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ARTICLE INFO ABSTRACT

Keywords: Copepods of the genus Calanus are central to the ecological and biogeochemical functioning of polar pelagic
Arctic ecosystems. They graze on seasonal phytoplankton blooms, collectively releasing large quantities of fast-sinking

Biological carbon pump faecal pellets as they convert ingested food into carbon-rich lipid reserves. Towards the end of summer, they

amza(r)];er migrate down to bathyal and abyssal depths and overwinter by subsisting on their lipid reserves until the
Liplz dp following spring. This ontogenetic vertical migration, the so-called ‘seasonal lipid pump’ (SLP), actively trans-

ports enormous quantities of organic matter and surface-derived carbon into the deep ocean. Quantification of
the SLP's contribution to the global carbon cycle has attracted major interest, yet little is known about trophic
connections between Calanus spp. and deep-sea benthic ecosystems. We address this knowledge gap by under-
taking lipid biomarker analysis and determining 8'°N signatures of Calanus spp. and selected benthic taxa
collected from 1255 to 5414 m in the Fram Strait, Arctic Ocean. Calanus spp. lipid profiles were dominated by
C20:1 and C22:1 fatty acids and alcohols. Substantial quantities of these biomarkers were present in the lipids of
all the benthic taxa examined: mean relative abundances ranged from 11.18 mol% in holothurians (trophic level
= 1.73) to 29.27 mol% in mysids (trophic level = 2.85). These results suggest an important trophic connection
between Calanus spp. and deep-sea benthic Arctic ecosystems. We discuss the likely routes through which in-
dividual taxa obtain these biomarkers and highlight the potential significance of this trophic link as a pathway
for the transferral of organic matter into the deep-sea.

Trophic structure

1. Introduction

Copepods within the genus Calanus dominate the biomass of meso-
zooplankton communities in Arctic pelagic ecosystems and play integral
roles in the ecological and biogeochemical functioning therein. They
represent a critical trophic interface between phytoplankton and higher
trophic levels, providing sustenance to a range of fish, birds and marine
mammals in the upper ocean (Karnovsky et al., 2003; Varpe et al., 2005;
Fortune et al., 2020). Their carbon-rich faecal pellets and exuviae can
seasonally dominate the vertical flux of particulate organic matter (e.g.,
Bathmann et al., 1987), representing an important contribution to the
biological gravitational pump. Calanus also directly inject carbon into
the deep ocean through their ontogenetic vertical migration in a process

known as the ‘seasonal lipid pump’ (SLP; Jonasdottir et al., 2015). This
begins during spring as Calanus convert ingested phytoplankton into
carbon-rich lipids, predominantly as wax esters, which can almost
completely fill an individual's body cavity (Fig. 1). Upon filling their
lipid sacs, Calanus typically descend to depths >500 m to overwinter in a
state of reduced physical and metabolic activity called diapause (Heath
et al., 2008; Falk-Petersen et al., 2009; Baumgartner and Tarrant, 2017),
thereby transferring surface-derived carbon into the deep ocean.
Carbon released from the respiration of lipids at depth may remain
sequestered from the atmosphere for 100's of years (Boyd et al., 2019). A
recent estimate suggested that the seasonal vertical migration of just two
species of Calanus, C. finmarchicus and C. hyperboreus, inject between
13.6 and 35.8 Gg C yr! into the deep waters of the Atlantic and Arctic
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Fig. 1. The marine copepod, Calanus finmarchicus, with its body cavity almost completely full of lipid. This specimen was collected in the Fram Strait during August

2019 (originally published in Mayor et al., 2020a). Scale bar represents ~1 mm.

Oceans (see Table 3 in Pinti et al., 2023). The realisation that the Calanus
spp. SLP exports a similar quantity of carbon to the biological gravita-
tional pump (Jonasdottir et al., 2015; Anderson et al., 2022), coupled
with the centennial length-scale of gross sequestration (Boyd et al.,
2019), have stimulated a wave of studies to better quantify and under-
stand the SLP in the context of global climate change (Visser et al., 2017;
Jonasdottir et al., 2019; Anderson et al., 2022, 2024; Mayor et al., 2022;
Tarling et al., 2022a; Pinti et al., 2023).

Estimating how much carbon the SLP injects into the deep ocean
depends in part upon overwintering mortality rates (Visser et al., 2017);
copepods may return to the surface ocean with half of their lipid reserves
intact (Anderson et al., 2022 and references therein), whereas 100% of
the carbon within animals that die during diapause (e.g., via starvation)
is assumed to be remineralisation at depth by bacteria (Visser et al.,
2017; Tarling et al., 2022a; Pinti et al., 2023). However, if diapausing
Calanus spp. and/or their carcasses are consumed by non-migratory
deep-sea animals, then a significant portion of exported carbon could
be directly transferred into deep-sea food webs. This additional trophic
pathway for carbon injection would have potential implications for
sequestration estimates and our understanding of food supply within
high-latitude deep ocean ecosystems. Existing evidence for trophic in-
teractions between Calanus spp. and the benthos comes from relatively
shallow shelf regions (typically <300 m; e.g., Graeve et al., 1997;
Richoux et al., 2005; Sgreide et al., 2013), where they clearly serve as an
important food source. High densities of C. hyperboreous ~1 m above the
seafloor have been reported at depths between 2300 and 2500 m in the
Fram Strait, Arctic Ocean (Auel et al., 2003; Hirche et al., 2006), sug-
gesting that at least a fraction of the overwintering populations of Cal-
anus may also be accessible to supra- and epi-benthic consumers in the
deep-sea. Despite this possibility, our knowledge of the trophic link-
ages between populations of diapausing Calanus spp. and high-latitude
deep-sea ecosystems remains in its infancy. This knowledge gap ham-
pers our ability to reliably quantify carbon sequestration via the SLP and
understand how climate-driven changes to this important biological
phenomenon will affect the broader ecology of bathyal and abyssal
ecosystems.

One approach to addressing this uncertainty involves tracing trophic
connectivity using lipid biomarkers. This is enabled by the large quan-
tities of 20:1(n-9) and 22:1(n-11) fatty acids and alcohols found in
Calanus spp. wax ester reserves (Hagen et al., 1993; Scott et al., 2002).
Unlike most other animals, Calanus spp. biosynthesise these specific

moieties de novo from dietary precursors (Dalsgaard et al., 2003; Sargent
and Falk-Petersen, 1988), making it possible to ascribe the presence of
these compounds in the tissues of other animals to the consumption of
Calanus spp.-derived organic matter (Laakmann et al., 2009; Connelly
et al., 2014; Parzanini et al., 2018; Maar et al., 2023; Savineau et al.,
2024). In addition to lipid biomarkers, nitrogen stable isotope values
(5'°N) increase in a predictable, stepwise manner (~3-4 %o) with each
trophic level (Hannides et al., 2009; Duineveld et al., 2012; Connelly
et al., 2014). The isotopic signatures of animal tissue can therefore help
distinguish carnivores from primary consumers that are less likely to be
feeding directly on Calanus spp.

This study used 8!°N signatures and the relative abundances of
Calanus spp. lipid biomarkers to investigate potential trophic connec-
tions between Calanus spp. and deep-sea (1255-5414 m) benthic in-
vertebrates in the Fram Strait, Arctic Ocean. The purpose of this work
was to assess whether Calanus spp. support the functioning of the deep-
sea food-web in the Fram Strait, and to examine Calanus-benthic trophic
interactions as a pathway for the vertical transfer of organic matter.

2. Material and methods
2.1. Study region

The long-term ecological research (LTER) observatory HAUS-
GARTEN is located in the Fram Strait between Greenland and Svalbard
(Fig. 2). The west-easterly transect at ~79 °N runs from the eastern
Greenland continental shelf towards the Molloy Deep, along the Vest-
nesa Ridge and onto the Svalbard continental shelf. The northerly
transect runs towards the summer sea ice edge. The region is influenced
by a highly productive marginal ice zone and is the only deep-water
connection between the Nordic Seas and the Arctic Ocean (Soltwedel
et al., 2016). On the western side, the Fram Strait is influenced by the
cold, less-saline Eastern Greenland Current, while the eastern Fram
Strait (EFS, which encompasses most of our stations; Fig. 2) is influenced
by the warmer West Spitsbergen Current (Soltwedel et al., 2016). The
chlorophyll a standing stock in the upper 100 m of the EFS is ~44 mg
m~2 during the productive season (Nothig et al., 2015, 2020), though
export of particulate organic matter below 300 m is low (<10 %;
Bauerfeind et al., 2009).

Zooplankton biomass in the Fram Strait is dominated by the Calanus
species C. finmarchicus and C. hyperboreus (Hop et al., 2006; Nothig et al.,
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Fig. 2. Map of study area LTER Observatory HAUSGARTEN and Epibenthic Sledge (EBS) stations. Black circles = HAUSGARTEN stations; Red circles = EBS stations;
EGC = East Greenland current; RAC = Returen Atlantic Current; SB = Svalbard Branch; WSC = West Spitzbergen Current, YB = Yermack Branch. Map Source: DEIMS

iD https://deims.org/f6d9ed12-6bc1-47fb-8e81-ef24e9579596 (Soltwedel, 2025).

2015). C. finmarchicus populations are predominantly advected from the
sub-Arctic via the West Spitsbergen Current and late copepodite den-
sities are ~16 ind m® in upper 1000 m of the EFS during summer (N6thig
et al., 2015; Tarling et al., 2022a). C. hyperboreus is a larger, true-Arctic
species that is less abundant in the EFS, with densities ranging from ~ 1
to 3 ind m® (Auel et al., 2003; Nothig et al., 2015). Both species are
predominantly found in surface waters during the spring/summer (e.g.,
Kvile et al., 2019; Tarling et al., 2022b), but C. hyperboreus is thought to
overwinter for longer periods and at deeper depths compared to
C. finmarchicus (Auel et al., 2003; Kvile et al., 2019).

