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ABSTRACT: Arctic sea-ice decline is expected to have a significant impact on Arctic marine
ecosystems. Ice-associated fauna play a key role in this context because they constitute a unique
part of Arctic biodiversity and transmit carbon from sea-ice algae into pelagic and benthic food
webs. Our study presents the first regional-scale record of under-ice faunal distribution and the
environmental characteristics of under-ice habitats throughout the Eurasian Basin. Sampling was
conducted with a Surface and Under-Ice Trawl, equipped with a sensor array recording ice thickness and other physical parameters during trawling. We identified 2 environmental regimes,
broadly coherent with the Nansen and Amundsen Basins. The Nansen Basin regime was distinguished from the Amundsen Basin regime by heavier sea-ice conditions, higher surface salinities
and higher nitrate + nitrite concentrations. We found a diverse (28 species) under-ice community
throughout the Eurasian Basin. Change in community structure reflected differences in the relative contribution of abundant species. Copepods (Calanus hyperboreus and C. glacialis) dominated in the Nansen Basin regime. In the Amundsen Basin regime, amphipods (Apherusa
glacialis, Themisto libellula) dominated. Polar cod Boreogadus saida was present throughout the
sampling area. Abrupt changes from a dominance of ice-associated amphipods at ice-covered
stations to a dominance of pelagic amphipods (T. libellula) at nearby ice-free stations emphasised
the decisive influence of sea ice on small-scale patterns in the surface-layer community. The
observed response in community composition to different environmental regimes indicates potential long-term alterations in Arctic marine ecosystems as the Arctic Ocean continues to change.
KEY WORDS: Arctic · Under-ice habitats · Calanus · Ice-associated amphipods · Polar cod ·
Boreogadus saida · Apherusa glacialis
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The Arctic Ocean is experiencing some of the most
pronounced effects of global climate change (Arctic
Climate Impact Assessment 2004). During the past 4
decades, reductions in sea-ice concentration and
thickness and in the duration of the melting season
have been recorded in the Arctic Ocean (Rigor &

Wallace 2004, Shimada et al. 2006, Kwok & Rothrock
2009, Markus et al. 2009, Stroeve et al. 2012, Overland & Wang 2013) and are predicted to continue in
the future (Johannessen et al. 2004, Polyakov et al.
2005, Stroeve et al. 2007). The Arctic Ocean is changing from a perennial multi-year ice (MYI)-dominated
system to a seasonal first-year ice (FYI) system
(Maslanik et al. 2011). In 2012, the sea-ice extent was
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reduced to approximately half of the mean for the
past 4 decades, resulting in large open-water areas
(Parkinson & Comiso 2013).
These changes are expected to result in modifications of the biological systems in the Arctic Ocean.
Reduction in the extent and thickness of sea ice leads
to more light availability in the water column, which
has been hypothesised to induce a net increase in
primary production (Arrigo et al. 2008, Arrigo & van
Dijken 2011). This may be true on the shelves where
nutrient supply by advection or vertical mixing can
be extensive. Over the basins, however, primary production can be nutrient-limited due to strengthened
stratification by ice melt (Tremblay & Gagnon 2009).
Sea-ice loss will lead to a decrease in ice algal production, which can account for up to 50% of the
primary production in the central Arctic Ocean
(Gosselin et al. 1997). Ice algae are considered a
high-quality food source for Arctic marine food webs
(Søreide et al. 2006, 2013). How these changes in primary production will impact marine fauna is an open
question. The number of documented changes in
Arctic planktonic systems is low, and the number
reported from the central Arctic Ocean is even lower
(Wassmann et al. 2011). Lack of biological baseline
data makes it impossible to estimate the effect of
recent environmental changes on the biological system (Kosobokova & Hirche 2000). Increasing efforts
have been made in recent years to investigate zooplankton distribution at different scales (Hopcroft et
al. 2005, Matsuno et al. 2012, Hunt et al. 2014,
Pomerleau et al. 2014). Only recently have zooplankton data from different Arctic cruises been compiled
into a large-scale analysis, providing a first baseline
to monitor the influence of environmental change on
the Arctic pelagic system (Kosobokova & Hirche
2009). It should be borne in mind, however, that this
dataset dates from the 1990s, a period when environmental change in the Arctic Ocean was already ongoing.
Most affected by environmental changes are the
organisms living in association with sea ice. Ice-associated fauna have been described as those species
that complete their entire life cycle within the sea ice
or spend only part of their life cycle associated with
sea ice (Melnikov & Kulikov 1980). Many uncertainties still remain in understanding the association of
these organisms with sea-ice habitats. Community
structure of ice-associated fauna is assumed to be
related to ice age, density and under-ice topography
(Hop et al. 2000a, Hop & Pavlova 2008). Ice-associated species may prefer a certain type of ice, e.g. MYI
or FYI (Hop et al. 2000a). Some, such as the large

