
RESEARCH ARTICLE

Nansen and Amundsen basins: Gradients
of physico-chemical properties and biota
composition with implications for future
resource management of the central Arctic Ocean

Doreen Kohlbach1,2,*, Agneta Fransson3, Mart�i Amargant-Arumi1, Karen M. Assmann4,
Philipp Assmy3, Gunnar Bratbak5, Melissa Chierici4, Anca Cristea1,3,
Dmitry V. Divine3, Emily Down6, Wenche Eikrem7,8, Øyvind Foss3, Jessie Gardner1,
Rolf R. Gradinger1, Mats A. Granskog3, Silvia Hess9, Randi B. Ingvaldsen4,
Zoé Koenig1, Sławomir Kwaśniewski10, Sanna Majaneva11,12, Miriam Marquardt1,
Oliver Müller5, Iliana Vasiliki Ntniou5, Mateusz Ormańczyk10, Bonnie Raffel3,
Paul Renaud11, Angelika H. H. Renner4, Thaise Ricardo de Freitas9, Arunima Sen13,
Zofia Smoła10, Camilla Svensen1, Anna Vader13, Selina Våge5, J�ozef Wiktor10,
Anette Wold3, Monika Zabłocka10, Amanda Ziegler1,11, and Bodil A. Bluhm1

The projected transition of the central Arctic Ocean (CAO) into a warmer, seasonally ice-free ocean requires more
knowledge of this environment to predict changes in the structure and dynamics of its ecosystems. We aimed to
compare the state and underlying processes of Nansen Basin and Amundsen Basin ecosystems observed in August–
September 2021 and assess impacts of Atlantic Water inflow and fresher Transpolar Drift waters, respectively, on
these ecosystems.The basins differed in features of sea ice, hydrography, and chemical and biological compositions.
The near-slope open water in western Nansen Basin showed a clear fingerprint of warm, saline AtlanticWater, with
larger vertical turbulent fluxes facilitating nutrient transport across the pycnocline and supporting larger standing
stocks of bacteria, protists, and zooplankton. Pelagic primary production and microbial and faunal stocks decreased
northward and into Amundsen Basin, likely due to lower nutrient concentrations, stronger stratification, and reduced
light through the more continuous and thicker ice and snow cover in Amundsen Basin, possibly also impacted by
seasonally declining light levels.Transpolar Drift signals included lower salinity, stronger stratification, and higher
silicate concentrations in Amundsen Basin surfacewaters. Similarities to earlier observations included the increase in
small-sized algae from Nansen Basin into Amundsen Basin and overall low faunal abundances in the CAO, suggesting
that overarching patterns remained unchanged over past decades. Examples of species range extensions and notable
taxon absences relative to earlier studies, however, could be due to borealization and changes in sea-ice conditions,
respectively. Higher density ecosystem sampling and consistent time series are recommended to confirm such
conclusions. The distinct basin differences call for a regional approach to future management of the CAO. We
especially caution against using the area of strong Atlantic Water inflow in southern Nansen Basin as
representative of the entire basin, let alone Amundsen Basin or the CAO.
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1. Introduction

The central Arctic Ocean (CAO; here defined as the
Eurasian and Amerasian basins) is one of the last regions
with old and thick multiyear ice (MYI), which, due to
global warming, is being replaced continuously with
younger and thinner first-year ice (FYI; Kwok, 2018;
IPCC, 2019). Furthermore, the entire Arctic Ocean
(including CAO and shelves) is predicted to become
largely sea-ice free during the summer months as early
as the middle of the 21st century (Laliberté et al., 2016;
Guarino et al., 2020; Kim et al., 2023). In addition to
changes in the sea-ice habitat, significant changes in the
water column, including temperature increase (Tsubou-
chi et al., 2021), changes in ocean chemistry (Terhaar
et al., 2020), circulation patterns (Valk et al., 2019), strat-
ification (Hordoir et al., 2022), and nutrient availability
(Tuerena et al., 2022), are the consequences of warming
as well as altered atmospheric circulation and inflow of
water masses, with partly contrasting ecosystem
responses to these environmental changes in the Eur-
asian versus Amerasian Basin (Polyakov et al., 2017;
2020; Muilwijk et al., 2023).

The Eurasian Basin consists of two main deep basins:
the Nansen Basin and the Amundsen Basin, which are
separated by the Gakkel Ridge. Atlantic Water (AW) is
subducted under the fresher Arctic surface layer as it
enters the Eurasian Basin through eastern Fram Strait
(warmer, more saline) and from the Barents Sea (colder,
less saline; Rudels, 2015; Rudels et al., 2015; Rudels and
Carmack, 2022). In the past decades, a salinification of the
upper ocean in the Eurasian Basin has been detected,
accompanied by weakened upper ocean stratification and
changes in nutrient fluxes (Polyakov et al., 2020), which is
strongly influenced by a large-scale weather pattern called
the Arctic Dipole (Polyakov et al., 2023). The increased
inflow of warmer AW into the Nansen Basin brings large
amounts of heat into the CAO and causes “Atlantification”
of this deep-sea basin, which results in rising temperature
and salinity as well as reduction in sea-ice cover (Polyakov
et al., 2017; Aksenov et al., 2018). Atlantification has
occurred to a lesser extent in the Amundsen Basin (Poly-
akov et al., 2017; 2020).

Previous studies suggested different environmental
regimes in the two basins. The stronger influence of
AW (Figure 1a; Rudels et al., 2013) results in higher
nutrient concentrations in the Nansen Basin compared
to the Amundsen Basin (Flores et al., 2019; Castellani
et al., 2020). The presence of the Transpolar Drift (TPD;
Figure 1a) also leaves a distinct riverine/terrestrial geo-
chemical imprint on the surface waters in the Amundsen
Basin (e.g., Charette et al., 2020; Liguori et al., 2021).
Primary production rates are low in the Nansen and
Amundsen basins compared to shelf seas (Nöthig
et al., 2020b), but higher than in the more oligotrophic
Beaufort Gyre overlying the Amerasian Basin (Wied-
mann et al., 2020). Vertical particle flux rates were esti-
mated to be somewhat higher and particle composition
differing in the Amundsen Basin compared to the Nan-
sen Basin, which was explained by the influence of the

TPD/Lena River bringing particles from the shelf into
the Amundsen Basin (Nöthig et al., 2020a). Moreover,
differences in meso- and macrozooplankton community
structure between the two basins were observed (Auel
and Hagen, 2002; David et al., 2015; Ingvaldsen et al.,
2023). Based on these variations in environmental set-
tings and ecosystem structure, ongoing and future cli-
mate change might be argued to impact the two basins
differently. Comparative investigations of ecosystem
properties on either side of the Gakkel Ridge are there-
fore warranted.

Due to heavy ice conditions year-round and associated
restricted human access, the CAO is still relatively under-
explored in comparison to seasonally ice-covered systems
and shelf regions of the Arctic. Consequently, there is
limited information on the functioning of the CAO eco-
system under current environmental conditions (e.g.,
Bluhm et al., 2015; Ingvaldsen et al., 2021; Solomon
et al., 2021; Pnyushkov and Polyakov, 2022). A holistic
ecological inventory—in addition to interdisciplinary
research—is therefore crucial to better understand system
links and anticipate future changes. The expansion of
open-water areas in the decades to come will introduce
new opportunities for enhanced shipping and fishing
activities in the CAO. The potential for commercial
fisheries after the end of the current fishing ban in
2037 (Central Arctic Ocean Fisheries Agreement; Haug
et al., 2017; Vylegzhanin et al., 2020) warrants a thorough
assessment of biotic (including harvestable) and abiotic
resources in this region (Snoeijs-Leijonmalm et al., 2020;
Ingvaldsen et al., 2023) as well as of the potential conse-
quences of human activities in the CAO to ensure an intact
and functioning ecosystem.

Sea-ice decline and changes of seawater properties
have a direct impact on the structure and functioning
of the sympagic (ice-associated), pelagic, and benthic
compartments of the CAO ecosystem (Lannuzel et al.,
2020; Steiner et al., 2021). For example, evidence for
changed community composition and diversity of sea-
ice protists in the CAO over the past decades is attrib-
uted to reduced sea-ice extent and loss of MYI (Hop
et al., 2020). Impacts on pelagic protist communities are
complex and likely to show regional differences depend-
ing on changes in the main environmental drivers. Thus,
increased stratification and lowered nitrate concentra-
tions in the upper water column of the Amerasian Basin
have resulted in a change in dominance from nano- to
picophytoplankton concomitant with resource control
of phytoplankton size structure (Li et al., 2009; Li
et al., 2013; Zhang et al., 2015), while range expansion
of temperate phytoplankton species into the Arctic
Ocean, such as the coccolithophore Geophyrocapsa hux-
leyi (former synonym Emiliania huxleyi) (Neukermans
et al., 2018; Oziel et al., 2020) and cyanobacteria of the
genus Synechococcus (Paulsen et al., 2016), as a result of
Atlantification are likely to be more pronounced in the
Eurasian Basin. Ship-board incubation experiments test-
ing the effects of changes in temperature, salinity, and
acidification state on phytoplankton community
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structure from the Atlantic and Pacific inflow regions to
the Arctic Ocean showed complex response patterns,
with temperature increases generally favoring diatoms
while changes in salinity and acidification state tended
to increase growth of small-sized phytoplankton
(<10 mm; Sugie et al., 2020; Ahme et al., 2023).
Additionally, the higher water temperature facilitates
the northward expansion of boreal zooplankton and
fish (Fossheim et al., 2015; Ingvaldsen et al., 2021;
Snoeijs-Leijonmalm et al., 2021), which will likely
compete with true Arctic species, altering the structure
of current CAO food webs. Sea-ice algae can be a fresh
and nutritious food source for benthic food webs in the
high Arctic (Boetius et al., 2013; Rybakova et al., 2019;
Wiedmann et al., 2020). Less sea ice in the future,
potentially associated with a more spatio-temporally
restricted availability of ice algae, might therefore also
change benthic community structure and functioning
(Kędra et al., 2015; Yunda-Guarin et al., 2020; Zhulay
et al., 2023).

For this study, comprehensive and interdisciplinary
research was conducted in the western Nansen Basin
across the Gakkel Ridge into the western Amundsen Basin.
Thereby, we provide an extensive ecosystem inventory of
the two basins during late summer 2021, contrasting che-
mical, physical, and biological components of sympagic,
pelagic, and benthic environments (Figure 1b). Our work
was conducted along a transect of 15 stations with five
process-oriented sampling locations from a whole-system
perspective. Specifically, we aimed to compare: (i) environ-
mental properties of sea ice, water column, and seafloor
sediments; (ii) composition and productivity of ice-
associated and pelagic microbial communities; and (iii)
composition and stocks of faunal communities inhabiting
sea ice, water column, and sediments. This holistic
approach allowed us to identify and evaluate links
between environmental drivers, biological communities,

and their responses as well as their variability between
the two basins in a descriptive manner. Understanding the
environmental drivers and ecological mechanisms that
have led to the CAO structure and functioning we observe
today can help project future Arctic ecosystem status in
response to climate change. This understanding of ecosys-
tem status and its spatial variability contributes to the
development of sound governance and management strat-
egies for these largely international waters (Mason et al.,
2024).

2. Material and methods
2.1. Sampling campaign

Physical, chemical, and biological samples of sea ice,
water column, and benthic environments were collected
during August–September 2021 (cruise JC2-2, cruise
number 2021710; August 24 to September 24) onboard
the Norwegian icebreaker RV Kronprins Haakon within
the framework of the Norwegian Nansen Legacy project
(https://arvenetternansen.com). The northward transect
covered areas from 81.8�N to 87.5�N in the CAO featur-
ing five main process stations (stations P7 to P11) at
which nearly all ecosystem properties studied were
observed, measured, and sampled and additional sta-
tions (NLEG stations) at which mostly environmental
variables were collected (Figure 2a and Table 1). Sta-
tions P7 and P8 were located in the Nansen Basin, sta-
tion P9 at the Gakkel Ridge, and stations P10 and P11 in
the Amundsen Basin. All stations except for the south-
ernmost location P7 were ice-covered at the time of
sampling (Figure S1). Details on individual sampling
procedures can be found in the project sampling proto-
cols (The Nansen Legacy, 2020: https://doi.org/10.
7557/nlrs.5719) and the cruise report (Fransson et al.,
2022: https://doi.org/10.7557/nlrs.6413). Given the
comprehensive sampling approach and deep-sea habi-
tat, the total number of stations that could be covered

Figure 1. Study region and research foci. Overview of (a) the study region highlighting the Atlantic Water inflow
(orange arrows) influencing the Nansen Basin and the Transpolar Drift (purple arrow) influencing the Amundsen
Basin (map created using Python/Matplotlib) and (b) physico-chemical and biological properties of the central Arctic
Ocean ecosystem investigated in this study.
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Figure 2. Sampling area, stations, sea-ice concentration, and drift back-trajectories. (a) Bathymetry of the
sampling area with cruise track (white line), including main process (P) stations (yellow triangles) and additional
stations (yellow circles; see Table 1 for station information), and (b) cruise track with stations plotted along with sea-
ice concentration from 06/09/2021 (blue/white background colors). Sea-ice drift back-trajectories from stations
P8–P11 are shown as dots colored by date, and trajectory origins as yellow stars. Maps were created using Python/
Matplotlib.

Table 1. Stations sampled during the Nansen Legacy JC2-2 cruise in August–September 2021

Location Station

Start
Date

(2021)

End
Date

(2021)

Start
Latitude
(˚N)

Start
Longitude

(˚E)

End
Latitude
(˚N)

End
Longitude

(˚E)

Bottom
Depth
(m)

Temperature
(˚C)a

Salinity
(g kg–1)a

Nansen
Basin

P7/NLEG25 28/08 30/08 81.803 30.885 81.803 30.884 3,056 –0.10 33.45

NLEG26 30/08 31/08 82.470 29.536 82.477 29.440 3,661 –1.39 33.45

NLEG27 31/08 31/08 82.947 27.857 82.947 27.769 3,924 –1.43 33.79

NLEG28 31/08 31/08 83.382 26.878 83.379 26.776 3,983 –1.50 33.44

P8/NLEG29 01/09 04/09 83.899 25.411 83.857 24.999 4,002 –1.47 33.53

NLEG30 04/09 04/09 84.178 22.090 84.176 22.140 4,013 –1.57 33.57

NLEG31 04/09 05/09 84.496 17.916 84.504 17.983 4,014 –1.60 33.02

Gakkel
Ridge

NLEG32 05/09 05/09 84.824 12.337 84.828 12.351 3,713 –1.66 32.06

P9/NLEG33 06/09 08/09 85.371 7.455 85.392 7.460 3,573 –1.59 31.33

NLEG34 09/09 09/09 85.747 –2.544 85.749 –2.637 4,166 –1.61 29.99

Amundsen
Basin

NLEG35 10/09 10/09 86.005 –10.692 85.999 –10.750 4,172 –1.61 30.06

P10/NLEG36 11/09 14/09 86.505 –16.708 86.497 –16.692 4,235 –1.63 30.35

NLEG37 14/09 14/09 87.004 –21.525 87.004 –21.395 4,285 –1.61 29.86

P11/NLEG38 15/09 18/09 87.501 –17.372 87.497 –17.252 4,290 –1.61 30.00

NLEG39 19/09 19/09 86.610 –11.015 86.611 –10.981 4,246 –1.65 30.62

aAverage conservative temperature and absolute salinity for uppermost 15–20 m of water column.
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for all parameters was low (n ¼ 5), allowing only for
limited statistical analysis of selected parameters; rather,
the strength lies in the holistic presentation from sea ice
through the water column to the seafloor, and from
physics and chemistry to biology, including stock esti-
mates, taxon composition, and rate measurements.

2.2. Environmental properties of the sea-ice, water

column, and benthic environments

2.2.1. Sea-ice conditions and properties

2.2.1.1. Regional-scale sea-ice conditions and origin of sea ice at
the ice stations (P8–P11)
Regional-scale sea-ice conditions for the study area (Steer
and Divine, 2023) were derived from daily Advanced Micro-
wave Scanning Radiometer for EOS (AMSR-E) and Advanced
Microwave Scanning Radiometer 2 (AMSR2) satellite-based
passive microwave gridded sea-ice concentrations (Spreen
et al., 2008; available at https://seaice.uni-bremen.de/sea-
ice-concentration/amsre-amsr2/information/). We also car-
ried out bridge-based observations of local sea-ice conditions
along the cruise route following the ASSIST Ice Watch pro-
tocol (see cruise report for details and https://icewatch.met.
no/cruises/129 for the data).

To understand the origin of sea ice at the sea-ice
stations (Figure 2b), Lagrangian back-trajectories were
calculated from daily gridded sea-ice drift (OSI SAF,
2010; 2022a; Lavergne and Down, 2023) and concentra-
tion data (OSI SAF, 2022b; 2022c). More details on the
data and methods used as well as the associated uncer-
tainties and limitations of the product are found in Down
et al. (2023). The derived back-trajectories in combination
with physical properties of sea ice from ice cores (see
Section 2.2.1.2) and visual assessment of sea-ice surface
topography in situ were used to infer the most likely age
of the sampled ice floes (Figure S2).

In order to assess the representativeness of the sea-ice
stations on a regional scale, we conducted sea-ice thick-
ness surveys using a helicopter-towed electromagnetic
instrument (EM-bird, details and principles of operation
and data acquisition in Haas et al., 2009) in three areas:
at P8, between NLEG35 and P10, and at NLEG40.5
(opportunistic point at 8.23�E and 83.85�N, not dis-
cussed in the following as no sampling was conducted
at this station). The flights covered a total distance of
845 km.