2.2. Net deployments and sample treatment

C. finmarchicus and C. hyperboreus were collected using a BONGO net
and a Multi-net. The BONGO net was deployed vertically between 0 and
50 m water depth at HAUSGARTEN site HG-IX (Tables 1 and 2). A Multi-
net midi (Hydrobios, Kiel Germany), equipped with five nets of 150 pm
mesh size, was towed vertically at HAUSGARTEN sites S3, HG-IV, and
N4 to sample five depths layers (1500-1000 m, 999-500 m, 499-200 m,
199-50 m, 49-0 m). The sampled copepods were investigated under a
stereomicroscope for species and copepodite stage identification. Where

Table 1

present, batches of 1-5 specimens of each species were picked into
cryovials and stored at —80 °C for subsequent lipid analysis. The stage of
Calanus spp. specimens used for lipid analyses range from CIV to CVI
(adult) copepodites (Tables S1 and S2).

2.3. Epibenthic sledge deployments and sample treatment

Supra- and epi-benthic fauna were sampled using a double Epi-
benthic Sledge (EBS) that followed the design described in Brenke
(2005), featuring a bottom shovel that only opened the sampler box
doors when the sledge was on the seafloor. The EBS was deployed and
towed along the seafloor for 50 min with a varying speed of 0.4-1 knots,
depending on sea and ice conditions. The trawl lengths while the EBS
was on the seafloor were calculated using the following formula:

S=(V1 xT1)+ (V2 x T2) + (V3 x T2)

Where S = trawl length, T1 = vessel trawling time (min), T2 = cable
hauling time until the EBS leaves the seafloor (min), V1 = vessel velocity
during trawling (m s™!), V2 = vessel velocity during hauling (until off
seafloor; m s™1, V3 = winch velocity while hauling (until off seafloor; m

Station data for Multi-net (MN), BONGO (BN), and Epibenthic Sledge (EBS) deployments during sample collections.

Area Station Gear Date Latitude (start) Longitude (start) Water depth (m) Trawl length (m)
S3 4-6 MN 29/05/2023 78° 36.594' N 005° 04.049'E 2325 -
S3 4-11 EBS 29/05/2023 78° 36.172' N 005° 08.807' E 2336 1515

HG-IV 5-6 MN 30/05/2023 79° 04.493' N 004° 14.433'E 2383 -

HG-IV 59 EBS 30/05/2023 79° 04.459' N 004° 15.343'E 2372 1011

HG-1 11-14 EBS 03/06/2023 79° 07.336' N 006° 08.619'E 1255 795
N3 17-4 MN 05/06/2023 79° 36.259' N 005° 04.144'E 2837 -
N3 19-1 EBS 06/06/2023 79° 36.889' N 005° 19.684'E 2560 384

HG-IX 27-7 BN 09/06/2023 79° 07.486' N 002°57.141'E 5519 -

HG-IX 27-12 EBS 10/06/2023 79° 07.457'N 002° 45.057'E 5409 1042

EG IV 30-10 EBS 11/06/2023 78° 36.467' N 002° 46.748' W 2545 1861
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List of benthic invertebrate and Calanus copepod samples that were collected from different stations in the Fram Strait for lipid (L) and bulk stable isotope (BSI)
analyses. Each copepod L sample consisted of 1 - 5 individuals that were pooled to obtain sufficient biomass for analyses. The first column displays the unique area code
and the gear used to collect samples (MN = Multi-net, BN = BONGO, EBS = Epibenthic Sledge), in addition to the start and end depth of the sampling event. The sample
number values represent 'n (L)/n (BSI)' for benthic samples and 'n (L)' for copepod samples. Poly. = Polychaeta; Amph. = Amphipoda; Deca. = Decapoda; Isop. =
Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea; Ophi = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus.

Area/Gear (start-end) Poly. Amph. Deca. Isop. Mysi. Holo. Ophi. Chae. C. fin. C. hyp.
HG-IV/MN (50-0 m) - - - 3 3
N3/MN (50-0 m) - - 1 3
HG-IX/BN (50-0 m) - - 2 2
S3/MN (200-40 m) - - 2 -
HG-IV/MN (200-50 m) - - 3 2
S3/MN (500-200 m) - - - 3
S3/MN (1000-500 m) - - - - - - - 3
HG-1/EBS (1255-1254 m) 1/1 5/8 - 2/2 - - 5/7 1/0 1
S3/EBS (2336-2328 m) - 6/9 2/3 - 2/4 2/4 - 1/0 - -
HG-IV/EBS (2372-2382 m) - 2/3 2/3 - 1/2 - - - - 2
EG-IV/EBS (2545-2551 m) - 1/3 - 1/1 5/7 2/3 - - -
N3/EBS (2560-2587 m) 1/2 1/1 1/1 - - 2/3 - 1/0 - 1
HG-IX/EBS (5409-5414 m) 1/2 3/4 - 6/9 - - -

s1). Upon arrival on deck, the cod ends were retrieved from the nets and
immediately transported to the cooling container (4 °C). Here, cod end
samples were sieved in pre-cooled filtered seawater over a 300 pm mesh.
Floating crustaceans were removed with a 300 pm mesh sieve to check
for C. finmarchicus and C. hyperboreus. When available, net supernatant
was sieved on deck at the sieving table with filtered seawater over
stacked 1000 pm, 500 pm, and 300 pm sieves. Invertebrates visible to
the eye were removed from the sieves for photographing and subsequent
fixing for morphological identification, lipid analyses, and stable isotope
analyses. When three or more specimens per morphospecies were pre-
sent, one specimen was photographed and at least one specimen per
morphospecies fixed in undenatured 96 % ethanol, RNA-later, or frozen
at —80 °C. All specimens used for lipid and stable isotope analyses were
frozen at —80 °C in cryovials. Macrozoobenthic specimens were frozen
as singletons, while C. finmarchicus and C. hyperboreus were checked for

their copepodite stage and frozen in batches of 1-5 specimens per
copepodite stage as per previous methods. Invertebrate taxa collected by
the EBS (excluding Calanus spp.) are addressed as “benthic” from here
on.

Specimens of representative macro-and megafauna were photo-
graphed with a digital Canon EOS 5D Mark IV SLR camera, using a
mounted macro-objective MP-E65mm /2.8 1-5x for the macrofauna
and an EF50mm f/2.5 Compact objective for the megafauna, and two
linked flashes on a Kaiser RS copy stand.

2.4. Laboratory lipid sample treatment and gas chromatograph analyses
Lipid extractions were carried out on each homogenized freeze-dried

(—60 °C; 10~2 mBar) sample (0.3-100 mg dry weight). A known
quantity of an internal standard (1-20 pgL of 5 a (H)-cholestane) was

Fig. 3. Representatives of the analysed taxa. (a) Polychaeta, (b) Amphipoda, (c) Decapoda, (d) Isopoda, (e) Mysidacea, (f) Holothuroidea, (g) Ophiuroidea, (h)
Chaetognatha, (i; left) Calanus finmarchicus, (i; right) Calanus hyperboreus. Scale bars = 5 mm.
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added to each sample, followed by a mixture of dichloromethane (DCM)
and methanol (9:1; 25 mL). The samples were then sonicated (15 min,
twice) and the resulting extract was decanted into round bottom flasks.
The solvent obtained was evaporated to dryness under vacuum using a
rotary evaporator at ~30 °C. Each sample was then passed through a
Pasteur pipette filled with anhydrous sodium sulphate using DCM (3
mL).

The solvent was blown down with nitrogen gas and the samples were
stored (—20 °C) before transmethylation (10 % acetyl chloride/meth-
anol), passed through a Pasteur pipette filled with anhydrous potassium
carbonate using DCM (3 mL) and blown down under nitrogen gas to
dryness. The samples were finally derivatised with N,O-Bis (trime-
thylsilyl)trifluoroacetamide (BSTFA; 60 pL, 40 °C, 45 min), blown down
under nitrogen gas, and stored at —20 °C until analysis.

Gas chromatography-mass spectrometry (GC-MS) analyses of the
total lipid extracts were conducted using a GC Trace 1300 fitted with a
split-splitless injector and column DB-5MS (60m x 0.25 mm) featuring a
film thickness of 0.1 pm, non-polar stationary phase of 5 % phenyl and
95 % methyl silicone, and using helium as a carrier gas (2 mL min™1).
The GC oven was programmed after 1 min from 60 °C to 170 °C at 6 °C
min~}, then from 170 °C to 315 °C at 2.5 °C min~! and held at 315 °C for
15 min. The eluent from the GC was transferred directly via a transfer
line (320 °C) to the electron impact source of a Thermoquest ISQMS
single quadrupole mass spectrometer. Typical operating conditions were
as follows: ionisation potential = 70 eV; source temperature = 215 °C;
trap current = 300 pA. Mass data were collected at a resolution of 600
Da, cycling every second from 50 to 600 Da and were processed using
Xcalibur software. Compounds were identified either by comparison of
their mass spectra and relative retention indices with those available in
the literature, and/or by comparison with authentic standards. Short-
hand notations of fatty acids and alcohols follow the IUPAC (Interna-
tional Union of Pure and Applied Chemistry, hhtp://www.iupac.org)
systematic nomenclature ‘n-x’ notation. Quantitative data were calcu-
lated by comparison of peak areas of the internal standard with those of
the compounds of interest, using the total ion current (TIC) chromato-
gram. The relative response factors of the analytes were determined
individually for 36 representative fatty acids and sterols using authentic
standards. Response factors for analytes where standards were unavai-
lable were assumed to be identical to those of available compounds of
the same class.

