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ABSTRACT: Understanding drivers of benthic−pelagic
coupling in Arctic marine ecosystems is key to identifying benthic areas that may be sensitive to climatedriven changes in hydrography and surface production.
We coupled algal biomass and sedimentary characteristics with stable isotope data for 113 fishes and invertebrates in the Canadian Beaufort Sea and Amundsen
Gulf to examine how trophic structure was influenced
by the vertical water mass structure and by organic
matter input regimes, from 20 to 1000 m depths. Indices
of community-level trophic diversity (isotopic niche
size, 13C enrichment relative to a pelagic baseline, and
δ13C isotopic range) increased from west to east, coincident with the use of more diverse dietary carbon
sources among benthic functional groups. Data suggested benthic−pelagic trophic coupling was strongest
in the western study region where pelagic sinking flux
is relatively high, intermediate in the central region
dominated by riverine inputs of terrestrial organic matter, and weakest in the east where strong pelagic grazing is known to limit sinking flux. Differences in δ13C
between pelagic and benthic functional groups (up to
5.7‰) increased from west to east, and from the nearshore shelf to the upper slope. On the upper slope,
much of the sinking organic matter may be intercepted
in the water column, and dynamic hydrography likely
diversifies available food sources. In waters >750 m
there were no clear trends in benthic−pelagic coupling
or community-level trophic diversity. This study represents the first description of fish and invertebrate food
web structure >200 m in the Canadian Beaufort Sea.
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Mobile benthic predators and scavengers collected in the
Canadian Beaufort Sea.
Photo: Rachel Hussherr / CBS-MEA,
Fisheries and Oceans Canada

INTRODUCTION
Benthic communities in Arctic seas are primarily
fuelled by vertical and/or lateral flux of particulate
organic carbon (POC) produced at the surface by
pelagic algae, or in nearshore areas by benthic algae
and macrophytes (e.g. Grebmeier et al. 2015, Renaud
et al. 2015). Some Arctic shelves, such as in the
Chukchi Sea, are characterized by high primary production and high sinking POC flux (e.g. Grebmeier
et al. 2015). The resulting productive benthic food
webs are tightly linked with surface production (i.e.
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strong trophic coupling between benthic and pelagic
food webs). Other areas experience limited sinking
flux either from low surface production or high biological interception in the upper water column (Forest et al. 2010, Iken et al. 2010). Where downward
flux is low, substantial benthic secondary production
may still be supported by the advection or entrainment of marine POC from nearby regions (Feder et
al. 2011), or by the active biological transport of food
via vertically migrating biota (e.g. Connelly et al.
2014, Stasko et al. 2016). In addition, terrestrial
carbon from river discharge and shoreline erosion is
increasingly recognized as an important energy
source for some Arctic benthic communities (Dunton
et al. 2006, 2012, Feder et al. 2011). Understanding
how spatial patterns of water movement and organic
matter input influence benthic−pelagic trophic coupling is key to identifying Arctic marine ecosystems
that are sensitive to climate-driven changes in surface production (Wassmann & Reigstad 2011).
Oceanographic conditions that regulate organic
matter production and flux undergo relatively abrupt
transitions where water masses meet (Belkin et al.
2009). Water mass boundaries influence faunal distributions and trophic properties at all levels of the consumer food web, from zooplankton to marine birds
and marine mammals (Bost et al. 2009, Smoot & Hopcroft 2017). Most studies in high latitude seas have
compared food web structure relative to oceanic
fronts between adjacent water masses that meet at
the surface (Carroll et al. 2008, Brandt et al. 2014). For
example, benthic food web structure in the Chukchi
Sea varies with the longitudinal distribution of nutrient-rich and nutrient-poor water masses (Iken et al.
2010). In contrast, water masses in the neighbouring
Canadian Beaufort Sea (CBS) and Amundsen Gulf
(AG) have a vertical structure that can be simplified
into 4 distinct and relatively stable layers (see Fig. 1;
McLaughlin et al. 1996, 2005). Little is known of how
vertical water mass structure affects Arctic benthic
food webs. However, significant spatial differences in
benthic fish and zooplankton community composition
align with major depth-stratified water mass boundaries along the CBS continental slope (Majewski et al.
2017, Smoot & Hopcroft 2017). Water mass alignment
may therefore be important in structuring benthic
communities at high latitudes, regardless of whether
alignment is primarily vertical or horizontal.
In addition to water mass structure, large to mesoscale alongshore and depth-mediated patterns in
organic matter inputs, near-surface pelagic algal
production, and POC sinking flux affect linkages between benthic and pelagic communities, and there-

fore affect benthic food web structure (Renaud et al.
2007a, Darnis et al. 2012, Kopp et al. 2015, Roy et al.
2015). In areas where the water mass abutting the
seafloor depends on water column depth, the hydrographic conditions experienced by the benthos can
differ substantially from those that govern surface
production or vertical POC flux. Under such conditions, it remains unclear whether Arctic fish and
invertebrate food web structure is more strongly
influenced by hydrographic conditions at the seafloor
(e.g. Feder et al. 2011), or by the gradient in overlying organic matter inputs (e.g. Iken et al. 2010).
We examined linkages between trophic structure
and water mass distributions in the southern CBS and
AG. The study area is characterized by known alongshore patterns of organic matter inputs, and includes
habitats from 20 to 1000 m deep (see ‘Study area and
hydrography’ below). Trophic niche metrics calculated from stable isotope ratios of nitrogen (δ15N; indicator of trophic position) and carbon (δ13C; indicator of
dietary carbon source, e.g. Peterson & Fry 1987) measured in marine consumers were paired with pelagic
algal biomass measurements and sedimentary analyses to assess if benthic trophic structure and trophic
coupling with pelagic food webs varied with spatial
patterns of (1) vertical water mass structure inferred
from temperature and salinity profiles, (2) by overlying
regimes of organic matter inputs along a longitudinal
west-to-east gradient, or (3) both. We expected that
stronger benthic−pelagic trophic coupling would
occur in nearshore habitats and in habitats directly
under nutrient-rich water masses, where fresh, marine-derived POC is expected to be more accessible at
the seafloor (Tamelander et al. 2006, Iken et al. 2010,
Kopp et al. 2015). Alongshore patterns in organic
matter inputs are also expected to be linked to benthic−pelagic trophic coupling in shallow nearshore
habitats (Juul-Pedersen et al. 2008, Bell et al. 2016),
with strong benthic−pelagic coupling in regions with
relatively high local primary production (Renaud et al.
2007a, Iken et al. 2010, Sallon et al. 2011).

