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Arctic marine ecosystems are becoming more boreal due to climate change. Predictions of ecosystem change
focus mainly on Arctic inflow or interior shelves, with few comprehensive studies on Arctic outflow regions.
During September-October 2017, soft-bottom communities were sampled and benthic ecosystem processes
were quantified at 12 stations on the Northeast Greenland shelf (outflow shelf) and compared to the last
regional ecosystem study, conducted in 1992 and 1993. The benthic habitat was characterized in terms of
sediment granulometry, pigment concentrations, and porewater chemistry (dissolved inorganic carbon,
nutrients). Total abundance and biomass of macrobenthos and meiobenthos, bacterial abundance, porewater
dissolved inorganic carbon and ammonium concentrations were higher on the outer shelf compared to
locations adjacent to the Nioghalvfjerdsfjorden glacier at 79°N and the inner shelf stations (e.g.,
macrofauna: 1,964-2,952 vs. 18-1,381 individuals m~2). These results suggest higher benthic production in
the outer parts of the NEG shelf. This difference was also pronounced in macrobenthic and meiobenthic
community structure, which was driven mainly by food availability (pigments with 1.3-4.3 vs. 0.3-0.9 pug
g~" sediment, higher total organic carbon content and bacterial abundance). Compared to the early 1990s,
warmer bottom water temperatures, increased number of sea-ice-free days and lower sediment pigment
concentrations in 2017 were accompanied by decreased polychaete and increased nematode abundance and
diversity, and a different community structure of nematode genera. The present study confirms previous
reports of strong pelagic-benthic coupling on the NEG shelf, but highlights a possible weakening since the
early 1990s, with a potential shift in importance from macrofauna to meiofauna in the benthic community.
Increasing inflow of Atlantic water and decreasing volume transport and thickness of sea ice through the
Fram Strait, probably affecting the Northeast Water Polynya, may be responsible, suggesting ecosystem-wide
consequences of continued changes in sea-ice patterns on Arctic shelves.
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1. Introduction

The marine environment in the Arctic is characterized by
the high seasonality of the solar cycle and sea-ice dynam-
ics, which in turn determine the dynamics of nutrient
availability and primary production and with that, the
availability of food in the ecosystem. Pathways of second-
ary production in high latitude ecosystems depend on the
match of timing between this seasonal primary produc-
tion and pelagic consumer development (Sakshaug et al.,
2009; Meire et al., 2016). Pelagic mineralization patterns
determine the amount of organic matter (OM) that ulti-
mately sinks to the seafloor and serves as food for benthic
communities (Graf, 1989; Jensen et al., 1990; Wassmann
and Reigstad, 2011; Wiedmann et al., 2020). A strong
dependency of benthic ecosystems on pelagic-benthic
coupling in the Arctic has been documented for fjord
(McMahon et al., 2006) and shelf systems (Grebmeier
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et al., 1988; Ambrose and Renaud, 1995; Carmack and Wass-
mann, 2006; Renaud et al., 2008), as well as for the deep
Arctic Ocean (Degen et al.,, 2015; Wiedmann et al., 2020).

The vertical export of OM in the Arctic Ocean varies
regionally, with marginal ice zones and polynyas regarded
as particularly productive sites (Spies, 1987; Sakshaug and
Skjoldal, 1989; Niebauer et al., 1990; Piepenburg, 2005;
Grebmeier and Barry, 2007; Wassmann and Reigstad,
2011). Pelagic variations in primary production are usually
reflected in the availability of OM at the seafloor and
determine the variability of benthic communities (Piepen-
burg et al., 1997; Bourgeois et al., 2016). Pelagic processes,
both physical (e.g., lateral advection) and biological (zoo-
plankton grazing, microbial recycling), influence the
pelagic export (Grebmeier and Barry, 1991), with signifi-
cant impacts on the functioning of underlying benthic
communities (Morata et al., 2015).

Changing sea-ice dynamics in the Arctic are expected to
have significant consequences for the composition and
timing of OM production, with potential impacts on the
quality and quantity of food reaching the benthos (Piepen-
burg, 2005; Carmack and Wassmann, 2006; Wassmann
and Reigstad, 2011; Smith et al., 2013; Makeld et al.,
2017; Hoffmann et al., 2018), and on the fate of the OM
at the seafloor (Braeckman et al., 2018). The Arctic sea-ice
extent is declining at an accelerating rate (Overland and
Wang, 2013; Comiso et al., 2017; Onarheim et al., 2018;
Meredith et al., 2019), resulting in an expansion of open-
water areas across the Arctic (Overland and Wang, 2013;
Barnhart et al., 2016; Comiso et al., 2017; Onarheim et al.,
2018). Accordingly, the export of sea ice through Fram
Strait, as well as the sea-ice thickness off Northern Green-
land, have declined significantly during the last two dec-
ades (Spreen et al., 2020; Sumata et al., 2022). Moreover,
the heat transport toward the high North through warm-
ing water masses (Spielhagen et al., 2011; Beszczynska-
Moller et al., 2012; Polyakov et al., 2020; Skagseth et al.,
2020; Smedsrud et al., 2022) and enhanced glacial melt,
especially from Greenland's glaciers (Rignot and Kanagar-
atnam, 2006; Nick et al., 2013), are further effects that
coincide with climate change. Alterations in ocean tem-
perature and sea-ice cover will also affect the dynamics of
seasonal ice zones and polynyas (April et al., 2019), which
are hotspots of the food supply for benthic communities
(Grebmeier and Barry, 2007), and most likely lead to dras-
tic changes in Arctic ecosystems through all trophic levels
(Wassmann et al., 2011).

A longer period of light availability through reduced
sea-ice cover might fuel phytoplankton blooms (Arrigo
et al., 2008), but the establishment of a bloom and the
export of OM depends on multiple factors such as nutrient
availability and vertical mixing, induced for example by
wind stress (Ardyna et al., 2014). Despite an overall
increase in primary production by 30% in the Arctic dur-
ing the course of the last two decades, primary production
on outflow shelves has either decreased or shown no
change (Arrigo and van Dijken, 2015). An efficient trans-
port of OM to the seafloor will most likely be influenced
by whether locally changing sea-ice dynamics will favor
a stratified or mixed regime in the water column (von
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Appen et al., 2021). Moreover, sea-ice algae can contribute
substantially to total primary production (Horner and
Schrader, 1982; Hegseth, 1998) and are regarded as a food
source with higher nutritional value (Falk-Petersen et al.,
1998; McMahon et al., 2006).

During the first biological observations in the early
1990s, a tight pelagic-benthic coupling was reported for
the Northeast Greenland (NEG) shelf, especially within the
Northeast Water (NEW) Polynya, located on the northern
part of the shelf (Ambrose and Renaud, 1995; Hobson
et al., 1995; Piepenburg et al., 1997; Rowe et al., 1997).
Within the NEW Polynya, higher primary production and/
or reduced pelagic mineralization resulted in higher ben-
thic production compared to the ice-covered southern
part of the NEG shelf (Ambrose and Renaud, 1995; Stir-
ling, 1997). Benthic communities were strongly associated
with OM input from the pelagic realm (Piepenburg et al.,
1997), and thick ice algal aggregates potentially served as
a rich energy source (Gutt, 1995; Bauerfeind et al., 1997).
Since these findings, no further biological studies have
been carried out in this region. At that time, the Norske
Qer Ice Barrier (N@IB) in front of Nioghalvfjerdsfjorden
(79°N Glacier), hindered investigations on benthic com-
munities near the glacier.

Today, glacial melt, increasing sea-ice melt and thin-
ning, as well as stronger input of warm Atlantic Water,
are acting in concert in altering the NEG shelf between
77°N and 81°N. Since 2003, glaciers around NEG have
undergone sustained thinning, and the seasonal floating
tongue of the 79°N Glacier, the largest marine-
terminating glacier on the NEG shelf, retreated by more
than 100 m yr~' between 2001 and 2011 (Khan et al.,
2014). Increasing temperatures have led to seasonal
break-up events of the N@IB fast ice cover, which histor-
ically broke up only in intervals of several decades (Reeh
et al., 2001). The N@IB not only stabilizes the floating
glacier tongue and constrains its melting, but also blocks
advection of sea ice into the NEW Polynya region. As
a result, the NEW Polynya, which has been recurring sea-
sonally for at least 1,000 years (Syring et al., 2020), has
become a less obvious phenomenon in the last decade:
the patterns in sea-ice cover have become much more
dynamic, with a more extensive open water area (Reeh
et al., 2001; Smith and Barber, 2007; International Space
Science Institute [ISSI], 2008; Reeh, 2017). Moreover, NEG
receives a substantial amount of freshwater from the
southward sea ice and from freshwater transport through
Fram Strait, which, together with glacial meltwater, has
already led to a substantial freshening of the coastal sub-
surface waters in this area (Sejr et al., 2017). Therefore, the
NEG outflow shelf is especially susceptible to stratification
(Carmack and Wassmann, 2006). Additionally, there is an
increasing influence of warm Atlantic Water on the shelf
(Schaffer et al., 2017).