2.5. Laboratory bulk stable isotope sample treatment

Samples were defatted by a mixture of dichloromethane (DCM) and
methanol (9:1; 25 mL). The samples were then sonicated (15 min, twice)
and the resulting extract was discarded. Samples were analysed
following acid vapour treatment (HCL; 12 h; Yamamuro and Kayanne,
1995), using an ECS8020 elemental analyser (NC Technologies) coupled
to a Delta V isotope ratio mass spectrometer (Thermo Scientific). Isotope
values were corrected using internationally certified isotopic reference
materials USGS40 and USGS41a (Reston Stable Isotope Laboratory) and
are reported in 8-notation (%o) relative to atmospheric nitrogen (N2) and
Vienna PeeDee Belemnite carbonate (V-PDB) scales. An internal stan-
dard of homogenized prawn (Penaeus vannamei) with well characterized
51N values (6.50 £ 0.16 %o) was used to measure precision.
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2.6. Data analyses

Higher-level benthic taxa with fewer than three samples were
excluded from all analyses. The key taxa selected from this criterion
included the crustacean orders Amphipoda, Decapoda, Isopoda, and
Mysidacea, the echinoderm classes Holothuroidea and Ophiuroidea, the
paraphyletic class Polychaeta, and the phyla Chaetognatha (Fig. 3,
Table 2). The specimens from most taxa were comprised of a single
morphospecies; exceptions included Mysidacea and Polychaeta, which
featured two morphospecies, and Amphipoda, which featured nine
(species listed in the Results). Our statistical analyses were therefore
focused on differences among higher-level taxa.

Quantitative lipid constituent data were separated into three data-
sets which included lipid homologous groups (e.g., fatty acids, alcohols,
sterols), individual fatty acids, and individual fatty alcohols. These data
were converted to relative abundance (mol%) of total identified lipid
groups, individual fatty acids, or individual fatty alcohols, respectively.
The relative abundance of fatty acid isomers with the same number of
carbon molecules and double bounds but unidentified omega groups
were summed and labelled as ‘X1:X2(iso)’.

Principal Component Analysis (PCA) was conducted on centred and
scaled relative abundance data to examine variation in lipid composi-
tion among taxa and identify which constituents were associated with
Calanus spp. (Dixon, 2003). Lipid homologous groups, individual fatty
acids, and individual fatty alcohols were analysed independently. To
prevent minor lipid constituents from skewing results, constituents with
median relative abundances <1 mol% for both benthic and Calanus taxa
were excluded from all analyses. The relative abundances were then
corrected to ensure the sum of all selected constituents within each
sample was equal to 100 %. Redundancy Analysis (RDA), an extension of
PCA, was subsequently used to determine how much of the variation in
lipid composition could be explained by taxa and mean depth (based on
sampling start and end depth measurements) (Mayor et al., 2013;
Savineau et al., 2024). Significant explanatory terms were identified
using a hierarchical backward selection procedure (Mayor et al., 2010,
2013). Initial RDA models included both taxa and depth as explanatory
terms; the interaction between both variables could not be incorporated
into the model due to collinearity (variance inflation factor values were
>5 for multiple taxa-depth interactions). These models were then
compared with simplified models by using Analysis of Variance
(ANOVA) to determine if removing either explanatory term significantly
decreased the model's accuracy.

The relative abundance of known Calanus spp. lipid biomarkers (i.e.
20:1 and 22:1 moieties; Hagen et al., 1993; Scott et al., 2002) that were
also associated with Calanus spp. within our PCA results were then
compared among taxa. The selected biomarkers included the fatty acid
20:1(n-9), the sum of the fatty acids 22:1(n-11) and 22:1(iso), and the
sum of 20:1 and 22:1 fatty acid and alcohol isomers. Data for the latter
were converted to mol% of total fatty acids and alcohols within each
sample. The relationship between sample depth and the relative abun-
dance of Calanus spp. biomarkers, polyunsaturated fatty acids (PUFA,
which are thought to be linked to diapause; Pond, 2012), or the total
concentration of lipids (expressed as mg g~ * [dry weight]) were exam-
ined using linear regression. Separate analyses were conducted for
Calanus spp. and benthic taxa to avoid lipid differences between these
two groups from masking the potential effects of depth.

ANOVA was used to compare the bulk §!°N signatures of different
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benthic taxa. Post-hoc analyses were conducted using Tukey's Honestly
Significant Difference (HSD) tests. Bulk 515N signatures were also used
to calculate estimated trophic levels of our benthic specimens based on
the following equation:

15 15
5 Nconsumer -8 Nbaseline

Trophic Level =1 +
615]-\Iem'ichment

Where 8" Neonsumer represents the 515N signature of the sample,
615Nbaseline represents the mean 515N signature of bottom sediments
from the Fram Strait (4.43 %o), as previously reported by Bergmann et al.
(2009), and 615Nenrichmem represents an enrichment factor of 3.80 %o per
trophic level in line with previous Arctic food web studies (Bergmann
et al., 2009 and references therein). We did not determine 5'°N signa-
tures of C. finmarchicus and C. hyperboreus tissues, therefore previously
published 8'°N values for Arctic specimens (means = 7.18 + 0.65 %o and
7.78 £ 0.86 %o, respectively; see Table 4 in Sgreide et al., 2008) were
used to assess whether the isotopic composition of benthic organisms in
our study was consistent with the consumption of Calanus spp. Benthic
organisms that consume Calanus spp. would be expected to exhibit
enriched 5!°N signatures relative to those of Calanus spp. specimens.

3. Results
3.1. Supra-benthic Calanus spp

Most of the Calanus spp. used for lipid analyses were collected from
plankton net deployments at 0-500 m (Table 2). However, it is note-
worthy that both species were also collected during Epibenthic Sledge
(EBS) deployments at >1000 m. Adult female Calanus finmarchicus were
collected at ~1255 m (five individuals pooled into a single sample for
lipid analysis; Table 2 and S1). The pooled lipid concentration of these
bathyal specimens was 16.52 mg g~ * (dry weight), which was markedly
less than mean concentration for this species (94.29 + 64.35; Table 3).
Calanus hyperboreus (>CIV copepodites) were collected during two EBS
deployments at ~2372 m and 2560 m (Table 2 and S2). Their lipid
concentrations were similar (149.19-169.65 mg g~!), but their dry
weights ranged from 368.40 pg to 5300 pg (Table S2). Bathyal speci-
mens of both species were sluggish, in good condition, and featured
clear bodies, indicating that they were in diapause. C. hyperboreus
specimens also featured visible but depleted lipid sacs.

3.2. Lipid analyses

Lipid concentrations were highly variable among the analysed taxa
(Table 3). Non-crustacean taxa exhibited low mean concentrations; the
lowest value was 2.22 + 1.54 mg g~ ! (dry weight) in holothurians. By
contrast, mean concentrations ranged from 82.39 to 155.78 mg g’l in
amphipods, mysids, and Calanus spp., with the highest values observed
in specimens of C. hyperboreus.

The lipid profiles of benthic taxa were dominated by fatty acids
(Table 3). Monounsaturated fatty acids (MUFA) were the most abundant
homologous group found in all benthic taxa, ranging from 36.39 + 8.28
mol% in holothurians to 59.53 + 10.22 mol% in mysids. Most benthic
taxa had a similar abundance of saturated fatty acids (SFA) and poly-
unsaturated fatty acids (PUFA). Exceptions included amphipods and
decapods, whereby the relative abundances of PUFA were roughly two-
fold that of SFA (Table 3). MUFA and PUFA were also abundant in
C. finmarchicus and C. hyperboreus; both copepod species exhibited
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similar concentrations of MUFA (27.99 4+ 14.65 and 26.67 + 8.11 mol
%, respectively) but C. hyperboreus featured a lower relative abundance
of SFA (5.25 + 2.18 mol%) and a higher relative abundance of PUFA
(26.35 + 14.88 mol%) compared to C. finmarchicus, highlighting a
greater degree of fatty acid unsaturation. Unsaturated fatty alcohols
(UAL) were the dominant group identified in both C. finmarchicus and
C. hyperboreus (33.09 + 13.02 mol% and 32.86 + 9.67 mol%, respec-
tively). In contrast, the lipid profiles of most benthic taxa included <2
mol% UAL, except for chaetognaths (6.45 + 8.33 mol%). Holothurians
featured the highest relative abundance of sterols (22.99 + 15.09 mol
%).

Principal Component Analysis (PCA) results demonstrated that 37 %
of the variation in the relative abundances of lipid homologous groups
could be explained by PCl and 21 % could be explained in PC2.
Redundancy Analysis (RDA) revealed that this variation was influenced
by both taxa (Fg 77 = 10.78, p < 0.001) and water depth (Fq,77 = 2.47, p
< 0.05), which together explained 56.37 % of the variability (Fig. 4).
However, variability explained by the RDA only decreased by 1.40 %
when depth was excluded, highlighting its minimal explanatory power
compared to taxa (and therefore its exclusion from Fig. 4). The data
visually partitioned into three different clusters; Calanus spp., holothu-
rians, and the other benthic taxa (Fig. 4). The non-holothurian benthic
taxa were associated with SFA and MUFA, whereas holothurians
featured higher relative abundances of branched fatty acids (BRFA) and
sterols. In contrast, the biomarker compositions of C. finmarchicus and
C. hyperboreus were associated with saturated fatty alcohols (SAL) and
UAL. The relative abundance of PUFA exhibited limited influence on the
overall variation.

18:1(n-9) was the dominant fatty acid across all benthic taxa,
ranging from 20.00 + 1.45 mol% in decapod samples to 36.47 + 14.81
mol% in polychaetes (Table 4). 16:0, 20:1(n-9), and 20:5(n-3) were also
consistently prevalent (each >5 mol%) in the benthic samples (Table 4).
C. finmarchicus and C. hyperboreus exhibited more uniform fatty acid
profiles that were not dominated by a single class. C. finmarchicus
exhibited a high relative abundance of 14:0, 16:0, 18:1(n-9), and 20:1(n-
9) (18.08 +19.03, 13.49 + 6.16, 11.32 + 16.02, and 13.93 + 5.63 mol
%, respectively). C. hyperboreus also showed a high relative abundance
of 20:1(n-9) (19.04 + 5.44 mol%), but the second most abundant fatty
acid was 22:6(n-3) (11.11 + 6.50 mol%) and most other fatty acids
ranged from approximately 4-8 mol% (Table 4). The fatty alcohol
profiles of C. finmarchicus and C. hyperboreus were largely dominated by
20:1 (34.27 + 5.59 and 29.24 + 5.71 mol%, respectively) and 22:1
(44.90 £ 9.26 and 45.99 + 9.98 mol%, respectively; Table 5). The fatty
alcohol composition of the benthos highlighted the prevalence of 16:0,
20:1, and 22:1 across all taxa (Table 5).