MATERIALS AND METHODS
Study area and hydrography
Published productivity and hydrographic regimes
in the study area were used to delineate regional
groupings for analyses, and are therefore described
here. The southern CBS region is defined by the
relatively narrow Mackenzie continental shelf, which
extends approximately 120 km offshore (Fig. 1a).
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Fig. 1. Map and oceanographic setting for the
study region. (a) Surface and subsurface circulation in the Beaufort Sea and Amundsen Gulf.
White dashed box: area from which samples
were collected. (b) Simplified 4-layer water mass
structure in the Canadian Beaufort Sea (CBS)
and Amundsen Gulf. Water mass assemblages
are separated by vertical dotted lines (McLaughlin et al. 1996, 2005, Lansard et al. 2012). (c) Positions of sampling transects and stations; colours
correspond to the spatial extent of each water
mass assemblage delineated in (b)
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Past the shelf-break, the seafloor slopes steeply to
several thousand meters. The shelf is much narrower
in the semi-enclosed AG where maximum depths are
approximately 600 m. Open-water surface circulation in the CBS is typically dominated by easterly
winds that push surface waters seaward in the anticyclonic Beaufort Gyre (Fig. 1a; Carmack & Macdonald 2002). Below the surface, circulation is topographically steered eastwards, bringing waters of
Pacific and Atlantic origin along the slope and into
the CBS (Fig. 1a; Carmack & Macdonald 2002). The
Mackenzie Shelf in the central CBS is strongly influenced by the Mackenzie River, which discharges
> 330 km3 of fresh water and up to 130 × 106 t of
sediment annually, exceeding the sediment input of
any other Arctic river (Macdonald et al. 1998). The
Mackenzie River sediment and freshwater plume
typically flows eastward along the Tuktoyaktuk
Peninsula, but can be forced offshore and westward
under the influence of easterly winds (Fig. 1a; Carmack & Macdonald 2002). Circulation in the AG is
more variable than in the CBS and is poorly understood, but Atlantic and Pacific waters primarily enter
from the Beaufort Sea (Barber et al. 2010).
Water mass structure in the Beaufort Sea region can
be simplified into 4 vertically stacked layers established by differences in water origin, salinity, temperature, and chemical composition (Fig. 1b; described
by McLaughlin et al. 1996, 2005, Lansard et al. 2012).
A low-salinity surface layer up to ~50 m thick, known
as the Polar Mixed Layer, is formed by wind mixing of
seasonal freshwater inputs with marine waters.
Underneath, the Pacific Halocline extends from ~50
to 200 m depths, forming a cold, complex layer of
Pacific-origin water with variable salinity. A strong
thermohalocline around 200 m marks the relatively
narrow transition between the Pacific Halocline and
the warmer, saltier Atlantic Layer below. An important
distinction between the Pacific Halocline and Atlantic
Layer is that Pacific-origin waters have higher
nutrient concentrations (~1 μmol kg−1 more phosphate
for any given nitrate concentration; Jones et al. 1998).
Finally, the Atlantic Layer transitions into the very
cold and saline Arctic Deep Water, also of Atlantic origin, at ~750 to 800 m depths across a relatively diffuse
pycnocline. Simplified vertical water mass structure
in the AG is generally similar to that in the CBS,
except for the absence of Arctic Deep Water because
the AG is not deep enough to receive it.
Longitudinal patterns of primary production in the
Beaufort Sea region vary both within and among
years (Carmack et al. 2004, Morata et al. 2008,
Ardyna et al. 2013), but recent estimates from a large

database of historical chlorophyll a (chl a) profiles
indicate that annual primary production is relatively
high in the Chukchi Sea to the west (~100 g C m−2
yr−1) and the Canadian Archipelago to the east
(~140 g C m−2 yr−1), and considerably lower in the
Beaufort Sea (~62 g C m−2 yr−1; Ardyna et al. 2013). In
the AG, frequent upwelling of nutrient-laden Pacific
water and a polynya near Cape Bathurst cause local
productivity hotspots, which influence inter-annual
variability in primary production and downward
particle flux (Sallon et al. 2011).

Sample collection and processing
Sampling was conducted by the Beaufort Regional
Environmental Assessment Marine Fishes Project
(Fisheries and Oceans Canada) aboard the stern
trawler FV ‘Frosti’ during the ice-free season from
early August to early September of 2012 and 2013.
Samples were collected along 8 transects that spanned
the continental shelves and slopes of the CBS and
AG, each with 5 to 8 pre-defined sampling stations at
depths of 20, 40, 75, 200, 275, 300, 350, 450, 500, 750,
or 1000 m (Fig. 1c). Fish and benthic macroinvertebrates were collected with a combination of 2 demersal trawl nets: a modified Atlantic Western IIA benthic
otter trawl (13 mm cod end liner) and a 3 m high-rise
benthic beam trawl (6.3 mm mesh cod end liner).
Macrozooplankton were collected using a Bongo net
(500 μm mesh) towed obliquely from 200 m to surface
(or from near bottom where sampling depths were
shallower).
Marine sediments were collected with a 0.25 m2
USNEL box core. The upper 1 cm of sediment was sampled for stable isotope analysis, organic matter (OM)
content, and chl a. The upper 5 cm were sampled with
a 60 cc truncated syringe for granulometry. Remaining
sediments (~25 cm core) were sieved through a 1 mm
stainless steel mesh to collect macroinfauna for stable
isotope analysis. Sediment samples were frozen immediately at −50°C. Sediment chl a and phaeopigment
concentrations were analysed fluorometrically following a modified protocol by Riaux-Gobin & Klein (1993)
in a Turner Design 20 fluorometer after a 24 h extraction in 90% acetone at 4°C in the dark. Sediment
OM content (% of total dry weight) was determined as
loss-after-ignition following combustion for 6 h at
550°C. Sediment grain size analysis was performed
on a minimum of 9 replicates of wet sediment using a
LS13 320 laser diffraction type granulometer (Beckman
Coulter) with polarization intensity differential scattering. Prior to analysis, sediments were mixed with a 20
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g l−1 solution of (NaPO3)6 as a dispersant and shaken for
24 h to break aggregates.
Data of oceanographic temperature and salinity
profiles, taken at each station with a Seabird SBE-25
conductivity, temperature, and depth probe, were
provided by collaborators in the sampling program
and are published in Niemi et al. (2015) and Eert et
al. (2015). Duplicate seawater sub-samples from the
chlorophyll maximum depth, which can occur as
deep as 50 m below the surface in the region (Carmack et al. 2004), were collected with a rosette
equipped with 12 Niskin bottles. Water samples were
filtered onboard onto Whatman 25 mm GF/F filters
and extracted in 90% acetone for 18 to 24 h at 4°C in
the dark. Chl a biomass was then determined using a
Turner Designs 10AU fluorometer calibrated using
pure chl a from Anacystis nidulans (Sigma Chemicals), according to Parsons et al. (1984).
Biota collected for stable isotope analyses were
sorted to the lowest possible taxonomic resolution,
rinsed with seawater and frozen immediately at −50°C.
Where taxonomic doubt existed, voucher specimens
were preserved in a formaldehyde seawater solution
for later verification by taxonomists (see ‘Acknowledgements’). Taxonomy was standardized to the
currently accepted names in the World Register of
Marine Species (WoRMS Editorial Board 2016). A
representative subset of taxa was selected for stable
isotope analysis on the basis of ubiquity, relative
abundance, and taxonomic diversity as assessed during field collection; we aimed to collect and analyze a
minimum of 3 samples taxon−1 in each water mass
assemblage (see Supplement 1 at www.int-res.com/
articles/suppl/m594p001_supp1.xls). Where necessary
due to small body size (e.g. zooplankton), multiple
individuals of the same taxon from the same station
were pooled for analysis. Fish and macroinvertebrates were sampled across the observed range of
body sizes to account for potential covariation between δ15N and size (e.g. Romanuk et al. 2011). The
index of taxonomic distinctness based on presence/
absence data (Δ+; Clarke & Warwick 1998) was used
to determine that the species subset selected for stable isotope analysis did not deviate significantly from
expectation based on the full list of observed species
(observed values did not fall outside of the 90% confidence limits of expected values).