amphipod Gammarus wilkitzkii, are found associated with ridges, which provide shelter during the
melting season (Hop & Pavlova 2008, Gradinger et al.
2010). The widely distributed amphipod Apherusa
glacialis prefers flat ice floes (Hop & Pavlova 2008),
or ice edges (Hop et al. 2000b, Beuchel & Lønne
2002).
Crucial for the functioning of the Arctic ecosystem
is the role of ice-associated fauna in the energy transfer to higher trophic levels (Budge et al. 2008). The
dominance of diatom fatty acid trophic markers in
the lipids of calanoid copepods and ice-associated
amphipods underpins the importance of sea-ice
algae as a critical carbon source in Arctic food webs
(Budge et al. 2008, Falk-Petersen et al. 2009). Feeding extensively on calanoid copepods (Scott et al.
1999, Benoit et al. 2010) and amphipods (Matley et al.
2013), polar cod Boreogadus saida in turn represents
a preferential prey for seabirds and marine mammals
(Bradstreet & Cross 1982, Finley & Gibb 1982, Welch
et al. 1992). As a key species of the Arctic system, the
polar cod is believed to account for up to 75% of the
energy transfer between zooplankton and vertebrate
predators (Welch et al. 1992). Ice algae−copepods/
amphipods−polar cod−top predators represents probably one of the most efficient pathways in energy
flux through the Arctic food web, yet all its components are closely related with sea ice (Scott et al.
1999, Harter et al. 2013, Hop & Gjøsæter 2013).
Changes in composition, abundance, size and energy
content of ice-associated communities will influence
the energy flux through the Arctic marine ecosystem
and, hence, the growth and survival of top predators
(Mehlum & Gabrielsen 1993, Laidre & Heide-Jørgensen 2005). Therefore, an accurate quantification of
ice-associated fauna on large spatial scales is crucial
to understand the functioning of Arctic sea-icedependent ecosystems and their future fate. The seaice-covered Arctic Ocean, however, is difficult to
access. In particular, sampling under the sea ice is
challenging. Most commonly, ice-associated macrofauna have been sampled by divers (Arndt & Pavlova
2005, Hop et al. 2011). This method is excellent in
describing the small-scale structure of ice habitats
during sampling, yet the spatial variability of the
organism distributions may not be covered representatively. Ice floes which appear biologically poor are
not sampled due to limited time at ice stations, while
it is impossible to obtain all organisms from ice floes
with rich fauna (Hop & Pavlova 2008). A new sampling gear used in the Southern Ocean for the first
time, the Surface and Under-Ice Trawl (SUIT) (van
Franeker et al. 2009), overcomes the spatial limita-
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tion of observations by divers (Flores et al. 2012).
SUIT enables large-scale horizontal sampling of the
0−2 m surface layer both under sea ice and in open
water.
The aim of the present study is to describe the association of macrofaunal communities in the surface
layer (0−2 m) under ice and in open water, with habitat properties of the sea ice and the underlying water
column. In particular we address the following objectives:
(1) We identify key environmental variables of the
sea ice and water column that structure under-ice
habitats.
(2) We provide a basin-wide inventory of underice fauna in the Eurasian central Arctic Ocean and
highlight key species defining the under-ice communities.
(3) We investigate the role of under-ice habitat
properties in structuring the under-ice community.