PC1 explained 27 % of the variation in the relative abundances of
individual fatty acids and PC2 explained 15 %. This variation was
influenced by taxa (Fg 76 = 7.341 p < 0.001) and water depth (Fy 76 =
2.35, p < 0.05), which together explained 47.63 % of the variability
(Fig. 5), although removing depth as an explanatory variable only
decreased variance explained by 1.62 %. Three clusters were again
apparent: Calanus spp., holothurians, and the other benthic taxa. The
fatty acid profiles of holothurians featured higher relative abundances of
18:0, 20:4(n-6), and branched fatty acids, whereas the other benthic
taxa exhibited similar fatty acid compositions and were associated with
18:1(n-9). The fatty acid profiles of C. finmarchicus and C. hyperboreus
were associated with 20:1(n-9), 22:1(n-11) and 22:1(iso).

PC1 explained 32 % of the variation in the relative abundances of
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Table 3
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Mean =+ SD dry weight (DW, mg), total lipid content (TLC, mg g~ ' dry weight), and relative abundance of different lipid homologous groups (mol% of total lipids)
measured in benthic invertebrate and copepod samples. Poly. = Polychaeta; Amph. = Amphipoda; Deca. = Decapoda; Isop. = Isopoda; Mysi. = Mysidacea; Holo. =
Holothuroidea; Ophi. = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus; SFA = saturated fatty acids; MUFA =
monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; BRFA = branched fatty acids; SAL = saturated fatty alcohols; UAL = unsaturated fatty alcohols; ST
= sterols. Header text below taxa shows sample depth range (m).

Poly.
1254-5414

Amph.
1254-5414

Deca.
2328-2587

Isop.
1254-2551

Mysi.
2328-2551

Holo.
2328-5414

Ophi.
1254-1255

Chae.
1254-2587

C. fin.
0-1255

C. hyp.
0-2587

n
bDw
TLC
SFA

MUFA
PUFA
BRFA
SAL
UAL
ST

3
0.55+0.43
39.58 + 25.33
13.67 + 5.94
57.19 £11.62
16.07 + 1.83
1.33 £ 0.57
1.23 £1.07
0.28 + 0.49
10.10 £ 5.41

18
36.18 £ 37.12
82.39 + 85.47
15.26 + 3.70
50.53 £ 12.96
27.65 £ 15.38

1.05 +0.75
0.37 £ 0.74
2.15+6.28
2.97 + 2.84

5
82.76 + 29.61
49.34 + 34.63
13.89 + 2.46
47.29 + 4.03
31.16 +£ 4.93
1.89 +£0.35
0.49 + 0.37
1.71 £ 1.16
3.48 +2.26

3

2.07 £1.76
61.87 + 47.96
20.49 + 5.06
52.69 +£7.27
19.04 + 4.56

1.42 £ 0.54
0.39 £ 0.47
0.24 + 0.42

5.73 + 4.25

8

43.54 +£15.14

112.77 + 62.06
13.38 +3.23

59.53 +10.22
19.14 + 6.52
0.64 + 0.47
0.29 + 0.37
3.85 + 4.93
3.16 + 2.90

12
12.54 + 7.31
2.22 +1.54
13.02 & 4.04
36.39 + 8.38

20.46 + 10.39
4.92 +£2.35
0.94 + 0.89
0.35 + 0.64

22.99 + 15.09

5
10.78 + 4.00
19.73 + 15.57
18.93 - 4.81
50.05 + 18.52
17.65 + 6.06
2.38 £1.10
0.22 +£0.14
1.20 £ 1.32
9.45 +7.05

3

1.47 £ 0.55
61.16 + 49.03
18.49 + 4.66
53.46 + 14.58
17.22 +11.21

0.72 £ 0.12

1.83 +£1.34

6.45 + 7.34

1.83 £ 1.46

12

0.15 £ 0.09
94.29 + 64.35
20.40 = 12.71
27.99 + 14.65
12.48 +12.30

0.83 + 0.31

4.37 £2.97
33.02 + 13.85

0.85 + 0.72

19

217 £1.39
155.78 + 80.83

5.25+2.18
26.67 £ 8.11
26.35 + 14.88

0.18 £ 0.12

8.06 + 6.22
32.86 £+ 9.67

0.58 + 0.38

MUFA

-2 -

44

-4 -2 0 2 4
PC1 (37%)

Amph. m Deca.
Holo. Ophi.
C. hyp.

Isop.
Chae.

® Poly.
Mysi.
m C fin

Taxa

Fig. 4. Principal component analysis plot showing variation in the relative
abundance (mol%) of different lipid homologous groups and how lipid com-
positions differed among taxa (taxa and water depth collectively explained
56.37 % of the variability, taxa accounted for 54.97 %). Points represent in-
dividual samples. SFA = saturated fatty acids; MUFA = monounsaturated fatty
acids; PUFA = polyunsaturated fatty acids; BRFA = branched fatty acids; SAL =
saturated fatty alcohols; UAL = unsaturated fatty alcohols; ST = sterols. Poly.
= Polychaeta; Amph. = Amphipoda; Deca. = Decapoda; Isop. = Isopoda; Mysi.
= Mysidacea; Holo. = Holothuroidea; Ophi = Ophiuroidea; Chae. = Chaetog-
natha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus.

individual fatty alcohols and PC2 explained 19 %. Taxa accounted for
25.25% of the variability in fatty alcohol composition (Fg 76 = 2.85, p <
0.001), whereas including depth as an explanatory variable did not
significantly increase how much variance the RDA could explain (p >
0.05). The Calanus spp., holothurians, and the other benthic taxa clus-
ters remained apparent, although they were less visually discernible

than in the lipid and fatty acid analyses (Fig. 6). Calanus spp. and most
benthic taxa were separated from holothurians on account of their as-
sociation with 20:1 and 22:1 fatty alcohols (Fig. 6).

3.3. Calanus spp. biomarkers

The Calanus spp. fatty acid biomarkers 20:1(n-9) and 22:1(n-11 +
iso) were detected in all benthic taxa (Table 4; Fig. 7). Chaetognaths
(14.33 + 4.90 mol%), mysids (10.99 + 2.70 mol%), and ophiuroids
(10.73 £ 2.77 mol%) exhibited similar levels of 20:1(n-9) relative to
Calanus spp., whereas holothurians showed notably lower levels (3.34
+ 2.91 mol%). A different pattern was observed for 22:1(n-11 + iso);
chaetognaths (6.86 + 1.88 mol%), holothurians (4.94 + 4.20 mol%),
decapods (4.47 + 1.14 mol%), and mysids (4.45 + 2.41 mol%) exhibi-
ted the highest relative abundances of these fatty acids among the
benthic taxa (Table 4; Fig. 7).

When combined, 20:1 and 22:1 fatty acids and alcohols accounted
for 44.13 + 12.89 mol% and 49.10 + 14.43 mol% of the total fatty acid/
alcohol pools of C. finmarchicus and C. hyperboreus, respectively (Fig. 7).
These abundances were substantially higher than those observed in
benthic specimens. Nevertheless, these compounds were still present in
moderate to high levels across all benthic taxa. Mysids (29.27 + 8.67
mol%), chaetognaths (27.27 + 10.72 mol%), polychaetes (22.49 + 5.57
mol%), and decapods (21.28 + 4.01 mol%) exhibited the highest rela-
tive abundances among benthic taxa, while holothurians (11.18 + 5.22
mol%), isopods (13.18 + 10.45 mol%), and amphipods (15.22 + 10.39
mol%) exhibited the lowest. Ophiuroids (18.15 + 4.81 mol%) displayed
intermediate levels.

There were no clear species-specific differences in the relative
abundance of total Calanus spp. biomarkers (20:1 and 22:1 fatty acids
and alcohols) between the two Mysidacea and Polychaeta morphospe-
cies identified (Table 6). Conversely, distinct levels of Calanus spp.
biomarkers were apparent among the nine morphospecies of Amphi-
poda identified (Table 6). The mean relative abundances of Calanus spp.
biomarkers were lowest in Cyphocaris cf. bouvieri (4.40 + 3.17 mol%)
and Halirages spongiae (9.15 + 4.13 mol%) but ranged from 20.28 to
39.55 mol% in Anonyx nugax, Eurythenes sp., and Stegocephalidae
(family) sp. (one sample per species). Table 6 also shows the concen-
trations of Calanus spp. lipid biomarkers per individual or dry weight. Of
the benthic taxa analysed, the mean concentrations of total Calanus spp.
biomarkers were highest in mysids (38.03 + 26.56 mg g’l), but the
highest individual concentration was found in an amphipod (Anonyx
nugax) specimen collected at ~5409 m (85.14 mg g~'). Mean concen-
trations were particularly low in holothurians (0.17 + 0.15 mg g~!) and
ophiuroids (3.95 + 3.93 mg g~ 1), owing to their reduced total lipid
concentrations (Table 6).
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Table 4
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Mean + SD relative abundance (mol% of total fatty acids) of key fatty acid groups identified in benthic invertebrate and copepod samples. Fatty acid groups with
median relative abundances of <1 % in either benthic or copepod samples have been excluded. Poly. = Polychaeta; Amph. = Amphipoda; Deca. = Decapoda; Isop. =
Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea; Ophi. = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus; X:Y
(iso) = total relative abundance of X:Y isomers with unidentified omega groups. Header text below taxa shows sample depth range (m).