Classification of trophic functional groups
Taxa were divided into 9 functional groups using
information derived from published trophic marker
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analyses, feeding observations, and previous classifications (see Supplement 1). Classification was based
on systems proposed by Macdonald et al. (2010) and
Jumars et al. (2015) using trophic traits relevant to
our study: primary feeding habitat (benthic, pelagic,
benthopelagic, sediment surface, sediment subsurface), trophic type (carnivore, herbivore), and further
subdivided into major feeding modes for the benthic
omnivorous taxa (suspension feeder, deposit feeder,
and facultative suspension feeders/surface deposit
feeders; Table 1). See Supplement 1 for a full list of
taxa, their classifications, and supporting information
from the literature.
Fish commonly undergo ontogenetic shifts in habitat or resource use (Garrison & Link 2000 and references therein). We conducted a literature review of
available stomach contents, size distribution, and
length-at-age data for each fish species to identify
potential ontogenetic diet shifts between benthic and
pelagic prey that would affect their functional group
membership (see references in Supplement 1). Diet
data were scarce for many species, but where available indicated no switch between pelagic and benthic feeding, except for Arctic cod Boreogadus saida
(e.g. Matley et al. 2013) and Atlantic poacher Leptagonus decagonus (Källgren et al. 2015). Consequently, we used standard body length to divide
Arctic cod into pelagic (< 80 mm) and benthopelagic
(> 80 mm) functional groups, and Atlantic poacher
into benthopelagic (< 85 mm) and benthic (> 85 mm)
groups.

Delineation of vertical water mass structure and
longitudinal regions
To assess food web structure along a longitudinal
gradient of OM input regimes, sampling sites were
divided into 3 regions that differed in the magnitude of published annual primary production estimates (see ‘Study area and hydrography’ above;
Carmack et al. 2004, Morata et al. 2008, Ardyna et
al. 2013). The ‘western CBS’ region included transects immediately west of the Mackenzie River
delta on the American Beaufort Shelf (A1 and TBS),
the ‘central CBS’ region included transects on the
Mackenzie Shelf that are regularly influenced by
the Mackenzie River plume (GRY, DAL, and KUG;
Magen et al. 2010), and the ‘AG’ region included
transects to the east of the CBS (CBH, DAR and
ULU; Fig. 1c).
Sites within each longitudinal region were further
divided to assess the influence of vertical water
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Table 1. Functional trophic groups used in this study. See Supplement 1 at www.int-res.com/articles/suppl/m594p001_supp1.xls
for further details and references
Functional group

Description

Pelagic herbivore

Zooplankton in the pelagic realm that feed primarily on photosynthetic, and occasionally heterotrophic, organisms

Pelagic carnivore

Animals restricted to feeding in the upper pelagic realm on other animals. Includes
predatory amphipods, molluscs, cnidarians, chaetognaths, ctenophores, and some
fishes

Benthopelagic carnivore

Highly mobile fishes and invertebrates known to feed carnivorously at and above
the seafloor as predators, scavengers, or both. May consume a mix of benthic and
pelagic prey. Some taxa may make substantial vertical migrations into the upper
water column

Benthic suspension feeder
(SF)

Omnivorous animals known to live on the seafloor and feed on fresh or re-suspended
particulate organic matter (no restriction is made on particle size)

Benthic suspension and surface
deposit feeder (SDF/SF)

Omnivorous animals known to live on the seafloor that can switch between the
2 feeding strategies depending on food availability

Benthic surface deposit feeder
(SDF)

Omnivorous animals known to live on the seafloor and feed on deposited material
on the sediment surface including, but not limited to, food falls, detritus, bacteria,
and bacterial products

Benthic subsurface deposit
feeder (SSDF)

Omnivorous animals known to feed below the surface of the sediment on
detritus and/or bacterial products

Benthic subsurface (SS) carnivore

Mostly predatory marine worms that feed carnivorously on animals below the
surface of the sediment

Benthic carnivore

Animals that live on the seafloor and feed carnivorously as predators, scavengers or
both. May consume some portion of pelagic resources in the form of food falls or
vertically migrating prey

column properties on food web structure. Boundary
depths between water masses were delineated using
temperature, salinity, and nutrient profiles taken at
each sampling station by collaborators, following the
water mass characteristics described by McLaughlin
et al. (1996, 2005) and Lansard et al. (2012). Water
mass boundaries were stable between sampling
years (see data in Eert et al. 2015, Niemi et al. 2015).
Following McLaughlin et al. (1996), we use the term
‘water mass assemblage’ to refer to the unique set of
vertically stratified water masses that occupy the
water column in a given area. We defined 4 primary
water mass assemblages, named for their position
along the slope: (1) the ‘nearshore shelf’, which contained stations with bottom sampling depths from
20 to 40 m within the Polar Mixed Layer; (2) the
‘offshore shelf’, with sampling station depths from 75
to 200 m within the Pacific Halocline; (3) the ‘upper
slope’, with sampling station depths from 275 to
500 m within the Atlantic Layer; and (4) the ‘lower
slope’, with sampling station depths from 750 to
1000 m within Arctic Deep Water (Fig. 1b). A total of
11 regional communities were therefore analysed for
isotopic trophic structure: 3 regions, each of which
contained 4 water mass assemblages, except in the
AG where the lower slope assemblage is absent.

Stable isotope analysis and isotopic niche metrics
Tissues dissected for stable isotope analysis included
dorsal muscle for fish, whole body for zooplankton
and small infauna, and various slow turnover tissues
consistent with literature practices for large invertebrates (muscle tissues, internal viscera, or whole body
where exoskeleton could not be easily removed from
soft tissues; e.g. Dunton et al. 2006, Stasko et al. 2017).
Samples were dehydrated in a standard laboratory
convection oven at 50°C for a minimum of 48 h until
dry (fish and sediments) or a FreeZone 18 freeze-drier
(Labconco; benthic invertebrates and zooplankton).
Dried samples were ground to a homogenous powder
and analysed for N and C isotopic composition using
a Delta Plus continuous flow isotope spectrometer
(Thermo-Finnigan) coupled to a 4010 elemental analyzer (Costech Instruments) at the University of
Waterloo Environmental Isotopes Laboratory. Prior to
the determination of δ13C, subsamples of sediment
and invertebrates that contained carbonate were acidified with 1 N HCl to remove inorganic carbon following Jacob et al. (2005). Elemental isotope ratios
(15N:14N, 13C:12C) were expressed in standard δ notation as parts per thousand (‰) relative to the international standards Vienna Pee Dee Belemnite for car-
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Table 2. Unadjusted δ15N and δ13C values for the baseline pelagic primary consumer Calanus hyperboreus and for sediment,
by water mass assemblage and longitudinal region (CBS: Canadian Beaufort Sea). Number (n) of samples analysed refers to
bulk samples. Values are mean ± SD (if n > 2), or mean ± range (if n = 2). Stable isotope values for individual taxa can be found
in Stasko et al. (2017)
Water mass
assemblage

Region

Nearshore shelf

Western CBS
Central CBS
Amundsen Gulf
Western CBS
Central CBS
Amundsen Gulf
Western CBS
Central CBS
Amundsen Gulf
Western CBS
Central CBS

Offshore shelf

Upper slope

Lower slope

n

C. hyperboreus
δ15N (‰)
δ13C (‰)

n

Sediment
δ15N (‰)
δ13C (‰)

1
3
3
2
6
11
2
6
9
2
6

9.2
8.7 ± 0.2
10.2 ± 0.7
10.4 ± 0.7
8.8 ± 0.3
10.3 ± 0.5
8.7 ± 0.1
9.0 ± 0.7
10.4 ± 0.4
9.5 ± 0.2
9.2 ± 0.7