2.2.1.2. In situ work: Sea-ice coring, ice floe-scale sea-ice, and
snow thickness surveys
At each ice station, a set of ice cores was recovered for
analysis of the physical, chemical, and biological prop-
erties of sea ice using an ice corer (Mark II coring system,
Kovacs Enterprise, LLC; Table S1). All cores were col-
lected from the same site on level ice in an area of about
10 � 10 m size. In particular, ice cores were retrieved for
measurements of ice temperature and bulk salinity, bulk
concentrations of nutrients (nitrate, NO3

–; nitrite, NO2
–;

silicate, Si(OH)4; phosphate, PO4
3–; Section 2.2.3) and

total dissolved inorganic carbon (DIC; Section 2.2.4),
particulate organic carbon (POC) and nitrogen (PN; Sec-
tion 2.3.1) and chlorophyll a (chl a; Section 2.3.2),

diversity, abundance and productivity estimates of
microbial communities (Sections 2.3.3 and 2.3.4) and
diversity and abundance of sea-ice meiofauna (Section
2.4.1) as well as isotopic compositions of ice-associated
particulate organic matter (iPOM; Section 2.4.4). Table
S2 provides an overview of parameters sampled from the
same pooled ice cores and which ice sections were used
for the respective analysis. All ice sections of biological
cores were melted onboard in the dark at 4�C with 100
mL filtered seawater (<0.22 mm) added per centimeter of
ice to reduce potential negative impacts due to osmotic
stress. Core sections for nutrient and DIC analyses were
melted without the addition of seawater. All values are
presented per volume melted sea ice after correcting for
dilution with filtered seawater.

Sea-ice temperature profiles were obtained from one ice
corewithin a fewminutes after core extraction.Themeasure-
ments were made using a thermistor probe (Testo-720) in
holes drilled at 5 cm spacing. Onboard the ship, bulk salinity
of melted ice core sections was measured using a conductiv-
ity meter (Cond3110 SET3). Salinity is reported on the prac-
tical salinity scale (dimensionless).

To put the local sea-ice properties inferred from ice
cores in a floe-scale context, variability in sea-ice thickness
and snow depth at a floe-scale was obtained from ski-
bound transects across sea-ice station floes using a GEM-
2 (Geophex Ltd) electromagnetic sensor and a Magnaprobe
(SnowHydro LLC) snow probe (Table S3; see Itkin et al.,
2023, for details on the method). The transect lengths
varied between ice stations from a few hundred meters
to a few kilometers, dictated by sea-ice conditions and
visibility, but were designed to be representative of the
ice conditions at the sea-ice stations.

2.2.2. Water-column sampling

Water-column hydrography was investigated using vertical
profiles of temperature and salinity obtained with a con-
ductivity-temperature-depth sensor (CTD; SBE 911plus,
Sea-bird Scientific; Fransson, 2022) mounted on a rosette
equipped with 24 Niskin bottles (10 L each) used for
seawater sampling (see below). Pressure, temperature, and
practical salinity data from the CTD are accurate to ±0.5
dbar, ±10–3�C, and ±3 � 10–3, respectively. CTD data were
processed using the standard SBE Data Processing soft-
ware. Data points shallower than 15 m were removed due
to biases resulting from deploying the CTD through the
ship’s moonpool.We present the hydrographic data in this
study as conservative temperature (in �C) and absolute
salinity (in g kg–1) using the TEOS-10 equation of state
(McDougall and Barker, 2011). For the Eurasian Basin,
conservative temperature values are roughly the same as
potential temperature, and absolute salinity around 0.15
higher than practical salinity.

We define AW as water with a temperature >0�C, a den-
sity anomaly with respect to the surface (s0) >27.7 kg m–3,
and a density anomaly with respect to 500 m (s0.5)
<30.444 kg m–3 following Rudels et al. (2005). The Upper
Polar Deep Water just below has the same density limits,
but is colder than 0�C. Any water below/denser than these
two water masses is defined as Deep Water for the purpose
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of this work (Rudels et al., 2005). The Surface Mixed Layer
is defined as the depth where s0 (z) – s0 (15 m) > 0.125
kg m–3 (following Monterey and Levitus, 1997). The Cold
Halocline Layer in the Amundsen Basin is defined as the
layer below the Surface Mixed Layer with a base depth
defined as the depth where the density ratio R ¼ 0.05,
that is, where the vertical temperature gradient starts to
be significant with respect to the salinity gradient (Bour-
gain and Gascard, 2011). Turbulence measurements were
collected using free-fall MSS-90 microstructure profiles
(see more detail in Text S1; Koenig et al., 2023a).

Water samples were collected at discrete depths
(Table S4) from Niskin bottles on the CTD rosette for
salinity calibration, analysis of inorganic nutrients (Section
2.2.3), DIC (Section 2.2.4), colored (or chromophoric) dis-
solved organic matter (CDOM) and fluorescent DOM
(FDOM; Section 2.2.5), POC and PN (Section 2.3.1), chl
a (Section 2.3.2), microbial community properties (Sec-
tions 2.3.3 and 2.3.4), and isotopic compositions of
pelagic POM (pPOM; Section 2.4.4). Water samples from
shallower depths (<10 m) were collected either through
an ice hole or over the side of the ship using a Niskin
bottle or a bucket attached to a rope.

2.2.3. Inorganic nutrients in sea ice and seawater

Ice cores for nutrients collected at all ice stations were
sliced into 10–15 cm sections from the sea-ice top to the
ice-water interface (Table S2). Each section was put into
a bag (same as for inorganic carbon; Section 2.2.4) and
placed in a dark and cool place (10–15�C) for sea-ice
melting.

Melted ice and seawater samples (Table S4) for the
determination of [NO3

–], [NO2
–], [Si(OH)4], and [PO4

3–]
were filled into 20 mL pre-rinsed plastic HDPE vials and
preserved with 250 mL chloroform and stored in the dark
at 4�C (Gundersen et al., 2022). Post-cruise analysis was
performed using a spectrophotometric method on an
automated analyzer (Skalar F, Analytical B.V., The Nether-
lands) following standard procedures (Grasshoff et al.,
2009; Gundersen et al., 2022) at the Institute of Marine
Research (IMR), Bergen, Norway. The analyzer was cali-
brated by routine measurements of reference seawater
obtained from Ocean Scientific International Ltd., UK, and
was also used in regional and global intercalibration stud-
ies, such as QUASIMEME (http://www.quasimeme.org)
and IOCCP. Moreover, comparisons between unfiltered fro-
zen samples and samples with chloroform additions
stored at 4�C with post cruise analysis showed no differ-
ence than between fresh samples analyzed immediately
(Dore et al., 1996; Gundersen et al., 2022). Detection lim-
its were 0.5 mmol kg–1 for [NO3

–], 0.06 mmol kg–1 for
[PO4

3–], and 0.7 mmol kg–1 for [Si(OH)4], respectively.
NO2

– concentrations were below detection limit at
<0.06 mmol kg–1; here [NO3

–] refers to the sum of
[NO3

–] and [NO2
–]. The analytical precision was <0.2% for

[NO3
–] and [Si(OH)4] and <1% for [PO4

3–], and the accu-
racy was <1% for [NO3

–] and [Si(OH)4] and <2% for
[PO4

3–] (Gundersen et al., 2022). Nutrient fluxes were
derived from the nutrient-water sampling and the
MSS-derived eddy diffusivity (see more detail in Text S1).

The complete dataset for nutrients in sea ice and seawater
can be found in Fransson et al. (2025b) and Chierici et al.
(2025), respectively.

2.2.4. Dissolved inorganic carbon (DIC) in sea ice and

seawater

Ice cores were sectioned and melted in 10–15 cm sec-
tions (Table S2); each section was put into a gas-tight
bag, air was removed, and bags were placed in a dark and
cool place (10–15�C) for sea-ice melting. Each melted
sample was transferred to a 250 mL borosilicate bottle
and analyzed following the same procedure as for the
seawater samples. Seawater samples were collected at all
P and NLEG stations (Table S4) in 250 mL borosilicate
bottles following standard sampling protocols (Dickson
et al., 2007). Bulk sea-ice samples and seawater samples
were stored dark at 4�C and analyzed onboard within
5–24 h. DIC was determined by coulometric titration
(Johnson et al., 1985) using a Versatile Instrument for
the determination of total inorganic carbon (VINDTA 3D,
Marianda, Germany). The precision and accuracy were
±2 mmol kg–1 for DIC, based on replicates of Certified
Reference Material supplied by A. Dickson (San Diego,
USA). A correction factor to the measured values was
applied based on the ratio between the certified value
and the measured reference values. The complete data-
set for DIC in sea ice and seawater can be found in
Fransson et al. (2025a) and Chierici and Fransson
(2025), respectively.

2.2.5. Colored dissolved organic matter (CDOM) and

fluorescent dissolved organic matter (FDOM) in

seawater

Seawater samples for CDOM and FDOM were collected
only at stations P10, P11, and NLEG37 (upper approximate
100 m and a few deeper samples) directly from the Niskin
bottles by gravity filtration through a 0.22 mm cartridge
filter (Opticap XL4 Durapore) and stored refrigerated at
4�C in the dark in pre-combusted amber glass vials until
measurement. CDOM absorbance was measured using
a double-beam PerkinElmer LAMBDA 650 spectropho-
tometer in the spectral range of 240–700 nm, using
a 10 cm quartz cuvette, and reported here as an absorp-
tion coefficient (m–1) at 350 nm. FDOM was measured as
fluorescence excitation-emission matrices (EEMs) of the
samples collected with a HORIBA Aqualog spectrofluo-
rometer with a 1 cm quartz cuvette (for details see
Zabłocka et al., 2020). Fluorescence intensity was mea-
sured and reported in Raman units (RU). Here, the EEMs
were analyzed to extract the intensity of typical fluores-
cence peaks, representing different types of DOM as
defined by Coble (see table 2 in Coble, 1996), including
peak A (humic-like), peak C (humic-like), and peak M
(marine humic-like). The intensity calculations for these
peaks were performed by averaging the values within an
approximate 21 nm range, centered on the excitation and
emission wavelengths of these peaks. Analyses took place
at the Institute of Oceanology, Polish Academy of Sciences
(IO PAN), Sopot, Poland.
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2.2.6. Seafloor sediment properties: Grain size, total

organic/inorganic carbon (TOC/TIC), total nitrogen

(TN), and bulk stable isotopes of sediment particulate

organic matter (sPOM)

At each P station, short sediment cores (55 mm diameter;
three replicates) were subsampled from replicate deploy-
ments of a large box corer (50 � 50 cm, 0.25 m2 surface
area) for sediment property analyses. All short sediment
cores were sectioned onboard into 1 cm slices (0–6 cm)
and immediately stored at –20�C for further analysis
onshore.

Prior to grain-size and bulk organic geochemical anal-
yses of sediment, all samples were lyophilized. Grain size
distributions, performed on non-acidified samples, were
determined using a Beckman Coulter LS 13320 Particle
Size Analyzer at the Department of Geoscience at UiT.
Organic matter was removed with 10% H2O2 and defloc-
culated with a 5% Calgon solution (sodium hexametapho-
sphate and sodium carbonate) prior to analysis. The
abundance of particles within the range of 0.04–2,000
mm were classified with this method: clay, <4 mm; silt,
4–63 mm; sand, 63–2,000 mm. Three replicate measure-
ments were performed per sample, of which the average
values were used.

Approximately 1 g of homogenized, freeze-dried sedi-
ment from each core interval was ground for total organic
and inorganic carbon (TOC/TIC), total nitrogen (TN), their
stable carbon (d13C) and nitrogen (d15N) isotopic composi-
tions as well as TOC:TN ratios. Pulverized sediment sam-
ples were analyzed via elemental analyzer isotope ratio
mass spectrometry at Iso-Analytical Laboratories in Crewe,
UK. Prior to TOC and d13C analyses, inorganic carbon was
removed from the sediments by acid treatment (1 M HCl).
Elemental composition was reported in dry weight per-
cent (dw %). The resulting isotope data were reported in
delta notation: dX (‰)¼ [(Rsample – Rstandard) / Rstandard]�
1,000, where R is the ratio of heavy:light isotopes of the
element X in our sample relative to the reference stan-
dards Vienna PeeDee Belemnite (VPDB, carbon; Craig,
1957) and atmospheric air (nitrogen; Mariotti, 1983).
Approximately 20% of the samples were analyzed in
duplicate, of which the mean values were used. The com-
plete dataset can be found in Hess et al. (2024).

Sedimentation rates were estimated from carbon-
dating fish otoliths found in the upper 2 cm at station
P9 at the National Laboratory for Age Determination at
the Norwegian University of Science and Technology,
Trondheim, Norway. Constant sedimentation rates were
assumed since the otoliths were deposited.

2.3. Microbial communities

2.3.1. Particulate organic carbon (POC) and nitrogen

(PN) in sea ice and seawater

Ice cores were sampled at the four ice-covered stations
and sectioned as listed in Table S2. For seawater
(Table S4), duplicate (about 20% of samples) or triplicate
subsamples (about 80% of samples; 1,000–2,850 mL fil-
tered each) were filtered onto pre-combusted Whatman
GF/F filters; the limited volume of melted sea-ice sample
allowed for only one but occasionally duplicate (about

15% of samples) or triplicate subsamples (about 10% of
samples; 290–2,350 mL each). Filters were stored at
–20�C and analyzed within one year on a CE 440 Exeter
analytical CHN analyzer at the Department of Arctic and
Marine Biology at UiT The Arctic University of Norway,
Tromsø, according to the procedures described by Reig-
stad et al. (2008). POC and PN concentrations are pub-
lished in Marquardt et al. (2022).

2.3.2. Chlorophyll (chl) a measurements

Ice cores sampled at the ice-covered stations were sliced
inside a tent to avoid exposure to direct sunlight. For the
lowermost 30 cm of the cores, the matching sections of
five ice cores were pooled to have sufficient volume for
analysis (Table S2). Typically, between 0.25 L and 0.5 L of
melted sea-ice water was filtered through 25 mm What-
man GF/F filters under low vacuum pressure (approxi-
mately 30 kPa). For water column chl a, subsamples
were collected at discrete depths from the Niskin bottles
at all P stations and at some NLEG stations (Table S4). At
the ice-covered stations P8–P11, seawater was also col-
lected through a hole in the ice (Table S4). Water was
stored dark and cold in plastic bottles until further proces-
sing within 1 h. A single sample was taken at each depth
and between 0.15 L and 0.5 L of seawater was filtered
through GF/F filters. Chl a in sediments was subsampled
from box corers with 4.7 cm (inner diameter) cores and
cut into 1 cm sections (to 6 cm sediment depth, targeting
n¼ 3 per site and section), wrapped in aluminium foil and
frozen at –20�C. Chl a samples were extracted overnight
in 5 mL of methanol at 4�C. Acid-corrected chl a concen-
trations were measured in the dark according to Holm-
Hansen and Riemann (1978) with a Turner Trilogy
fluorometer. Complete sea-ice and seawater chl a datasets
can be found in Vader and Marquardt (2022), while sed-
iment chl a data can be found in Akvaplan-niva (2023).

The CTD was equipped with an additional factory-
calibrated sensor for chl a fluorescence (WET Labs ECO
fluorometer). The in situ fluorescence chl a fluorometer
measurements ([chl]con) were corrected using laboratory
measurements of chl a concentrations ([chl]meas) from fil-
tered water samples (see above; Vader and Marquardt,
2022), which were used to calculate a relationship with
in situ fluorescence: [chl]con ¼ 0.797 � [chl]meas

2 þ
0.22833[chl]meas þ 0.010286 (R2 ¼ 0.94, n ¼ 42; Figure
S3). This relationship was valid for measured chl a concen-
trations of less than 1 mg m–3, a requirement met at all
stations but P7 where chl a concentrations exceeded 1 mg
m–3. We did not correct the in situ chl a fluorometer
measurements at station P7. For global ocean datasets,
fluorometers have been found to overestimate chl a con-
centrations by around 100%, with large residual spread in
the data (Roesler et al., 2017). Other factors, such as
growth phase, nutrient limitation, grazing, photoacclima-
tion, and non-photochemical quenching may also affect
the in situ fluorescence, which may therefore be inter-
preted as a high-resolution interpolation of the discrete
chl a concentrations, with some additional sources of error
introduced through the calibration relationship.
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2.3.3. Abundances of viral particles, bacteria, pico- and

nanoalgae, and heterotrophic nanoflagellates (HNF) in

sea ice and water column

Sea-ice samples were collected and sectioned as listed in
Table S2. Seawater was collected at discrete depths at all
stations (Tables 1 and S4). Samples for flow cytometric
abundance analysis were prepared in triplicate by fixing
1.8 mL of sample water (seawater or melted sea-ice sam-
ple) with 36 mL 25% glutaraldehyde (0.5% final concen-
tration) at 4�C in the dark for a minimum of 2 h. Samples
were then flash-frozen in liquid nitrogen and stored at –
80�C until further processing was done at the Department
of Biological Sciences at the University of Bergen, Norway.

Abundances of viral particles and bacteria were deter-
mined using a FACS Calibur (Becton Dickinson, San Jose,
California, USA) flow cytometer. Frozen samples were
thawed, diluted 10 times with 0.2-mm-filtered TE buffer
(Tris 10 mM and EDTA 1 mM, pH 8), stained with SYBR
Green I (Invitrogen, Eugene, Oregon, USA) and incubated
at 80�C in a water bath for 10 min (Marie et al., 1999). The
stained samples were counted at a low flow rate of around
60 mL min–1, and different groups were discriminated on
biparametric plots of green fluorescence versus side scat-
ter. Viral particles were separated into three common sub-
groups: low fluorescence, medium fluorescence, and high
fluorescence viral particles. In addition to total bacterial
abundance, we quantified three different groups of bacte-
ria (Lebaron et al., 2002; Hammes and Egli, 2010): low and
high nucleic acid content bacteria and “very large” high
nucleic acid bacteria having an unusually high fluores-
cence signal.