Poly. Amph. Deca. Isop. Mysi. Holo. Ophi. Chae. C. fin. C. hyp.
1254-5414 1254-5414 2328-2587 1254-2551 2328-2551 2328-5414 1254-1255 1254-2587 0-1255 0-2587
n 3 18 5 3 8 12 5 3 12 18
14:.0 0.65 + 0.34 2.01 £1.10 2.50 £ 2.10 2.69 £0.18 2.19 £ 0.89 1.29 + 0.85 4.31 £1.56 3.62 £ 4.93 18.08 +19.03  4.16 = 1.35
16:0 10.92 + 541 1248 +£3.79 9.43+1.32 16.63+4.82 10.89+3.09 9.31+292 1212+387 1526+256 13.49+6.16 4.33 +2.20
18:0 2.82 +1.96 0.81 + 0.54 1.28+£0.23 1.63+1.06 0.37+0.23 3.44 +1.32 3.26 +1.87 1.43 + 0.60 1.04 + 0.92 0.54 + 0.28
16:1(n-7) 1.21 +2.10 6.13 + 3.02 5.06 + 4.65 1247 £4.66 5.00+1.60 9.71 + 6.43 3.16 £ 3.52 7.02 £+ 3.82 5.76 £ 3.16 3.14 £ 3.10
18:1(n-9) 36.47 +£14.81 30.87 +13.49 20.00+1.45 28.26 +0.24 29.74+5.82 20.01 £6.19 29.35+17.31 23.83+13.66 11.32+16.01 7.87+7.10
20:1(n-9) 8.50 + 4.69 7.73 £+ 4.66 7.35+190 7.30+554 1099+3.00 3.34+291 10.73+277 1433+490 13.93+563 19.04 + 5.44
20:1(iso) 12.11 + 5.70 3.58 £ 2.61 844 +382 228+1.37 11.53+6.34 2.80=+1.39 3.39 £1.22 3.13 £1.54 1.55 + 0.53 3.31 +£1.12
22:1(n-11) 0.59 + 0.79 0.91 +£1.29 2.21 £1.35 0.57 £ 0.37 1.18 +0.97 1.67 + 4.38 0.58 £+ 0.42 1.06 + 0.07 5.14 + 4.56 4.88 + 3.72
22:1(iso) 1.34 +£1.93 2.00 + 1.89 2.25+0.46 2.88+287 327 +241 327 +£2.22 2.88 + 2.01 5.79 +1.82 3.77 £3.75 5.92 + 3.29
20:4(n-6) 1.09 £ 0.50 1.86 +1.43 232+1.10 1.98+047 1.20+0.88 7.15+5.19 2.43 £1.39 0.14 £ 0.05 0.10 £ 0.23 0.24 +0.29
20:5(n-3) 10.44 +£2.00 12.87 +£12.13 11.54+1.76 10.66 +1.69 6.97 +3.45 11.18 +£5.66 11.86 + 6.52 5.14 £ 2.77 6.00 + 5.02 7.81 +£3.71
22:6(n-3) 2.85 £+ 2.42 8.98 £ 5.79 11.82 4+ 3.64 5.18 +2.76 9.61 + 5.77 3.60 +£1.85 2.67 £1.50 10.95 4+ 10.92 6.10 £ 6.26 11.11 £+ 6.50
Branched 1.52 + 0.66 1.10 + 0.76 2.01 £0.38 1.53+063 072+0.59 6.78+3.10 2.76 + 1.44 0.79 + 0.07 1.44 + 0.64 0.34 + 0.24
Table 5

Mean =+ SD relative abundance (mol% of total fatty alcohols) of key fatty alcohol groups identified in benthic invertebrate and copepod samples. Fatty alcohol groups
with median relative abundances of <1 % in either benthic or copepod samples have been excluded. Poly. = Polychaeta; Amph. = Amphipoda; Deca. = Decapoda;
Isop. = Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea; Ophi. = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus.

Header text below taxa shows sample depth range (m).

Poly. Amph. Deca. Isop. Mysi. Holo. Ophi. Chae. C. fin. C. hyp.
1254-5414 1254-5414 2328-2587 1254-2551 2328-2551 2328-5414 1254-1255 1254-2587 0-1255 0-2587
n 3 18 5 3 7 12 5 3 12 19

14:0 3.77 £ 3.09 5.37 £8.97 2.58 £3.77 0.17 £ 0.29 0.43 £ 0.37 7.43 £9.32 4.93 + 4.05 3.59 + 3.44 2.86 +£1.72 8.44 +£7.41
16:0 30.50 +31.92 13.45 + 12.65 5.21 + 3.81 18.74 +£17.13 4.32 +4.35 11.31 + 7.64 6.23 + 4.94 19.38 +7.17 6.74 + 2.62 9.86 + 6.19
16:1 0.00 + 0.00 1.01 +£1.74 1.40 +£1.36 0.00 £ 0.00 0.23 +£0.31 0.36 = 1.26 2.95 + 3.83 3.01 £3.13 3.60 + 2.79 2.17 £+ 2.00
18:1 0.00 + 0.00 5.23 +£7.77 5.44 £ 5.93 0.00 + 0.00 4.94 +9.35 4.39 +£7.45 19.38 + 27.16 4.02 £ 5.27 4.27 + 2.65 1.67 +£1.02
20:1 6.40 = 11.08 12.18 £ 11.11 14.35 + 8.66 6.10 £+ 10.56 18.03 + 13.63 4.68 + 5.92 10.82 + 4.42 26.29 +£12.49 34.27 £5.59 29.24 +£5.71
22:1 18.14 +31.42 3591 +25.83 36.34 +24.60 22.80+39.48 51.05+28.01 8.67 +16.94 31.99+34.07 33.61 +3.72 4490+ 9.26 45.99 + 9.98
24:1 0.00 + 0.00 4.68 £ 6.03 2.31 £2.44 0.70 £1.21 1.58 + 3.08 0.05 + 0.19 0.70 £ 1.00 2.24 +2.09 1.68 + 4.02 0.71 £ 0.32

3.4. Lipid composition and biomarker changes with depth

The relative abundances of Calanus spp. lipid biomarkers, PUFA, and
total lipid concentrations in Calanus spp. or the benthos were not
influenced by depth (Fig. 8; linear regression, p > 0.05 in all cases).

3.5. Stable isotope analyses

Bulk 8'°N signatures varied significantly among benthic taxa
(ANOVA: Fg 75 = 22.27, p < 0.001; Fig. 9). Post hoc comparisons indi-
cated that the holothurians (7.21 + 1.37 %o) were isotopically lighter
compared to all other benthic taxa except for ophiuroids (8.88 + 0.57
%o) (p < 0.05). Amphipods (11.72 + 1.82 %), decapods (11.95 + 1.09
%o0) and mysids (11.45 + 1.36 %o) also displayed heavier signatures
compared to ophiuroids (p < 0.05). Bulk '°N signatures were highly
variable in amphipod samples, ranging from 7.79 to 15.23 %.. This
variability was largely driven by species-specific differences (Table 6).
Except for holothurians, the mean 8'°N signatures of all benthic taxa
were heavier than the reference 5'°N signatures for C. finmarchicus and
C. hyperboreus (Fig. 9). The trophic level of benthic taxa ranged from
1.73 £ 0.36 in holothurians to 2.92 + 0.48 in amphipods. Most benthic
taxa exhibited trophic levels between 2 and 3 (Fig. 9).

4. Discussion

The Calanus spp. seasonal lipid pump (SLP) has recently generated
substantial interest in the context of deep-sea carbon sequestration. By

contrast, its allied contribution to the trophic ecology of bathyal and
abyssal benthic communities has received far less attention. The ana-
lyses presented herein demonstrate a clear connection between pelagic
Calanus spp. and deep-sea benthic ecosystems within the Arctic Fram
Strait.

4.1. Lipid profiles and general trophic ecology

The lipid profiles of Calanus finmarchicus and Calanus hyperboreus
featured similar levels of monounsaturated fatty acids and fatty alcohols
(Table 3), both pools of which contained large amounts of C20:1 and
C22:1. These findings are consistent with previous observations (see
Table 2 in Lee et al., 2006). Large amounts of fatty alcohols denote the
presence of wax ester lipid stores, which are comprised of fatty acids
esterified to fatty alcohols. Wax esters are highly stable energy stores
and feature unique biophysical properties that are thought to aid in
buoyancy regulation, making them well-suited for supporting Calanus
spp. during their diapause (Lee et al., 2006; Pond, 2012). However, fatty
alcohols need to be oxidised into fatty acids before they can be used to
generate ATP (Sargent and Falk-Petersen, 1988), and many other in-
vertebrates therefore use alternative energy storage lipids (e.g., tri-
acylglycerols) that consist of only fatty acids (Lee et al., 2006). Indeed,
the lipid profiles of analysed benthic taxa were dominated by mono-
unsaturated fatty acids and featured only low levels of fatty alcohols
(Table 3), potentially reflecting the different storage lipids used by
benthic invertebrates and Calanus spp. (Biihring and Christiansen, 2001;
Lee et al., 2006; Drazen et al., 2008).
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Fig. 5. Principal component analysis plot showing variation in the relative
abundance (mol%) of different fatty acids and how fatty acid compositions
differed among taxa (taxa and water depth collectively explained 47.63 % of
this variability, taxa accounted for 46.01 %). Points represent individual sam-
ples. Poly. = Polychaeta; Amph. = Amphipoda; Deca. = Decapoda; Isop. =
Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea; Ophi. = Ophiuroidea;
Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus
hyperboreus.