For the first time since 1993, a reassessment of the
spatial patterns of benthic communities and their ecosys-
tem functions was carried out on the NEG shelf during
a field campaign in 2017. To investigate their response to
ongoing glacial melt, sea-ice thinning and stronger input
of Atlantic Water, we compared environmental conditions,
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benthic oxygen uptake and remineralization processes,
and benthic community parameters (abundance of macro-
fauna, meiofauna, and bacteria, and macrofaunal and
meiofaunal biomass and community composition) with
patterns described in 1992 and 1993 during investiga-
tions carried out with USCGC Polar Sea and R/V Polarstern.
We hypothesized that increasing stratification and the dis-
appearance of the NEW Polynya resulted in a decoupling
of the benthos from the pelagic environment with
decreased OM supply to the seafloor, and consequently
reduced abundances and functions of benthic communi-
ties on the NEG outflow shelf.

2. Materials and methods

2.1. Study site

The NEG continental shelf extends more than 300 km
from the coastline (Figure 1). Between 77°N and 81°N,
two troughs are present: the Westwind Trough in the
north and the Norske Trough in the south, which together

Art. 12(1) page 3 of 24

half-encircle shallow banks of water depths <200 m
located approximately in the middle of the shelf (Arndt
et al., 2015; Schaffer et al., 2017). The bathymetry of the
trough system provides a valley between the shelf break of
the Norske Trough in the south and the shelf break of the
Westwind Trough in the north, allowing warm and saline
Atlantic Intermediate Water (AIW) originating from the
recirculation into the East Greenland Current to enter the
NEG shelf via the Norske Trough (Schaffer et al., 2017).
AIW occupies depths below 150-200 m (subsurface AIW)
and circulates in an anticyclonic way across the shelf
(Bourke et al., 1987).

As part of the Northeast Greenland Ice Shelf, the 79°N
Glacier has a large floating ice tongue that fills the entire
interior of the 79°N Fjord (Thomsen et al., 1997). Under-
neath is a trough with a maximum depth of more than
900 m, where subglacial melting takes place with a mean
melt rate as fast as 8 m yr~' (Mayer et al., 2000). Water
warmer than 1°C below the 79°N Glacier (Wilson and

79°N
Glacier
168/85/61
;’%‘ 9/84/62

0 7.5 15km
-_—

79N 4
Glacier’
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Figure 1. Sampling locations on the Northeast Greenland shelf during 2017. (a) Overview map showing the
location of the study area in the Arctic. (b) Station locations from the R/V Polarstern cruise PS109 in 2017. Red dots
indicate multicorer stations and black rectangles indicate stations where a benthic lander was also used. (c) Closeup of
the Glacier stations with calving front from 1990 (green) and 2017 (blue). Background bathymetry is based on the
International Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2020), Coastlines were obtained from Wessel
and Smith (1996). Calving front data from 1990 (green line) and 2016 (blue line) were retrieved from the
Environmental Earth Observation IT GmbH (ENVEO, 2017).
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Straneo, 2015) causes basal melting in this cavity (Mayer
et al., 2000; Straneo et al., 2012; Schaffer et al., 2017).
Modified AIW leaves the glacier cavity through the calv-
ing front and through the Djmphna Sund (Schaffer,
2017), which is located north of the glacier front. The
AIW throughout the whole trough system has warmed.
In the period between 1979-1999 and 2000-2016, the
Norske Trough experienced a temperature increase of
0.5°C (Schaffer et al., 2017; Mayer et al., 2018; Schaffer
et al., 2020).

At around 79°30'N, the N@IB, a semi-permanent land-
fast sea-ice cover and at one time one of the largest areas of
landfast ice on Earth (Hughes et al., 2011), was observed to
hinder the advection of sea ice into the NEW Polynya at its
southern extent (Minnett et al., 1997). The polynya used to
open in April or May and close around September (Schnei-
der and Budéus, 1994). It varied in size, located around
80°N in the Westwind Trough, and was reported occasion-
ally to cover an area of 44,000 km?* (Wadhams, 1981). Two
break-ups of the N@IB were observed until 2001, namely in
the 1950s and in 1997, which led to an extended open-
water area and enhanced calving of the 79°N Glacier (Reeh
et al,, 2001). Between 2002 and 2005, the N@IB broke up
every summer (Hughes et al., 2011).

2.2. Sampling and laboratory analyses

Samples were taken in September and October 2017 dur-
ing cruise PS109 of the R/V Polarstern at 17 multiple corer
(MUC) and lander stations at water depths between 140 m
and 645 m. Because different deployments of instruments
at the same aimed position received individual station
numbers, some stations were pooled (namely 69/84/62,
68/85/61, and 122/129), resulting in 12 locations that are
henceforth referred to as “stations” (Figure 1b, Table S1).
Three stations were located in the Westwind Trough, 5
stations in the Norske Trough, and 3 stations close to the
79°N Glacier (Table S1). One station (locations 122 and
129) was located on the shallow Belgica Bank (water
depths of 140 m and 139 m, respectively). At each station,
a camera-equipped MUC (TV-MUG; core area of 0.007 m?)
was deployed to collect sediment cores for ex situ mea-
surements of oxygen consumption and sediment sam-
pling. Additional in situ oxygen flux measurements were
performed with an autonomous benthic lander at three of
these stations, one at the outer Norske Trough (Station
139) and two at the margin of the 79°N Glacier (Stations
68 and 69; Table S1). In the following, lander stations are
denoted with the suffix “L” to distinguish them from
MUC stations.

CTD profiles (Kanzow et al., 2018) for each benthic
station were obtained for temperature and salinity. When
a CTD profile was not taken directly at the benthic station,
the data from the CTD closest to the station was used
(maximum distance to the nearest CTD was 31.5 km at
Station 139). At Station 68/85/61, the closest CTD (dis-
tance of 13 km) was at a location with a depth of 400 m,
so the data from 150 m depth, which was the depth of the
benthic station, was taken as bottom water. Bottom water
temperatures ranged between —1.07°C and 1.76°C and
salinities between 33.96 and 34.94.
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2.2.1. Sediment solid-phase parameters

Upon arrival on deck, the upper 5 cm of three MUC cores
were sampled in 1 cm intervals with 5 mL cut-off syringes
for granulometry, porosity, benthic pigments (chlorophyll
a (Chl a), phaeopigments and fucoxanthin), total organic
carbon (TOC), and total nitrogen (TN). Because these cores
originated from the same deployment, they are technically
pseudoreplicates. Time constraints, however, did not allow
for truly replicated deployments. For granulometry, the
sediment was sliced in 1 cm intervals and stored in
20 mL scintillation vials or plastic bags. Grain size spectra
were assessed by laser diffraction (Malvern Instruments,
Malvern, UK; Braeckman, 2023a). Porosity samples were
stored in 5 mL cut-off syringes wrapped in aluminum foil.
In the laboratory, the samples were sliced in 1 cm sedi-
ment depth intervals and the wet mass of the sediment
samples was measured and then dried at 60°C in a drying
oven. Porosity was calculated by the difference between
the wet and dry mass of the samples after Dalsgaard et al.
(2000; Braeckman, 2023b).

Chl a, phaeopigments (phaeophorbide a and phaeo-
phytin a) and fucoxanthin were subsampled with 10 mL
cut-off syringes, which were pushed gently into the sedi-
ment until reaching 5 cm depth, and stored at —80°C. In
the laboratory, the samples were sliced in 1 cm horizons
and analyzed using high performance liquid chromatog-
raphy after Wright and Jeffrey (1997; Braeckman, 2023c).
Quantities are expressed as microgram pigment per gram
of dry sediment (ug g~ '). The chloroplastic pigment equiv-
alent (CPE) was calculated as the sum of Chl a and
phaeopigments.

TOC and TN were determined by treating an aliquot of
dried sample with hydrochloric acid until no more bub-
bles were observed, to remove inorganic carbon prior to
analysis. Percent TOC and TN were determined in sedi-
ments dried at 250°C using a ELTRA CS2000 Carbon Ana-
lyzer (Braeckman, 2023d).

