quat Sci Rev
79: 26–39. Elsevier Ltd. DOI: http://dx.doi.org/10.
1016/j.quascirev.2012.11.025.

Norkko, A, Thrush, SF, Cummings, VJ, Gibbs, MM, An-
drew, NL, Norkko, J, Schwarz, AM. 2007. Trophic
structure of coastal Antarctic food webs associated
with changes in sea ice and food supply. Ecology
88(11): 2810–2820. DOI: http://dx.doi.org/10.
1890/06-1396.1.

North, CA, Lovvorn, JR, Kolts, JM, Brooks, ML, Cooper,
LW, Grebmeier, JM. 2014. Deposit-feeder diets in
the Bering Sea: Potential effects of climatic loss of
sea ice-related microalgal blooms. Ecol Appl 24(6):
1525–1542. DOI: http://dx.doi.org/10.1890/13-
0486.1.

Nozais, C, Gosselin, M, Michel, C, Tita, G. 2001. Abun-
dance, biomass, composition and grazing impact of
the sea-ice meiofauna in the North water, Northern
Baffin Bay. Mar Ecol Prog Ser 217: 235–250. DOI:
http://dx.doi.org/10.3354/meps217235.

Olivier, F, Gaillard, B, Thébault, J, Meziane, T, Trem-
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