The abundances of pico- (approximately 0.2–2 mm) and
nano-sized algae (approximately 2–20 mm) and heterotro-
phic nanoflagellates (HNF) were determined using an
Attune1 NxT Acoustic Focusing Cytometer (Invitrogen
by Thermo Fisher Scientific) with a syringe-based fluidic
system and a 20 mW 488 nm (blue) laser. Autotrophic
pico- and nanoplankton were counted after thawing the
sample, and the various groups of protists were discrimi-
nated based on their red fluorescence versus orange fluo-
rescence, red fluorescence versus side scatter, and orange
fluorescence versus side scatter (Paulsen et al., 2016). For
HNF analysis, samples were stained with SYBR Green
I (Invitrogen, Eugene, Oregon, USA) for 2 h in the dark,
and subsequently 1–2 mL was measured at a flow rate of
500 mL min–1 following the protocol of Zubkov et al.
(2007). Abundances of viral particles, bacteria, and small
protists (pico- and nanoalgae, HNF) in the water column,
as well as abundances of the latter two in sea ice, are
reported in Bratbak et al. (2023).

2.3.3.1. Bacterial production (BP) estimates
BP was estimated based on incorporation of 3H-leucine
according to Smith and Azam (1992) in depth horizons
in ice cores listed in Table S2 and water depths listed in
Table S4. Three replicates of 1.5 mL seawater samples were
incubated with 25 nM 3H-leucine (final concentration) for
2 h at in situ temperature (0–1�C) in 2 mL Eppendorf
vials. The incubations were stopped by adding 80 mL of
100% trichloroacetic acid (TCA). A fourth replicate served

as control and was stopped immediately with TCA as
above. The samples were centrifuged before the superna-
tant was removed and the pellet washed with 1.5 mL 5%
TCA. This procedure was repeated twice before 1 mL of
scintillation cocktail (Ultima Gold XR, PerkinElmer, Massa-
chusetts, USA) was added and the radioactivity counted in
a PerkinElmer Liquid Scintillation Analyzer Tri-Carb
2800TR. Leucine incorporation was estimated and con-
verted to mg C incorporated L–1 d–1 using the specific
activity of the isotope and the conversion factor 1,545 g
C mol–1 leucine incorporated according to Simon and
Azam (1989), assuming no isotope dilution (Kirchman
et al., 2009). BP datasets for sea ice and water column can
be found in Müller et al. (2023b).

BP in ice samples was estimated using ice melted in
0.22 mm filtered seawater as described above. The samples
were incubated at approximately 1�C, and the dilution
was accounted for in the final production estimates. These
estimates should thus be considered relative, and care
should be exercised when comparing to bacterial produc-
tion estimates in seawater.

2.3.4. Protist communities in sea ice and water column

(nano- and microplankton)

For the microscopic analysis of sea-ice protists, ice cores
and sections listed in Table S2 were used. A volume of
90 mL of melted sea ice was transferred into a 100 mL
brown glass bottle and fixed with 0.4 mL of 25% glutar-
aldehyde and 10 mL of 20% hexamethylenetetramine-
buffered formalin solutions to yield final concentrations
of 0.1% and 2%, respectively. For the analysis of pelagic
protists, 190 mL of seawater from four to five discrete
depths (Table S4) in the upper 90 m of the water column,
including the subsurface chl a maximum, was filled into
200 mL brown glass bottles. Samples were fixed with
0.8 mL of 25% glutaraldehyde and 10 mL of 20%
hexamethylenetetramine-buffered formalin solutions to
yield final concentrations of 0.1% and 1%, respectively.
All samples were stored cool (about 15�C) and dark until
further processing at IO PAN.

Identification and quantification of protists were car-
ried out with a Nikon Eclipse TE300 inverted light micro-
scope equipped with phase and differential interference
contrasts and objectives 10–60� (resulting in 100–600�
magnification) following the Utermöhl method (Uter-
möhl, 1958; modified by Edler et al., 2010). Organisms
were identified to the lowest possible taxonomic level
according to the World Register of Marine Species and
grouped as diatoms, dinoflagellates, (other) flagellates or
ciliates. The category “flagellates” includes unidentified
flagellated forms in different size classes and flagellates
of known systematic affiliation such as chrysophytes and
green algae (like Pyramimonas sp. or Chlamydomonas sp.).
Further details on the method can be found in Kohlbach
et al. (2023) and Marquardt et al. (2023b). Taxonomic
data of sea-ice protists can be found in Assmy et al.
(2022b), and pelagic protist data can be found in Assmy
et al. (2022a).

Live imagery onboard the ship was carried out on the
same ice sections, net hauls (10 mm mesh) and samples
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concentrated (5 L to 20 mL) by tangential flow (Vivaflow
200, 0.2 mm, Sartorius Stedim Lab LTD) using a Leica DM
1000 LED microscope fitted with a Leica EC3, 3 pcs.
camera. Samples for scanning electron microscopy (SEM)
were preserved in 1.5x PHEM buffer at pH 7.8 with final
concentrations of (freshly prepared) 0.4% glutaraldehyde
and 2% formalin (Montanaro et al., 2016). The samples
were rinsed in PHEM buffer, dehydrated in an ethanol
series (30–100%), critical-point dried (BAL-TEC CPD 030,
UK), mounted on stubs and sputter-coated (Cressington
308r coating system, UK) with platinum. The stubs were
examined in a Hitachi S-4800 SEM at the Electron Micros-
copy Laboratory, Institute for Biosciences, University of
Oslo, Norway.

2.3.4.1. Net primary production (NPP) rates
The primary production rates of sea-ice algae and phyto-
plankton were determined using in situ 14C uptake incu-
bations. Discrete water samples (Table S4) were collected
from the upper 90 m of the water column. From each
depth, 250 mL were transferred to one light and one dark
acid-washed polystyrene bottle each, and NaH14CO3 was
added to each bottle at a final activity of about 0.1 mCi
mL–1. After spiking, two 250 mL subsamples were taken
from each incubation bottle and fixed with 250 mL pure
ethanolamine for later determination of the total concen-
tration of added carbon. For sea-ice algae, the bottom 3
cm of two sea-ice cores (Table S2) were crushed, pooled,
and mixed with filtered surface seawater to simulate con-
ditions at the ice-water interface and allow for tracer
access to the sea-ice algae. The mixture was filled into
250 mL bottles and treated similarly to the water column
samples (ratio of ice volume to seawater volume: 0.15).

The in situ incubation bottles were deployed for 23–28
h at the original sampling depths from directly under the
sea ice (for ice samples) to a maximum depth of 90 m
using an ice-attached mooring rig. After retrieval, the con-
tents of the bottles were filtered onto 25 mm Whatman
GF/F filters in the dark; for sea ice, the crushed ice pieces
had melted over the course of the incubation. The filters
were placed into 20 mL scintillation vials, and 750 mL
concentrated HCl were added. The vials were incubated
for 24 h, after which they were ventilated to remove all
inorganic carbon. In the home laboratory (Department of
Arctic and Marine Biology, UiT), 10 mL of scintillation
cocktail (Ecolume) were added to each vial prior to the
analysis of the samples in a Tri-Carb 2900TR liquid scin-
tillation counter (PerkinElmer). Each sample was counted
twice for 10 min, and an average of the two counts was
taken. A normalization of NPP relative to irradiance was
not possible because deployment of the CTD profiler
through the ship’s moonpool did not provide accurate
irradiance profiles for the water column under the ice.

2.3.4.2. Vertical protist flux
To assess vertical flux of protists, short-term sediment
traps (KC-Denmark) were deployed at the P stations. The
sediment trap mooring contained four cylindrical collec-
tion cups attached at each of eight depths (Table S4). Prior
to deployment, the cylinders were filled with pre-filtered

deep water (500 m, filtered through a Sartorius filtration
system) from the NLEG station preceding the P station to
ensure that the water within the cylinders had a higher
density than at the sampling depths. At the ice-free station
P7, the trap was freely drifting, while at the ice-covered
stations P8–P11 the mooring was attached to the edge of
the ice floes. An additional set of under-ice sediment traps
were deployed at P8–P11 through an ice hole, with two
cups deployed at 1, 5, 10, and 20 m (with 1 m and 10 m
shown) for approximately 23 h and 26 h. Upon retrieval,
the cups at each depth from both traps were pooled into
a canister and processed.

2.4. Faunal communities

Taxonomic names and systematic affinities used for all
faunal communities are as currently accepted in the World
Register of Marine Species.

2.4.1. Sea-ice meiofauna

Three replicate ice cores were cut into sections listed in
Table S2. The melted ice core sections were carefully
mixed before taking a 90 mL subsample for protist iden-
tification and quantification (Section 2.3.4). The entire
remaining volume was measured and concentrated over
a 20 mm sieve for meiofauna analysis. Sea-ice meiofauna
were identified and counted alive onboard with Leica ste-
reomicroscope (M80, 7.5–60� or M125, 7.8–160� mag-
nification). Counted samples were fixed (two cores by
adding 37% formalin for a final concentration of 2%, one
additional core by addition of 96% ethanol for a 90–95%
final concentration) and stored for further analysis in the
laboratory at UiT, Tromsø, Norway. More detailed descrip-
tions of sampling, sample processing, and identification
are published in Marquardt et al. (2023b). Sea-ice meio-
fauna counts, abundance, and biomass are published in
Marquardt et al. (2023a).

2.4.2. Pelagic meso- and macrozooplankton and fish

Mesozooplankton were sampled with stratified vertical
net hauls using MultiNet Mammoth (Hydro-Bios, nine
nets, opening of 1.0 m2, net length of 550 cm) and Multi-
Net Midi (Hydro-Bios, five nets, opening of 0.25 m2, net
length of 250 cm; Table S5). The MultiNet Mammoth was
equipped with a 180 mm mesh size, and the maximum
operation depth was 3,000 m; therefore, it was used only
at station P7 for community sampling. MultiNet Midi was
used with both 180 mm and 64 mm meshes, performing
one tow at the station with each mesh to cover all size
groups, including small copepod taxa and copepod nau-
plii, which may be sampled inefficiently using nets with
meshes that are coarse (e.g., 180 mm). At station P7, the
Multinet Mammoth samples were taken with finer depth
resolution than the Multinet Midi samples but the results
were merged to match the layers sampled with the Multi-
net Midi. For the MultiNet Midi, the standard sampling
depths were bottom–2,000 m, 2,000–600 m, 600–200 m,
200–50 m, and 50–0 m. The deepest sampling depth was
4,100–3,000 m at stations P10 and P11 depending on the
water depth at the individual station (Table S5). Collected
zooplankton samples were processed immediately upon
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retrieval of the nets. Zooplankton collected using coarse
and fine mesh gauze nets were concentrated on sieves
with mesh sizes of 180 mm and 64 mm, respectively, gently
flushed with filtered seawater before being transferred
into 125 mL plastic bottles and preserved in a 4% solution
of acid-free formalin in seawater.

The zooplankton organisms were identified and counted
in the laboratory under a stereomicroscope equipped with
an ocular micrometer according to standard procedures
(Postel, 2000; Wold et al., 2023). Smaller-sized zooplankters
(maximum dimension <5 mm, including most copepods
and juvenile stages of pteropods, euphausiids, ostracods,
amphipods, appendicularians, and chaetognaths) were
identified and counted in subsamples obtained from the
fixed sample volume by automatic pipette, with no fewer
than 500 individuals from the sample always examined.
Larger zooplankters (maximum dimension >5 mm, includ-
ing large copepods, pteropods, euphausiids, ostracods,
amphipods, decapods, appendicularians, chaetognaths, and
fish larvae) were sorted and identified from the entire sam-
ple. Representatives of Calanus spp. were identified at the
species level based on morphology and prosome lengths of
individual copepodid stages (Kwasniewski et al., 2003). The
samples from 64 mm and 180 mm nets were analyzed sep-
arately and the results were later merged by selecting the
small taxa and stages from the 64 mm net and the larger
taxa and stages from the 180 mm net. A list of species and
stages selected from the two mesh sizes is provided in Wold
et al. (2023).

Macrozooplankton was collected using a Midwater
Ring Net (MIK net) with 3.14 m2 opening, of approximate
13 m length, with a 1,600 mmmesh size except for the last
1 m having 500 mm. The MIK net was hauled vertically
from 1,000 m to the surface, with a hauling speed of
about 1.5 m s–1. The gelatinous zooplankton captured by
the MIK net (here cnidarians and ctenophores) were gently
removed using filtering spoons or wide-mouthed pipettes,
counted, and identified to the lowest taxonomic level pos-
sible. Finally, subsamples of the MIK catch were stored in
hexamine-buffered 4% formalin for detailed taxonomic
analyses at the IMR laboratory. In the laboratory, the zoo-
plankton kept in formalin were sorted and identified to
the lowest possible taxonomic level.

Additionally, two pelagic trawls were used to catch
macrozooplankton and fish: a Harstad 320 trawl (Godø
et al., 1993) and a macrozooplankton 92 m trawl. The
Harstad trawl (opening area of approximately 250 m2) is
graded from 200 mm mesh in the front of the trawl to 60
mm before the cod-end. The cod-end has an 8-mm mesh
net. The trawl was used with modified rigging which
included wire instead of spectra sweeps (both 60 m long),
reducing the total buoyancy of the trawl net (from 1,047
kg to 50 kg), and applying 150 kg weights in front of each
lower wing and a 40 kg weight at the end of the cod-end.
The macrozooplankton 92 m trawl (trawl opening area of
approximately 36 m2; Krafft et al., 2010; Klevjer et al.,
2020) was used with ordinary rigging, except that a 40
kg weight was added at the back part of the cod-end. The
macrozooplankton trawl is a non-graded trawl with an 8
mm mesh opening (EN ISO 1107:2003) from the front of

the trawl to the cod-end. Trawling was conducted in leads
with very thin new ice. Fishing depth was determined by
acoustic registrations on the EK80. With weak acoustic
registrations, one trawl was set at approximately 50 m, and
another one in the mesopelagic depth layer of 300–450m.
Details on the trawling operations can be found in Ingvald-
sen et al. (2023). Trawl catches were sorted immediately,
and organisms were identified to species level when possi-
ble. Representative subsamples of 100 g were preserved in
4% hexamine-buffered formalin solution in 500mL plastic
bottles. The preserved samples were species-identified,
when possible, at the IMR laboratory.

Stable isotope compositions (d13C and d15N) of selected
pelagic zooplankton taxa, including arthropods, cteno-
phores, cnidarians, chaetognaths, and molluscs collected
by MIK nets and macrozooplankton trawls, were analyzed
as described in Section 2.4.4. Loose fish otoliths were
retrieved from box core samples by sieving the surface
sediment (see Section 2.4.3.1). Fish species were identified
from otoliths by L. Lindblom and L. Heggebakken at IMR,
Tromsø, Norway. Age of the otoliths was determined by
14C-dating at the National Laboratory for Age Determina-
tion at the Norwegian University of Science and Technol-
ogy, Trondheim, Norway.

2.4.3. Benthic biota

2.4.3.1. Macrobenthos communities
Macrobenthos was sampled by taking short sediment
cores (11.7 cm inner diameter, targeting n ¼ 4 for com-
munity analysis) typically distributed over three box cores
taken per site (P7–P11) after draining surface water. The
core samples were first used for quantifying sediment
oxygen demand (SOD; Section 2.4.3.2) and subsequently
sieved over a 0.25 mm mesh to remove the sediment
(approximately 20 cm thick layer). The remaining fauna
was preserved in 10% buffered formalin seawater solution
and later identified to the lowest taxonomic level possible
at IO PAN. Meiofaunal taxa were identified to phylum
(nematodes) or order (harpacticoid copepods). The data
for P7 can be found in Jordà-Molina et al. (2024) and for
P8–P11 in Bluhm et al. (2023).

2.4.3.2. Sediment oxygen demand (SOD)
SOD of the whole benthic community in sediment cores
was determined as described in Sen et al. (2024). Briefly,
sealed sediment cores were incubated in the dark after
a 12 h acclimation period with air stones to ensure oxygen
saturation. Calibrated oxygen spot sensors, affixed to the
core lids, were used with a Fibox 4 optical sensor (PreSens
Precision Sensing GmbH) to measure oxygen concentra-
tion every 6 h until about 30% of the oxygen was con-
sumed (about 2 days). SOD was calculated based on the
(negative) slope of the rate of oxygen consumption.
Experiments were run at near-ambient bottom water tem-
perature (on average 0.4–0.6�C given limitations and var-
iations in the cold room with no intended difference
among stations), with additional treatments mimicking
an increase in future temperature and food availability.
These treatments included: (i) 30 mg of added algae per
core, run at ambient temperature; (ii) increased
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temperature (ambient temperature plus 2�C); and (iii) the
combined increase of temperature (ambient plus 2�C) and
food availability (30 mg of added algae). Each incubation
treatment was run in replicates of three or five depending
on the number of successful box cores that could be
retrieved.