1
3
3
3
7
11
3
7
9
3
6

3.8
3.3 ± 0.9
4.7 ± 2.0
4.7 ± 0.3
4.0 ± 0.8
4.2 ± 2.5
5.3 ± 0.1
4.2 ± 0.3
6.7 ± 0.9
5.1 ± 0.3
4.9 ± 0.5

bon and atmospheric N2 for nitrogen (Craig 1957,
Mariotti 1983). Analytical error for δ15N and δ13C
during any given sample run did not exceed 0.3
and 0.2 ‰, respectively, based on repeated measurements of working laboratory standard material crosscalibrated to the international standards mentioned
above (no less than 20% of each run). Repeatability of
duplicate measurements of sample material was 0.3 ‰
for both δ15N and δ13C.
Lipids were not extracted from tissues prior to analysis. Lipid extraction can cause significant change in
analysed isotope ratios and is often suggested as a
solution to avoid confusion between isotopic variability caused by lipids and variability caused by
dietary shifts (e.g. Logan et al. 2008). However, it
was not feasible to extract lipids from > 4000 individual samples, or to develop species-specific mathematical correction models for 113 taxa given the
noted inappropriateness of multi-taxa models (e.g.
Fagan et al. 2011, Mohan et al. 2016). Variation in
lipid content, and in the tissue types analysed
among taxa, could bias interpretations if patterns in
δ13C data observed across the regions and water
mass assemblages were also linked to lipid content
or tissue type. Implications of lipid treatment decisions and other possible methodological bias effects
were addressed in a sensitivity analysis detailed in
Supplement 2 at www.int-res.com/articles/suppl/
m594p001_supp2.pdf.
A representative primary consumer was used to
normalize consumer stable isotope values to account
for spatial heterogeneity. Consumer δ13C values were
converted to a measurement of isotopic enrichment
(Clark & Fritz 1997) relative to a pelagic baseline
(Δ13Cpel) as:

−26.2
−26.8 ± 0.6
−27.4 ± 0.3
−25.8 ± < 0.1
−26.8 ± 0.4
−27.3 ± 0.3
−27.1 ± < 0.1
−27.1 ± 0.6
−27.4 ± 0.3
−26.5 ± 0.1
−27.0 ± 0.4

Δ13Cpel w-c =

(

−24.8
−25.9 ± 0.3
−17.1 ± 11.9
−24.8 ± 0.1
−25.5 ± 0.3
−14.7 ± 9.1
−24.5 ± 0.2
−25.0 ± 0.2
−20.7 ± 5.5
−24.3 ± 0.1
−24.2 ± 0.4

)

1000 + δ w
− 1 × 103
1000 + δ c

where δc is the consumer δ13C value, and δw is the
water mass- or region-specific mean δ13C value of the
widespread Arctic filter-feeding zooplankter Calanus
hyperboreus (Table 2). Consumer δ15N values were
baseline-adjusted by subtracting the water mass- or
region-specific mean δ15N value of C. hyperboreus
from the consumer δ15N. We must emphasize that C.
hyperboreus is not meant to reflect the base of the
demersal food web. Rather, C. hyperboreus is a representative pelagic primary consumer that marks a
consistent ‘starting point’ along the δ13C continuum
as dietary organic carbon is dynamically transformed
during sinking, microbial processing, and integration
into the benthic food web (e.g. Dunton et al. 1989).
Five metrics derived from the dispersion of stable
isotope values in bivariate δ15N versus δ13C space
were used as proxies for realized dietary niche dimensions (Fig. 2). Isotopic niche metrics were calculated at the community and functional group level
using baseline-adjusted δ15N and Δ13Cpel. (1) Niche
region size was calculated as the smallest region in
which baseline-adjusted δ15N and Δ13Cpel have
a 95% probability of being found (Swanson et al.
2015). Following Layman et al. (2007), (2) the mean
Δ13Cpel was interpreted as the average position along
the benthic−pelagic continuum, while (3) the carbon
isotopic range was measured as the range of Δ13Cpel
values within the niche region and represents the
breadth of carbon resources utilized by the sampled
population. (4) Mean δ15N was interpreted as the
average baseline-adjusted trophic elevation, while
(5) nitrogen isotopic range was measured as the
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Fig. 2. Mean δ15N versus δ13C for 9 functional groups (see Table 1 for abbreviations) within each water mass assemblage,
within 3 regions: the western Canadian Beaufort Sea (CBS), the central CBS, and Amundsen Gulf. Benthic functional groups
(white) become increasingly separated from pelagic groups (black) along the δ13C axis from the western CBS to the Amundsen
Gulf in the east (rows), and from the shallow nearshore shelf to the upper slope water mass assemblage (columns). Isotopic
niche regions are drawn for benthic (solid ellipse) and pelagic (dotted ellipse) functional groups separately to illustrate isotopic
separation

range of baseline-adjusted δ15N values within the
niche region and is similar conceptually and computationally to isotopic food web length. All 5 isotopic
niche metrics were calculated within a Bayesian
framework using the ‘nicheROVER’ package in R
(Swanson et al. 2015, R Core Team 2016). An uninformative normal-inverse-Wishart prior distribution was
used to generate posterior distributions of the niche
region centroid and covariance matrix, from which

10 000 random permutations were drawn and used to
calculate posterior distributions of the niche region
size and the 4 other associated niche metrics. The
posterior modes and 95% credible intervals of the
niche metrics are reported. At the functional group
level, average benthic−pelagic coupling was measured as the mean isotopic separation between benthic and pelagic functional groups along the δ13C
continuum (‰).
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Table 3. Habitat measurements used as proxies for the availability of pelagic production to the benthos, including total chlorophyll a (chl a) at the subsurface chlorophyll maximum (SCM) depth, sediment chl a (mg m−2 of dry weight), sediment
chl a:phaeopigments (Phaeo) ratio, sediment organic matter (OM) content, sediment mean grain size, and sediment C:N ratio.
Data for each proxy were averaged within regions and water mass assemblages. No data (nd) were available for sediment
organic matter content in the lower slope assemblage of the western Canadian Beaufort Sea (CBS) region
Water mass
assemblage

Region

Total chl a at
SCM depth
(mg m−3)

Chl a
(mg m−2)