For comparison with the earlier studies, CPE and TOC
were converted to grams per meter squared using porosity
and sediment density (2.55 g cm3) in the following
equation:

p g CPE or TOC

1— i densi 1 10,000
¢ (dry sediment) x ( porosity) X density X 1 cm x 10,

2.2.2. Sediment porewater parameters
At each station, two MUC cores with pre-drilled holes were
mounted on the MUC for porewater extractions. Samples
for measuring porewater chemistry (DIC, nutrients, sulfate
and sulfide concentrations) were collected with Rhizon
samplers (pore size 0.2 pm, Rhizosphere, Wageningen,
Netherlands) by inserting them carefully into the pre-
drilled holes on the retrieved MUC cores with depth inter-
vals of 1T cm until 10 cm sediment depth, and 2 c¢m
intervals until 20 cm sediment depth. The porewater of
the two MUC cores was pooled; a total of 9 mL porewater
for each depth interval was retrieved in this manner.

To determine the concentration of dissolved inorganic
carbon (DIC), 2 mL porewater was sampled in glass vials
pre-treated with HgCl, and stored at 4°C. DIC
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concentrations were measured using a flow injection sys-
tem equipped with the Spark Optimas auto-sampler
(model 820, Ambacht, Netherlands). For the analysis of
porewater nutrients, 4 mL of porewater was transferred
to acid-washed Sarstedt Vials, stored at —20°C and further
subsampled in the home lab before analysis (4 mL for
phosphate, silicate and ammonium, 1 mL for nitrate and
nitrite). Samples were analysed with a Continuous Seg-
mented Flow Analyser (QuAAtro39, SEAL Analytical;
Braeckman and Felden, 2023).

2.2.3. Sediment oxygen profiles and oxygen fluxes at
the sediment-water interface

For the assessment of ex situ fluxes at the sediment-water
interface, part of the overlying water from three cores was
removed and stored at in situ temperature separately, while
the height of the remaining water above the sediment was
adjusted to 10 cm by gently pushing the sediment vertically
upwards without disturbing the surface sediment layer. The
cores were transferred to a temperature-controlled water
bath where the temperature had been adjusted to the in
situ values in the bottom water at the respective station
(information retrieved from shipboard sensors). The overly-
ing water was homogenized with a magnetic stirrer, and
the water surface was gently streamed with a soft air stream
to aerate the overlying water.

For the quantification of diffusive oxygen uptake
(DOU), two oxygen microprofiles were measured simulta-
neously, ideally within 2 h of sampling (in some cases
>24 h, namely Stations 139, 85, 84, and 76) and for each
sediment core with 2 oxygen optodes (Pyroscience, Fire-
sting; tip size 50 pm) mounted on an autonomous micro-
profiler module. The sensors were two-point calibrated
using on-board signals recorded in air-saturated surface
seawater and anoxic, dithionite-spiked bottom water at
in situ temperature (Felden et al., 2023).

After microprofiling, total oxygen uptake (TOU) was
assessed from the decrease in oxygen concentration in the
overlying water over time for approximately 48 h (at least
36 h). The cores were closed with no air bubbles in the
overlying water, and magnetic stirrers ensured the homog-
enization of the overlying water. An oxygen optode (Pyr-
oscience, Firesting) measured the oxygen concentration
continuously in the overlying water (measuring interval
of 60 s, calibrated as described above). Total sediment
oxygen flux was determined as the decrease in oxygen
concentration in the water phase, which was read from
the continuous oxygen sensor data. The incubation was
terminated at <80% initial [O,] (Braeckman and Wenzho-
fer, 2023).

To quantify in situ fluxes at the sediment-water inter-
face, an autonomous benthic lander equipped with three
benthic chambers (area of 0.04 m?), a sediment profiler
and a Niskin bottle were deployed at selected stations.
Upon arrival at the seafloor and a waiting time of 4 h after
the lander deployment to allow resuspended matter to
settle (Glud et al., 1994; Tengberg et al., 1995; Donis
et al., 2016), the lander chambers were driven slowly into
the sediment. The lander chambers enclosed 20 x 20 cm
of sediment and about 10-15 cm of overlying water
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(depending on the final orientation of the lander). The
enclosed overlying water was gently stirred to avoid stag-
nation. A syringe sampler collected overlying water sam-
ples at regular times for the analysis of nutrients and DIC,
while an Aanderaa optode (4330, Aanderaa Instruments,
Norway, two-point calibrated as described above) contin-
uously measured the oxygen concentration in the overly-
ing water every 10 min during the total incubation time of
around 48 h.

At the end of the incubation, chambers were closed
and the incubated sediment was retrieved with the lander
from the seafloor. On board, the volume of overlying
water in the chambers was estimated from the surface and
the height of the overlying water body, measured with
a ruler at 6 to 8 positions within each chamber and sub-
sampled for the above-mentioned sediment parameters.

Simultaneously to the chamber incubations, electro-
chemical oxygen microsensors (adapted and customized
after Revsbech, 1989, and calibrated with a two-point cal-
ibration) measured in situ oxygen profiles at 3—5 points.
The bottom water oxygen concentration (taken from the
Niskin bottle and estimated by Winkler titration) was used
as the first calibration point. When the sensor had reached
the anoxic zone of the sediment, the sensor signal at this
point was taken as the second calibration point. Other-
wise, the sensor signal in an anoxic solution of sodium
dithionite was used. The maximum profiling depth of the
profiler during in situ measurement was 180 mm, with
profiling resolution of 100 pm.

Both ex situ (MUC cores) and in situ (lander) DOU
fluxes across the sediment-water interface were calcu-
lated from running average-smoothed oxygen profiles
using Fick's first law (Glud et al., 1994). Ex situ TOU
fluxes were calculated from the initial linear decrease
in O, concentration versus time (first 30 h) in the
enclosed overlying water body (Glud et al., 1994). Due
to issues with optodes, in situ TOU fluxes could only be
measured at Station 139-L.

2.3. Benthic community parameters

2.3.1. Bacterial abundance

The upper 5 cm of the sediment was sampled with
a 10 mL cut-off syringe and sliced into 1 cm layers, corre-
sponding to 2 mL marked on the syringe. Each slice was
transferred to a scintillation vial, and fixed by adding 9 mL
of filtered (0.22 um) 3% (final concentration)
formaldehyde-artificial seawater solution. Afterwards, the
samples were diluted further with the same solution, fil-
tered through polycarbonate filters (0.2 pm, Whatman
Nuclepore Track-Etch Membrane) and stained with
a 0.001% acridine orange solution after Hobbie et al.
(1977). Single cell abundances were estimated from
counts of at least 30 grids for 2 replicate filters per sample
with a Zeiss Axiophot microscope (Germany) and a 100x
oil immersion objective lens (Zeiss Plan-Apochromat, Ger-
many; Bodur et al., 2023a). For each 1 cm layer, quantities
are expressed in cells mL™' (equivalent to 1 cc wet sedi-
ment) after accounting for all dilution steps. For summed
layers, 05 c¢m, used as an environmental variable (Section

2.5.1), quantities are expressed in cells cm™2.
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2.3.2. Macrofaunal and meiofaunal communities

At the end of the ex situ incubations, the MUC cores were
opened and meiofaunal communities were sampled with
a cut-off 10 mL syringe (area 1.89 cm?) to 5 cm sediment
depth. This subsample was further sliced in 5 horizons of
1 cm. The leftover sediment in the MUC core was sliced
into 0-5 cm and 5-10 cm layers and sieved over a 500 pm
mesh to collect macrofauna. Sediments from lander cham-
bers were sieved entirely on a 500 pm mesh. Samples
were stored in 4% seawater-buffered formaldehyde in
Kautex bottles at room temperature.

In the lab, the samples were stained with Rose Bengal.
Macrofaunal individuals were identified to the lowest pos-
sible taxon level. The blotted wet formalin weight of
macrofaunal individuals was determined with a DeltaR-
ange XP56 or AX205 precision balance (Mettler Toledo,
Ohio, USA), depending on the organism size and weight. It
should be noted that, because of the extremely small size
of some specimens, the evaporation of water led to
a steady decrease of weight on the precision balance. Poly-
chaetes were removed from their tubes before weighing,
and molluscs were weighed with their shells. Other
encrusting and calcifying organisms such as bryozoans
were also weighed with their tests, such that their biomass
is most likely overestimated. Colonial animals such as
Bryozoa and Hydrozoa were weighed for biomass estima-
tions but excluded for density and community analysis.
When no head was present in the sample but body seg-
ments were, polychaete taxa were counted as one speci-
men due to the general low abundance of specimens in
the samples. Nematoda and other worms that inhabited
foraminifera tests (Nematoda, small Nemertea) were
excluded from the biomass and density calculations as
they were not part of the macrofaunal communities
(Bodur et al., 2023b).