2.4.4. Food-web structure based on isotopic

compositions

POM was sampled from the sea ice (iPOM) and water
column (pPOM) to characterize stable isotope and C:N
ratios of these dominant carbon sources in the study area.
The bottom 0–10 cm section (from ice-water interface) of
three sea-ice cores was melted and subsamples of 500–
1,600 mL filtered onto pre-combusted GF/F filters (target-
ing n ¼ 3 per site) and frozen at –20�C. Seawater was
sampled from the chl a maximum layer where present
and from 20 m otherwise, and separate samples were
taken from ice floes about 0.5 m below the sea-ice surface.
Between 1,050 and 2,500 mL of water were filtered as
above (targeting n ¼ 3 per site). Benthic fauna was sam-
pled from the surface sediment layer (0–5 cm) of box
cores and sieved over 0.25 mm mesh. Due to the overall
low density of macrofauna and small body size of indivi-
duals, fauna from replicate box cores per site were pooled.
All samples were subsequently frozen at –20�C until fur-
ther analysis. iPOM and pPOM samples were analyzed at
the CLIPT stable isotope biogeochemistry laboratory at the
University of Oslo, Norway (see Ziegler et al., 2023, for
details on procedure and equipment). Faunal samples
were prepared for stable isotope analysis as described in
Ziegler et al. (2023). Approximately 0.5–2.0 mg of each
sample was analyzed at the Alaska Stable Isotope Facility
at the University of Alaska Fairbanks (see Ziegler et al.,
2023, for details on procedure and equipment). The result-
ing data were reported in standard delta notation as
described in Section 2.2.6 with precision of 0.04‰
(d13C) and 0.12‰ (d15N). Stable isotope data of sea ice,
seawater, and invertebrates can be found in Ziegler et al.
(2024a, 2024b, 2024c), respectively.

3. Results
3.1. Environmental properties of sea ice, water

column, and the benthic environment

3.1.1. Sea-ice environment

3.1.1.1. Sea-ice cover, thickness, and ice types
The sea-ice cover in the study area during the cruise was
consolidated with over 80% sea-ice concentration north of
approximately 82�N (Figure 2b). Seasonal variations in
sea-ice conditions at the ice stations (NLEG27, P8–P11)
during 2020–2021 inferred from remote sensing data
indicated perennial sea-ice cover at all ice stations but
NLEG27 (Steer and Divine, 2023).

Surface freeze-up had occurred by the time of the
cruise. New ice formation in leads and openings was
observed, and melt-pond surfaces on all ice stations were
already refrozen. Moreover, snowfall during the cruise led
to a gradual snow accumulation on the sea ice and on
refrozen melt ponds (Fransson et al., 2022). Snow thick-
ness increased progressively northward along the cruise

track, from a few centimeters at NLEG27 to up to 20 cm
deep snow at P11. Table S3 provides specific details on ice
conditions at the ice stations.

Station NLEG27, >100 km away from the ice edge,
was in an area dominated by big, thick refrozen floes
and very thin newly formed sea ice. Stations P8–P11
were set on big to vast floes, with a mixture of ice types
(FYI, MYI, including thick, old ridged floes) at P8 and P9,
while stations P10 and P11 featured significant areas of
heavily deformed (ridged) ice, contributing up to
20–30% to total sea-ice area according to bridge-based
ASSIST Ice Watch observations. Sea-ice back trajectory
analysis (Figure 2b) together with regional ice-age dis-
tribution (Figure S2) suggested a common origin of the
oldest ice in the area from the western Laptev Sea
(Figure 2b), further indicating that (parts of) the ice
floes sampled included ice that might have survived
more than one summer season.

Comparison of in situ ice-thickness measurements
with ice-thickness data from airborne surveys suggested
that the ice floes at the sea-ice sampling stations were
representative for the area (Table S3). The 320 km of
airborne ice-thickness surveys around P8 indicated rela-
tively thin ice (modal thickness of 0.9 m). The flight in
the Amundsen Basin at 86�N between P9 and P10 also
showed modal (1.6 m) and median (1.7 m) ice thick-
nesses similar to the values measured in situ at P9
and P10, the virtual absence of open water, and a maxi-
mum ice-thickness value of approximately 9.5 m. Both
satellite imagery and on-site visual observations were
consistent in showing few substantial leads in the P10
area, which was also reflected in the ice-thickness
measurements.

3.1.1.2. Sea-ice temperature, salinity, DIC, and nutrient
concentrations
Sea-ice temperatures varied throughout the core depths
and between stations. At P8 and P9, the sea-ice tempera-
tures decreased from the top of the ice to the ice-water
interface (Figure 3a). At P10 and P11, the sea-ice temper-
ature was lower at the top of the ice than at the ice-water
interface. The top ice was warmest at P8 (–0.9�C) and
coldest at P11 (–2.5�C). In contrast, bulk salinity (0 to
3.5) showed higher values in the bottom 10 cm of ice at
the Amundsen Basin stations P10 and P11 compared to P8
and P9 (Figure 3b). Salinity at P8 showed a C-shaped
profile that may indicate FYI at the coring site (e.g., Mal-
mgren, 1927; Backstrom and Eicken, 2006). The bulk sea-
ice DIC showed a similar pattern as salinity with large
variability between the stations. At Amundsen Basin
stations P10 and P11, the highest DIC (approaching 250
mmol kg–1) was observed at the bottom 10 cm (Figure 3c).
This increase toward the bottom was also observed at the
same stations for [Si(OH)4], except at P8 where the lowest
[Si(OH)4] was found at mid-depth (Figure 3e). [NO3

–],
[Si(OH)4], and [PO4

3–] showed generally large variability
between the stations (Figure 3d–3f). At P9, NO3

– concen-
trations were relatively similar throughout the core,
whereas at P10, the highest [NO3

–] was found at mid-
depth and at P11 in the top section of the ice core
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(Figure 3d). [PO4
3–] showed the lowest values in the top

at P9 and the bottom at P10, while the highest values
were found at the bottom of the ice at P9 (Figure 3f).

3.1.2. Water column properties

3.1.2.1. Seawater temperature and salinity
The sampled transect covered 15 CTD stations from the
northern edge of the AW inflow at P7 to the AWrecirculation
along the Lomonosov Ridge at P11 (Figure4).The upper AW
boundary deepened from 60 m at P7 to 140–160 m in the
Nansen Basin (P8 and P9) and to 170–180 m in the
Amundsen Basin (P10 and P11), and its base was located at
depths between800mand900m.TheAWcoolednorthward
across the Nansen and Amundsen basins from a mean tem-
perature of1.3�CatP7 to1.0�C in theNansenBasinat P8and
0.6–0.7�C at P10 and P11. Its core broadened and deepened
from 100–200 m depth at P7 with temperatures exceeding
2.0�C and 200–400 m depth at P8 with temperatures
warmer than 1.5�C in the Nansen Basin to a core tempera-
ture just warmer than 1.0�C between 300–400 m and
200–450 m at P10 and P11, respectively, in the Amundsen
Basin (Figure 4a).

Surface Mixed Layer salinity showed a strong decrease
northward into the Amundsen Basin with a clearly dis-
cernible salinity front over the Gakkel Ridge
(Figure 4b). The mean Surface Mixed Layer salinity in the
Nansen Basin was 32.9 g kg–1 versus 30.3 g kg–1 in the
Amundsen Basin. The Surface Mixed Layer was also deeper
in the Amundsen Basin than in the Nansen Basin (30 m
versus 20 m, respectively).

Upper ocean hydrography and stratification between
the surface and AW layers showed clear differences
between the basins. The southern Nansen Basin stations
(P7 and NLEG26) were strongly affected by the shallow
AW inflow core. There was a weak halocline above the AW
core with highly variable temperatures well above the
freezing point. In the northern Nansen Basin (P8), the
upper water column showed signs of winter convection
to 120 m depth, evidenced by an isohaline layer with
a temperature close to the surface freezing point. Above
this depth, our late summer profiles showed a weak warm-
ing and freshening. Below the fresh surface layer, stations
in the Amundsen Basin had a Cold Halocline Layer with
temperatures close to the freezing point and increasing
salinity to a depth of 90–110 m.

Figure 3. Vertical depth profiles of physico-chemical properties in sea ice. (a) Temperature (�C), (b) bulk salinity,
(c) bulk dissolved inorganic carbon (DIC, mmol kg–1), (d) nitrate (mmol kg–1), (e) silicate (mmol kg–1), and (f) phosphate
(mmol kg–1) for different sections of the sea ice (cm) collected at (color-coded) stations P8–P11. The 0–10 cm ice
section indicates the ice-water interface. Lengths of the entire ice cores varied by station: 98 cm at P8, 184 cm at P9,
109 cm at P10, and 141 cm at P11. Ice section lengths varied between approximately 10 cm and 15 cm. Values in
panels (d–f) are also bulk values. Sea-ice DIC data can be found in Fransson et al. (2025a) and nutrient data are
published in Fransson et al. (2025b). Figure prepared in Software R (v4.1.0; R Core Team, 2021), using the ggplot2
package (Wickham, 2016).
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Below the AW layer, Upper Polar Deep Water was found
to depths of 1,300 m in the Nansen Basin and 1,500 m in
the Amundsen Basin with a mean temperature of –0.2 to
–0.3�C, respectively, and a mean salinity of 35.05 g kg–1

(Figure 4a and 4b). The bottom of both basins was filled
with Deep Water with a mean temperature of –0.6 to
–0.7�C and a mean salinity of 35.1 g kg–1. Water mass
properties below the AW layer were largely homogeneous
with very weak stratification.

3.1.2.2. Seawater nutrient and DIC concentrations
The lowest NO3

– concentrations, depleted or near depletion,
were observed in the upper 20 m in both basins, whereas

PO4
3– concentrations were lower in the Nansen Basin than in

the Amundsen Basin (Figure 5a and 5c). The nutricline
(largest vertical gradient in [NO3

–]) was shallower in the
Amundsen Basin than in the Nansen Basin (approximately
20 m versus 30 m depth). The nitrate concentration was
higher deeper in the water column. Below 2,000 m, the
highest nutrient concentrations were found in both basins,
where the NO3

– concentrations in the Nansen Basin
generally were higher (approximately 15 mmol kg–1) than
in the Amundsen Basin (up to 14 mmol kg–1). In the latter,
high Si(OH4) concentrations were observed, up to >10 mmol
kg–1, in a layer of the upper 50–60 m (P10 and P11;
Figure 5b). Si(OH4) concentrations below 2,000 m were

Figure 4. Distributions of water column physico-chemical properties along the JC2-2 transect. (a) Conservative
temperature (CT, �C) with the 0�C isotherm in bold to highlight the Atlantic Water boundaries, (b) absolute salinity (SA,
g kg–1), and (c) chlorophylla fluorescence (chla,mgm–3). Inpanels (a) and (b), depths below300mhavebeen contractedby
a factor of 10 to better represent the upper water column. In panel (c), chl a exceeded 1mgm–3 at the southern end of the
transect; values from bottle samples are given in the text (Section 3.2.2). Red diamonds indicate stations P7 to P11 (left to
right; Figure2a); black diamonds, NLEG stationswheremostly CTD castswere taken (seeTable1 for full list). CTDdata can
be found in Fransson (2022) and chl a data are published in Vader and Marquardt (2022). Figure created using MATLAB.
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similar in both basins, with mean values of 11.4± 0.3 mmol
kg–1 (n ¼ 8 in Nansen Basin, n ¼ 5 in Amundsen Basin;
Figure 5b).

Nutrient ratios [Si(OH4)]:[NO3
–] and [Si(OH4)]:[PO4

3–] dif-
fered between basins, with higher values in the Amundsen
Basin (average up to 3.8 and 14.0, respectively, including all
stations; see Table 1) than in the Nansen Basin (average up
to 1.2 and 7.5, respectively; Figure S4a and b). [NO3

–]:[PO4
3–]

ratios showed an inverse pattern with substantially higher
values in the Nansen Basin (average up to 8.8) than in the
Amundsen Basin (average up to 4.9; Figure S4c).

At 100–200 m, DIC concentrations differed between
the two basins, particularly evident in the elevated DIC
(>2,170 mmol kg–1) in the Amundsen Basin Cold Halocline
Layer compared to lower DIC (2,150–2,160 mmol kg–1) in
the Nansen Basin in the same layer (Figure 5d). The low-
est concentrations of DIC (<2,000 mmol kg–1) were found
in the upper 20 m, mainly in the Amundsen Basin (at
stations P10 and P11). In the deeper layer at 1,000–
2,000 m depth, higher DIC (>2,170 mmol kg–1) was
observed compared to below 2,000 m (2,160 mmol kg–1),
mostly evident in the Amundsen Basin.

As suggested by an NMDS ordination plot (Figure 6a),
water column properties, including temperature, salinity,
nutrients, and DIC of the uppermost 100 m, were clearly
different at station P7 compared to the other stations, and
also between stations in the ice-covered Nansen and Amund-
sen basins. This pattern was also detected for microbial abun-
dances (Figure 6b), as discussed further in Section 3.2.

3.1.2.3. Turbulence and nutrient fluxes
We used basin-average profiles to highlight the differences
in stratification and their consequences on vertical mixing
between basins (turbulence; Figure 7a and 7b). The
fresher surface layer in the Amundsen Basin resulted in
stronger stratification over the upper ocean than in the
Nansen Basin. The upper ocean in the Nansen Basin was
more susceptible to turbulence and vertical mixing than
the Amundsen Basin as shown by the profiles of eddy
diffusivity in Figure 7f. Turbulence was larger in the
mixed layer, and then dropped significantly below 50 m
depth. A local turbulence maximum at 70 m was found in
the average profile of the Nansen Basin but was absent in
the Amundsen Basin. Consequently, nitrate fluxes in the
Nansen Basin were significantly larger than the fluxes in
the Amundsen Basin (Figure 7e and 7f). Averaged vertical
turbulent fluxes of nitrate, however, were very low in both
basins (about 0.2 10–2 mmol m–2 s–1 at highest values,
representing a flux of 0.1 mmol m–2 d–1). Fluxes were the
largest around 50–70 m depth, where eddy diffusivity was
the largest and where the gradient of nutrients was strong.

3.1.2.4. Seawater CDOM and FDOM
Seawater samples for CDOM and FDOM were collected only
at stations in the Amundsen Basin (P10, P11, and NLEG37
which was located between P10 and P11). Here, elevated
CDOM absorption (peaking at around 0.80 m–1 at 350 nm)
was found in the upper 100 m. Intensity of the humic-like
peaks (Coble, 1996) was also relatively high (about 0.05 RU).

Both CDOM and FDOM had a subsurface maximum at
salinity of about 32, equaling a depth of around 40–50 m.

3.1.3. Seafloor sediment properties

Sediments at all stations consisted predominantly of fine-
grained sediment, that is, silt and clay particles (>95%, par-
ticles <63 mm). The highest sand content (up to 5%) was
observed at Gakkel Ridge station P9. The Nansen Basin sites
had very similar grain size distribution patterns in sediment
cores. Slightly higher down-core variations were observed in
Amundsen Basin sediments (Figure 8a).

TOC content (dw %) was generally low, ranging from
0.5% (P10) to 1.3% (P7) in the top 1 cm of the sediment,
yet slightly higher at stations located in the Nansen Basin
(P7 and P8) than Amundsen Basin (P10 and P11). As
expected, the TOC content generally decreased downcore,
except at P11 where it reached a minimum value at 3–4
cm core depth (Figure 8b). TIC showed less spatial
variability in the surface sediments (0–1 cm), ranging from
0.9% (P9) to 1.4% (P10), but fluctuations in TIC were
stronger and more variable than in TOC. The highest TIC
content was observed at P11 at 3–4 cm core depth. While
the TIC content slightly decreased downcore at P8 and P9,
there was a decreasing trend in core P10, and it remained
constant in the P7 core (Figure 8b).

TN was generally low in all sediment samples. The high-
est values were observed in the sediments of core P7
(>0.17%), while in all other samples, values were <0.13%.
Generally, the TN content increased upcore, except at P11,
where it reached the overall lowest value at 3–4 cm
(Figure 8b). The TOC:TN ratio was highest at station P7
(ratio >6) and lowest at station P10 (ratio <5; Table S6). The
sediment bulk stable carbon isotope values (d13C) were less
enriched and exhibited larger upcore variations in the
Amundsen Basin than at other stations (Hess et al., 2024).
Stable nitrogen values (d15N) were highest in the surface
sediments (0–1 cm) at Gakkel Ridge station P9 (>7.2‰) and
ranged from 6.5‰ to 6.8‰ at the other stations (Table S6).
d15N values generally increased upcore, except at P11, where
the lowest values were recorded at 3–4 cm (3.2‰).

Sedimentation rates appeared to be extremely low,
inferred from otolith age at Gakkel Ridge station P9. Age
of fish otoliths found in the upper 2 cm of the sediment was
estimated, based on 14Carbon dating, at 4,100 ± 30, 5,065
± 30, and 5,390 ± 30 years (five pooled otoliths each) for
Arctogadus glacialis and 6,720 ± 35 years (six otoliths
pooled) and 7,380 ± 40 years (five otoliths pooled) for
Boreogadus saida.

3.2. Biological components in sympagic, pelagic,

and benthic environments

3.2.1. POC and PN in sea ice and water column

As expected, POC and PN concentrations were the highest
in the bottom centimeter of the ice and decreased toward
the top (Figure 9a and 9b). Ice cores at stations P8 (mean
core length 90 cm), P10 (110 cm), and P11 (156 cm) were
very similar in terms of concentrations and pattern. Aver-
aged across the three stations, POC concentration was
1,784 mg m–3 and PN was 102 mg m–3 in the bottom 3
cm of the ice, while averaged POC in the respective top
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Figure 5. Distributions of water column nutrients and dissolved inorganic carbon along the JC2-2 transect.
(a) Nitrate (NO3

–, mmol kg–1), (b) silicate (Si(OH)4, mmol kg–1), (c) phosphate (PO4
3–, mmol kg–1), and (d) dissolved

inorganic carbon (DIC, mmol kg–1). Depths below 300 m have been contracted by a factor of 10 to better represent
the upper water column. Red diamonds indicate stations P7 to P11 (left to right; Figure 2a); black diamonds,
NLEG stations where mostly CTD casts were taken (see Table 1 for full list). Seawater DIC data can be found in
Chierici and Fransson (2025) and nutrient data are published in Chierici et al. (2025). Figure created using
MATLAB.
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sections was 674 mg m–3 and PN was 55 mg m–3 at these
three stations. In contrast, the ice over Gakkel Ridge sta-
tion P9 (core length 164 cm) had about 3-fold higher con-
centrations of POC (5,156 mg m–3) and PN (274 mg m–3)
in the lowermost 3 cm of the ice, but values similar to
the other stations toward the top of the ice. Atomic C:N
ratios ranged from 8.8 to 24, with lowest values at P9 in
the interior sections (10–30 cm) and highest values at
P11 (section 10–20 cm; Table S7).