The monounsaturated fatty acid 18:1(n-9) was particularly prevalent
in all benthic taxa, suggesting that these animals are opportunistic
omnivores/carnivores that could be feeding on organic matter through a
range of filter-feeding, predatory, or scavenging strategies (Lehtiniemi
etal., 2002; Dalsgaard et al., 2003; Kelly and Scheibling, 2012; Connelly
et al., 2014; Parzanini et al., 2018; KaB et al., 2019; Schmittmann et al.,
2024). Despite still containing high levels of 18:1(n-9), holothurians
featured distinct lipid profiles with relatively high levels of sterols,
branched fatty acids, and 20:4(n-6) (Tables 3 and 4). This likely reflects
their ingestion of sediment-dwelling microorganisms and detritus
(Howell et al., 2003; Suhr et al., 2003; Hudson et al., 2004; Neto et al.,
2006; Kelly and Scheibling, 2012) and their use of sterols to mitigate
autotoxicity from the saponins they produce to deter predators
(Claereboudt et al., 2018). Furthermore, trophic level estimations from
the 8!°N signatures provided evidence to suggest that holothurians
predominantly fed on primary producers/detritus, whereas all other
benthic taxa relayed more heavily on omnivory/carnivory. It should be
noted that elevated 18:1(n-9) levels and §'°N values may arise from
prolonged periods of starvation (Gontikaki et al., 2011; Mayor et al.,
2013), which can complicate trophic interpretations. Nonetheless, the
idea that the analysed taxa formed three broad groupings based on their
physiology and trophic strategies (Calanus spp.; holothurians; other
benthos), was also supported by principal component analysis of the
lipid homologous group data (Fig. 4) and the fatty acid data (Fig. 5),
both of which illustrated three clusters around these taxonomic
groupings.
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4.2. Evidence for Calanus-benthos trophic interactions

Calanus spp. lipid biomarkers were present at moderate to high levels
within all selected benthic taxa (means = 11.18-29.27 mol%), strongly
suggesting that Calanus spp.-derived organic matter represents an
important dietary component for deep-sea benthos within the Fram
Strait. Previous studies have drawn similar conclusions after reporting
high levels of C20:1 and C22:1 moieties in benthic mysids, ophiuroids,
amphipods, and decapod shrimps found at shelf to bathyal depths within
Arctic regions (Graeve et al., 1997; Richoux et al., 2005; Sgreide et al.,
2013; Connelly et al., 2014; McGovern et al., 2018; Parzanini et al.,
2018). High levels of Calanus spp. lipid biomarkers have also been re-
ported in the tissues of the predatory pelagic copepod, Paraeuchaeta
spp., sampled from bathyal depths within the Fram Strait (Laakmann
et al., 2009), further highlighting the contribution of Calanus spp. to the
ecology of cold-water deep-sea ecosystems. Nevertheless, by high-
lighting the ubiquity of C20:1 and C22:1 moieties across all selected taxa
and bathyal-abyssal sample depths, our results underscore the appar-
ently widespread nature of the trophic connection between pelagic
Calanus spp. and deep-sea benthic animals.

Among the benthic taxa analysed, mysid (Boreomyis spp.) and
chaetognath (Heterokrohnia sp.) specimens exhibited the highest levels
of C20:1 and C22:1 fatty acids and alcohols (Tables 4 and 5). Chaeto-
gnaths are known to predate directly on copepods (Connelly et al.,
2014), whereas mysids are generally considered to be omnivorous
planktivores that can switch between filter feeding and active raptorial
predation, the latter becoming more common in larger individuals
(Viherluoto and Viitasalo, 2001; Lehtiniemi et al., 2002; Oliveira et al.,
2023). Substantial consumption of Calanus spp.-derived organic matter
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Fig. 6. Principal component analysis plot showing variation in the relative
abundance (mol%) of different fatty alcohols and how fatty alcohol composi-
tions differed among taxa (taxa explained 25.25 % of the variability). Points
represent individual samples. Poly. = Polychaeta; Amph. = Amphipoda; Deca.
= Decapoda; Isop. = Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea;
Ophi. = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus;
C. hyp. = Calanus hyperboreus.
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by mysids aligns well with previous studies. For example, copepods are
key prey for the bathyal mysid Boreomysis arctica in the western Medi-
terranean (Cartes and Sorbe, 1998; Cartes, 2011), and high levels of
Calanus spp. lipid biomarkers (up to 33.1 mol%) were reported in Arctic
mysids collected from 240 m in Conception Bay, Newfoundland
(Richoux et al., 2005) and between 20 and 500 m on the Beaufort Sea
Shelf (Connelly et al.,, 2014). The mysids examined herein lacked
obvious raptorial appendages (Fig. 3) and may have assimilated Calanus
spp. lipid biomarkers through the consumption of carcasses and/or
faecal pellets.

Although the mean relative abundance of Calanus spp. biomarkers
was comparably low in amphipod specimens, the high densities of am-
phipods observed at HAUSGARTEN stations (Soltwedel et al., 2009)
suggests that this taxon could still consume substantial quantities of
Calanus spp.-derived material at a population level. Biomarker and
stable isotope data within this taxon were also highly variable, which
likely reflects the diverse and opportunistic feeding ecology of these
animals (Sainte-Marie and Brunel, 1985; Legezynska, 2008; Connelly
et al.,, 2014). The highest relative abundances of Calanus spp. bio-
markers were observed in high trophic level (>12.5 5'°N) amphipod

20:1(n-9) FA
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taxa known to scavenge on nekton, including Stegocephalidae (family)
sp., Eurythenes sp., and Anonyx nugax (Legezynska et al., 2012;
Schmittmann et al., 2024). Halirages spp. featured notably lower levels
(<10 mol%) of Calanus spp. biomarkers and lower 8'°N values. Deep-sea
members of this genus are often suspension feeders and certain species
(including H. spongiae) associate with sponges to enhance particle cap-
ture success (Legezynska et al., 2012; Lorz et al., 2024). Foraging be-
haviours that result in detecting Calanus prey/carcasses are thus
probably more limited in Halirages spp. compared to more carnivorous
species. Specimens of Rhachotropis sp. represented a mid-point,
featuring moderate Calanus biomarkers (~18 mol%) and 515N values
roughly equal to the third tropic level. Interestingly, previous gut con-
tent and lipid analyses have already uncovered Rhachotropis spp. as
predators that feed on live calanoid and harpacticoid copepods
(Sainte-Marie and Brunel, 1985; Connelly et al., 2014). Taken together,
these results indicate that amphipod species foraging for carcasses might
be more likely to encounter Calanus spp.-derived lipids compared to
those feeding on suspended organic matter or seeking live prey. Future
work could look at species-specific patterns in more detail, with more
replicates per species, to confirm this conclusion.
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Fig. 7. The relative abundances of key Calanus spp. biomarkers among different taxa. Relative abundances of the fatty acid 20:1(n-9) and the sum of the fatty acids
22:1(n-11) + 22:1(iso) were converted to mol% of total fatty acids within each sample. Relative abundances of total 20:1 and 22:1 moieties were converted to mol%
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Holothuroidea; Ophi. = Ophiuroidea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyperboreus.

10



Table 6

Lipid content, Calanus spp. biomarker levels, and bulk 8'°N signatures of benthic invertebrate and copepod samples resolved to a family-species level. Data are reported as means + SD (unless replicates are absent).
Calanus spp., which were already resolved to a species level in all prior analyses, are instead resolved into three depth ranges. TL = total lipid dry weight per individual; TLC = total lipid concentration (dry weight); Holo.
= Holothuroidea; Isop. = Isopoda; Amph. = Amphipoda; Ophi. = Ophiuroidea; Deca. = Decapoda; Poly. = Polychaeta; Mysi. = Mysidacea; Chae. = Chaetognatha; C. fin. = Calanus finmarchicus; C. hyp. = Calanus

o 32 piod "

11

hyperboreus; n = number of samples used for lipid or stable isotope analyses. Sample depth range is shown below the species name.