MATERIALS AND METHODS
Study area and sampling technique
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supplementary material by Flores et al. (2012). Depending on the ice conditions, SUIT haul durations
varied between 3 and 38 min, with a mean of 24 min.

Environmental data
A sensor array was mounted in the SUIT frame,
consisting of an acoustic Doppler current profiler
(ADCP), a conductivity-temperature-depth probe
(CTD) with built-in fluorometer, an altimeter, 2 spectral radiometers and a video camera. Water inflow
speed was estimated using a Nortek Aquadopp®
ADCP. Three acoustic beams operating at a frequency of 2 MHz allowed construction of 3-dimensional profiles of the currents in the net opening. The
ADCP measured the current velocity at 3 locations
across the SUIT opening. The ADCP was also equipped with sensors for pressure, pitch, role and heading. These data were used to reconstruct the position
of the SUIT in the water during each haul as an indicator of the catch performance. Temperature and
salinity profiles were obtained with a Sea and Sun
CTD75M probe. The practical salinity scale (PSS-78)
was used for salinity values (Fofonoff 1985). A builtin Turner cyclops fluorometer was used to estimate
the under-ice chlorophyll concentration. Calibration
of fluorometric chlorophyll a concentrations was

Sampling was performed during RV ‘Polarstern’
expedition ARK XXVII/3 (2 August−29 September
2012) across the ice-covered Eurasian part of the
Arctic Ocean deep-sea basin, from 82
to 89° N and 30 to 130° E (Fig. 1). Thirteen horizontal hauls were performed
under different ice types (MYI, FYI)
and in open water. Sampling was performed with an improved version of
SUIT (van Franeker et al. 2009). The
improved SUIT consisted of a steel
frame with a 2 × 2 m opening and 2
parallel 15 m long nets attached: (1) a
7 mm half-mesh commercial shrimp
net, lined with 0.3 mm mesh in the
rear 3 m of the net, covered 1.5 m of
the opening width and (2) a 0.3 mm
mesh zooplankton net, covered 0.5 m
of the opening width. Floats attached
to the top of the frame kept the net at
the surface or the sea-ice underside.
To enable sampling under undisturbed ice, an asymmetric bridle
Fig. 1. SUIT (Surface and Under-Ice Trawl) station map during RV ‘Polarstern’
forces the net to tow off at an angle of
expedition IceARC (ARK XXVII/3). Sea-ice concentration on 16 Sept 2012
approximately 60° to starboard of the
(data acquired from Bremen University; www.iup.uni-bremen.de:8084/amsr/)
ship’s track, at a cable length of
and mean sea-ice extent for August and September 2012 are represented on
150 m. A detailed description of SUIT
the map (data acquired from NSIDC; Fetterer et al. 2002). Number codes next
sampling performance is provided as
to sampling locations indicate station numbers
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done from water samples obtained during stationary
sea-ice work. The calibration coefficients were
derived from the linear relationship between chlorophyll a concentrations of water samples (measured
with high-pressure liquid chromatography), with fluorometric chlorophyll a concentrations of the corresponding 1 m depth range (n = 2484; adj. r2 = 0.63; p
< 0.001). Data gaps in the CTD measurements caused
by low battery voltage were filled using complementary datasets from the ADCP data (pressure) and the
shipboard sensors (temperature and salinity), using
correction factors determined by linear regression.
An altimeter Tritech PA500/6-E connected to the
CTD probe measured the distance between the net
and the sea-ice underside. Sea-ice draft was calculated as the difference between the depth of the net
relative to the water level, measured by the CTD
pressure sensor, and the distance to the sea-ice
underside, measured by the altimeter, and corrected
for pitch and roll angles. Draft was then converted
into ice thickness by using a sea-ice density value of
834 kg m−3, determined from sea-ice core samples.
During each haul, changes in ship speed, ice concentration (%) and irregularities were estimated
visually by an observer on deck. GPS waypoints
were recorded by the observer when the SUIT was
deployed and hauled in, when it behaved abnormally, or when the environment changed, e.g. when
the SUIT entered or exited the sea ice. The distance
sampled over ground was estimated by multiplying
the amount of time the SUIT was in the water (s) with
the average speed in water (m s−1). The distance sampled under ice was estimated in an analogue way for