Overall, POC and PN concentrations in the water col-
umn were higher in the Nansen Basin than in the Amund-
sen Basin (Figure 9c and 9d). Highest concentrations
were measured in the surface layers (approximately
15–60 m) and decreased with depth, with values of
7–14 mg C m–3 and <1–2 mg N m–3 below 200 m depth
(not presented in Figure 9c and 9d). The exception was
P7 closest to the shelf, where concentrations were higher
even in deep layers (e.g., 28.0 ± 8.7 mg C m–3 at 2,000 m,
n ¼ 3) and the overall highest values were measured (e.g.,
157 ± 17 mg C m–3 and 23 ± 0.3 mg N m–3 at 30 m). In
the Nansen Basin, a sharp gradient in POC and PN
occurred around 60 m, while profiles were more homoge-
neous in the Amundsen Basin. Atomic C:N ratios were
very similar at all stations (Table S7), usually ranging
between 6 and 13 (average 9), and appeared to be slightly
higher in the deeper layers (approximately 11 at >200 m).

3.2.2. Chl a concentrations in sea ice,water column and

sediments

Chl a values in the sea ice were overall low and variable,
with no obvious geographic trend (Figure 10d). Sea-ice
chl a values of nearly 4 mg m–3 were found at stations P9

and P11, while at P10, no section exceeded 0.4 mg m–3. As
expected, the vertical distribution of algal biomass within
the ice cores showed maximum values in the lowermost
layers of the core (0–3 cm or 3–10 cm sections); distribu-
tion was similar across stations.

Regarding characteristics of the water column and
sediment, the station closest to the shelf (P7) stood out. Chl
a concentrations in the water column peaked at ice-free
station P7 with 2.1 mg m–3 at 37 m depth. Depth-
integrated chl a values (15–90 m) declined >10-fold from
40.7 mg m–2 at P7 to 3.7 mg m–2 at P11. Despite generally
low chl a values away from the slope, maximum chl a values
were higher in the Nansen Basin (0.4 and 0.2 mg m–3 at P8
and P9, respectively) than in the AB (<0.15 mg m–3;
Figures 4c and 10d). Chl a was the highest in the upper
70 m of the Nansen Basin and upper 50 m of the Amund-
sen Basin, reaching 1 mg m–3 in the former but only 0.1 mg
m–3 in the latter (Figures 4c and 7d). Sediment chl a at P7
was one order of magnitude higher compared to all other
stations (Figure 8b). Chl a generally decreased downcore
and showed little variation among stations P8 to P11
(<0.1 mg m–3).

3.2.3. Sea-ice environment

3.2.3.1. Viral particles, bacteria and BP, pico- and nanoalgae, and
heterotrophic nanoflagellates
Abundances of sympagic bacteria and nanoalgae were
generally higher in sea ice sampled at stations P8 and
P9 than at stations located in the Amundsen Basin (P10
and P11; Figure 10a and 10b). Accurate estimates of viral
abundance in the ice cores are lacking, but our flow cyto-
metry counts (not shown) suggest that the concentration

Figure 6. Non-metrical multidimensional scaling (NMDS) of physical, chemical, and biological parameters in
the upper water column. NMDS plots of (a) physical-chemical parameters (temperature, salinity, nutrients, and
dissolved inorganic carbon) and (b) microbial abundances (viral particles, bacteria, picophytoplankton, and
nanophytoplankton) of the uppermost 100 m of the water column from samples collected in the Amundsen Basin,
over the Gakkel Ridge, in the Nansen Basin, and at the shelf break (station P7). Bray-Curtis distance; stress values of 0.04
for both plots. Figure prepared in Software R (v4.2.0; R Core Team, 2021), using the vegan package (Oksanen et al., 2010).
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of viral particles in the sea ice at stations P8 and P9 was
higher compared to the concentration in the water imme-
diately below (0–5 m), while at stations P10 and P11 the
viral concentration in the ice appeared lower than in the
water below. Sea ice at P8 had the overall highest abun-
dance of nanoalgae (up to 2,680 cells mL–1, in the 3–10
cm section; Figure 10b), relatively homogeneous from
the bottom to the 40–50 cm section, and this community
was dominated by the smaller nanoalgae group, which
was unique to this station. Similarly, bacterial abundance
was high from the bottom to 70 cm, mostly due to the
higher abundance of the group of larger bacteria
(Figure 10a). Sympagic BP was overall higher than pelagic
BP, and all ice cores had a generally higher ratio of large,
high nucleic acid bacteria to small, low nucleic acid bac-
teria than seawater samples. Highest BP rates were gener-
ally measured in the 0–3 cm bottom sections ranging
from 0.96 mg C L–1 d–1 at P10 to 3.8 mg C L–1 d–1 at P9,
where large nanoalgae were also most abundant

(Figure 10a and 10b). P10 had overall the lowest
microbial and algal abundances of all sea-ice cores and
was very homogeneous throughout the entire ice core
in terms of BP and abundances of bacteria and algae.

3.2.3.2. Sea-ice protist communities (nano- and microalgae)
Abundances of sympagic protists in the lowermost 10 cm
of the sea ice were higher at stations P8 (2.3�106 cells L–1;
Nansen Basin) and P9 (4.6 � 106 cells L–1; Gakkel Ridge)
than at the two stations in the Amundsen Basin, P10 (0.8�
106 cells L–1) and P11 (1.4 � 106 cells L–1). Abundances of
microscopically identified and enumerated sympagic pro-
tists always peaked in the bottom sections (3 cm at P9–P11,
or 3–10 cm at P8) and were dominated by diatoms
(Figure 10c). Within the diatoms, Nitzschia frigida was
generally most abundant, except at P8 where Cylin-
drotheca closterium, Chaetoceros tenuissimus, and Conticri-
bra weissflogii dominated. Flagellates were co-dominant
in some sections, particularly at P8 (predominantly

Figure 7. Depth profiles of water column physico-chemical properties. Profiles are based on 80 MSS casts: 3 at
station P7, 20 in the Nansen Basin, and 57 in the Amundsen Basin: (a) conservative temperature (CT, �C), (b) absolute
salinity (SA, g kg–1), (c) potential density (kg m–3; bottom axis, solid lines) and buoyancy frequency (Brunt-Vaisala
Frequency squared, N2, s–2; top axis, dashed lines), (d) corrected chlorophyll fluorescence (chl a, mg m–3), (e) nitrate
(NO3

–, mmol kg–1) from discrete sampling, and (f) eddy diffusivity (log10K, m
2 s–1; bottom axis, solid lines) and nitrate

fluxes (FNO3, mmol m–2 s–1; top axis, dashed lines). Red lines indicate average profile over the Amundsen Basin for
seven stations; black lines, average profile over the Nansen Basin for five stations; and gray/pink lines, ±1 SD for
average profiles in the Nansen/Amundsen basins. Figure created using MATLAB.
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chrysophytes), while ciliates and dinoflagellates contrib-
uted little to cell abundances. Live microscopy observa-
tions onboard (Figure S5) confirmed the dominance
of pennate diatoms and showed that heterotrophic
dinoflagellates, nano- and pico-sized autotrophic flagel-
lates, cryptomonads, chrysophytes (cysts in particular),
and haptophytes were also frequent. A few Melosira
assemblages with associated other diatoms, flagellates,
and ciliates were observed at P9. SEM of under-ice
water and ice cores from P9, P10, and P11 revealed navi-
culoid diatoms, Fragilariopsis cylindrus, Attheya cf. septen-
trionalis, and a Nitzschia cell being ingested by
a thaumatoid. A naked peridinoid dinoflagellate, the
choanoflagellate Parvicorbicula, a chrysophyte cyst, and
an undescribed protist were also recorded among many
other protists (Figure S6).

Chl a largely followed the distribution of protist
abundances (driven by diatoms), except at P11 where chl
a peaked at 3–10 cm but abundances did not (a majority
of the chl a biomass was in the <10 mm fraction). Based on
live light-microscopic observations of protists onboard the
ship, the abundances in sea ice were much higher and
cells larger than in the water column.

3.2.3.3. Sympagic NPP rates
The integrated sympagic NPP within the bottom 3 cm of
the sea ice contributed between 1.7% (P10) and 10.3%
(P8) to the total integrated NPP at the stations and was
higher at the Nansen Basin station compared to the
Amundsen Basin stations (Figure 11a). Ice algal primary
productivity per unit of meltwater volume ranged from
5.4 mg C L–1 d–1 at P10 to 61.6 mg C L–1 d–1 at P8
(Figure 11b).

3.2.3.4. Sea-ice meiofauna
Overall, meiofaunal abundances were higher in sea ice
over the Nansen Basin and Gakkel Ridge than in the
Amundsen Basin when eggs were excluded, yet no distinct
basin-specific difference in composition was obvious
between the two basins, or in abundance when eggs were
included. The range of averaged abundances of sea-ice
metazoans including eggs was 2–175 ind. L–1. Highest
abundances of metazoans—dominated by harpacticoid
copepods and metazoan eggs—were found in the bottom
0–3 cm of ice at all stations and decreased toward the
interior ice sections. The ice over the Gakkel Ridge (P9)
had the highest total abundances (average of 175 ind. L–1

Figure 8. Seafloor sediment properties along the JC2-2 transect. (a) Relative grain size distributions (%), and (b)
percentages of total organic carbon (TOC), total inorganic carbon (TIC), and total nitrogen (TN) with sediment
chlorophyll (chl) a concentrations (mg m–3; red points and line) in different sections of the benthic sediment
cores collected at stations P7–P11. Note different scale for sediment chl a at P7. Sediment chl a data can be found
in Akvaplan-niva (2023); sediment chemical properties (TOC, TIC, TN) are published in Hess et al. (2024). Figure
prepared in Software R (v4.1.0; R Core Team, 2021), using the ggplot2 package (Wickham, 2016).
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in 0–3 cm) and highest number of large taxa among the
ice stations. At P10 and P11, only few metazoans were
found in the ice (average <13 ind. L–1), or were even
absent, but high numbers of eggs were present (e.g.,
average of 102 eggs L–1 in 0–3 cm at P10).

The sea-ice meiofaunal community was dominated by
harpacticoid copepod taxa, such as Halectinosoma sp. and
cf. Tisbe furcata, copepod nauplii and rotifers of the family

Synchaetidae and a diverse range of metazoan eggs
(Figure 10d). Orange Acoela (Xenacoelomorpha) and
Clione limacina juveniles (gastropods) were occasionally
found within the sea ice. Large protists are not presented
in Figure 10d but are reported in Marquardt et al.
(2023a). Ciliates in fact dominated the sea-ice meiofauna
at all stations and ice sections with 80–90% relative abun-
dances (range of 29–538 ind. L–1). Pelagic foraminifers

Figure 9. Depth profiles of particulate organic carbon (POC) and nitrogen (PN) in sea ice and seawater. (a) POC
(mg m–3) and (b) PN (mg m–3) in different sections of the sea ice (cm, 0 cm indicates ice-water interface) and (c) POC
and (d) PN at discrete depths of the water column (m) sampled at stations P7 (seawater only) and P8–P11. Lengths of
entire ice cores varied by station (* indicates P9; **, P11). Note the different axis scales for sea-ice and seawater figures.
POC and PN concentrations in sea ice were analyzed mostly on individual samples; for seawater, mean values of
triplicate samples are shown. All data, including standard deviations where replicate samples were analyzed, can be
found in Marquardt et al. (2022). Figure prepared in Software R (v4.1.0; R Core Team, 2021), using the ggplot2
package (Wickham, 2016).
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Figure 10. Abundances, composition, and production of sympagic microbial and meiofauna communities.
(a) Bacterial abundance (cells mL–1) and production (mg C L–1 d–1; red points and line), (b) abundances of picoalgae,
nanoalgae, and heterotrophic nanoflagellates (HNF; cells mL–1), (c) abundance ofmicroalgae/protists in different sections
of the sea ice (cells L–1) and sea-ice chlorophyll a concentrations (mgm–3; red points and line), and (d)meiofaunal taxa (ind.
L–1; only living individuals are presented, excluding large protists) collected at stations P8–P11. The 0–10 cm ice section
indicates the ice-water interface. Abundances of microalgae/protists and meiofauna represent average values of three
replicates. Abundances of bacteria, pico- and nanoalgae are published in Bratbak et al. (2023), sympagic bacterial
production in Müller et al. (2023b), protist community data in Assmy et al. (2022b), chlorophyll a data in Vader and
Marquardt (2022), and sea-icemeiofauna data inMarquardt et al. (2023a). Figureprepared in Software R (v4.1.0 and v4.2.0;
R Core Team, 2021), using the ggplot2 package (Wickham, 2016).
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Neogloboquadrina pachyderma were only found alive at P8
and P9 in very low abundances (average 2 ind. L–1), while
empty shells were also found in the ice at P11.

3.2.4. Water column

3.2.4.1. Viral particles, bacteria and BP, pico- and nanophytoplank-
ton, and heterotrophic nanoflagellates
Considering data from all stations sampled (Table 1 and
Figure 6b), abundances of viral particles, bacteria, and
pico- and nanophytoplankton were generally higher in
surface waters (0–30 m) of the Nansen Basin than the
Amundsen Basin, while there was no clear difference in
the abundances of HNF and small viruses between basins
(see Bratbak et al., 2023). The highest abundance of viral
particles was measured at P8 (6.5 � 106 mL–1 at 0 m), and
abundances decreased (to 3.7 � 106 mL–1) from P9 north-
ward into the AB, with the largest difference in the group
of large viruses. The highest abundance of high fluores-
cence viral particles was detected at P8, correlating and
likely associated with the higher abundance of nanoplank-
ton cells at this station (Figure 12a). Total bacterial abun-
dance followed a pattern similar to viral abundance and
was the highest at station P8 (1.1 � 106 mL–1 at 0 m) and
low at stations in the Amundsen Basin, ranging between
1.6 � 105 (15 m at P11) and 4.5 � 105 (15 m at P10)
bacteria mL–1 in the uppermost 30 m of the water col-
umn. BP was overall low with highest values in the upper
30 m, ranging between 0.1 and 0.2 mg C L–1 d–1. In gen-
eral, BP followed the same pattern as described for

bacterial abundance, with highest values at the southern
stations, decreasing from P8 to P9 (Figure 12b).

Overall abundance of both pico- and nanophytoplank-
ton was relatively low, with the highest abundance of
picophytoplankton generally in the upper 30 m and of
nanophytoplankton around 30–60 m (Figure 12c). Over-
all nanophytoplankton abundance was the highest at P8.
Highest picophytoplankton abundance was measured at
station P7 with 8,200 cells mL–1 at 0 m. There was a grad-
ual decrease in picophytoplankton abundance from P7 to
P9. Abundances of HNF were overall low, 35–212 cells
mL–1 (for depths 0–90 m), with the highest measurement
at station P7 with 400 cells mL–1 (20 m).

3.2.4.2. Pelagic protist communities (nano- and microplankton)
There was a gradual decrease in protist abundances (from
1.6 � 106 cells L–1 at P7 to 4.9 � 105 cells L–1 at P11, 0 m)
and a shift in predominance of larger to smaller taxa from
the Nansen Basin near the shelf slope toward the Amund-
sen Basin. This gradient was confirmed by live microscopy
observations onboard. Both analysis of fixed samples and
onboard observations showed that flagellates largely dom-
inated protist abundances (80–88% of total abundances)
in both basins, particularly at the surface (0 m), through-
out the transect. Flagellate abundance, along with total
protist abundance, peaked at the surface (0 m), and grad-
ually declined with depth at all stations (Figure 12d).
Both diatom abundances and chl a concentrations showed
subsurface maxima only in the Nansen Basin and over
Gakkel Ridge. Moving into the ice cover, live imaging

Figure 11. Sympagic and pelagic net primary production. (a) Rates of integrated net primary production
(NPP; mg C m–2 d–1) in sea ice (sympagic) and the water column (pelagic) with percentages representing the
relative contribution of sea-ice NPP to total NPP for stations where both water and ice values were available
(P8–P10), and (b) vertical profiles of NPP (mg C L–1 d–1) collected at (color-coded) stations P7–P11 from the
bottom 3 cm of ice to 90 m depth in the water column. In panel (a), sympagic data represent the integrated
activity in the lowermost 3 cm of the ice, and pelagic data the integrated activity down to 90 m water depth
except for station P11 where only data within the uppermost 15 m were available. Figure prepared in Software
R (v4.1.0; R Core Team, 2021), using the ggplot2 package (Wickham, 2016).
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confirmed that larger diatom species became much
scarcer and were generally in poor condition.

The live imaging at P7 showed that the protist com-
munity was characterized by high species diversity of dia-
toms and dinoflagellates. Among the flagellates, the
chrysophyte Dinobryon balticum was particularly abun-
dant, for example, at the surface at P7. Phaeocystis pouche-
tii and D. balticum were co-dominant at the surface at P8.
Among the diatoms, Chaetoceros sp. was abundant at 30
m at P7 and Fragilariopsis sp. dominated at P8 (15 m) and
P9 (30 m). Abundant dinoflagellates included different
species of Gymnodinium at all stations and depths. Large
dinoflagellates (>50 mm), such as Tripos spp. and Proto-
peridinium spp., were also abundant at P7. Water column
communities changed with increasing ice cover in the
Amundsen Basin: smaller and heterotrophic species,
especially dinoflagellates became more prominent. Cili-
ates contributed overall little to protist abundances
(0.5–1.5% of total abundances; prominent taxa were,
e.g., Lohmanniella oviformis and Strombidium spp.).