For the representation of total biomass, the wet weight
of individuals >1,000 mg was removed in order to reduce
skewing of the data: 1 individual of Ctenodiscus crispatus
(5,773 mg, Station 139), Ophiopleura borealis (3,048 mg,
Station 68), Allantactis parasitica (3,018 mg, Station 139),
Priapulus bicaudatus (2,846 mg, Station 36), and Ophioc-
ten sericeum (1,471 mg, Station 129). All other individuals
were <712 mg. We preferred removing these outliers
instead of transforming the data.

Samples from the 5-10 cm sediment depth from the
stations with the highest faunal abundance (Stations 36,
125, and 129) were checked for presence of fauna. Only
one body part of a specimen of Maldanidae was found in
one sample from Station 36; therefore, sediment depths
>5 cm were not considered further for community
analyses.

Meiofauna were extracted from the samples by triple
density centrifugation with the colloidal silica polymer
LUDOX TM 40 (Heip et al., 1985) and rinsed with fresh-
water on stacked 1 mm and 32 um mesh sieves. The
fraction retained on the 32 um mesh sieve was preserved
in 4% Li,COs-buffered formalin and stained with Rose
Bengal. All metazoan meiobenthic organisms were classi-
fied at higher taxonomic levels and counted under a ste-
reoscopic microscope (Leica MZ 8, 16 x5x; Da Costa
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Monteiro et al., 2023a). All Nematodes of each sample
were handpicked with a fine needle, transferred to glycer-
ine (De Grisse I, 11, and III; Seinhorst, 1959), mounted on
glass slides, identified to genus level based on the Nemys
website (Nemys, 2022), and allocated to functional feed-
ing groups based on Wieser (1953) as selective deposit
feeders (1A), non-selective deposit feeders (1B), epistra-
tum feeders (2A) or predators/scavengers (2B; Da Costa
Monteiro et al., 2023b).

2.4. Data utilized from 1992 and 1993

Data from the early 1990s for bottom water temperature,
sediment CPE, TOC content, TOU and Polychaeta and
Nematoda abundances were available from campaigns of
the US Coast Guard vessel Polar Sea between July 18 and
August 1, 1992, and from R/V Polarstern during cruises
PS25 and PS26 between May and August 1993 (Ambrose
and Renaud, 1995; Piepenburg et al., 1997; Rowe et al.,
1997; Renaud and Ambrose, 2023). A map of the stations
from 1992 and 1993 that were used for comparison is
given in Figure 2. For TOC and CPE content, one subcore
(1.9 x 2 cm) from 2-7 replicate boxcores (0.25 m?) was
taken at each station. Three subcores (8 x 15 cm) sampled
from each boxcore were taken for Polychaeta and subse-
quently sieved through 500 pm mesh sieve. For further
details see Ambrose and Renaud (1995) and Renaud and
Ambrose (2023). Nematodes were sampled with a multi-
corer, from which one subsample of 50 mL sediment was
taken (16.67 cm® down to 3 cm depth; see Piepenburg
et al., 1997; Preben and Herman, 2023). Benthic respira-
tion was measured in situ by deploying benthic chambers,
as well as ex situ with shipboard micro-incubation cham-
bers (Rowe et al., 1997).

2.5, Data processing and statistical analyses
2.5.1. Analysis of benthic environmental and commu-
nity patterns from 2017
For data analysis, the number of sea-ice-free days within
the sampling year was calculated for each of the stations
rather than selecting a daily resolution of sea-ice concen-
tration because processes in the upper water column are
reflected in the benthic communities after a time lag
(Rowe et al., 1997). The applied sea-ice concentration
product is provided by CERSAT (Ezraty et al., 2007) on
a 12.5 km grid and is based on 85 GHz Special Sensor
Microwave/Imager brightness temperatures, using the
ARTIST Sea Ice algorithm (Kaleschke et al., 2001). Water
depth values were taken from the benthic MUC stations.
Values for bottom water temperature and salinity were
taken from the deepest point measured by the shipboard
CTD (Kanzow et al., 2018). For median grain size and silt
fraction at each station, the mean value across all sedi-
ment depth layers was taken. Pigment concentrations and
single cell abundances were integrated (summed) over the
top 0-5 cm sediment. Measurements of environmental
parameters, single cell abundances, and macrofaunal com-
munities obtained by landers were taken as additional
station data replicates, when available.

A similarity profile routine (SIMPROF) analysis was per-
formed on standardized (scaled to zero mean and unit
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Figure 2. Sampling locations during the 1992 and 1993 USCGC Polar Sea and R/V Polarstern campaigns.
Stations sampled for the (a) Nematoda and (b) Polychaeta data used in this study. Locations taken from Ambrose and
Renaud (1995), Piepenburg et al. (1997), and Rowe et al. (1997). Sampling years are distinguished by gray (1992) and

white (1993) circles.

variance) environmental variables (number of sea-ice-free
days, depth, temperature, salinity, grain size, CPE, TOC,
TOC/TN ratio, ammonium, DIC, nitrite, phosphate, silicate
and single cell abundances) in order to test a priori how
many station groups based on the environment were
delineated on a significance level of alpha = 0.05. SIM-
PROF is a cluster analysis tool that determines significant
clusters of the stations without a priori grouping of sam-
ples. Based on these bias-free results, we divided the com-
munities into the regions distinguished by these
significant environmental clusters.

A non-parametric ranked Kruskal-Wallis test was per-
formed on each of the ex situ community parameters
(macrofaunal abundance, Polychaeta abundance, macro-
faunal biomass, and Polychaeta biomass) in order to test
whether the communities at the different stations could
be distinguished by environmentally different regions
(“sites”; the station clusters formerly delineated by the
SIMPROF test based on environmental variables). Krus-
kal-Wallis was used because no dataset was normally dis-
tributed even after transformation and the sample size per
group was small.

Two correspondence analyses (CA) were performed on
the relative abundances of macrofauna and meiofauna

to visualize the differences in community structure
among stations. No transformation was applied to the
community datasets. Standardized environmental vari-
ables were fitted on top of the species relative abun-
dance ordination to indicate which environmental
variables contributed the most to the observed patterns
in species abundance.

2.5.2. Comparison with data from the early 1990s

The number of sea-ice-free days within the sampling year
at each of the stations was calculated as described in
Section 2.5.1 for the years 1992, 1993, and 2017. The
available environmental (bottom water temperature, sed-
iment CPE and TOC content, number of ice-free days) and
community parameters (total Nematoda and Polychaeta
abundance) between 1992, 1993, and 2017 were dis-
played with barplots. Subsequently, a CA was performed
on relative family abundances (abundance of a family in
a sample divided by the total abundance of all families in
that sample) of Polychaeta from 1992, 1993, and 2017 in
order to minimize errors due to the possible variation of
species identification between the different sampling
campaigns. The same was applied to Nematoda at the
genus level, with data from Preben and Herman (2023).
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Unidentified taxa were removed from both datasets, and
validity of taxa names were checked on marinespecies.org.

A PERMANOVA was performed in order to test whether
“time” (sampling years; categorical), “site” (previously
delineated by SIMPROF on the 2017 data; categorical),
and/or the “interaction between time and site” had a sig-
nificant effect on the differences among Polychaeta and
Nematoda community patterns between the different
years (p < 0.05). All statistical analyses were performed
using the computing environment R (Version 4.2.2; R Core
Team, 2018) with the packages vegan (Oksanen et al.,
2018) and clustsig (Whitaker, 2021).

3. Results
3.1. Environmental characteristics on the NEG shelf
Sea-ice-free days were lowest at the Glacier stations (0
ice-free days) and highest at the stations further away
from shore (75-80 ice-free days; Figure S1). Water depth
of the stations ranged between 140 m and 502 m. The
shallowest stations were Station 122/129 (140 m), which
were located on Belgica Bank, and Station 61/85/68
(156 m), located on a shoal directly in front of the glacier
margin, peaking from a 300-500 m deep area. In 1992,
the location of Station 61/85/68 was still covered by the
79°N Glacier (Figure 1c). In general, stations at the Gla-
cier and in the Westwind Trough were shallower than the
Norske Trough stations (206—315 m and 354-502 m,
respectively). Bottom water salinity and temperature
indicated the presence of water of Atlantic origin in the
Norske Trough and at the Glacier (1.49-1.76°C; except
for shallow Glacier Station 61/85/68), while stations in
the Westwind Trough were influenced by cooler and
fresher glacially modified water (0.69-0.87°C; Figure
S2). The station on Belgica Bank was influenced by cold
and fresher water.