the period during which the SUIT was under ice. The
sampled ice coverage was then expressed as percentage distance sampled under ice of the total distance sampled over ground.
Gridded daily sea-ice concentrations for the Arctic
Ocean derived from SSMIS satellite data using the
algorithm specified by Spreen et al. (2008) were
downloaded from the sea-ice portal of the University
of Bremen (www.meereisportal.de).
A CTD probe with a carousel water sampler was
used to collect environmental parameters from the
water column near SUIT stations. The CTD (Seabird
SBE9+) was equipped with a seafloor altimeter
(Benthos), a fluorometer (Wetlabs FLRTD), a dissolved oxygen sensor (SBE 43) and a transmissiometer (Wetlabs C-Star). Details of the CTD sampling procedure were provided in Boetius et al.
(2013). Data are available online in the PANGEA
database (Rabe et al. 2012). Among all CTD stations, the closest in time and space to the SUIT stations were chosen (Table 1). Nutrients were analysed in an air-conditioned laboratory container
with a continuous flow auto-analyser (Technicon
TRAACS 800) following the procedure described in
Boetius et al. (2013). Measurements were made
simultaneously on 4 channels: PO4, Si, NO2 + NO3
together and NO2 separately.
The depth of the upper mixed layer was calculated
from the ship CTD profiles after Shaw et al. (2009),
who define the depth of the mixed layer as the depth
of the profile where the density difference to the surface exceeds 20% of the density difference between
100 m and the surface.

Table 1. Station table of Surface and Under-Ice Trawls (SUITs) and the corresponding conductivity-temperature-depth (CTD)
stations. Station date given as mo/d/yr
Haul

1
2
3
4
5
6
7
8
9
10
11
12
13

Basin

Nansen
Nansen
Nansen
Nansen
Nansen
Nansen
Amundsen
Amundsen
Amundsen
Amundsen
Amundsen
Amundsen
Nansen

Station
code

Station
date

SUIT
Latitude
(°N)

Longitude
(°E)

Bottom
depth (m)

Station
code

204
216
223
233
248
258
276
285
321
331
333
345
397

8/5/2012
8/7/2012
8/9/2012
8/11/2012
8/16/2012
8/20/2012
8/25/2012
8/26/2012
9/4/2012
9/5/2012
9/6/2012
9/9/2012
9/29/2012

81.450
82.483
84.070
84.045
83.934
82.743
83.076
82.896
81.717
81.905
82.989
85.254
84.172

31.098
30.027
30.434
31.298
75.500
109.627
129.125
129.782
130.033
130.863
127.103
123.842
17.922

423
3610
4016
4011
3424
3575
4188
4174
4011
4036
4187
4354
4028

208
215
227
227
242
254
281
281
324
324
333
342
387

CTD
Station
Latitude Longitude
date
(°N)
(°E)
8/6/2012
8/7/2012
8/9/2012
8/9/2012
8/16/2012
8/20/2012
8/26/2012
8/26/2012
9/4/2012
9/4/2012
9/6/2012
9/9/2012
9/28/2012

81.462
82.488
84.026
84.026
83.902
82.696
82.893
82.893
81.925
81.925
83.003
85.158
84.368

31.038
30.001
31.225
31.225
76.067
109.119
129.826
129.826
131.120
131.120
127.177
123.349
17.525
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The relative light intensity was calculated by dividing the solar elevation angle during the SUIT haul by
the solar elevation angle at solar maximum for the
corresponding location. Solar elevation angles were
calculated using the National Oceanic and Atmospheric Administration’s (NOAA) online solar calculator with latitude, longitude, date and time as inputs
(www.esrl.noaa.gov/gmd/grad/solcalc/).