Nearshore shelf

Western CBS
Central CBS
Amundsen Gulf

0.38
0.73 ± 0.15
0.56 ± 0

21.89
11.11 ± 13.90
12.95 ± 0.77

0.32
0.28 ± 0.12
0.43 ± 0.09

7.86
8.43 ± 0.30
10.46 ± 2.66

32.36
10.27 ± 10.51
9.85 ± 9.43

9.17
9.35 ± 0.36
24.32 ± 25.27

Offshore shelf

Western CBS
Central CBS
Amundsen Gulf

0.35 ± 0
0.37 ± 0.05
0.5 ± 0.14

2.67 ± 0.11
2.65 ± 1.60
5.68 ± 3.35

0.16 ± 0.07
0.12 ± 0.04
0.18 ± 0.09

7.97 ± 1.08
7.42 ± 1.86
10.01 ± 2.29

12.31 ± 6.86
34.57 ± 69.89
12.02 ± 5.15

6.73 ± 1.37
9.19 ± 0.60
20.33 ± 13.89

Upper slope

Western CBS
Central CBS
Amundsen Gulf

0.44 ± 0.20
0.41 ± 0.08
0.55 ± 0.15

2.76 ± 1.64
1.88 ± 0.22
2.13 ± 0.99

0.15 ± 0.08
0.10 ± 0.01
0.14 ± 0.04

9.40
8.54 ± 0.17
11.57 ± 1.87

5.88 ± 1.31
5.48 ± 2.18
8.82 ± 2.68

7.15 ± 0.56
8.82 ± 1.30
8.92 ± 5.42

Lower slope

Western CBS
Central CBS

0.39 ± 0.03
0.34 ± 0.04

0.69 ± 0.59
0.24 ± 0.16

0.06 ± 0.02
0.05 ± 0.01

nd
8.79 ± 0.43

4.89 ± 1.58
3.86 ± 0.18

7.81 ± 0.73
7.65 ± 0.71

Association between trophic structure
and proxies for OM input
To relate spatial variation in trophic structure to
spatial gradients of marine POC deposition, 6 measurements were chosen as proxies for the availability
of pelagic production to the benthos (Morata et al.
2011, Roy et al. 2014, 2015). Average total chl a at the
subsurface chlorophyll maximum depth (mg m−3)
was used as a proxy for pelagic primary production,
assuming a linear relationship between the 2 (Matrai
et al. 2013). Chl a concentrations (mg m−2 of dry
weight) and % OM of surface sediments were used
as proxies for marine POC input to the seafloor,
where higher values usually indicate greater availability of fresh marine OM (Roy et al. 2014, Cooper et
al. 2015). The ratio between sedimentary concentrations of chl a and phaeopigments (a degradation
product of chl a) was used as an indicator for the
freshness of algal-derived OM, where higher values
indicate higher degradation (e.g. Morata et al. 2011).
Mean grain size (μm) and C:N ratio of surface sediments were used as indicators of OM deposition
rates, where finer sediments and lower C:N are usually associated with areas of high OM deposition
(Cooper et al. 2015). Proxies were averaged across
sites within each of the 11 regional communities
(Table 3). Regressions were used to assess the significance of linear relationships between isotopic
trophic niche metrics and each production/deposition
proxy. Pearson correlation analyses between all possible pairs of proxies were used to assess whether
indices of high pelagic POC deposition were signifi-

Sediment characteristics
Chl a:Phaeo
% OM
Mean grain
size (μm)

C:N

cantly related to each other. Linear models met all
parametric assumptions. Robust regressions with MM
estimation were used to identify outliers (Rousseuw
& Leroy 1987). Linear regressions and correlations
were considered significant at α = 0.05.
All statistical and graphical procedures were performed in R v.3.3.1 (R Core Team 2016) using the
packages ‘ggplot2’, ‘gridExtra’, ‘nicheROVER’, ‘plyr’,
‘robustbase’, and ‘vegan’.

Data reporting
Full station profiles of water temperature, salinity,
and nutrient concentrations are freely available
through federal Canadian Data Reports of Hydrography and Ocean Sciences (Eert et al. 2015, Niemi et al.
2015). The δ15N, δ13C, and C:N for all individual taxa,
averaged by region and water mass assemblage, are
also freely available through a Canadian Data Report
of Fisheries and Aquatic Sciences (Stasko et al. 2017).
Data reports can be accessed through the Federal
Science Library (http://science-libraries.canada.ca/
eng/home/).

RESULTS
Influence of longitudinal gradient in OM inputs
When analysed across regions for any given water
mass assemblage, community-level niche region size,
mean Δ13Cpel, and carbon isotopic range generally
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level niche region size, mean Δ13Cpel, and carbon
isotopic range at the community-level were associated with increasing isotopic separation between
benthic and pelagic functional groups (Table 4).
Within each water mass assemblage, benthic functional groups shifted to higher Δ13Cpel values in the
AG relative to the western or central CBS (aside
from the lower slope which is absent in the AG;
Fig. 4). Consequently, a clear distinction between
the mean Δ13Cpel of pelagic and benthic functional
groups was evident (up to 5.7 ‰) and increased from
west to east (Table 4, Fig. 4). Pelagic herbivores
and carnivores exhibited the lowest Δ13Cpel values
in all water mass assemblages (Fig. 4). Benthopelagic carnivores generally had Δ13Cpel values
lower than those of benthic carnivores, but higher
than those of pelagic carnivores. These same trends
of increasing Δ13Cpel from west to east were observed for many individual benthic taxa (Fig. S2-1
in Supplement 2). The most variable within- and
among-region Δ13Cpel values were exhibited by the
facultative benthic surface deposit feeders/suspension feeders (SDF/SF) and benthic SDF, which also
generally had larger niche regions and wider carbon isotopic ranges than did most other functional
groups in the offshore shelf and upper slope assemblages (see Supplement 2).
Mean community-level δ15N was generally highest in the central CBS, whereas nitrogen isotopic
range was highest in the central CBS for the upper
and lower slope assemblages only (Fig. 3d,e). Wide
community-level nitrogen isotopic ranges in the
central CBS (Fig. 3e) were associated with the

Fig. 3. Community-level isotopic niche metrics for each longitudinal region across vertical water mass assemblages: (a)
niche region size, (b) mean 13C enrichment from a pelagic
baseline (Δ13Cpel), (c) carbon range of the niche region, (d)
mean baseline-adjusted δ15N, and (e) nitrogen range of the
niche region. Points: mode of the posterior distribution for
each niche metric, created with 10 000 iterative calculations;
whiskers: 95% credible intervals; lines: trends among discrete water mass assemblages (not a continuous scale). The
lower slope assemblage does not occur in the Amundsen
Gulf. Raw values calculated for all community-level niche
metrics are in Supplement 2 at www.int-res.com/articles/
suppl/m594p001_supp2.pdf

increased from west to east in all but the deepest
vertical water mass assemblage (Fig. 3a−c; also see
Table S2-1 in Supplement 2). When community-level
niche structure was scaled down to the functional
group level, the eastward increases in community-

Table 4. Mean difference between Δ13Cpel values of pelagic
and benthic functional groups, showing an increasing difference from west to east, and from the nearshore shelf to
the upper slope water mass assemblage. CBS: Canadian
Beaufort Sea
Water mass
assemblage

Region

Difference
(‰)

Nearshore shelf

Western CBS
Central CBS
Amundsen Gulf

2.30
3.01
3.88

Offshore shelf

Western CBS
Central CBS
Amundsen Gulf

2.86
4.28
4.78

Upper slope

Western CBS
Central CBS
Amundsen Gulf

3.78
4.95
5.65

Lower slope

Western CBS
Central CBS

4.15
3.48
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widest ranges of mean baseline-adjusted δ15N values among functional groups (Fig. 5). Nitrogen isotopic range for any single functional group, however, did not follow obvious regional trends
(Supplement 2).
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Influence of vertical water mass structure
Water mass assemblage had an effect on community-level trophic structure. Within any given region,
the upper slope assemblage exhibited the highest

Fig. 4. Mean 13C enrichment from a pelagic baseline (Δ13Cpel) for functional groups (see Table 1 for abbreviations) across water
mass assemblages, within each longitudinal region (CBS: Canadian Beaufort Sea). Points: modes of the posterior distributions,
created with 10 000 iterative calculations; whiskers: 95% credible intervals; lines: trends among discrete water mass assemblages (not a continuous scale). A clear and increasing divergence between benthic (white) and pelagic (black) functional
groups along the Δ13Cpel continuum suggests that benthic−pelagic coupling weakened from west to east and from the nearshore shelf to the upper slope