Taxa Species/Depth (m) n TL (pg ind 1) TLC (mg g 1) C20:1 + C22:1 (mol%) €20:1 + C22:1 (mg g ") €20:1 + €22:1 (pg ind ™) 5°N
Holo. Elpidia sp. 19 32.09 + 49.28 2.22 +1.54 11.18 +5.22 0.17 £ 0.15 2.23 +2.82 7.22 +1.37
2328-5414
Isop. Eurycope sp. 3 73.98 + 57.76 61.87 + 47.96 13.18 + 10.45 6.25 + 3.27 14.04 + 17.30 10.29 +1.21
1254-2551
Amph. Ampipoda (order) sp. 1 - - - - - 7.79
1254-1255
Anonyx nugax 1 4914.74 386.99 20.28 85.14 1081.22 14.74
5409-5414
Eurythenes sp. 2 3338.44 76.05 23.81 18.95 831.74 14.05 + 0.77
2328-2336
Halirages cf. cainae 1 1455.65 50.02 6.37 3.36 97.81 9.75
1254-1255
Halirages sp. 6 1222.04 + 609.61 50.69 + 41.66 16.45 + 11.45 12.20 + 14.44 211.50 + 225.53 11.15 £ 1.22
2545-5414
Halirages spongiae 5 3130.58 + 2570.94 38.54 + 25.52 9.15 + 4.13 4.26 + 4.37 352.31 + 434.49 10.19 £ 0.30
2328-2383
Rachotropis sp. 7 2009.44 + 1644.45 95.85 + 40.55 17.83 £ 8.96 20.76 + 18.39 462.54 + 496.93 11.70 + 0.80
1254-2587
Stegocephalidae (family) sp. 2 909.82 104.58 39.55 42.83 372.63 12.85 + 0.76
2328-2336
Cyphocaris cf. bouvieri 3 158.36 + 205.85 39.93 + 50.98 4.40 £ 3.17 1.02 +£1.11 4.00 £ 4.56 1413 £1.42
2328-2336
All above 28 2065.06 + 1828.52 82.39 + 85.47 15.22 + 10.39 17.21 + 22.53 374.88 + 408.43 11.72 + 1.82
Ophi. Ophiocten sp. 7 227.79 £ 187.27 19.73 + 15.57 18.15 £ 4.81 3.95 + 3.93 44.98 + 40.98 8.88 + 0.57
1254-1255
Deca. Bythocaris sp. 7 4245.71 £ 4004.52 49.34 + 34.63 21.28 + 4.01 10.20 + 6.70 880.46 + 787.40 11.95 + 1.09
2328-2587
Poly. Aglaophamus cf. malmgreni 1 22.29 37.14 25.57 9.19 5.51 10.21
1254-1255
Ophelina sp. 4 10.69 + 5.78 40.80 + 35.70 20.95 + 6.92 8.21 + 8.20 2.99 +2.25 11.68 +1.31
2560-5414
All above 5 14.56 + 7.84 39.58 + 25.33 22.49 + 5.57 8.54 £ 5.83 3.07 £ 2.16 11.38 £ 1.31
Mysi. Boreomyis sp. (white) 6 5543.05 + 1440.97 130.28 + 47.77 29.82 + 6.20 42.45 + 22.67 1709.34 + 439.39 12.67 + 0.67
2328-2551
Boreomyis sp. (red) 2328-2551 7 4507.89 + 4552.66 95.25 + 76.73 28.72 £ 11.67 33.62 + 32.87 1567.79 + 1613.54 10.41 £ 0.75
All above 13 5025.47 + 3174.73 112.77 £+ 62.06 29.27 + 8.67 38.03 + 26.56 1638.57 + 1097.39 11.45 + 1.36
Chae. Heterokrohnia sp. 3 72.04 + 31.53 61.16 + 49.03 27.60 + 10.72 19.89 + 16.74 23.03 + 14.24 -
1254-2587
C. fin. <200 11 13.92 + 10.74 101.36 + 62.42 44.71 £ 13.35 46.91 + 24.43 6.81 + 5.57 -
200-1000 0 - - - - - -
>1000 1 4.89 16.52 37.73 6.33 1.87 -
C. hyp. <200 10 363.28 + 260.73 152.09 + 74.30 46.29 + 18.52 71.68 + 43.83 193.17 £+ 156.81 -
200-1000 6 222.00 + 167.39 161.02 + 116.08 53.49 +7.22 87.15 + 55.38 119.88 + 77.40 -
>1000 4 359.94 + 402.19 157.59 + 10.71 50.28 + 0.58 85.99 =+ 5.02 193.17 £+ 156.81 -

¥¥9S01 (920Z) £TT 11 0d Yopasay Dag-doaq
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Ophiuroid specimens (Ophiocten sp.) exhibited notably high levels of
the fatty acid 20:1(n-9), yet their §'°N signatures indicated that they
were only opportunistic carnivores and may have also consumed sub-
stantial amounts of phytodetrital material (Pearson and Gage, 1984;
Howell et al., 2003). Ophiuroids were exclusively collected at the
shallowest benthic station (1255 m) and could have therefore fed more
intensely on Calanus spp.-derived organic matter given their increased
proximity to the depth at which Calanus spp. typically overwinter
(Heath et al., 2008; Baumgartner and Tarrant, 2017), and to surface
waters where non-diapausing populations produce faecal pellets. This is
further supported by previous studies on Arctic food webs reporting high
levels of Calanus spp. biomarkers in deep-sea echinoderms, including
ophiuroids, suggesting that certain groups employ suspension-feeding or
opportunistic scavenging on copepods (Graeve et al., 1997; Howell
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Fig. 8. The relative abundances of lipid variables in benthic taxa (1255-5409
m) and Calanus spp. (0-2560 m) versus depth. (a) Relative abundances of
Calanus spp. biomarkers (fatty acid 20:1(n-9), sum of the fatty acids 22:1(n-11)
+ 22:1(iso), and sum of 20:1 and 22:1 fatty acids and alcohols) and poly-
unsaturated fatty acids (PUFA). (b) Total lipid concentrations (TLC: dry
weight). No significant relationship between any lipid variable and water depth
were apparent (benthos and Calanus spp. groups treated independently;
ANOVA, p > 0.05 in all cases).
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et al., 2003; Sgreide et al., 2013; Parzanini et al., 2018). As such, the
comparably low trophic level of ophiuroid specimens might suggest that
when carnivory is employed, low trophic level prey (including Calanus
spp.) are targeted (Iken et al., 2005; Sgreide et al., 2008).

Benthic taxa showed differing trends in the relative abundances of
the Calanus spp. biomarkers 20:1(n-9) and C22:1 within their fatty acid
pools (Fig. 7). For instance, ophiuroids and polychaetes displayed rela-
tively high levels of 20:1(n-9) but reduced levels of C22:1 fatty acids
compared to other taxa, whereas decapods and holothurians exhibited
increased levels of C22:1. This pattern may reflect taxa-specific differ-
ences in how efficiently benthic animals assimilate ingested wax esters
and metabolise their own lipid stores. Notably, the fatty alcohol pool of
Calanus spp. lipids was dominated by C22:1 compounds (Table 4), while
C20:1(n-9) was more abundant in the fatty acid pool (Table 5). Benthic
taxa that ingest Calanus spp. and efficiently oxidise their fatty alcohols to
fatty acids may therefore assimilate greater levels of C22:1 into their
tissues, compared to those that poorly oxidise fatty alcohols. Alterna-
tively, different taxa may catabolise certain fatty acids at different rates
(e.g., Mayor et al., 2011, 2022), giving rise to variable ratios of 20:1(n-9)
and C22:1 fatty acids within their tissues. Different trophic pathways
could also influence the relative abundances of Calanus spp. biomarkers
ingested by each taxon, though no clear link between feeding ecology
and the dominance of 20:1(n-9) or C22:1 fatty acids was apparent in this
study.

The clear evidence for trophic connectivity between Calanus spp. and
multiple deep-sea benthic taxa raises questions about the quantitative
importance of this linkage for the ecology of the receiving ecosystem.
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Fig. 9. Comparison of the bulk 8'°N signatures and trophic levels among
different benthic taxa. Trophic levels were estimated using a 5% Npaseline value
of 4.43 %o and a 8'°Nenrichment factor of 3.80 %o per trophic level (Bergmann
et al. 2009 and references therein). Horizontal lines reference the mean §'°N
signatures for C. finmarchicus (7.18 £ 0.65 %o) and C. hyperboreus (7.78 + 0.86
%o) specimens collected from the Svalbard region in May, as reported by Sgreide
et al. (2008). ANOVA results demonstrated that bulk §'°N signatures varied
among taxa (Fg75 = 22.27, p < 0.001). Different letters above each boxplot
show which groups have significantly different (p < 0.05) 5'°N signatures
based on Tukey's HSD post hoc analysis (i.e. groups that share a letter were not
statistically significantly different). Poly. = Polychaeta; Amph. = Amphipoda;
Deca. = Decapoda; Isop. = Isopoda; Mysi. = Mysidacea; Holo. = Holothuroidea;
Ophi. = Ophiuroidea; C. fin. = Calanus finmarchicus; C. hyp. = Calanus hyper-
boreus. Note that isotope analyses were not conducted on chaeto-
gnath specimens.



D. Ford et al.

However, it remains difficult to quantify the amount of Calanus spp.-
derived lipid consumed by each benthic taxon because to do so re-
quires detailed understanding of their physiology, particularly with
regards to the efficiencies with which they absorb and assimilate C20:1
and C22:1 moieties and the subsequent rates at which these compounds
are turned over during routine metabolism. Measuring these physio-
logical parameters should therefore be a key focus of future endeavours
to better understand the trophic ecology of deep-sea benthos and their
linkages to Calanus spp.

4.3. Potential trophic connection routes

The presence of pelagic Calanus spp. lipid biomarkers within the
tissues of the benthic animals presented herein could have occurred
through a range of non-mutually-exclusive routes, which include the
consumption of: 1) Calanus spp. faecal pellets and exuviae, 2) Calanus
spp. carcasses following mortality, 3) live Calanus spp. in the water
column during diapause, 4) carcasses and/or faeces from other animals
that feed on Calanus spp.

Particulate organic matter is generally considered to be the primary
source of food for deep-sea benthic communities (Iken et al., 2005;
Parzanini et al., 2018; Kaf et al., 2021). This sinking flux can be
comprised of various organic sources, including zooplankton faecal
pellets (Bathmann et al., 1987; Turner, 2015). Faecal pellets produced
by Calanus spp. do contain C20:1 and C22:1 fatty acids and fatty alcohols
(Harvey et al., 1987; Mayor et al., 2011), and they clearly serve as a
vector of organic matter transfer to deep-sea benthic ecosystems in the
Fram Strait (Bathmann et al., 1987; Lalande et al., 2016). However,
export flux at HAUSGARTEN is relatively low (Bauerfeind et al., 2009),
and likely subject to a multitude of mesopelagic detritivores that
attenuate this passively sinking organic matter before it reaches bathyal
depths (Wexels Riser et al., 2007; Mayor et al., 2014, 2020b). Moreover,
copepod faecal pellets typically exhibit lighter §°N signatures
compared to copepod tissue (Altabet and Small, 1990; Tamelander et al.,
2006; Mayor et al., 2011), yet the 8!°N signatures of most benthic
specimens analysed in this research were considerably heavier (>3.80
%o) than typical values for Calanus spp. in this region (Sgreide et al.,
2008, 2013). Combined, these observations suggest that faecal pellets
are unlikely to be the main dietary route through which the deep-sea
benthos in the Fram Strat encounter Calanus spp. biomarkers. We
therefore suggest that additional mechanisms of organic matter transfer
between Calanus spp. and the deep-sea benthos are likely to be in
operation.