Biological data
The catch was partially sorted on board. Polar cod
and ctenophores were immediately extracted from
samples. The remaining samples from the shrimp and
zooplankton nets were then each equally divided
into 2 parts with a plankton splitter (Motoda 1959).
From each sample, part of the material was immediately preserved in 4% formaldehyde/seawater solution for quantitative analysis. After the cruise, the
quantitative samples were analysed for species composition and density at the Alfred Wegener Institute
in Bremerhaven, Germany. Macrofauna (> 0.5 cm)
densities were derived from the analysis of the
shrimp net samples. Copepod densities were derived
from analysis of the zooplankton net samples. With
few exceptions, all animals were identified to the
species level and, in copepod species, to developmental stage and sex. The adult copepods and their
larger juvenile stages (the copepodite CV and CIV)
were both considered in density calculations. Densities were calculated dividing the total number of animals per haul by the trawled area. The trawled area
was calculated by multiplying the distance sampled
in water, estimated from ADCP data (Flores et al.
2011), with the net width (0.5 m for the zooplankton
net and 1.5 m for the shrimp net).
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Data analysis
Scatterplots between each possible combination of
2 environmental variables were used to identify pairs
of datasets with high colinearity (Zuur et al. 2007). In
pairs with Spearman’s rank correlation coefficients
> 0.7, only 1 variable was chosen for subsequent
analysis based on the ecological relevance to the
scientific objectives of this study and the comparability with other studies. From a total of 30 variables
analysed, 12 were retained for further statistical
analysis (Table 2). A principal component analysis
(PCA) (Mardia et al. 1979) was applied on the environmental dataset to reveal patterns in habitat
typologies according to properties of the sea ice and
the underlying water column.
In order to investigate patterns of diversity over the
sampling area, 3 diversity indices were calculated for
the whole biological dataset, as well as for subgroupings derived from environmental data analysis:
(1) species richness (the number of species observed
at each station) (S), (2) the Shannon index (H)
(Shannon 1948) and (3) Pielou’s evenness index (J ).
Species accumulation curves were plotted to assess
the impact of sampling effort on species diversity. To
assess the statistical difference between sub-groupings, the Mann-Whitney test was performed on
diversity indices and on cumulated species densities
at stations (Mann & Whitney 1947).
Species density data were analysed using nonmetric multidimensional scaling (NMDS) (Kruskal
1964) based on a Bray-Curtis similarity matrix (Bray
& Curtis 1957). NMDS is commonly regarded as the
most robust unconstrained ordination method in
community ecology (Minchin 1987). Square-root
transformations and Wisconsin double standardization were applied to the data to gradually down-

Table 2. Environmental variables characterising sea-ice habitats. SUIT: Surface and Under-Ice Trawls
Variable (abbreviation)
Sampled ice coverage during SUIT hauls (Coverage)
Modal ice thickness (Thickness)
Standard deviation of ice thickness (SD)
Surface-water temperature (Temperature)
Surface salinity (Salinity)
Chlorophyll a concentration at the surface (Chla-surface)
Chlorophyll a concentration at the depth of the chlorophyll a maximum (Chla)
Silicate concentration at the depth of the chlorophyll a maximum (Si)
Combined nitrate + nitrite concentration at the depth of the chlorophyll a maximum (NOx)
Phosphate concentration at the depth of the chlorophyll a maximum (PO4)
Relative daylight intensity (Relative light)
Mixed-layer depth (MLD)

Unit

Value range

%
m
m
°C

0 to 100
0 to 1.25
0 to 0.88
−1.76 to −1.06
29.38 to 32.87
0.06 to 0.24
0.15 to 0.63
1.17 to 4.80
0.12 to 6.84
0.20 to 0.55
0 to 0.91
9 to 25