Median grain size was lowest at all Glacier stations (9—
10 pm) and highest on Belgica Bank (49 pm), followed by
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the Westwind Trough and outer Norske Trough (21 pm
and 23 pm at Stations 19 and 36, and 20 pm and 48 um at
Stations 139 and 129, respectively; Figure S3a). Across the
NEG shelf, the silt content was extremely high, with values
of around 95% at the Glacier stations and about 80% at
the other stations. Average concentrations of all measured
pigment compounds in the upper 5 cm (CPE, as the sum
of Chl a and phaeopigments, and fucoxanthin) were high-
est in the Westwind Trough, where the CPE range was 1.3—
4.3 ug g~ ' sediment (Figure S3b and c). At all other sites
the range of values was 0.3-0.8 pg g~ ' sediment, with
similar ranges at the Glacier stations compared to the
Norske Trough. TOC concentrations were very low at
the Glacier stations (0.91-1.48 g m~?) and highest in the
Westwind Trough (2.96—3.81 ¢ m™?; Figure S3e). When
single cell abundances (bacterial cells mL™"; Figure S4) in
all sediment sections, 0-5 cm, were summed, the abun-
dances were lowest at all Glacier stations (2—4 x 10 cells
cm?) and highest in the Westwind Trough (8 x 10°-1 x
10" cells cm2). Based on environmental variables, the
SIMPROF analysis identified 4 spatially defined, distinct
groups (Westwind Trough, 79°N Glacier, Norske Trough,
and Belgica Bank; Figure S5).

3.2. Benthic processes
Total oxygen uptake was very low across all sites (Fig-
ure 3). Highest uptake rates were measured at Station
45 in the Dijmphna Sound, and at Station 139/139-L in
the outer Norske Trough (2.17 and 1.64 mmol m™2 d ™",
respectively). Lowest uptake was measured at Stations
125 and 85 (around 1.2 mmol m~2 d™"). Diffusive oxygen
uptake was highest at Station 85/68-L (3.74 mmol m*
d™") and lowest at Stations 93 and 125 (1.3 and 1 mmol
m~* d", respectively).

Porewater nutrient concentrations were generally low
(Figure S6). Sulfate and sulfide were not detected in the
sampled cores. Overall, the Westwind Trough revealed
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Figure 3. Ex situ total (TOU) and dissolved oxygen uptake (DOU) at the sediment-water interface. Means and
standard deviations (error bars) for (a) TOU (n = 2-3, except for pooled station 139/139-L where n = 6) and (b) DOU
(n = 10-12, except for pooled stations 19/19-L, 84/69-L, 85/68-L and 139/139-L, where n > 20) are given for each
station. Colors represent the 4 sites statistically identified by the SIMPROF analysis based on standardized
environmental data (Figure S5): Westwind Trough (W), 79°N Glacier (G), Norske Trough (N), and Belgica Bank (B).
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different nutrient profiles than observed at all other sites.
Ammonium concentrations were highest at Westwind
Trough stations, where values increased with sediment
depth (data not shown). At all other stations, ammonium
concentrations were close to 0. Highest concentrations of
nitrate were present at Norske Trough Stations 139
(103.0 mmol m~3), 115 (89.9 mmol m3), and 125
(85.6 mmol m™?). Nitrite was not detected at most of the
Norske Trough stations, except Station 93. The range of
nitrite concentrations at Westwind Trough stations was
0.3-0.6 mmol m 2, while at the Glacier stations the range
was 0-0.2 mmol m™>. Phosphate was present overall in
low concentrations of 3.2-14.4 mmol m 3. DIC concen-
trations did not differ much across sites, varying between
5.58 mol m > and 8.89 mol m* across all sites. Silicate
exhibited the highest concentrations in the Westwind
Trough.

3.3. Benthic community characteristics

In total, 319 macrofaunal individuals from ex situ and
115 from in situ samples were identified, belonging to
109 and 62 distinct taxa, respectively. Polychaeta was the
most represented phylum in abundance, with Maldani-
dae being the most abundant polychaete family. The
most abundant macrofaunal species was Boltenia ovifera
(Ascidiacea), with an average of 757 ind m 2 at Station
125, followed by juvenile Bivalvia at Station 19, with an
average of 571 ind m2 All other macrofaunal taxa
occurred with average densities lower than 571 ind
m 2 (fewer than 4 individuals per sample). One of the
triplicate samples at Glacier Station 85 did not contain
any macrofaunal individuals except for a single colonial
Bryozoan specimen (Escharella sp.), which could not be
weighed due to its small size and fragility. Total macro-
faunal densities were high (1,809-2,762 ind m?) at Sta-
tion 122/129 on the Belgica Bank, at all stations in the
Westwind Trough, at Station 125 in the Norske Trough,
and at Glacier Station 76 (Figure 4a, Table S2). At all
other stations macrofaunal densities were lower than
1,381 ind m 2. Similar to density, biomass was the high-
est on Belgica Bank with 44.0 g m2, followed by the
Westwind Trough (8.4-22.3 ¢ m?) and lowest at the
Glacier (0.8-5.7 g m™?; Figure 4e). The non-parametric
Kruskal-Wallis test performed on ex situ community
parameters did not reveal significant differences among
sites based on macrofaunal abundance (p = 0.08), Poly-
chaeta abundance (p = 0.32), macrofaunal biomass (p =
0.05), and Polychaeta biomass (p = 0.09).

The highest densities of meiofauna were found in the
Westwind Trough and on the Belgica Bank (2,707 ind
cm~? at Station 36 and 2,175 ind 10 cm~2 at Station
122; Figure 4e). The lowest densities were found at the
Glacier stations (693-737 ind 10 cm™2) and in the inner
Norske Trough at Station 93 (466 ind 10 cm™2). Across all
stations, Nematoda comprised more than 85% of the
meiofauna and their abundance pattern largely followed
that of the total meiofaunal densities. Analyses on func-
tional feeding groups did not show any pattern among
stations (data not shown).
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3.4. Relationship of benthic community parameters
and environmental variables

Westwind and Norske Trough stations were distinct in the
correspondence analysis plots for both macrofauna and
meiofauna. In the CA based on macrofaunal density from
ex situ MUC cores, the eigenvalues of the first and second
correspondence axes (CA1 and CA2) accounted for 15%
and 14% of the total variation each (Table S3, Figure 5a),
together explaining 29% of the overall variation. The
Westwind Trough stations correlated positively with
higher CPE, TOC and single cell abundances, while the
Norske Trough stations correlated negatively with these
parameters. The Glacier stations grouped with the Norske
Trough stations. The only vectors that were significantly
correlated to the displayed ordination were CPE (R* =
0.82, p = 0.007), salinity (R* = 0.75, p = 0.010), and TOC
(R? = 0.67. p = 0.044).

The CA based on meiofaunal relative density showed
that the Westwind Trough stations, similarly to macrofau-
nal communities, were characterized by higher CPE, TOC,
and single cell abundances compared to the Norske
Trough (Table S3, Figure 5b). Here, CA1 and CA2 together
explained a much higher fraction of the overall station
variance compared to macrofaunal relative density
(CA1 = 34% and CA2 = 29%). Only CPE was significantly
correlated with the displayed ordination (R* = 0.74,
p = 0.009).

3.5. Comparison to the early 1990s

Overall, Polychaeta densities were 4.8 times lower, and
Nematoda densities 3.4 times higher, in 2017 compared
to the early 1990s (Figure 6a and b). These differences
were much more pronounced in the Westwind Trough
(3,494 ind m~2 in the 1990s vs. 703 ind m~2 in 2017 for
Polychaeta and 264 ind 10 cm 2 in the 1990s vs. 2,053
ind 10 cm 2 in 2017 for Nematoda) than in the Norske
Trough (861 ind m~2 in the 1990s vs. 537 ind m 2 in
2017 for Polychaeta and 45 ind 10 cm ™2 in the 1990s vs.
1,214 ind 10 cm 2 in 2017 for Nematoda). While TOC
concentrations, as well as TOU, were relatively similar
between the early 1990s and 2017 (0.31-1.45 ¢ m 2 and
0.46-1.31 g m 2 for TOC in the early 1990s and in 2017,
respectively; 11-148 pmol m~2 h™' and 49-100 pmol
m % h™! for TOU in 1993 and in 2017, respectively;
Figure 6¢ and d), CPE was 9.9 times higher in the early
1990s compared to 2017 (Figure 6f). Bottom water tem-
perature across all stations sampled in 2017 was 2.8
times higher compared to the stations in the 1990s
(Figure 6e).