3.2.4.3. Pelagic NPP rates
On average, the Nansen Basin (P7 and P8) had higher inte-
grated pelagic NPP rates (top 90 m of water column; aver-
age 314.7 mg C m–2 d–1) than the stations on the Gakkel
Ridge (P9) and in the Amundsen Basin (only P10, because at
P11 only the value from 15 m was available, averaging
41.2 mg C m–2 d–1). Integrated pelagic NPP ranged from
a maximum of 409.4 mg C m–2 d–1 at P7 to a minimum of
24.1 mg C m–2 d–1 at station P9 (Figure 11a). Highest
pelagic NPP per unit of volume was measured at 15 m at
P7 (20.2 mg C L–1 d–1, Figure 11b). At all stations, highest
NPP per unit of volume was found closest to the surface,
decreasing with depth. At all stations, integrated values of
phytoplankton NPP far exceeded the sea-ice algal produc-
tivity at the time of sampling (see Section 3.2.3.3).

3.2.4.4. Vertical flux of pelagic protists
The vertical protist flux was highest at P7 in the Nansen
Basin, decreased toward the north and was distinctly lower
at station P9 and the two Amundsen Basin stations
(Figure 12e). The cell flux was dominated by flagellates,
mirroring the composition of the suspended pelagic com-
munities (Figure 12d). Dinoflagellates contributed more
to the cell flux than to the suspended communities and
were particularly high in their relative contributions at P9
and P10.

3.2.4.5. Zooplankton communities
The total abundance and biomass of mesozooplankton
were considerably higher in the southern part of Nansen
Basin (P7) than further north, mainly due to the contribu-
tion of Atlantic species, such as Calanus finmarchicus
(19,000 ind. m–2 at P7 versus 40–400 ind. m–2 at stations
further north), Metridia longa (24,000 ind. m–2 versus
300–3,000 ind. m–2) as well as Arctic shelf species such
as Calanus glacialis (14,000 ind. m–2 versus 500–2,500
ind. m–2; Figures 13a–13c and S7). At all stations, small
copepods and nauplii were the most numerous while
Calanus spp. contributed the largest share to the biomass

(Figures 13a and S7d). Among the small copepods,
calanoid copepods of the genus Microcalanus, cyclopoid
copepods of the species Oithona similis, and various gen-
era of the family Oncaeidae were the most abundant at all
stations, with Oncaeidae being ubiquitous and observed
in consistently high abundance throughout the transect
(Figure 13a). From the taxonomic point of view, the
Oncaeidae group in this study contains various represen-
tatives of the Oncaeidae family, including the most known
species Triconia borealis. Illustrated is the presence primar-
ily of CI to CV developmental stages of T. borealis and
other species of this family, mainly of the genus Oncaea,
and the presence of adults of Oncaea or other Oncaeidae
(among them Atrophia glacialis and Homeognathia brevis)
apart from T. borealis. Information on the occurrence and
abundance of adult females of the latter species is pre-
sented in the T. borealis group. Copepod nauplii were
dominated by cyclopoid nauplii, whereas calanoid and
harpacticoid nauplii were mainly present in the Nansen
Basin. The total abundance of copepod nauplii peaked
at P7 with numbers exceeding 1,000 � 103 ind. m–2. At
P8–P11, nauplii abundance was relatively stable at
350–550 � 103 ind. m–2. All three Calanus species were
present in the study area, but there were noteworthy dif-
ferences between stations in their occurence. At P7, C.
finmarchicus and C. glacialis (as identified based on pro-
some length measurements) constituted the bulk part of
the Calanus fraction both in terms of abundance and
biomass, whereas at the other stations, each species was
less abundant and C. glacialis and C. hyperboreus had
higher shares while those of C. finmarchicus were small
(Figures 13b and S7d).

Regarding distribution with depth, the highest abun-
dance of zooplankton was found at P7 within the surface
layer (0–50 m), with Calanus finmarchicus and C. glacialis
contributing the largest fraction (Figure S7d). At P8–P11,
in contrast, the zooplankton was distributed more evenly
in the water column than at P7 but different species pre-
ferring greater depths were found in various depth layers.
Of the large copepods, Metridia longa contributed most to
abundance and biomass in the Nansen Basin. Large deep-
water copepods such as Spinocalanus antarcticus, Scapho-
calanus brevicornis, Scaphocalanus magnus, or Gaetanus
brevispinus as well as Paraeuchaeta spp. and C. hyperbor-
eus, on the other hand, were the most abundant in the
Amundsen Basin (Figures 13c and S7b).

Similar to mesozooplankton, the total abundance of
macrozooplankton was highest in the southern Nansen
Basin (P7) due to high numbers of the chaetognath
Eukrohnia spp. (predominantly E. hamata; Figure 13d),
amphipods, such as Themisto libellula, T. compressa, and
T. abyssorum, as well as the euphausiid Thysanoessa long-
icaudata (Figure 13e). Euphausiids were represented by
two species, T. longicaudata and a few individuals ofMega-
nyctiphanes norvegica, north of P7. The pteropod Clione
limacina was only present at P7. The species composition
of gelatinous zooplankton also differed at P7, with pres-
ence of the ctenophore Mertensia ovum (but see trawl
results below) and higher abundance of Aglantha digitale,
compared to stations further north (Figure 13f).
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Figure 12. Abundances, composition, and production of pelagic microbial communities. (a) Viral abundance
(viral particles mL–1 � 106), (b) bacterial abundance (cells mL–1 � 105) and production (mg C L–1 d–1; red points and
line), (c) abundances of pico-, nanophytoplankton, and heterotrophic nanoflagellates (HNF; cells mL–1), (d) protist
abundances (cells L–1 � 105) and chlorophyll a concentrations (mg m–3; red points and line), and (e) vertical flux of
protists (cells m–2 d–1 � 108) in samples collected at discrete depths of the water column at stations P7–P11.
Additional data on viral abundance and bacterial abundance and production at stations sampled between the
P stations can be found in Bratbak et al. (2023) and Müller et al. (2023b), respectively. Protist data can be found
in Assmy et al. (2022a) and chl a data in Vader and Marquardt (2022). Figure prepared in Software R (v4.1.0; R Core
Team, 2021), using the ggplot2 package (Wickham, 2016).
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At P8–P11, the hydromedusae Botrynema brucei and B.
brucei ellinorae were the most abundant gelatinous zoo-
plankton, with the highest numbers in the Amundsen
Basin (P10). Catches from macrozooplankton and fish
trawls confirmed, in part, the results from the MIK sam-
pling but also revealed additional information on the
larger macrozooplankton poorly captured by the MIK
(Ingvaldsen et al., 2023). Generally, the trawling revealed
a more diverse macrozooplankton fauna in the southern
part of the Nansen Basin compared to further north,
driven by the high abundance and diversity found at P7.
In contrast to the MIK hauls, the trawl hauls showed
relatively high biomass of ctenophores (Beroe spp. and
M. ovum) in all regions, and these species completely
dominated the wet weight biomass in the 50–500 m layer
of the Amundsen Basin (no abundance data are available).
Occurrences of chaetognaths matched those in the MIK
hauls (Figure 13d) but with the highest biomass at the
Gakkel Ridge station (P9). Also at this station, to our
knowledge, we recorded the northernmost occurrence of
the warm-water krill species Hansarsia megalops
(previously Nematoscelis megalops) and, in the Nansen
Basin, of the deep-water jellyfish Periphylla periphylla.

3.2.4.6. Fish
Three fish species were caught with the pelagic haul, but
the catch was limited to seven individuals. All three species

occurred in the Nansen Basin, where one individual of Bor-
eogadus saida, one individual of Reinhardtius hippoglos-
soides larva, and three individuals of Benthosema glaciale
were caught. The larva collected is, to our knowledge, the
northernmost record of R. hippoglossoides and it was the
first time it has been observed north of the shelf break in
the CAO. No fish were caught at the Gakkel Ridge. In con-
trast, two individuals of B. glaciale were caught in the
Amundsen Basin (Ingvaldsen et al., 2023).

In addition, 18 fish otoliths were found in the surface
sediments at P9 of which 11 were identified as Boreogadus
saida, seven as Arctogadus glacialis, and five as belonging
to the family Gadidae but could not be further identified.
Carbon dating suggested that B. saida was present at the
Gakkel Ridge as far back as 7,380 ± 40 years ago and A.
glacialis was present at least 5,390 ± 30 years ago.

3.2.5. Benthic environment

3.2.5.1. Macrofauna communities
The abundance of benthic macrofauna (>250 mm) was very
low at all five P stations (<1,000 ind. m–2) compared to the
adjacent shelf. Yet, as with the pelagic ecosystem compo-
nents, abundance was highest at P7 nearest the slope
(despite samples here being sieved on 500 mm mesh). At
this station, annelids contributed most to abundance
(Figure 14a). All other stations were dominated by

Figure 13. Abundance and composition of zooplankton communities. (a–c) Abundances of the numerically
dominant species of mesozooplankton (ind. m–2) based on Multinet 64 mm and 180 mm tows, separated into
(a) small copepods, (b) Calanus spp., and (c) other large copepods. Abundances of macrozooplankton (ind. m–2)
based on MIK-net 1,500 mm tows are separated into (d) chaetognaths, (e) arthropods, and (f) molluscs, cnidarians,
and ctenophores collected at stations P7–P11. Note the different scales for the different groups. Figure prepared in
Software R (v4.2.0; R Core Team, 2021), using the ggplot2 package (Wickham, 2016).
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meiofaunal taxa, namely nematodes and harpacticoid
copepods (arthropods), the latter of which contributed
most at P10.

3.2.5.2. SOD
At all stations, SOD of ambient sediment was low and
experimental treatments resulted in increases to the rates
(Figure 14b and Table S8). Added algal food alone did not
significantly alter SOD rates at any of the stations, while
the temperature treatment alone significantly increased
SOD rates at the Amundsen Basin stations (up to approx-
imately 8-fold higher) but not significantly at the Nansen
Basin stations. The combined increase of temperature and
food resulted in higher SOD rates compared to either
factor taken individually but increases were only statisti-
cally significant at one Nansen Basin station (P7,

approximately 15-fold higher) and one Amundsen Basin
station (P10, approximately 22-fold higher).

3.2.6. Food-web structure

The d13C and d15N values of carbon sources (iPOM, pPOM)
clearly differed from each other. Both mean d13C and
d15N values as well as C:N ratios were higher in iPOM
(d13C ¼ –25.7 ± 2.7‰, d15N ¼ 5.5 ± 0.9‰, C:N ¼
24.2 ± 1.9) than in pPOM (d13C ¼ –28.8 ± 1.0‰, d15N
¼ 4.1 ± 2.0‰, C:N ¼ 13.7 ± 5.0; Figure 14c). This
difference was driven in part by iPOM samples from P9
that had higher d13C and d15N values than the other ice
samples (Table S6). In pPOM, d13C values at P7 and P11
were higher, and C:N ratios lower, compared to the other
stations, while d15N was lower at P8. Particularly at P9,
both d13C and d15N values showed large variation. Overall,

Figure 14. Biological properties of benthic communities. (a) Abundance of benthic macrofaunal taxa (ind. m–2)
collected at stations P7–P11 (fragments not included; sum of 4–5 subcores per station). Abundances at station P7
represent faunal composition encountered during Nansen Legacy seasonal cruise Q3 (August 5–27, 2019; Jordà-Molina
et al., 2024, using mesh size of 500 mm); macrofauna data at stations P8–P11 can be found in Bluhm et al. (2023). (b)
Sediment community oxygen demand (mmol m–2 d–1), average of 3–5 replicates. The different treatments included (i)
ambient temperature, no food added, (ii) 30 mg of added algae per core, run at ambient temperature, (iii) increased
temperature (ambient temperature þ 2�C), and (iv) the combined increase of temperature (ambient þ 2�C) and food
availability (30 mg of added algae). (c) Carbon (d13C, ‰) and nitrogen stable isotope compositions (d15N, ‰) in ice-
associated particulate organic matter (iPOM; n¼ 9), pelagic POM (pPOM; n¼ 30), sediment POM (sPOM in top 0–1 cm of
sediment;n¼14), benthic fauna (n¼38), andpelagic fauna (n¼77) sampled in theNansenBasin (NB), at theGakkelRidge
(GR), and in the Amundsen Basin (AB). Error bars indicate±1 SD‰. Isotopic data of sea ice, seawater, and invertebrates are
published in Ziegler et al. (2024a, 2024b, 2024c), respectively; isotopic data of sediments canbe found inHess et al. (2024).
Figure prepared in Software R (v4.1.0; R Core Team, 2021), using the ggplot2 package (Wickham, 2016).
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pPOM d15N values were higher at the Gakkel Ridge and
Amundsen Basin stations than in the Nansen Basin. Mean
d13C of sPOM was by far higher than mean values of iPOM
and pPOM, suggesting substantial microbial reworking
during sedimentation of POM from the surface. There was
very little variation among individual sPOM values. Nota-
bly, at P9, sPOM isotopic composition was very similar to
that of iPOM (Figure 14c and Table S6).

The d13C values in zooplankton (average of –25.4 ±
1.7‰) varied relatively little among the different taxa,
with averages ranging from –26.3 ± 2.5‰ in molluscs
to –24.3 ± 1.6‰ in cnidarians (Figure S8a). Average d15N
values (10.4 ± 2.1‰) varied from 8.7 ± 1.3‰ in chae-
tognaths to 11.0 ± 2.1‰ in cnidarians (Figure S8a) and
were higher in animals from the Gakkel Ridge and the two
Amundsen Basin stations compared to station P7 (Figure
S8b). Zooplankton at P7 had distinctly higher d13C values
(average of –23.5 ± 1.3‰) with lower d15N values (aver-
age of 7.2± 0.9‰) compared to the other stations (Figure
S8b), but we could not identify a clear basin-specific
pattern.

As expected, benthic fauna had on average the highest
d13C (–19.5 ± 4.3‰) and d15N (11.1 ± 3.6‰) values
among all investigated sample types, though interestingly
d15N largely overlapped with those of zooplankton taxa
(Figure 14c). Among the benthic taxa (Figure S8c), for-
aminifers showed the lowest d13C values (–25.9 ± 1.6‰)

and echinoderms the highest d13C values (–11.7 ± 2.6‰;
possibly as a result of consuming strongly reworked
sediment), while the remaining three taxa showed little
variation in their d13C composition. The d15N values were
higher in porifers (14.6± 1.7‰) and echinoderms (13.8±
1.2‰) than in other taxa (averages of 5.2–10.9‰). There
was no difference in average d13C of the benthic macro-
fauna between the Nansen Basin, Gakkel Ridge, and
Amundsen Basin, though d15N values were overall slightly
lower at the Gakkel Ridge (Figure S8d).

4. Discussion
During our sampling campaign, we observed distinct
differences between the Nansen and Amundsen basins
in hydrographic and various chemical and biological char-
acteristics of the water column (Table 2) which largely
confirmed observations from studies going back to the
1980s (syntheses in Bluhm et al., 2011; Kosobokova
et al., 2011; Bluhm et al., 2015; Nöthig et al., 2020a;
Wiedmann et al., 2020; Skjøldal, 2022; Vedenin et al.,
2022). Physico-chemical differences were reflected to
some degree in biological stocks, taxon composition, and
biological activity, primarily in the water column and
partly at the seafloor. Stocks and rates were generally high-
est nearest to the AW inflow at the southernmost open-
water station P7 and declined with increasing distance
from the advective inputs northward into the Amundsen

Table 2. Main similarities and differences in sea ice and upper ocean physical, chemical, and biological
properties between the Nansen Basin (NB) and Amundsen Basin (AB) in this study

Properties

Basin Comparison

Similaritiesa Differencesb

Sea-ice
conditions

Mixture of ice types (FYI, MYI,
ridged floes)

Heavily deformed ridged ice in AB; larger snow depth and
ice thickness in AB and GR

Water-mass
characteristics

Cold and fresher surface layer above warmer and saltier
intermediate and deep waters

Southern NB: AW inflow; NB warmer, saltier, more
turbulent than AB; TPD and river inflow signal in AB

Nutrient concentrations Sea ice: Large variability among stations rather than
between basins; water column: highest concentrations
>2,000 m

Sea ice: no clear basin-specific differences; water column:
nitrate concentrations higher in NB, silicate
concentrations higher in AB

Primary production Generally low levels Sea ice: higher productivity at P8 versus AB stations;
water column: higher productivity in NB
(particularly P7)

Protist communities Sea ice: dominated by diatoms; water column: dominated by
flagellates

Sea ice: no clear basin-specific differences, but
abundances higher at P8 than AB; water column:
abundances higher in NB

Sea-ice meiofauna Dominance of pelagic taxa (ciliates, rotifers); high
abundance of eggs

No clear basin-specific differences, but higher abundance
and diversity at GR than both basins

Zooplankton
communities

Overall low abundances; low taxonomic diversity in upper
ocean; few taxa dominant by abundance or biomass;
species range expansion

Higher abundance and biomass of Atlantic species in NB
but virtually absent in AB; more diverse
macrozooplankton fauna in NB

Benthic communities Generally low abundances; dominance of small, meiofaunal
taxa at P8–P11

Higher abundance and diversity at P7 (NB)

Food-web structure Typical trophic structure yet strong overlap of pelagic and
benthic taxa

Zooplankton: differences in food-source use at P7 (NB);
benthic fauna: generally no clear basin-specific
differences

Sediment properties TOC and TN generally low High TOC and chl a concentrations at P7 (NB)

aFirst-year ice (FYI), multiyear ice (MYI), total organic carbon (TOC), total nitrogen (TN).
bAtlantic Water (AW), Gakkel Ridge (GR), Transpolar Drift (TPD).
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Basin, where instead, distinct signals of the TPD were
observed at the surface. A number of ecosystem differ-
ences between the two basins persisted, however, when
excluding the area of the southern Nansen Basin
(Figure 6). Ice-associated chemical and biological proper-
ties, in contrast, differed among stations, likely as a result
of differences in ice-drift trajectories and history and/or
differences in bottom-ice melt stages with subsequent loss
of biomass; they did not show a clear latitudinal or basin-
related pattern. The general sea-ice situation, however, was
typical for the area for the time of year with open water in
the southern Nansen Basin and increasingly heavy ice
cover in the Amundsen Basin.