mg m−3
mg m−3
µmol l−1
µmol l−1
µmol l−1
−
m
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weight the dominant taxa. The performance of the
NMDS was assessed with Shepard plots and stress
values (Clarke 1993, Legendre & Legendre 2012).
ANOSIM (Clarke & Ainsworth 1993) was used to test
for significant differences in the community structure
between a priori defined groupings, e.g. ocean
basins and ice regimes.
The association of the community structure with
the physical environment was evaluated with a
Mantel test (Mantel 1967). The Mantel test relates 2
distance matrices, one from the biological and one
from the environmental dataset, using Pearson
correlation (Smouse et al. 1986). The bootstrapping
procedure was applied with 999 iterations. Afterwards, the association of the community structure
with all possible combinations of environmental variables was evaluated with the BioEnv analysis (Clarke
& Ainsworth 1993). The BioEnv analysis estimates
the subset of environmental variables that has the
highest correlation with the biological data. The best
subset was found using the Spearman’s rank correlation coefficient between a Bray-Curtis similarity
matrix of the species density data and a Euclidean
dissimilarity matrix of the environmental variables.
For all analyses, R software Version 3.1.2 was used
with the libraries vegan, FactoMineR, plyr and
MASS (R Core Team 2014).

RESULTS
Environmental conditions
Across the Eurasian Basin 13 stations were sampled. Seven stations were located in the Nansen
Basin, and 6 stations in the Amundsen Basin. Six of
the Nansen Basin stations were sampled during the
first half of August, and the Amundsen Basin stations
during late August to mid-September. The last station was sampled in the Nansen Basin on 29 September 2012 at the onset of winter (Table 1). All stations
had water depths > 3400 m, except Stn 204 in the
Nansen Basin, which was located in open waters
over the continental slope at a depth of 423 m.
Because oceanographic conditions at the slope station differed markedly from those in the rest of the
sampling area, it was not included in the multivariate
analysis, but is discussed separately. Besides Stn 204
in the Nansen Basin, 2 of the Amundsen Basin stations were nearly ice-free. At all other stations sea ice
was present, ice coverage ranging from 56 to 100%
(Fig. 2A). Modal ice thickness ranged from 0.45 to
1.25 m. Within the deep-sea basins, surface tempera-

tures ranged between −1.8 and −1°C. The surface
temperature at the slope station (Stn 204) was 0.8°C
(Fig. 2A).
In the PCA of physical variables, 63.6% of the variance in the dataset was explained on the first 2 axes
(Fig. 3). The first axis explained 36.6% of the variance and was mainly driven by gradients of nutrients, salinity and sea-ice properties. Along this axis a
clear distinction was evident between 2 environmental clusters that corresponded to the stations situated
in the Nansen Basin and the Amundsen Basin,
respectively. Because the environmental gradients in
our dataset represent not only spatial patterns, but
also an often inseparable temporal signal over the
2 mo sampling period, the clusters are referred to as
spatio-temporal ‘regimes’, roughly corresponding to
the 2 ocean basins. Sea-ice coverage and thickness
gradients increased towards the Nansen Basin
regime. The 2 open-water stations in the Amundsen
Basin were clearly distinguished from all other stations, and were associated with the lowest sea-ice
coverage and thickness values. Furthermore, the
Nansen Basin regime was associated with high values of salinity and nitrate + nitrite, and low values of
silicate and chlorophyll a concentrations in the 0−2 m
surface layer. Conversely, the Amundsen Basin regime was associated with high chlorophyll a concentrations, high silicate concentrations, and low values
of salinity and nitrate + nitrite. The second axis explained 26.94% of the variance and was mainly associated with gradients of temperature, chlorophyll a
concentration at the chlorophyll maximum depth and
relative light intensity. Along this axis, 2 stations
were distinguished from the Nansen Basin regime
cluster. Stn 216 had 100% ice coverage, high surface-water temperatures and high chlorophyll a
concentrations at the chlorophyll maximum depth
(Fig. 2). Stn 397 had the lowest surface-water temperatures and lowest relative light intensity. The openwater station (Stn 333) was distinguished along the
second axis from the cluster of the Amundsen Basin
regime by high surface-water temperatures and high
chlorophyll a concentrations at the chlorophyll maximum depth.
When single environmental parameters were compared between the 2 regimes, surface salinity was
significantly higher in the Nansen Basin regime
(30−33) than in the Amundsen Basin regime (29−31)
(W = 0, p-value < 0.01) (Fig. 2B). The mixed-layer
depth (MLD) was shallowest at the first ice station
(Stn 216; 9 m), which was situated at the ice edge. At
the beginning of the cruise in the Nansen Basin
regime, the MLD was around 15 m deep and in-
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A