Fig. 5. Mean baseline-adjusted δ15N for functional groups (see Table 1 for abbreviations) across water mass assemblages,
within each longitudinal region (CBS: Canadian Beaufort Sea). Points: modes of the posterior distributions, created with 10 000
iterative calculations; whiskers: 95% credible intervals; lines: trends among discrete water mass assemblages (not a continuous
scale). Within regions, mean δ15N for most functional groups increased with depth. The central CBS generally exhibited the
widest among-group spread of mean δ15N values
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community-level mean Δ13Cpel, and carbon isotopic
range in almost all cases, whereas the nearshore shelf
assemblage exhibited the lowest values for these
same niche metrics in most cases (Fig. 3a−c). Mean
community baseline-adjusted δ15N increased from the
shallowest to the deepest water mass assemblage,
whereas there was no consistent trend in nitrogen isotopic range across water mass assemblages (Fig. 3d,e).
Scaling niche metrics down to the functional group
level revealed that within any given region, the mean
Δ13Cpel of benthic functional groups generally increased from the nearshore shelf to the upper slope
(Fig. 4). Consequently, benthic functional groups became increasingly separated from pelagic functional
groups along the δ13C continuum along an onshore−
offshore gradient. Benthic carnivores had the highest
mean δ15N in almost every community, whereas pelagic herbivores almost always had the lowest (Fig. 5).
The distance between benthic carnivore and pelagic
herbivore δ15N increased from the shallowest water
mass assemblage to the deepest (Fig. 5). No clear
trends emerged across water mass assemblages for

functional group niche size, carbon isotopic range, or
nitrogen isotopic range (Supplement 2).

Association between trophic structure and proxies
for pelagic OM input
Community-level mean Δ13Cpel and carbon isotopic
range were significantly positively related to % sediment OM content (Fig. 6a,c: Δ13Cpel: F1, 9 = 28.06, r2 =
0.78, p < 0.01; carbon isotopic range: F1, 9 = 9.44, r2 =
0.54, p = 0.02). Community-level mean Δ13Cpel and
carbon isotopic range were also significantly positively related to total chl a at the subsurface chlorophyll maximum depth (Fig. 6b,d: Δ13Cpel: F1, 8 = 36.93,
r2 = 0.82, p < 0.01; carbon isotopic range: F1, 8 = 9.55,
r2 = 0.54, p = 0.01). Mean community-level δ15N was
significantly negatively related to sedimentary chl a:
phaeopigments (F1, 8 = 13.67, r2 = 0.60, p < 0.01).
There were no other significant relationships between community isotopic niche metrics and proxies
for availability of pelagic production to the benthos.

Fig. 6. Linear regressions between mean 13C enrichment from a pelagic baseline (Δ13Cpel) and (a) sediment organic matter
(OM) and (b) total chl a at the subsurface chlorophyll maximum (SCM) depth, as well as linear regressions between carbon
isotopic range of the niche region and (c) sediment OM and (d) total chl a at the SCM depth. The isotopic niche metrics Δ13Cpel
and carbon range were calculated at the community level for longitudinal regions, within water mass assemblages (n = 11
communities). Results presented for (b) and (d) do not include consideration of the outlier (representing 2 nearshore sites in
the Central CBS). All relationships were significant (p < 0.05). CBS: Canadian Beaufort Sea
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Sediment mean grain size was significantly positively correlated with sediment chl a (Pearson correlation, r = 0.62, df = 47, p < 0.01), sediment C:N
ratio (Pearson correlation, r = 0.38, df = 48, p =
0.01), and sediment chl a:phaeopigments (Pearson
correlation, r = 0.38, df = 48, p < 0.01). Sediment
% OM content was positively, but weakly, correlated to total chl a at the subsurface chlorophyll
maximum depth (Pearson correlation, r = 0.38, df =
37, p = 0.02). There were no other significant associations between pairwise combinations of proxies
for the availability of pelagic production to the
benthos. Two nearshore sites in the central CBS
(KUG 01 and DAL 02) were identified as outliers
with higher than usual total chl a at the subsurface
chlorophyll maximum depth and were removed
from the analysis.

DISCUSSION
Spatial patterns of OM input and water mass structure influenced trophic connectivity between benthic
and pelagic functional groups in an Arctic marine
system up to 1000 m downslope, but not as expected.
Benthic−pelagic trophic coupling was generally highest in shallow habitats, as predicted, but not in habitats underlying high primary production or nutrientrich water masses (e.g. Tamelander et al. 2006, Iken
et al. 2010). Instead, the strength of benthic−pelagic
trophic coupling followed a 2-dimensional regional
gradient, which we suggest is likely established by
physical and biochemical processes controlling the
availability of OM to the benthos. First, benthic−
pelagic trophic coupling weakened across an alongshore gradient of OM inputs and sinking flux
regimes. Coupling was weakest in the eastern study
region where pelagic grazing is known to be high,
intermediate in the central study region dominated
by riverine inputs of terrestrial carbon, and strongest
in the western study region where carbon export to
the benthos is relatively higher. Second, an onshore−
offshore gradient in benthic−pelagic trophic coupling
was linked to the vertical water mass assemblage.
The weakest benthic−pelagic trophic coupling consistently occurred in upper slope habitats. Here,
benthos underlie the transition between Pacific- and
Atlantic-origin waters, where much of the organic
carbon may be transformed or intercepted by aggregations of zooplankton and fish (e.g. Crawford et al.
2012), and where intensified current velocities enhance OM re-suspension and heterogeneity (Forest
et al. 2015).
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Influence of longitudinal gradient in OM inputs
AG: pelagic retention of autochthonous POC
At the community level, eastward increases in
mean enrichment from a pelagic baseline (Δ13Cpel)
and wider carbon isotopic ranges were positively
related to 2 proxies for the availability of pelagic POC
to benthos: sediment OM content and phytoplankton
biomass at the subsurface chlorophyll maximum
depth. Both proxies were highest in the AG. If higher
phytoplankton biomass resulted in a greater availability of fresh phytodetritus to the benthos, benthic
suspension and deposit feeders would be expected to
exhibit δ13C values more similar to those of pelagic
grazers (i.e. low mean Δ13Cpel). Such a phenomenon
has been linked to tight benthic−pelagic coupling in
other Arctic regions with high pelagic production
(e.g. marginal ice zone, Tamelander et al. 2006;
Chukchi Sea, McTigue & Dunton 2014). Instead, we
observed that benthic groups underlying sites with
high algal biomass in the AG exhibited greater
Δ13Cpel than did their counterparts in the central and
western CBS, regardless of vertical water mass assemblage. Consequently, pelagic and benthic functional groups became increasingly separated in isotopic space from west to east. Isotopic separation at
the functional group level was associated with larger
niche regions, higher mean Δ13Cpel, and wider carbon
isotopic ranges at the whole community level. This
finding contrasts with our prediction that areas with
high algal biomass would have tighter linkages
between benthic and pelagic food webs. However,
results are consistent with sediment trap-based estimates by Forest et al. (2010) that indicated 70 to 90%
of autochthonous POC in the AG is retained in the
upper 100 m of the water column. Sites with high
POC deposition rates are often characterized by finegrained sediment that has high OM content, high chl
a, and low C:N ratios (Cooper et al. 2015). The weak
or insignificant correlations between these deposition proxies at our sampling sites, along with the
unusual positive association between coarse-grained
sediments and high sedimentary chl a, suggest benthic POC deposition is low in the region of high algal
biomass. Instead, the high sediment OM in the AG
may represent a pool of low-quality food for the benthos, as suggested by Magen et al. (2010) and Roy et
al. (2014).
Retention of new production by the pelagic community would explain the 13C enrichment of benthic
relative to pelagic functional groups in the AG and
the resulting wider community-level carbon isotopic
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ranges. Benthic consumers have to rely on a more
diverse array of alternative carbon sources where
fresh phytodetritus is limited (McTigue & Dunton
2014, Roy et al. 2015, Bell et al. 2016), increasing the
difference between benthic and pelagic δ13C. Extensively decomposed OM can become enriched in 13C
via microbial remineralization, and the bacteria and
extracellular matrices themselves may be additional
food sources for benthic organisms that rely on accumulated sedimentary OM (Lovvorn et al. 2005,
McTigue & Dunton 2014, North et al. 2014). Bacterial
products have higher δ13C and are a more biologically accessible food than bulk sediments (Decho
1990, Lovvorn et al. 2005). Bacterial biomass and
recycled OM may be especially important for maintaining high latitude macroinvertebrate communities when labile marine-derived POC is scarce (e.g.
McTigue & Dunton 2014, Bell et al. 2016).
Ice algae are an additional source of pelagicderived POC. Ice algae can sink fast (Michel et al.
1997), such that they escape grazing in the upper
water column and are delivered to the seafloor relatively intact, where they can then be consumed by
benthic invertebrates (McMahon et al. 2006, Renaud
et al. 2007b, Boetius et al. 2013). Benthic deposit and
suspension feeders collected in the AG for this study
and by Roy et al. (2015) were enriched in 13C relative
to pelagic POC by 3 to 7.5 ‰ on average (C. Michel
unpubl. data). These data are consistent with a
potential significant contribution of ice algae to benthic consumer diets, as ice algae can have δ13C > 5 ‰
higher than that of pelagic POC when ice algal biomass is high (Gradinger et al. 2009). Assimilation of
ice algal carbon appears most significant for deposit
feeders (McMahon et al. 2006, Søreide et al. 2013,
North et al. 2014), and may be a source of otherwise
limited essential fatty acids where pelagic and terrestrial carbon inputs are minimal (Sun et al. 2007).
However, benthic community structure and biomass
at high latitudes are more strongly associated with
long-term indices of accumulated sedimentary OM
than with seasonal pulses of phytodetritus (Renaud
et al. 2008, Smith et al. 2012). Similarly, experimental
and observational evidence suggest the stable isotope values of benthic consumers do not respond
strongly to short-term variability in primary production or sea ice deposition (e.g. Ke˛dra et al. 2012,
North et al. 2014). Although sedimentary OM content
was relatively high in the AG, the lack of correlation
with sedimentary chl a and chl a:phaeopigments
suggests that the OM was neither fresh nor conclusively algal-derived (Morata et al. 2011). Increased
export of ice algae and phytoplankton at the mar-