A CA performed on abundances of Polychaeta families
from the 1990s and 2017 displays that the stations from
2017 group on the left side of the ordination, while the
stations from the 1990s group on the right side
(Figure 7a and Table S4). In total, the first two axes
explain 28.9% of the total variation. In particular, the
stations on the Belgica Bank (122 and 129) clearly group
further apart from all other stations.

The CA based on Nematoda genera shows a much
stronger distinction between 2017 and 1993; the two
years are clearly separated along the CA1, explaining
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Figure 4. Macrofaunal and meiofaunal community parameters at each station. Means and standard deviations
(error bars) are shown for (a, b, e, f) abundance (density) data and (c, d) biomass data (n = 3, except for pooled stations
85/68-L, 84/69-L, 122/129, 139/139-L, where n = 6). Colors represent the 4 sites statistically identified by the
SIMPROF analysis based on standardized environmental data (Figure S5): Westwind Trough (W), 79°N Glacier (G),
Norske Trough (N), and Belgica Bank (B). However, differences among sites based on these community parameters

were not significant.

22.2% of the total variation (Figure 7b and Table S4). The
number of observed genera was much higher in 2017, with
155 genera identified versus 79 genera identified in 1993.
Along CA2, all stations except for the Westwind stations are
grouped together, while there is a gradient for the Westwind
stations from the Glacier toward the outer part of the

trough. In the 1990s, a distinction between the Westwind
and the Norske Trough stations is visible along the CA2. A
PERMANOVA performed on each of the datasets (Polychaeta
and Nematoda) revealed significant differences based on
time, site, and the interaction between time and site, with
p-values < 0.03 (Table 1).
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Figure 5. Visualization of the correspondence
analysis for macrofaunal and meiofaunal
communities with environmental parameters.
Relative abundances of (a) macrofauna and (b)
meiofauna with standardized environmental parameters
fitted onto their ordination as supplementary variables.
Colors represent the 4 sites statistically identified by the
SIMPROF analysis based on standardized environmental
data (Figure S5): Westwind Trough (W), 79°N Glacier (G),
Norske Trough (N), and Belgica Bank (B). Tested
environmental parameters are number of sea-ice-free
days (ice-free days), sediment TOC:TN ratio (C:N),
chloroplastic pigment equivalent (CPE), grain size (GS),
single cell abundances (SCA), bottom water salinity (S)
and temperature (T).

4. Discussion

4.1. Regional variations on the NEG shelf: Stronger
pelagic-benthic coupling in the Westwind Trough
Marked regional differences in sediment organic matter
content on the NEG shelf matched those in benthic biota.
The Westwind Trough displayed the highest CPE and TOC
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content and highest single cell abundances. The strongest
regional contrasts in abundance and biomass of benthic
macrofauna and meiofauna were observed between the
stations closest to the 79°N Glacier and the coast and
those in the Westwind and outer Norske Trough area.
Close to the Glacier, densities and biomass of macrofauna
and meiofauna were the lowest. The similar responses of
the different faunistic groups (macrofauna and meio-
fauna) to the strongest contrasts in environmental vari-
ables (CPE and TOC content), and CPE being the only
parameter that was significantly correlated to both ordina-
tions, suggest that food availability is the main driver of
the structure of these communities (Figure 5; Piepenburg
et al., 1997). These results add to an extensive body of
evidence linking spatial patterns in benthic community
structure with those of pelagic productivity on Arctic
shelves (Grebmeier and Barry, 1991; Ambrose and Renaud,
1995; Carroll et al., 2008).

Our data suggest that the reason for the lower abun-
dance and biomass of benthic infauna in the areas closer
to the 79°N Glacier is, as mentioned above, lower food
input compared to the Westwind and outer Norske
Troughs. These differences in food availability are similarly
reflected in different benthic Foraminifera communities
between the inner and the outer NEG shelf (Davies et al.,
2023). Arctic benthic community structure is highly
dependent on annual patterns of carbon export from pri-
mary production in the upper water column. In contrast,
respiration of benthic communities on the NEG shelf is
coupled to OM pulses (Rowe et al., 1997). This relationship
is tightly driven by sea-ice dynamics. The stations in the
Westwind Trough and outer Norske Trough are located in
the marginal ice zone (Figure S1) where the number of
sea-ice-free days was higher compared to the Glacier sta-
tions and the innermost Norske Trough Stations 93 and
105 which are close to the coast. Benthic communities
feature especially high abundance and biomass at the
marginal ice zone (Hoffmann et al.,, 2018), and higher
faunal abundance, biomass, distinct community structure,
and correspondence with higher values of CPE in these
regions were also noted in the 1990s (Ambrose and
Renaud, 1995; Piepenburg et al., 1997).

The elevated silicate concentrations in the pore water
of Westwind Trough sediments are consistent with higher
benthic fucoxanthin concentrations, indicating a higher
diatom input in Westwind Trough. In addition, ammo-
nium and nitrite concentrations in the porewater were
higher in Westwind Trough compared to the other sites
(Figure S6), indicative of higher mineralization rates.
When oxygen is depleted, nitrate is used as the next suit-
able electron acceptor in microbial metabolism. Indeed, in
Westwind Trough sediments, nitrate was depleted with
depth (data not shown; see Braeckman and Felden,
2023), which could point to denitrification taking place
in the deeper sediment layers. At all other sites, nitrate
was not depleted with depth, and ammonium and silicate
concentrations were much lower. These results indicate
that nitrate is not consumed in the upper 20 cm of the
sediment; that is, microbial metabolism is low. The results
from benthic community structure and geochemistry
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Figure 6. Comparison of benthic community parameters between 1992, 1993, and 2017. Plotted by station

number are (a) Polychaeta density, (b) Nematoda density, (c) total organic carbon (TOC), (d) total oxygen uptake (TOU),
(e) bottom water temperature, (f) chloroplastic pigment equivalent (CPE). Data from 1992 and 1993 were taken from
Ambrose and Renaud (1995) and Piepenburg et al. (1997). Colors represent the sites statistically identified by the
SIMPROF analysis based on standardized environmental data (Figure S5): Westwind Trough (W), Norske Trough (N),

and Belgica Bank (B).

jointly suggest a tight pelagic-benthic coupling driven by
higher diatom fluxes in the Westwind Trough area com-
pared to the Glacier and inner Norske Trough areas.
Indeed, primary production and export of algal cells dur-
ing spring 1993 were also higher in the Westwind Trough,
which is located within the NEW Polynya, compared to the
Norske Trough, which was ice-covered during that time
(Pesant et al., 1996; Pesant et al., 2000).

With benthic pigment concentrations being much
higher in the Westwind Trough, the seafloor at this loca-
tion could still be receiving a higher annual OM input.
Uncalibrated ship-based fluorescence measurements in
the upper water column during this study indicated sim-
ilar phytoplankton biomass in the water column of both
troughs during the sampling period (Kanzow and Rohardt,
2017), but this similarity likely reflected a consequence of
the timing of sampling relative to bloom and/or vertical
flux phenologies in the two regions. Another mechanism

could be a “decoupling” of the benthic environment from
the pelagic in the Norske Trough due to higher zooplank-
ton grazing (Ambrose and Renaud, 1995). Ashjian et al.
(1995) observed that pelagic grazing rates greatly
exceeded primary production in both the Westwind and
Norske troughs, but especially in the Norske Trough, con-
sistent with reduced food input for the benthos (Ambrose
and Renaud, 1995). Possibly pelagic mineralization took
place before OM could settle, leaving a lower fraction of
the surface production to reach the seafloor in this area. In
contrast to the stations within the Norske Trough, the
station located on the Belgica Bank showed benthic abun-
dances and biomasses similar to the Westwind Trough, as
well as higher benthic remineralization rates (Figures 3,
4, and S5), which are most likely due to the shallow depth
receiving more settled OM than a deeper trough. Similarly,
the stations in the Westwind Trough were shallower (206—
315 m) than those in the Norske Trough (354-502 m),
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Figure 7. Visualization of the correspondence
analysis for Polychaeta and Nematoda with
sampling year. Relative abundances of (a) Polychaeta
(family level) and (b) Nematoda (genus level) from
1992 (squares), 1993 (diamonds), and 2017 (circles).
Symbol colors represent the 4 sites statistically
identified by the SIMPROF analysis based on
standardized environmental data (Figure S5): Westwind
Trough (W), 79°N Glacier (G), Norske Trough (N), and
Belgica Bank (B). Abbreviations for the most abundant
taxa (Polychaeta families >500 ind m~? and Nematoda
genera >30 ind 10 cm ?) are depicted in gray font;
station numbers from 2017, in black font. Polychaeta
families in (a) are Ampharetidae (Am), Capitellidae (Cp),
Flabelligeridae (F1), Lumbrineridae (Lm), Opheliidae (Op),
Oweniidae (Ow) and Sabellidae (Sb). Nematoda genera in
(b) are Acantholaimus (Ac), Aegialoalaimus (Ag),
Amphimonhystrella (Am), Anoplostoma (An), Bolbolaimus
(Bl), Chromadorita (Ch), Campylaimus (Cm), Capsula (Cps),
Ceramonema (Cr), Cricohalalaimus (CrC), Cervonema (Crv),
and Diplopeltula (Dp).
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possibly explaining more OM settling at this site, with
a shorter distance to the seafloor, and hence fueling
a richer benthic community.