It is perhaps more likely that benthic animals were feeding on
diapausing Calanus spp. individuals and/or their carcasses. Calanus spp.
are thought to predominantly occupy depths <2000 m during diapause
(Heath et al., 2008; Falk-Petersen et al., 2009; Baumgartner and Tarrant,
2017), although high abundances of C. hyperboreus have previously been
documented close to the seafloor at 2300-2500m in the Fram Strait
(Auel et al., 2003) and bathymetric distributions >2500 m have been
reported for Calanus spp. in other Arctic regions (Baumgartner and
Tarrant, 2017; Brix et al., 2022). Furthermore, Kvile et al. (2019)
demonstrated that the vertical distributions of diapausing Calanus spp.
deepen with increasing bottom depth, and suggested that Calanus spp.
may aggregate at the seafloor when the topography limits the maximum
depths they can attain. We acknowledge that our benthic specimens
were collected during May-June, a period when Calanus populations are
typically feeding in surface waters and accumulating lipid reserves in
preparation to enter diapause from August (Visser et al., 2017; Tarling
et al., 2022a). However, we do not know the lipid turnover rates within
deep-sea benthic invertebrates, or whether certain moieties are selec-
tively catabolised or retained. It is possible that the high levels of Cal-
anus spp. biomarkers detected in benthic taxa are remnants of the
previous diapause season. Equally, Calanus spp. specimens were
collected during our epibenthic sledge deployments at ~1255-2560 m,
indicating that a portion of the diapausing population remains in the
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deep ocean during May and June (Tables 2 and 6).

Identifying whether the benthos relied more heavily on live or dead
Calanus spp. remains challenging. Previous studies have documented
substantial reductions in Calanus spp. population sizes between the
onset and termination of diapause, with losses primarily attributed to
advection or pelagic predators (Bagpien et al., 2001; Gislason et al.,
2007; Espinasse et al., 2018). ‘Doomed’ (Auel et al., 2003) individuals
that have failed to exit diapause might also represent an easily captured
prey for opportunistic benthic carnivores, particularly if they are still in
a dormant state (Ingvarsdottir et al., 1999; Mayor et al., 2022).
Conversely, Daase et al. (2014) reported that 94 % of Calanus spp.
specimens collected between 300 and 2000 m in the Sofiadjupet basin
were dead, possibly due to stress and/or starvation, postulating that
Calanus spp. carcasses could thus represent a major food source for
benthic communities. Potentially supporting the importance of car-
casses, the relative abundance of Calanus spp. lipid biomarkers did not
decline with depth in our study, and moderate levels were still detected
in benthic taxa found below 5000 m (namely Halirages sp. and Ophelina
sp.). This lies below the known bathymetric distribution of diapausing
Calanus spp. (Heath et al., 2008; Baumgartner and Tarrant, 2017) but
Calanus carcasses could sink from bathyal to abyssal depths prior to
complete decomposition, particularly given the slow degradation rates
and high sinking velocities of large zooplankton carcasses in cold envi-
ronments (Daase and Sgreide, 2021; Franco-Cisterna et al., 2021; Halfter
et al., 2022). The notably high levels of Calanus spp. lipid biomarkers
detected in scavenging taxa (section 4.2) further indicates that in-
dividuals consumed by the benthos were already dead. Nevertheless,
inactive Calanus spp. that are unable to terminate diapause or reascend
to the surface could still be targeted by generalist scavengers, and may
sink to water depths below their typical diapause distribution if they fail
to regulate their buoyancy (Clark et al., 2012; Pond, 2012; Pond et al.,
2012; Schmidt et al., 2025).

In addition to direct consumption, benthic taxa could have encoun-
tered Calanus spp. biomarkers through indirect trophic interactions by
feeding on the carcasses or faeces of other planktivorous taxa. For
example, pelagic fish may struggle to digest the high concentrations of
wax esters within Calanus spp., resulting in the production of faeces
containing high concentrations of their lipid biomarkers (Sargent et al.,
1977). Furthermore, fish that feed on Calanus spp. can also accumulate
high levels of C20:1 and C22:1 fatty acids within their tissues (e.g., Maar
et al., 2023) which could then be transferred to benthic scavengers that
feed on their carcasses. Indeed, recent DNA metabarcoding of the gut
contents of deep-sea amphipods at HAUSGARTEN stations within in the
Fram Strait indicates that the carcasses of larger pelagic nekton also play
an important role in the trophic ecology of this region (Soltwedel et al.,
2003; Schmittmann et al., 2024).

Finally, it is important to recognise that C20:1 and C22:1 moieties
have been identified in the lipid pools of non-diapausing species of deep-
sea calanoid copepods (Biihring and Christiansen, 2001; Kosobokova
et al., 2002; Laakmann et al., 2009; Maar et al., 2023). The levels of
these biomarkers in deep-sea copepod species are substantially lower
than those reported for Calanus spp. (Biihring and Christiansen, 2001;
Kosobokova et al., 2002; Maar et al., 2023), and their presence in
predatory copepods have previously been attributed to the consumption
of Calanus spp. (Laakmann et al., 2009). As such, it seems likely that
Calanus spp. are the primary source of these biomarkers in benthic taxa,
although additional contributions from other copepod taxa cannot be
ruled out.

Based on the evidence presented above and high levels of Calanus
spp. biomarkers detected in scavenging taxa, we propose that dead or
moribund Calanus spp. individuals constitute the primary source of
Calanus spp.-derived lipids in the deep-sea benthos. To test this hy-
pothesis, future research could quantify Calanus spp. biomarker con-
centrations within deep-sea benthic taxa immediately before and after
the diapause period, while also performing traditional stomach content
analyses and DNA metabarcoding of the stomach contents. Detecting
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elevated levels of Calanus spp. lipid biomarkers after the diapause period
and/or finding intact Calanus spp. in the stomach contents would pro-
vide support for this interpretation. Furthermore, additional compari-
sons of Calanus spp. biomarker levels between strict necrophages and
planktivorous predators may shed light on the importance of live and
dead Calanus spp. as prey for the deep-sea benthos.

4.4. Implications and uncertainties of Calanus spp.-derived inputs to deep-
sea ecosystems

The consumption of Calanus spp. by benthic taxa has potential im-
plications for gross long-term carbon sequestration and might partially
explain the mismatch between vertical carbon export and benthic de-
mand in the Arctic Ocean (Wiedmann et al., 2020). Within the Fram
Strait, the seasonal migration of C. finmarchicus and C. hyperboreous is
estimated to transport 2.35 and 3.62 gC m~2 y~! into the deep-sea,
respectively (Visser et al., 2017; Tarling et al., 2022a). This flux is
calculated as the sum of CO; released from Calanus spp. as they respire
during diapause and the carbon contained in tissue that remains in the
deep-sea following mortality (Visser et al., 2017; Tarling et al., 2022a).
Population mortality rates are an acknowledged uncertainty in these
estimates and only contribute towards ~15 % of the total SLP carbon
flux (Visser et al., 2017; Tarling et al., 2022a). Quantifying the rates and
causes of Calanus spp. mortality during diapause has been the focus of
numerous studies (e.g., Baggien et al., 2001; Gislason et al., 2007;
Espinasse et al., 2018; Pinti et al., 2023), yet the potential consumption
of Calanus spp. by benthic predators is seldom considered.

If benthic taxa predate on live diapausing individuals, then this
trophic interaction could directly influence Calanus spp. mortality rates
and thus the proportion of carbon that remains at depth after the
diapause season has ended. Conversely, the interaction is unlikely to
have major implications for carbon flux estimates if benthic taxa pri-
marily consume Calanus spp. carcasses; the carbon content of Calanus
spp. individuals that die during diapause is considered sequestered
regardless of whether their carcasses are consumed or not. Such con-
sumption may, however, still influence the residence time of Calanus
spp.-derived carbon within the deep ocean. For example, deep-sea
benthos are typically restricted to their respective depth zones, mean-
ing that carbon transferred to benthic consumers might exhibit a longer
residence time compared to carbon routed through pelagic predators or
remineralised in the water column (Pinti et al., 2023). On the other
hand, supra-benthic consumers may reduce the gross sequestration of
carbon by intercepting Calanus spp. carcasses before they reach the
sediment. Deep-sea amphipods can exhibit particularly broad bathy-
metric distributions and might even return Calanus spp.-derived carbon
to shallower depths (Sainte-Marie, 1992; Lacey et al., 2018). Clarifying
the route(s) through which Calanus spp.-derived organic matter enters
the deep-sea benthic ecosystem, together with quantifying the rates at
which this material is consumed and turned over (as noted in section
4.2), are key to constraining its role in carbon sequestration.

Beyond transporting carbon, a potentially more insidious implication
of our study is that Calanus spp. may also be acting as a vector for the
transport of lipid-soluble heavy metals and persistent organic pollutants
(POPs) into deep-sea benthic ecosystems. Contaminants such as
dichloro-diphenyl-trichloroethane (DDT), polychlorinated biphenyls
(PCBs), and chlordane are routinely found in surface populations of
Calanus spp. and other lipid-rich Arctic zooplankton (Ritterhoff and
Zauke, 1997; Hargrave et al., 2000; Fisk et al., 2001; Hallanger et al.,
2011). If Calanus spp. accumulate these surface-derived contaminants in
their lipids prior to diapause, benthic animals that consume their tissues
may also be exposed to elevated concentrations. However, we are un-
aware of any study that has examined whether high levels of anthro-
pogenic contaminants are found in diapausing Calanus spp. This
potential 'pollutant-pump' pathway may be of increasing concern
following the ongoing poleward expansion of human infrastructure and
activities (e.g., tourism, shipping, oil and gas exploration, etc.) in the
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Arctic Ocean (Pouch and Zaborska, 2015; Hansen et al., 2024).

4.5. Conclusion

Our findings highlight the existence of a trophic coupling between
seasonally migrating Calanus spp. and deep-sea benthic ecosystems
within the Arctic Fram Strait. Whilst the specific pathways for this
coupling and its quantitative importance for carbon sequestration
currently remain uncertain, the evidence presented in this study in-
dicates that Calanus spp. play an important role in supporting the
ecological functioning of high-latitude deep-sea benthic ecosystems.
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