ginal ice edge may represent a seasonal period of
intensified benthic−pelagic coupling (Tamelander et
al. 2006, Renaud et al. 2008). However, it seems most
likely that higher Δ13Cpel at both the community and
functional group levels reflect lower average pelagic
POC export to the benthos compared to other regions
in this study.
The impact of long-term changes in food supply
associated with sea ice loss is still unclear. Increased
primary production during a longer ice-free season
may promote intensified pelagic herbivory that reduces benthic food supply in some areas (Forest et
al. 2010, Wassmann & Reigstad 2011). The AG may
exemplify such a scenario, and provide an opportunity to examine the carbon sources that sustain
benthic communities in the absence of substantial
pelagic POC inputs.

Central CBS: influence of terrestrial carbon
Intermediate values of community-level niche region
size, mean Δ13Cpel, and carbon isotopic range observed in the central CBS can be linked to a strong
terrestrial influence from the Mackenzie River. Coriolis forcings usually drive the freshwater and sediment plume eastward, such that communities within
the central CBS are exposed to high inputs of terrestrial OM (> 50% of the bulk sediment pool as deep as
1000 m; Magen et al. 2010). Sediment trap data from
Juul-Pedersen et al. (2008) demonstrated that POC
sinking fluxes are relatively high under the Mackenzie River plume. The composition of the sinking
organic material varied seasonally, but included both
refractory riverine carbon and marine phytoplankton, and contained higher proportions of zooplankton
fecal pellets in summer due to higher grazing activity
by copepods (Juul-Pedersen et al. 2008). Recent
studies have demonstrated that terrestrial inputs can
indirectly support a high relative benthic biomass
(Dunton et al. 2006, 2012, Roy et al. 2015), likely by
acting as favourable substrate for microbial communities that increase sediment lability (Bell et al. 2016).
We propose that benthic−pelagic trophic coupling is
dampened in terrestrially dominated systems due to
a combination of high benthic reliance on microbially
transformed terrestrial OM (Dunton et al. 2006) and
lower pelagic primary production in sediment-laden
waters (Carmack et al. 2004). Greater consumption of
transformed terrestrial OM is consistent with higher
mean community δ15N and nitrogen isotopic range in
this region compared to the western CBS and AG, as
extensive microbial processing of sedimentary OM
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can lengthen Arctic benthic marine food webs (Dunton et al. 2006, Iken et al. 2010, Bell et al. 2016). Concurrently, benthic−pelagic coupling in the central
CBS may be higher than that in the AG due to increased pelagic sinking fluxes in the summer and fall
under the influence of the Mackenzie River plume in
the central CBS (Juul-Pedersen et al. 2008).

West of the Mackenzie River: lower influence of
terrestrial OM and grazing
The western CBS communities exhibited the smallest niche region sizes, lowest mean Δ13Cpel values,
and narrowest carbon isotopic ranges of any region
examined. When niche metrics were examined at the
functional group level, benthic and pelagic groups in
the western CBS were closer to each other along the
13
C continuum than in the other 2 regions. Together,
these findings suggest that the western study region
exhibited the tightest benthic−pelagic trophic coupling. However, benthic−pelagic trophic coupling in
the western CBS may still be weak compared to other
Arctic areas, where most benthic fauna have δ13C
within 5 ‰ of Calanus spp. (e.g. North Water Polynya, Hobson et al. 1995; Barents Sea marginal ice
zone, Tamelander et al. 2006; Chukchi Sea, McTigue
& Dunton 2014). Moreover, benthic biomass on the
shelf remains relatively low across most of the study
region compared to, for example, the Chukchi shelf
(< 50 g m−2 for macrobenthos; Dunton et al. 2005,
Conlan et al. 2013)
Our results appear to be an extension of a larger
gradient of weakening benthic−pelagic coupling
from west to east along the entire Beaufort Sea coast
(Dunton et al. 1989, 2005, Bell et al. 2016). Benthic
consumers west of the Colville River are under a
stronger influence of nutrient-rich Pacific waters and
make greater use of marine-derived POC, coincident
with lower δ13C and shorter food web lengths (Divine
et al. 2015, Bell et al. 2016). East of the Colville River,
longer benthic food webs have been attributed to the
increasing influence of terrestrial OM (0.5 to 1.7
trophic levels longer; Bell et al. 2016). Macrobenthic
biomass on the shelf also generally declines eastward
from as high as ~80 g m−2 near Point Barrow, Alaska,
to as low as 0.01 g m−2 near the mouth of the Mackenzie River (Dunton et al. 2005). Benthic−pelagic trophic
coupling therefore appears to continue to weaken
along an eastward, although not necessarily linear,
gradient of increasing terrestrial OM influence and
weakening Pacific influence. Since terrestrial influence is strongest in the central CBS, the weakest
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benthic−pelagic trophic coupling observed in the AG
in this study is probably a consequence of intense
pelagic grazing rather than an extension of the same
terrestrially influenced gradient.