Both benthic diffusive and total oxygen uptake rates
were very low, showing little differentiation among the
sites. In general, benthic stations under more productive
surface waters on Arctic shelves exhibit higher benthic
process rates than stations in less productive regions
(Grebmeier and Barry, 1991; Graf et al., 1995; Renaud
et al., 2008; Grebmeier et al., 2015). Seasonal patterns in
vertical flux of phytodetritus can also be tightly linked
with temporal patterns in benthic oxygen utilization
(Renaud et al., 2007). Thus, the overall low rates observed
here may be representing minimum rates, while a rate
measured after a bloom would result in higher rates. By
late September—October when these measurements were
performed, the spatial variation in seasonal carbon depo-
sition in the area was no longer apparent in processes
expected to respond more rapidly than other benthic
parameters such as community structure or sediment geo-
chemistry (McMahon et al., 2006; Renaud et al., 2008;
Morata et al., 2015). Moreover, sediment oxygen uptake
is usually dominated by microbial communities that react
more dynamically to seasonal food input than macrofauna
and meiofauna (Piepenburg et al., 1995); therefore, a sea-
sonal signal in TOU might have faded toward autumn,
while differences in macrofaunal and meiofaunal commu-
nity structures usually persist over longer time scales.

4.2. Comparing NEG to other Arctic shelves: An
oligotrophic outflow shelf

The NEG shelf is an Arctic outflow shelf, transporting
Arctic Water into the North Atlantic. Primary production
on Arctic outflow shelves is typically highly seasonal,
quickly nutrient-limited, and highly variable spatially and
interannually (Carmack and Wassmann, 2006). Pelagic pri-
mary production rates on the NEG shelf are 1-2 orders of
magnitude lower than those on productive inflow shelves
such as the shallow Chukchi Sea and deep Barents Sea
(Pabi et al., 2008). This lower primary production is also
reflected in the amount of fresh OM that arrives at the
seafloor. The maximum sediment CPE content observed in
this study was indeed an order of magnitude lower than
the maximum CPE content in sediments of the shallow
Chukchi Sea (McTigue et al., 2015) and Barents Sea at
comparable depths to this study (Morata and Renaud,
2008). The overall low Chl a:phaeopigment ratios on the
NEG shelf (Figure S3d) suggest that OM was in a degraded
state. Presumed low input of fresh OM is also reflected in
low benthic activity, with TOU values across the NEG shelf
comparable to those observed in the 1990s (0.31-
3.55 mmol m~* d! in Piepenburg et al., 1997; 0.72—
6.72 mmol m 2 d~" in Rowe et al., 1997) and in the deep
Arctic Fram Strait (0.5-5.1 mmol m~* d~'; Hoffmann
et al., 2018). In contrast, at similar depths (200-500 m)
in the inflow Chukchi Sea and Svalbard region, TOU is
generally up to 10 times higher (Bourgeois et al., 2017).
These comparisons confirm the previous report about this
outflow region being oligotrophic (Rowe et al., 1997).
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Table 1. Results of the PERMANOVA performed on the community parameters of Polychaeta and Nematoda

densities from 1992, 1993, and 2017

Factor Tested Df* Sum of Squares R? F Pr(>F)
Polychaeta

Time 2 249 0.17 7.15 0.00
Site 5 292 0.20 3.37 0.00
Time and site 5 1.28 0.09 1.48 0.04
Residual 45 7.82 0.54 NA® NA
Total 57 14.51 1.00 NA NA
Nematoda

Time 1 2.85 0.40 23.78 0.00
Site 3 0.80 0.11 221 0.01
Time and site 2 0.53 0.08 2.21 0.02
Residual 24 2.88 0.41 NA NA
Total 30 7.06 1.00 NA NA

“Degrees of freedom.

°Not applicable.

In accordance, the abundance of macrofauna on the
NEG shelf was generally low compared to Arctic inflow
shelf regions. Locations where densities were the highest
(all stations in the Westwind Trough, and stations in the
outer Norske Trough, far from the 79°N Glacier) featured
similar densities to sites with low food availability
recorded in Svalbard fjords (76-250 m water depths;
Wiodarska-Kowalczuk and Pearson, 2004) and the western
Barents Sea (Carroll et al., 2008). Although the spatial
scale in our study and distances between stations were
large (55—-150 km distances between stations on the
shelf), compositional differences among benthic commu-
nities were relatively small (Figure 5). The circulation of
AIW in the trough system might lead to very similar
hydrographic conditions among stations. In contrast, ben-
thic communities along a transect of only a few kilometers
in the glacial fjord of Kongsfjorden featured conspicuous
differences (Wlodarska-Kowalczuk et al., 2005; Bourgeois
et al., 2016). Open-shelf benthic systems, however, have
higher species diversity and higher numbers of rare spe-
cies compared to fjord systems (Wlodarska-Kowalczuk
et al., 2012), and differences among sites emerge at much
larger distances (Cochrane et al., 2012), which is in accor-
dance with our findings.

Surprisingly, this study did not show clear dominance
patterns in the macrofaunal communities, but all species
were present in low abundance (<4 ind. 0.007 m~?). The
same pattern was observed in the samples from the early
1990s (Ambrose and Renaud, 1995). Often, benthic com-
munities are dominated by a few species in high densities
(e.g., Wiodarska-Kowalczuk and Pearson, 2004; Blanchard
et al., 2013); however, the infaunal communities on the
NEG shelf appear to be highly diverse with very low den-
sities. This finding agrees with the observation that North
Greenland features comparatively high species richness

among the Arctic marine ecoregions (Piepenburg et al.,
2011). Meiofaunal communities in this study, on the other
hand, were strongly dominated by nematodes, as is usu-
ally the case in other benthic ecosystems (Gerlach, 1971;
Wiodarska-Kowalczuk et al., 2016; Hoffmann et al., 2018;
Veit-Kohler et al., 2018).

4.3. A possible weakening of pelagic-benthic
coupling on the NEG shelf since the 1990s
We found strong contrasts in physical parameters of the
sediment as well as in community structure between the
early 1990s and 2017 (present study). A 0.5°C tempera-
ture increase of the bottom water in the Norske Trough in
2000-2016 compared to 1979-1999 (Schaffer et al.,
2017; see also Figure 6e) and lower sediment pigment
content (Figure 6f) were striking. A strong influence of
warm Atlantic Water and absence of sea ice can be related
to a higher amount of degraded material reaching the
seafloor, due to a more active microbial loop and higher
grazing pressure in the pelagic environment (Dybwad
et al., 2022). CPE concentrations for the upper 2 cm of
the sediment varied between 7.2 mg m™* and 45.6 mg
m~~ across the whole NEG shelf between July and August
in the early 1990s (Ambrose and Renaud, 1995), while in
this study (conducted in September—October, 2017), high-
est concentrations were found in the Westwind Trough,
with values of 7.38-18.0 mg m 2. At all other sites, CPE
concentrations were close to 0. While this pattern could
reflect a seasonal effect, the consistently low macrofaunal
densities in 2017 suggest that a seasonal effect is not the
only reason, because macrofaunal community structure
reflects ecosystem processes on a longer time scale, espe-
cially in oligotrophic areas like the NEG shelf.
Macrofaunal abundances in 1992 were nearly 5x
higher than we observed in 1992. In contrast, Nematoda
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abundances were 3.4 times higher in 2017 than recorded
in 1993, and a much higher diversity of nematode genera
was observed in 2017 (157 identified in 2017 vs. 77 iden-
tified in 1993). Nematoda in deep-sea polar regions have
been shown to prefer bacteria over fresh phytoplankton
(Ingels et al., 2010), so the shift observed here could be
linked with lower quality as well as quantity of the food
supply from surface waters. The CAs based on meiofaunal
and macrofaunal abundances (Figure 5) showed less var-
iation in benthic community structure across the shelf in
2017 compared to the strong spatial differences between
the Westwind and Norske troughs in the 1990s (Piepen-
burg et al., 1997), suggesting a homogenization of the
shelf communities. This change in an already oligotrophic
shelf system appears to indicate a system more closely
resembling a deep-sea community, with few hotspots of
food supply to the seafloor and predominance of smaller
biota in sediments (e.g., Gorska et al., 2020). Similarly,
during the campaigns in the 1990s benthic foraminifera
communities across the NEG shelf were dominated by
calcified species, while in 2017 agglutinated species were
dominating (Davies et al., 2023). The spread of stations in
the CA plot, however, also suggests that between-study
differences in taxonomic identification of fauna, particu-
larly for nematodes, may have contributed to variability.
Stations are completely separated by sampling period and
show a similar latitudinal gradient, which suggests either
wholesale community changes such that even the most
oligotrophic stations in both sampling occasions shifted
or an inconsistency in naming of organisms. This
“identifier bias” is not uncommon in the literature (e.g.,
Bluhm et al., 2011). We took several measures to reduce
potential bias, such as checking and harmonizing species
names on marinespecies.org for both datasets, selecting
coarse taxonomic resolutions (family level for polychaetes
and genus level for nematodes), and using relative abun-
dance for the data analysis (taxon number divided by total
number of individuals at the respective station).