Multidisciplinary studies like ours are the first step
toward an overarching assessment of ecosystem structure
and functioning in the Eurasian Basin of the CAO to
improve predictions of future changes to these ecosystems
(e.g., Fong et al., 2024). Information about physical con-
ditions and climate change-driven changes in the sea-ice
and pelagic environments of the CAO are increasingly
available (e.g., Lei et al., 2018; Krumpen et al., 2019; Poly-
akov et al., 2020; Nicolaus et. al, 2022; Rabe et al., 2022).
They point toward a slight increase in salinity and tem-
perature in the Eurasian Basin leading to a reduced strat-
ification in this previously considered “quiescent” basin
(Polyakov et al., 2020). A notable decline in ice extent and
thickness in the CAO is now well documented, associated
in particular with a loss of MYI (Polyakov et al., 2012;
Stroeve and Notz, 2018) and pronounced variations in the
strength of the TPD for sea ice (Krumpen et al., 2019).
However, data about biological community compositions
and activities, driven by environmental conditions and
impacts of environmental change on the distribution and
structure of these faunal communities are more limited in
overall spatial coverage. Collectively, however, they have
provided a basic understanding of system functioning
based on markedly lower stocks and productivity com-
pared to adjacent shelves (e.g., Kröncke, 1994; Melnikov,
1997; Kröncke, 1998; Mumm et al., 1998; Kosobokova
et al., 2011; David et al., 2015; Snoeijs-Leijonmalm et al.,
2021; Fong et al., 2024). Our results largely confirmed the
general physico-chemical as well as biological features of
the study region at this time of year (approximately July to
September), though a few indicator species may suggest
an increasing presence of boreal taxa in the water column.

4.1. The Nansen Basin: Shaped by AW inflow

especially at its southern margin

Our hydrographic observations across the western Nansen
and Amundsen basins covered the known different ocean-
ographic regimes of the two basins (Table 2; Rudels et al.,
2013; Timmermans and Marshall, 2020; Rudels and Car-
mack, 2022). The southern part of the Nansen Basin at the
open-water station P7 was most strongly characterized by
the influence of the AW inflow with comparatively high
temperature and salinity and elevated nitrate concentra-
tions (Figures 4 and 5), consistent with, for example,
Polyakov et al. (2020) and Renner et al. (2023). Toward
the Gakkel Ridge, the AW layer became colder and fresher,
but along with the surface layer, remained warmer and

more saline than in the Amundsen Basin, which is
consistent with the previously reported recirculation of
the Fram Strait branch of the AW inflow (Schauer et al.,
2002; Rudels et al., 2013). The higher nitrate concentra-
tions in the AW layer and the weaker stratification also
beyond P7 enabled an order of magnitude higher vertical
nitrate fluxes in the Nansen Basin (up to 2�10–3 mmolm–2

s–1) than in the AB (0.3�10–3 mmol m–2 s–1; Figure 7e and
7f), comparable to estimates by Randelhoff et al. (2020),
leading to more efficient replenishment of mixed layer
nitrate in the Nansen Basin than in the Amundsen Basin.

The hydrographic conditions combined with the quasi-
continuous advective supply of nitrate, particles, and heat
in the AW inflow region were reflected in the biological
patterns of the water column with somewhat higher
stocks and rates at Nansen Basin stations (with noteworthy
exceptions) that were driven by the core of the AW inflow
at P7. Pelagic primary production and surface algal bio-
mass were higher in the AW inflow region at P7 compared
to the Gakkel Ridge and Amundsen Basin sites, which was
also reflected in the lower DIC values due to biological
CO2 drawdown. While our measured primary productivity
level would have been somewhat exaggerated by season-
ally decreasing light levels over the course of the expedi-
tion and were too few to establish a region-wide pattern,
our findings are in agreement with previously established
patterns of higher production along the AW inflow path at
the perimeter of the Nansen Basin (Slagstad et al., 2011;
2015), which keeps this area ice-free much longer and
comparatively irradiance-richer than the remaining tran-
sect. Our data and earlier studies indicate higher algal
production and biomass at the southern Nansen Basin
perimeter being linked to higher stocks and/or biological
activity of pelagic consumers in that region (Kosobokova
et al., 2011; Wassmann et al., 2015; Basedow et al., 2018;
Hop et al., 2019; Ehrlich et al., 2021). This pattern suggests
differences in ecosystem carrying capacity between the
southern Nansen Basin and the Amundsen Basin, and also
stresses that the inflow area around P7 is not representa-
tive of the Nansen Basin proper. In addition to affecting
pelagic stocks, the strong influence of AW in this region is
also reflected in taxonomic composition with particular
AW indicator taxa, again consistent with previous observa-
tions as will be discussed below in this section.

Regarding the microbial components, both abun-
dances and process rates were generally higher in the
Nansen Basin than in the Amundsen Basin (for bacterial
counts, see Bratbak et al., 2023), agreeing with previous
literature (e.g., Ulfsbo et al., 2014; Lalande et al., 2019;
Piontek et al., 2021). Specifically, abundances of bacteria,
pico- and nanophytoplankton, cryptophytes and large
viruses, as well as BP in surface waters (0–30 m), were
on average two to five times higher in the Nansen Basin
compared to the Amundsen Basin (Figure 12a–12c; data-
sets, also including NLEG stations, in Bratbak et al., 2023;
Müller et al., 2023b) and comparable to values that have
been reported before (August 2014) further south (around
82�N) at the West Spitsbergen Current southern branch
into the Arctic Ocean (Paulsen et al., 2016; 2017). The
abundances of HNF and small viruses, however, did not
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show the same trend as the other microbial components,
as they were not clearly different between basins. Differ-
ent water masses having different origins and “biological
history” may be the simplest explanation, but speculation
that larger viruses, presumably infecting phytoplankton,
play a more prominent role in the microbial food web of
the Nansen Basin is tempting. Consistent with the earlier
assignment of Synechococcus as an indicator of AW advec-
tion (Paulsen et al., 2016; Schmidt et al., 2020), abundance
of this cyanobacterium was highest at P7 (37 m, 10 cells
mL–1), though overall very low compared to previous
reports further south, while concentrations were below the
detection limit (<5 cells mL–1) at most other stations. Pico-
phytoplankton generally exhibited highest abundances in
the upper 30 m, while nanophytoplankton showed deeper
maxima, similar to reports from ice-covered areas in the
Canadian Arctic (Ribeiro et al., 2022).

Overall, pelagic protist communities showed a numeri-
cal dominance of flagellates at all stations and had distinct
abundance maxima at the surface (Figure 12d; consistent
with Gosselin et al., 1997; Sherr et al., 2003; Schanke et al.,
2021). While this situation is interpreted as a summer
stage in shelf regions (Assmy et al., 2023; Kohlbach
et al., 2023), the phenology of bloom stages in the CAO
is not well established. Though diatoms were generally
low in abundance, their relatively higher contribution at
P7 was indicative of contributions from the adjacent pro-
ductive shelf and the vicinity to the AW inflow. Despite the
overall low diatom abundance, chl a concentrations
largely followed the vertical distribution of diatoms,
and not that of total protist abundances, suggesting that
a relatively large fraction of the protists belonged to het-
erotrophic taxa. In agreement with higher nitrate concen-
trations and fluxes and the slightly elevated contribution
of diatoms at P7, pelagic NPP was highest at this station
near the AW inflow (Figure 11b). Though NPP estimates
based on in situ incubations depend on light availability
during the incubations, limiting comparability, maximum
integrated NPP values were on the same order of magni-
tude as reported earlier for roughly the same time of year
(July–August) from the Nansen Basin (409 mg C m–2 d–1

in the present study versus 521 mg C m–2 d–1 by Gosselin
et al., 1997). The absence of ice at P7 (as is typical for that
region in fall) and thinner ice cover at P8 compared to
Amundsen Basin stations resulted in lower or no light
limitation, also reflected in patterns of POC, PN, and chl
a concentrations as well as vertical flux rates (Figures 9
and 12d and 12e). While ice conditions are a temporal
snapshot, the prevalent conditions do reflect the ice con-
ditions typical of the region in today’s Arctic, namely of
open water in the southern Nansen Basin and a seasonal,
thinner ice cover in much of the Nansen Basin than the
region of the Amundsen Basin north of Greenland that we
studied (Meier and Stroeve, 2022; Sumata et al., 2023).

For both meso- and macrozooplankton, their peaks in
abundance nearest to the AW inflow at station P7
(Figure 13) reflect the well-established effects of advec-
tion of zooplankton with AW masses and higher levels of
phytoplankton (for herbivorous/omnivorous species) and
prey (for carnivorous species) in the water column (e.g.,

Kosobokova et al., 2011; Wassmann et al., 2015; Basedow
et al., 2018; Ehrlich et al., 2021). In agreement with the
literature, Calanus copepods,Metridia longa, chaetognaths,
cnidarians, ctenophores, and amphipods were abundant
taxa in the slope region that, again, is characterized by long
periods of open water (Mumm et al., 1998; Blachowiak-
Samolyk et al., 2008; Kosobokova and Hirche, 2009).While
the Atlantic C. finmarchicus was only abundant at P7, C.
glacialis and C. hyperboreus were found at all stations but
decreased in abundance from the Nansen Basin to the
Amundsen Basin (Figure 13b). The basin-wide importance
of small copepod species as well as the role of C. finmarch-
icus being restricted to slope regions has been described
since the 1980s (Hirche and Mumm, 1992; Mumm, 1993;
Thibault et al., 1999; Auel and Hagen, 2002). However, the
numerical predominance of small copepod species such as
Oithona similis, Triconia borealis, and other Oncaeidae spe-
cies could only be well evaluated since plankton nets with
finer mesh size were used in the study area (Groendahl and
Hernroth, 1986; Svensen et al., 2019; Barth-Jensen et al.,
2022; this study). Macrozooplankton trawls yielded basin-
specific differences in macrozooplankton compositions:
euphausiids, amphipods, and gelatinous zooplankton dom-
inated the catch in the Nansen Basin, while euphausiids
were virtually absent and ctenophores (Mertensia ovum
and Beroe spp.) were numerically important in the Amund-
sen Basin (Figure 13d–13f; see Ingvaldsen et al., 2023, for
details). Observations of a few, yet noteworthy, Atlantic
and/or boreal species in the Nansen Basin possibly give
support, albeit meager, to the predicted poleward range
extension of temperate species (Ingvaldsen et al., 2023):
the northernmost records of (i) the warm-water associated
(sub-tropical temperate) krill species Hansarsia megalops
(¼ Nematoscelis megalops; over Gakkel Ridge), whose
changes in biogeography have also been described previ-
ously (Zhukova et al., 2009; Huenerlage and Buchholz,
2015); (ii) a young Greenland halibut Reinhardtius hippo-
glossoides; and (iii) the cosmopolitan deep-water jellyfish
Periphylla periphylla, which has been speculated to expand
its distribution northward (Geoffroy et al., 2018). Many of
these species are understudied, with their distributions
largely unknown; therefore, amore extensive study is essen-
tial to unveil their current distribution patterns and poten-
tial changes in them.

Due to the challenges of operating fishing gear in the
CAO, the historical data for comparison of possible pelagic
fish stocks, including fish larvae, is very limited. Yet, the
few existing studies are in agreement with our finding
that the density of pelagic fishes is apparently (very) low
in both basins (Gradinger and Bluhm, 2004; David et al.,
2016, Snoeijs-Leijonmalm et al., 2021) beyond the AW
inflow area just north of Svalbard. We caught only a total
of seven individuals of three species, namely the endemic
polar cod Boreogadus saida, the single species for which
the distribution in the Eurasian Basin is comparatively
better studied (David et al., 2016), the glacier lantern fish
Benthosema glaciale, and the perhaps northward-
expanding Greenland halibut R. hippoglossoides (Ingvald-
sen et al., 2023). Previously, young Greenland halibut have
been observed to concentrate in the AW core closer to the
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continental slope as far east as the St. Anna and Voronin
Troughs, where they fed primarily on polar cod (Dolgov
and Benzik, 2017). Modeling suggests possible suitable
habitat around the Arctic and northward expansion of this
species related to ice decline and changes in productivity,
but depth limitation makes it unlikely that the basins per
se will be populated, though larvae may drift into the
basins (Vihtakari et al., 2021).

At the seafloor, the most distinct difference between
stations was that the maximum TOC and sediment chl
a concentrations were observed at P7 (Figure 8b), which
were similar to concentrations observed during four other
seasons at this and nearby stations (Ricardo de Freitas
et al., 2024). These elevated values indicate higher food
availability for the benthic community under the AW
inflow, also evident in the highest vertical carbon flux
(Figure 12e) and reflected by the higher abundance of
macrofaunal organisms at this site (Figure 14a), though
being distinctly lower than on the adjacent shelf (Jordà-
Molina et al., 2023). The increased d13C values of sPOM
compared to iPOM and pPOM reflected earlier findings
that particles are substantially degraded and reminera-
lized during sinking through the water column to great
depths (Wassmann et al., 1991; Iken et al., 2005; Zhulay
et al., 2023). Whereas annelids numerically dominated (in
spring co-dominating with molluscs) both shelf commu-
nities and P7 year-round (Jordà-Molina et al., 2023), their
abundance dropped by an order of magnitude away from
the shelf break in both basins. On the other hand, the
numerical importance of nematodes today and in the past
(Pfannkuche and Thiel, 1987; Soltwedel et al., 2000; Van-
reusel et al., 2000; Schewe, 2001) indicates stability in
benthic community structure in the central Arctic at
a coarse level. While our benthic dataset is too small to
compare taxonomic specificities between basins, earlier
compilations have shown that seafloor ridges in the CAO
do not generally appear to prevent benthic taxa from
dispersing into a neighboring basin (Bluhm et al., 2011;
Vedenin et al., 2022; Ramirez-Llodra et al., 2024).

Isotopic compositions indicated a typical food-web
structure found in Arctic ecosystems: decreasing d13C
values from sPOM via iPOM to pPOM and generally higher
d13C values in benthic compared to pelagic fauna as
a result of the highly reworked organic material at the
seafloor (e.g., Iken et al., 2001; Hobson et al., 2002; Iken
et al., 2005; Tamelander et al., 2006; Bergmann et al.,
2009; Zhulay et al., 2023; Figure 14c). Largely overlapping
d13C signatures among different zooplankton taxa and
across multiple trophic levels suggest similarities in
food-source use between different taxonomic groups,
which was also robust across the ice-covered stations in
both basins (Figure S8a and b). While zooplankton d13C
values at stations P8–P11 were relatively similar, zoo-
plankton (and pPOM) in the southern Nansen Basin (P7)
exhibited, on average, higher d13C values in comparison
to the other stations, carrying the (pelagic) signal of a dif-
ferent dietary composition than animals further north at
the ice-covered stations. Interestingly, this signal did not
seem to be transferred to the seafloor, as neither sPOM
nor the benthic fauna had clearly different isotopic

compositions in the southern Nansen Basin compared
to farther north. Despite highest vertical cell flux rates
at P7, these decoupled isotopic signatures indicate weak
pelagic-benthic coupling at this station, likely as a result
of the high biological interception at P7 due to higher
grazer stocks, allowing only a small portion of organic
material to reach the seabed. Events of fast sinking mate-
rial (e.g., sea-ice associated Melosira arctica), however,
have been documented in the CAO (Boetius et al.,
2013) but are generally rather ephemeral and were likely
not captured by our sediment traps. The overall lowest,
albeit highly variable, d13C values among the zooplankton
were observed in Clione limacina (sea butterfly), pointing
to a larger pelagic component in its diet in comparison to
other taxa. The d13C values were more closely resembling
that of pPOM, consistent with previous findings for these
pteropods in the CAO (Kohlbach et al., 2016). C. limacina
from the seasonally ice-covered Barents Sea, however, was
found to also utilize sympagic food (Kohlbach et al.,
2021), and juveniles of this species were in fact present
in the ice in our study, suggesting a general dietary plas-
ticity and opportunistic feeding behavior for this species.
Pronounced differences in carbon and nitrogen isotopic
values among the benthic taxa (Figure S8c) mirrored their
more diverse trophic pathways and feeding strategies
compared to pelagic species (Iken et al., 2005; Bergmann
et al., 2009).