Influence of vertical water mass structure
Evidence for differing benthic food web and community structure underneath adjacent surficial water
masses is mounting for high latitude systems (e.g.
Carroll et al. 2008, Iken et al. 2010, Brandt et al.
2014). In contrast, studies on how vertical water mass
distributions affect benthic−pelagic coupling are
lacking. In this study, community-level niche region
size and carbon-associated isotopic niche metrics
increased from the nearshore shelf to the upper slope
water mass assemblage, and were associated with a
clear divergence between benthic and pelagic functional groups along the Δ13Cpel continuum. These
patterns suggest greater trophic diversity and lower
benthic−pelagic trophic coupling in the upper slope
assemblage compared to other water mass assemblages. Since the weakest trophic coupling was not
observed in the deeper lower slope assemblage, our
work does not support depth as the only explanation.
Rather, biological and physical processes associated
with subsurface water mass boundaries likely interact with depth to best explain spatial trends in
benthic−pelagic trophic connectivity.
Several physical and biological features of the vertically stacked water masses are unique to the study
area. Following the spring phytoplankton bloom,
nitrate is quickly depleted in Arctic Ocean surface
waters (e.g. Carmack et al. 2004, Ardyna et al. 2013).
The chlorophyll maximum layer then becomes deeper,
often occurring at ~40 to 60 m depths during summer
on the CBS and AG shelves. Benthos on the shelf thus
have greater access to relatively fresh and untransformed marine OM compared to deeper communities.
The consumption of fresh phytodetritus is reflected in
lower mean δ15N values in the shelf versus slope habitats (Divine et al. 2015, Bell et al. 2016, this study).
Over deeper waters in the western Arctic, the subsurface chlorophyll maximum approximately corresponds with the transition to the Pacific Halocline.
Pelagic POC, therefore, has a relatively short distance
to sink to reach the thermohalocline transition to Atlantic water ~200 m below. A substantial proportion of
sinking POC may become entrained near the thermohalocline and not reach the seafloor (Forest et al.
2015). Large aggregations of zooplankton are closely
associated with the shelf-break near the transition be-
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tween the Pacific and Atlantic water masses (Crawford et al. 2012, Smoot & Hopcroft 2017) and in turn
may explain high Arctic cod densities in the same
layer (Majewski et al. 2017). Large aggregations of
benthopelagic fish might be expected to actively
transfer some OM from the pelagic zone to the benthos (Stasko et al. 2016), but in this study were instead
associated with habitats with lower benthic−pelagic
coupling. Deep zooplankton aggregations may have
grazed substantial fractions of the above-produced
POC, limiting POC availability at the seafloor for demersal fauna. Indeed, Majewski et al. (2017) speculated that Arctic cod may out-compete benthic fishes
in the upper slope habitat where alternative benthic
food sources are limited. Our results support this hypothesis. High carbon interception and transformation
in the upper Atlantic Layer (Crawford et al. 2012, Forest et al. 2015) may explain the largest niche size,
largest carbon isotopic ranges, and high mean δ15N
values observed for the upper slope community. POC
consumption by pelagic zooplankton and the microbial loop commonly limit benthic food supply in the
global ocean, including high latitudes (Grebmeier &
Barry 1991), but biological interception by deep aggregations of higher-trophic fauna is neither well documented nor well understood.
The upper slope community occupies a physically
dynamic habitat at the shelf-break. Habitat heterogeneity associated with steep bathymetry and complex current dynamics (e.g. Forest et al. 2015) may
have additionally contributed to the wider carbon isotopic ranges and larger niche sizes observed in the
upper slope simply by increasing the diversity of benthic resources available. In particular, high current
velocities and seasonal flow reversals in the shelfbreak jet enhance the transport of re-suspended sediments and distinct water types between the shelf and
basin (e.g. Nikolopoulos et al. 2009, Forest et al.
2015). The high carbon isotopic ranges observed for
flexibly feeding surface deposit and suspension feeders in the upper slope support the notion that food
availability was variable (Roy et al. 2015).
We cannot exclude the possibility that microphytobenthos were an additional uncharacterized OM
source for nearshore shelf communities (e.g. McTigue
& Dunton 2014). The highest sediment chl a measurements in this study were observed at sampling
sites ≤40 m depths, but we did not have the data
to estimate the proportion of chl a attributable to
pelagic versus benthic algae. It is conceivable that
the low δ13C values of benthos in the nearshore shelf
were partially attributable to the assimilation of
benthic microalgal carbon (Oxtoby et al. 2016).

Regional context and conclusions
When placed in a larger regional context, our data
extend the understanding of variation in benthic
trophic structure and benthic−pelagic trophic coupling along the western Arctic coast of North America. Our data, combined with those of others, show
that complex spatial patterns in benthic−pelagic coupling are clearly linked to the local OM inputs and
flux dynamics that control food supply to the benthos.
Near Point Barrow, Alaska, the stable isotope values
of benthic consumers on the shelf have been shown
to reflect a strong reliance on marine-derived OM,
despite evidence for substantial terrestrial inputs
from small coastal rivers and erosion (Dunton et al.
2006, Divine et al. 2015). The influence of nutrientladen Pacific waters that enter from the nearby
Chukchi Sea and comparatively low pelagic grazing
are considered responsible for the tight benthic−
pelagic trophic coupling in the western American
Beaufort Sea (Dunton et al. 2005, Divine et al. 2015).
Further east towards the Colville River and Camden
Bay, benthic consumers as deep as 1000 m have
greater reliance on terrestrially derived carbon, which
is strongest near the Mackenzie River outflow (Dunton et al. 2006, Divine et al. 2015, Bell et al. 2016).
Our results suggest that terrestrial OM continues to
play a role in decoupling pelagic and benthic food
webs across the central CBS shelf and slope, likely
because bacterially transformed terrestrial matter is
a labile and attractive benthic food source in areas
with limited marine POC (Bell et al. 2016). Finally,
benthic−pelagic trophic coupling is weakest in the
AG, where extensive grazing by pelagic consumers
limits the vertical flux of marine POC despite relatively high primary production (Forest et al. 2010,
this study). In response, benthic taxa have higher 13C
enrichment relative to pelagic taxa (this study), benthic carbon remineralization is low (Darnis et al.
2012), epibenthic biomass is low and spatial heterogeneity in community composition is high (Roy et al.
2014), and benthic primary consumers likely rely
more heavily on transformed sedimentary OM (Roy
et al. 2015, this study). Across the entire region, we
found the difference in carbon use between benthic
and pelagic functional groups was largest near the
shelf-break on the upper slope, directly under the
transition between Pacific- and Atlantic-origin waters.
Here, benthic food supply was likely limited by biological interception but, perhaps, diversified by carbon transformation and sediment re-suspension.
Together with previous work, this study establishes
that gradients in food web structure do not necessar-
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ily follow water depth or obvious indicators of pelagic
productivity. Rather, Arctic benthic−pelagic trophic
coupling is more closely linked to biological and
physical processes in the water column that govern
OM availability to the benthos. Arctic benthic communities that are at least partially sustained by
microbially processed terrestrial OM may be relatively less sensitive to changes in sea ice phenology
than those that rely predominantly on overlying
pelagic and/or ice algal production. However, the
benthic response to changes at the ocean surface
may be mediated by subsurface hydrography and by
the food web in the upper water column that intercepts sinking POC, and is in turn influenced by water
mass boundaries.
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