Some of the differences between the early 1990s and
our study may be a consequence of sampling season or
simply intra-annual variability, especially with regard to
sea-ice cover. Samples were taken during different months
in both studies (March—August in 1992/1993 vs. Septem-
ber—October in 2017). Upon reaching the seafloor, phyto-
detritus can be consumed rapidly by the benthos (Morata
et al., 2015) and a pigment signal from a spring bloom in
surface sediments can fade with time. Spring bloom tim-
ing may also have changed due to differences in season-
ality in ice cover. An earlier bloom in 2017 may have
resulted in an earlier benthic food consumption, which
would in turn lead to a lower detection of pigment con-
centrations late in the year than it did before. Sejr et al.
(2000), for example, showed an increase in macrofaunal
abundance in Young Sound from mid-July to mid-August,
coupled with changes in primary production. The low Chl
aphaeopigment ratios in the sediment from our study
indicate that sediment pigments reflect older or more
processed phytodetritus. Assuming a lack of secondary
bloom, the pigment content of the sediment would be
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expected to be higher in July—August and more depleted
in September—October.

Our observations of slightly higher oxygen uptake in
2017 compared to 1993 (63.7 umol m 2 h™ ' vs. 44.8 pmol
m > h™'") appears to contradict the assumption that an
earlier spring bloom during the 1993 sampling campaign
would fuel a rapid consumption and oxygen uptake in
contrast to 2017. Although polychaete recruitment was
seasonally variable, no synchrony between recruitment
and pulsed sedimentation of organic material was
detected (Ambrose and Renaud, 1997). Even if seasonal
signals can be detected in oxygen uptake rates (Morata
et al.,, 2015), seasonal patterns are not usually integrated
in the community structure of macrofauna and meiofauna
in the Arctic (Kedra et al., 2012; Berge et al., 2015;
Wiodarska-Kowalczuk et al., 2016).

What, then, may be responsible for the observed
changes across this shelf region over the span of 25 years?
As observed everywhere in the Arctic, the extent of sea-ice
cover on the NEG shelf is shrinking, with an increasing ice-
free period during summer (Stroeve et al., 2012). On the
NEG shelf, however, interannual variability of sea-ice con-
centration evaluated between 1995 and 2017 was large,
showing no obvious trend. However, the thickness of sea
ice transported onto the NEG shelf through Fram Strait
has decreased drastically since the last decade (Spreen
et al.,, 2020; Sumata et al., 2022). There is an increasing
influence of freshwater layering on the NEG shelf (Sejr
et al., 2017), which may lead to decreased nutrient con-
centrations (Li et al., 2009) and subsequent lower primary
production, ultimately resulting in lower export of OM to
the seafloor (von Appen et al., 2021). Moreover, the N@IB
in the south of the 79°N Glacier, a land-fast ice barrier that
keeps the NEW Polynya in place and prevents calving of
the glacier, is breaking up seasonally more often due to
increasing summer temperatures in the area (Reeh et al.,
2001; Smith and Barber, 2007). The ice barrier prevented
surface currents from advecting sea ice into the Westwind
Trough, which kept an open water area in place. In the
early 1990s, this polynya was strongly related to abun-
dance patterns of benthos and was characterized by tight
pelagic-benthic coupling in the Westwind Trough, com-
pared to a weaker pelagic-benthic coupling in the Norske
Trough (Ambrose and Renaud, 1995; Brandt, 1995; Hob-
son et al., 1995; Piepenburg et al., 1997). Without the
N@IB barrier, the sea-ice cover across the NEG shelf
becomes more variable, likely reducing the differentiation
between the Westwind Trough and Norske Trough.
Pelagic-benthic coupling may have weakened in the
region due to a more recurrent break-up of the polynya
(ISSI, 2008; Reeh, 2017).

One scenario of the effects of shrinking ice cover in the
Arctic is that the longer exposure to sunlight will result in
a longer season for phytoplankton growth and higher
production rates (Arrigo et al., 2008), thus to a higher food
input for the benthos. This study indicates that a different
scenario might be happening on the NEG shelf. Due to
climate warming, Arctic sea ice melts earlier in the year,
and the ice-free period is prolonged (Overland and Wang,
2013). Primary production starts earlier in the year and
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sunlight could be available to phytoplankton for a longer
period of time, but primary production might not be high
throughout this period as nutrients would be consumed
earlier during peak bloom in early spring (Wassmann and
Reigstad, 2011). Lower nutrient concentrations favor smal-
ler phytoplankton with lower carbon export efficiency (Li
et al., 2009). During the early 1990s massive assemblages
of under-ice algae were recorded underneath first-year ice
sheets on the NEG shelf, dominated by the diatom Melo-
sira arctica (Gutt, 1995), which could have provided
important food pulses for benthic communities during ice
melt in spring during that time (Bauerfeind et al., 1997).
The wider time window for pelagic primary production
and increasing stratification increases in turn the time
available for heterotrophic pelagic consumers to exploit
this primary resource by extended grazing periods and
population growth (Olli et al., 2007). Accordingly, the cur-
rent Arctic marine ecosystem, characterized locally by
highly seasonal and short-term “pulses” of organic carbon
production and deposition (Grebmeier and Barry, 1991),
may shift to one where a smaller share of primary produc-
tion may be available for export. If the input of warmer
AIW introduces more Atlantic zooplankton species onto
the NEG shelf, enhanced grazing could lead to a "decou-
pling" of the benthic system from the pelagic productivity.
In fact, the carbon demand of pelagic heterotrophs on the
NEG shelf was reported to exceed the estimated local
primary production (Carmack and Wassmann, 2006). Such
an imbalance could also have led to the homogenization
of the benthic communities between the Norske and the
Westwind Trough, compared to the early 1990s when dif-
ferences between benthic community compositions were
far more conspicuous. A shift away from pelagic-benthic
coupling has been predicted for Arctic ecosystems (Greb-
meier and Barry, 1991) and has been reported for the
Northern Bering Sea, with a northward shift of the
pelagic-dominated ecosystem that was previously limited
to the southeastern Bering Sea (Grebmeier et al., 2006).
Our results are consistent with the new scenario of
reduced food input to the benthos, although the mecha-
nism proposed here is speculative. The extent to which our
findings of change in the region are due to broader eco-
system change to be found throughout the Arctic is
unclear. Just as in the early 1990s, this study provides only
a snapshot of pigment concentrations and benthic com-
munity parameters. Annual patterns need to be further
resolved empirically in order to be able to state clear con-
clusions about climate change-related ecosystem shifts.

5. Conclusions

Revisiting the NEG shelf 25 years after the first benthic
studies there has demonstrated that, despite the decrease
in sea-ice cover and variability in the NEW Polynya, the
area is still an oligotrophic Arctic outflow shelf. Macro-
benthic and meiobenthic communities in 2017 exhibited
high diversity across the shelf but low abundances and
activity. Pelagic-benthic coupling remained most pro-
nounced in Westwind Trough, while food availability was
lowest close to the 79°N Glacier. However, sediment pig-
ment content had decreased markedly since the early
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1990s, along with a reduction in polychaete densities,
while nematode density and diversity had increased. These
results may be due to a weakening of pelagic-benthic
coupling, leading to input of pelagic organic matter in
a lower quantity and more degraded state, possibly driven
by a local change in the strength of the NEW Polynya or
the stratification regime.
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