4.2. The Amundsen Basin: Signals of the TPD

and weaker AW influence

Amundsen Basin stations showed both signals of the TPD
and a weakened influence of AW, confirming observations
reported by Schulz et al. (2024). The AW layer was colder
and fresher than in the Nansen Basin, indicating that the
AWwas mostly sourced from the Barents Sea branch of the
AW inflow as suggested by, for example, Rudels et al.
(2013) and Schulz et al. (2024), and transformed along its
path to the Amundsen Basin. Above the AW layer in the
upper 50–100 m, the low surface salinity and higher
silicate concentrations (Figures 4b and 5b) as well as
higher silicate:nitrate and silicate:phosphate ratios (Figure
S4) in the Amundsen Basin compared to the Nansen Basin
were consistent with the river-influenced TPD containing
high concentrations of silicate (Olsson and Anderson,
1997; Flores et al., 2019; Tank et al., 2023). Indeed, upper
ocean samples (upper approximately 100 m) for CDOM
and FDOM in the Amundsen Basin (only from stations
NLEG35, P10, and P11) showed elevated levels of CDOM
absorption and humic-like FDOM, indicative of a distinct
terrestrial/riverine signal (compared to Charette et al.,
2020; Stedmon et al., 2021). The CDOM and FDOM levels
in the Amundsen Basin (about 0.8 m–1 and 0.05 RU,
respectively) were on par with what has been found in
the Arctic outflow in western Fram Strait (East Greenland
Current), and distinctively higher-than-typical values of
0.15 m–1 and 0.02 RU found in the AW dominated parts
in the Nansen Basin and eastern Fram Strait (Pavlov et al.,
2015; Kowalczuk et al., 2017; Stedmon et al., 2021). At the
stations in the Amundsen Basin, the very surface concen-
trations had also apparently been diluted by sea-ice

Kohlbach et al: Central Arctic Ocean ecosystem assessment Art. 13(1) page 29 of 46
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/13/1/00016/862924/elem

enta.2024.00016.pdf by guest on 24 M
arch 2025



meltwater, which, on average, had lower concentrations of
these constituents than the TPD waters.

Basin-scale nitrate gradients seen in our dataset, while
perhaps somewhat biased by a two-week time lag in sam-
pling, have previously been interpreted as being driven by
advection of relatively nitrate-rich AW in the Nansen Basin
and strong and increasing haline stratification toward the
Amundsen Basin (Bluhm et al., 2015; Randelhoff and
Guthrie, 2016; Randelhoff et al., 2020). These settings may
explain biological stocks and rates being somewhat lower
in the Amundsen Basin than Nansen Basin (Figures 11
and 12), consistent with, for example, Ulfsbo et al. (2014),
with these patterns likely being either responses to weak-
ening AW influence and direct or indirect effects of river-
ine and terrestrial footprints related to the TPD.
Unfortunately (for lack of sequencing data), we were
unable to reveal distinct TPD signals in viral and bacterial
communities based solely on abundance data.

We attribute the decline in pelagic protist abundance
(Figure 12d), depth-integrated chl a standing stocks (fac-
tor of 3–10 lower 90 m-depth-integrated chl a in Amund-
sen Basin than Nansen Basin), and change in pelagic
protist community composition from larger-sized diatoms
toward smaller-sized flagellates largely to declining nutri-
ent (nitrate) inventories from the shelf-slope station P7
toward the Amundsen Basin. The seasonal decline in light
levels from August to September will have likely played an
additional role. However, similar basin gradients in nutri-
ent levels, phytoplankton production, biomass, and com-
position observed earlier in summer (July–August) 30
years ago (Gosselin et al., 1997) suggests that basin-scale
nutrient status is likely one of the main drivers of pelagic
ecosystem structure and has not changed dramatically
over the era of rapid climate change. Nitrate concentra-
tions are generally low in surface waters of the CAO
(Bluhm et al., 2015; Ardyna et al., 2017) and in particular
in the Amundsen Basin, where nitrate concentrations
remain low (around 1 mM) during the winter (Fong
et al., 2024). Hence, we consider that the oligotrophic
conditions found in the Amundsen Basin are unlikely to
be explained by the time of sampling (summer). Small-
sized phytoplankton with a larger surface-to-volume ratio
as well as taxa with mixo- or heterotrophic feeding modes
are favored under such oligotrophic conditions (Litchman
et al., 2007; Zhang et al., 2015; 2016; Wang et al., 2019),
reflected in the increasing dominance of flagellates and
mixo- and heterotrophic dinoflagellates toward the
Amundsen Basin (Figure 12d). Accordingly, despite the
overall decrease in phytoplankton abundance from the
Nansen Basin to the Amundsen Basin, the proportion of
flagellates relative to large-sized diatoms increased toward
the Amundsen Basin (Figure 12d).

In line with the base of the food web, zooplankton
densities also generally decreased with latitude toward the
Amundsen Basin and species composition changed along
the transect (Figure 13). Specifically, Calanus finmarchicus
was virtually absent from the Amundsen Basin stations,
although that species does track the Arctic Circumpolar
Boundary Current all the way to the East Siberian Sea
(Ershova et al., 2021). In previous investigations, Oithona

similis, Triconia borealis, and Microcalanus spp. have been
reported as the most abundant species in the CAO (Auel
and Hagen, 2002; Kosobokova et al., 2011). However, in
the present study, the family Oncaeidae had high and
persistent abundances stretching into the Amundsen
Basin. Whether this new observation is due to environ-
mental factors or because we sampled with a smaller
mesh size than what has been used in earlier investiga-
tions is not clear. Fish densities were too low to detect any
clear patterns, yet visual observations of overturned ice
floes along the cruise track, also in the Nansen Basin,
indicated that Boreogadus saida was regularly present,
albeit not numerous, immediately under the sea ice, the
known habitat for young fish age classes (Gradinger and
Bluhm, 2004; David et al., 2016; Geoffroy et al., 2023).
This habitat is notoriously difficult to sample with nets,
though an under-ice trawl has successfully produced esti-
mates of young B. saida under the ice across the Eurasian
Basin where they were encountered at virtually all sample
locations (David et al., 2016). These findings and our anec-
dotal evidence are consistent with our observations of
a handful of seals, prominent predators of B. saida, in
leads across the study region.

At the seafloor, both the surface sediment TOC and chl
a concentrations were considerably lower at station P8
and in the Amundsen Basin compared to P7 closer to the
shelf break (Figure 8b), consistent with previous observa-
tions in the region (Stein et al., 1994; Boetius et al., 1996).
This low amount of available organic matter in the sedi-
ments was no surprise given the low sympagic and pelagic
algal biomass and production in the Amundsen Basin and
the consequently low quantity of food reaching the sea-
floor. The somewhat higher pelagic stocks at P8 than in
the Amundsen Basin did not translate into higher bio-
mass, but too few stations do not allow establishing a pat-
tern. Benthic macrofaunal abundance was low, away from
the slope (consistent with Oleszczuk et al., 2021), and in
both basins outside P7 small meiofaunal taxa dominated
(Figure 14a); this relatively increasing role of small taxa is
a general feature of the global deep sea (Rex et al., 2006;
Wei et al., 2010). The overall low benthic faunal biomass
was further corroborated by the basin-wide low SOD
under ambient conditions (Figure 14b) compared to shal-
lower and more productive shelf regions (Bourgeois et al.,
2017, and references therein), which was further in agree-
ment with the absence of enhanced flux events over the
Amundsen Basin. In both basins, respiration rates
increased with experimentally increased temperature,
added food, and both combined; however, the increases
were in most cases not significantly different from ambi-
ent rates. The lack of a stronger response to food addition
was likely the result of the overall low benthic biomass;
even if the animals responded, overall rates were not
much higher because so little faunal biomass was present
at the start.

4.3. Sea-ice characteristics follow a different non

basin-specific pattern

Sea-ice back trajectories suggest that the origin of ice floes
sampled at stations P8, P10, and P11 differed from the
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origin of the floe at P9 (Figure 2b). Whether this differ-
ence in origin is true or a consequence of the high uncer-
tainty of the backtracking method is unclear, because
calculated trajectories do not necessarily represent the
correct or precise behavior and drift history of a sampled
ice floe, but rather a single possible realization of the floe
path within a large probability space (Down et al., 2023).
Regardless, the shorter trajectory is in contradiction to the
ice thickness of the floe at P9 (approximately 1.8 m)
exceeding that of all other stations (<1.4 m; Table S1) and
may explain its different physico-chemical and biological
properties. Sympagic protists and meiofauna were more
abundant and compositionally different at P9 compared
to the other stations in both basins (Figure 10c and 10d).
Concentrations of nitrate and phosphate at P9 were lower
in the top ice than in the ice cores at other stations, and
nitrate was homogeneously distributed throughout the
ice, which was not observed elsewhere (Figure 3d
and 3f). These described differences in sea-ice related bio-
logical properties were not likely caused by the presence
of the Gakkel Ridge, given that we did not observe any
enhanced biological stocks or rates in the water column or
the benthic environment at the ridge. These results indi-
cate different drivers of variability for the sea ice versus
pelagic and benthic environments observed in our study
(i.e., ice history versus water-mass characteristics).

In contrast to the water column, at all four ice stations,
diatoms were the most abundant protist taxa within the
sea ice, confirming known sympagic protist community
compositions from the CAO and other Arctic regions
(Booth and Horner, 1997; Gosselin et al., 1997; Poulin
et al., 2011; Hardge et al., 2017). There was a generally
positive relationship between chl a concentration and dia-
tom abundance, indicating that auto- and mixotrophic
non-diatom taxa contributed little to the algal biomass.
The centric sub-ice diatom Melosira arctica, previously
described as a dominant ice-associated species in the CAO
(Gosselin et al., 1997; Boetius et al., 2013), occurred infre-
quently in our samples, but their known patchy distribu-
tion could explain their low contribution.

Besides diatoms, flagellates, predominantly chryso-
phytes, also contributed substantially to the sympagic
protist community at P8 and in a previous CAO study
(Hardge et al., 2017). The lower protist abundance and
algal biomass in the ice at P8 compared to P9
(Figure 10c) could be related to enhanced melting pro-
cesses at this station consistent with the more southern
location and with the lower sea-ice salinity in the thinner
ice (<1 m) compared to all other locations (>1 m; Table
S1). The lower d13C values of iPOM could be indicative of
a pelagic signal as the result of enhanced mixing with the
underlying water column (Loose et al., 2011) and, hence,
phytoplankton, at this station. The dominance of the cen-
tric diatoms Chaetoceros tenuissimus and Conticribra weiss-
flogii, both atypical sea-ice diatoms, at station P8 further
agrees with documented changes in sea-ice protist com-
munity composition observed over the last 30 years from
ice specialists toward more cryo-pelagic species as a result
of the transition from a MYI- toward a FYI-dominated ice
habitat (Hop et al., 2020). Protist taxon richness has been

found to be higher in older than younger sea ice, associ-
ated with a decreasing uniqueness of ice protist commu-
nities relative to pelagic communities in today’s Arctic
compared to the past (Hop et al., 2020). Our limited
sea-ice sample size, however, precludes confident assess-
ment of these described trends.

The contribution of ice algal NPP to total NPP (<15%,
decreasing from south to north) was much lower than
from previous studies in the area at the end of the pro-
ductive season (up to approximately 60%; Gosselin et al.,
1997; Fernandez-Mendez et al., 2015). This difference
from previous studies could be attributed to the use of
different methodologies. Other possible explanations for
the lower ice algal production fraction could be the early
onset of sea-ice melt and retreat in the Laptev Sea in
spring 2020 and 2021 (Perovich et al., 2020; Meier
et al., 2021), the area where most of the ice from this
study presumably originated, which might have triggered
early melt-out of ice algae. These findings could be further
indication for the recent suggestions that intensified melt
in the CAO interrupts the TPD (Krumpen et al., 2019) and
may decrease Arctic-wide connectivity in ice-associated
ecosystems (Ehrlich et al., 2021). We caution, however,
that different sample treatments could also be at least
partly responsible for the large discrepancy between
sympagic production contributions in this study and pre-
vious studies (e.g., Fernandez-Mendez et al., 2015).

Sea-ice meiofaunal communities were generally domi-
nated by taxa of pelagic origin, namely large ciliates and
rotifers, as described previously for recent Arctic meiofau-
nal communities (Bluhmet al., 2018, and referenceswithin;
Ehrlich et al., 2020; Marquardt et al., 2023b). In addition,
high numbers of metazoan eggs, nauplii, and juveniles of
Clione limacina support the notion that sea ice is a nursery
ground for early life stages of pelagic organisms (Schnack-
Schiel, 2003; Bluhm et al., 2010). Orange Acoela (yet
unidentified but called by that name since the 1990s), one
of the few taxa of benthic origin and so far considered ice-
obligate, were found in low numbers.These flatwormswere
a frequent contributor to Arctic sea-ice meiofauna several
decades ago (Gradinger, 1999), but were absent or rare in
more recent studies. One could speculate that this pattern
is due to ongoing changes and loss of thick and oldMYIwith
which they prefer to associate (Bluhm et al., 2018; Ehrlich
et al., 2020; 2021). A similar pattern applies to another
benthic taxon, the nematodes, which occur in high num-
bers in seasonally ice-covered Arctic regions (Gradinger,
1999; Nozais et al., 2001; Gradinger et al., 2005; 2010;
Marquardt et al., 2011; Pitusi et al., 2023). Their virtual
absence in more recent studies of offshore pack ice (Bluhm
et al., 2018; Ehrlich et al., 2020; Marquardt et al., 2023b)
again may indicate a shift in ice-faunal community struc-
ture with the transition from perennial to seasonal sea-ice
cover. A link to the interruption of the TPD (Krumpen et al.,
2019) has been suggested previously (Kiko et al., 2017;
Ehrlich et al., 2020).

4.4. Outlook

The dramatic reduction of the sea-ice cover has already
made the western Nansen and Amundsen basins
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accessible for increased human activity. This development
gives new prospects for shipping, resource extraction (fish-
ery, deep-sea mining), and tourism in the region (Steven-
son et al., 2019). The region is already influenced by
fisheries along the continental slope (Misund et al.,
2016; Haug et al., 2017) and ship traffic associated with
tourism, military operations, and research activity (Stocker
et al., 2020; Müller et al., 2023a). Furthermore, being in or
near the Arctic gateway, the region is exposed to north-
ward range expansions of boreal and/or invasive species
(e.g., Brandt et al., 2023) and global (long-transported)
impacts from stressors such as pollutants (e.g., Ross
et al., 2021). Progressing ocean acidification due to
increased ice loss represents an additional stressor for the
ecosystem, in particular for calcifying organisms (Ericson
et al., 2023). These changes clearly increase the pressures
on vulnerable Arctic Ocean ecosystems and impose new
challenges for their sustainable management (Huntington
et al., 2022). The Central Arctic Ocean Fisheries Agree-
ment prohibits commercial fisheries in the areas beyond
national jurisdiction of the CAO until 2037 (Vylegzhanin
et al., 2020). However, it also commits to the establish-
ment of a Joint Program of Scientific Research and Mon-
itoring to improve the understanding of the ecosystems
(Balton, 2022). Our results contribute to building this
knowledge. We show, consistent with earlier studies, that
under current environmental conditions, that is, perennial
ice cover, strong stratification, and limited nutrient
availability, the production in the CAO is very low in com-
parison to slope regions and continental shelves (e.g.,
Snoeijs-Leijonmalm et al., 2021; Ingvaldsen et al., 2023).
Other studies conclude that the predicted modest increase
in primary and secondary production (Slagstad et al.,
2015) also will be too low to sustain commercial fisheries
in the future (Haug et al., 2017; Polyakov et al., 2020). Our
results suggest further that basin-specific approaches for
successful and sustainable management are required for
this region. The distinctly higher biological activity at the
AW-influenced station P7 compared to the rest of the
sampling area provides evidence that monitoring stations
located just north of Svalbard fall short of representing the
ecosystem status and processes or responses to environ-
mental change in the Eurasian Basin in its entity.
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Wenzhöfer, F; RV Polarstern ARK27-3-Shipboard
Science Party. 2013. Export of algal biomass from the
melting Arctic sea ice. Science339(6126): 1430–1432.
DOI: http://dx.doi.org/10.1126/science.1231346.

Boetius, A, Grahl, C, Kroencke, I, Liebezeit, G, Nöthig,
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Metfies, K. 2019. Sea-ice properties and nutrient
concentration as drivers of the taxonomic and tro-
phic structure of high-Arctic protist and metazoan
communities. Polar Biology 42: 1377–1395. DOI:
http://dx.doi.org/10.1007/s00300-019-02526-z.

Fong, AA, Hoppe, CJ, Aberle, N, Ashjian, CJ, Assmy, P,
Bai, Y, Bakker, DCE, Balmonte, JP, Barry, KR, Ber-
tilsson, S, Boulton, W, Bowman, J, Bozzato, D,
Bratbak, G, Buck, M, Campbell, RG, Castellani,
G, Chamberlain, EC, Chen, J, Chierici, M, Cornils,
A, Creamean, JM, Damm, E, Dethloff, K, Droste,
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Utermöhl, H. 1958. Zur Vervollkommnung der quantita-
tiven Phytoplankton-Methodik. Internationale Verei-
nigung für theoretische und angewandte Limnologie:
Mitteilungen 9(1): 1–38. DOI: http://dx.doi.org/10.
1080/05384680.1958.11904091.

Vader, A,Marquardt, M. 2022. Chlorophyll a and phaeo-
pigments Nansen Legacy cruise 2021710. Norwe-
gian Marine Data Centre. DOI: https://doi.org/10.
21335/NMDC-1635641464.

Valk, O, van der Loeff, MR, Geibert, W, Gdaniec, S,
Moran, SB, Lepore, K, Edwards, RL, Lu, Y, Puig-
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H, Renaud, P, Sen, A, Schuppe, B, Lockwood-Ire-
land, C, Keck, A, Kohlbach, D, Giebichenstein, J,
Marquardt, M. 2024a. Stable isotopic and elemental
compositions of carbon and nitrogen in organic mat-
ter from sea ice in the Barents Sea, Nansen Basin and
Amundsen Basin (Arctic Ocean). DOI: https://doi.org/
10.21335/NMDC-245429765.

Ziegler, A, Bluhm, B, Jørgensen, L, Åström, E, Ricardo
de Freitas, T, Hess, S, Alve, E, Jordà-Molina, È,
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