–3

B

–1

–1

–1

C

Fig. 2. Environmental variables recorded at sampling stations. (A) Ice thickness (upper panel) and ice coverage (lower panel).
White portion of bars: percentage of sea-ice coverage at each station; grey portion of bars: remaining percentage of open
water at each station. (B) Temperature, salinity and chlorophyll a concentration in the 0−2 m surface layer. (C) Nutrient concentrations at the depth of the chlorophyll a maximum. Nansen Basin stations are shown on dark grey background,
and Amundsen Basin stations on light grey background

creased with time, reaching up to 30 m in the Amundsen Basin regime. At the last station sampled in the
Nansen Basin regime (Stn 397), the MLD was again
shallower. High average values of nitrate + nitrite
(4.8 µmol l−1) and phosphate (0.4 µmol l−1) and low
values of silicate (1.7 µmol l−1) characterised surface
waters of the Nansen Basin regime (Fig. 2C). The

opposite conditions were encountered in the Amundsen Basin regime, with low values of nitrate + nitrite
(1.4 µmol l−1) and phosphate (0.2 µmol l−1) and high
values of silicate (3.5 µmol l−1). The differences between the 2 regimes in nutrient concentration were
statistically significant (NOx: W = 2, p-value < 0.01;
PO4: W = 4, p-value < 0.05; Si: W = 36, p-value < 0.01).
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of the mean density, whereas, in the Amundsen
Basin regime, copepods contributed only 53%. Here
the amphipods co-dominated the species composition, accounting for 43% of the mean density (Fig. 4).
Appendicularians contributed 1.3% to the overall
density, but this value was driven by extremely high
densities at only 2 stations. Ctenophores had a high
frequency of occurrence over the entire sampling
area, but with highly variable densities. At 2 stations
ctenophores heavily dominated the biomass of the
samples. The other taxonomic groups accounted for
<1% of the density.

PCA 2 (26.94%)

1

0

–1

Variability in species diversity, density and
distribution
–2

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

PCA 1 (36.63%)
Fig. 3. Principal component analysis of environmental variables at the sampling stations. Variable labels as defined in
Table 2. Nansen Basin stations are represented by circles;
Amundsen Basin stations are represented by triangles — ice:
under-ice stations; ow: open-water stations. Percentage values
on the axes represent the explained variance on the first
(PCA 1) and second (PCA 2) dimensions. Other abbreviations as in Table 2

At the station positioned over the Gakkel Ridge (Stn
258), all nutrients had very low concentrations. At the
2 open-water stations in the Amundsen Basin regime
(Stns 331 and 333), nitrate + nitrite and phosphate
were depleted in the surface waters. The averaged
surface chlorophyll a concentration over the entire
sampling area was 0.27 mg m−3, ranging between
0.12 and 0.43 mg m−3. The surface chlorophyll a concentrations were slightly higher in the Amundsen
Basin regime than in the Nansen Basin regime (W =
30, p-value < 0.1). The highest value was found at Stn
345 in the Amundsen Basin regime (Fig. 2B).

The highest number of species (20) was encountered at Stn 285 in the Amundsen Basin regime.
Three other stations, 2 situated in the Nansen Basin
regime and 1 in the Amundsen Basin regime, had 19
species each. The lowest species richness (S), Shannon diversity (H) and evenness (J ) were encountered
at the slope station (Stn 204), where only 8 species
were found (Table 4). The highest Shannon and
evenness indices were encountered at an open-water
station (Stn 331) in the Amundsen Basin regime. Species richness and Shannon diversity showed no significant difference between the 2 environmental
regimes (S: W = 29, p-value > 0.1; H: W = 32, p-value
< 0.1), while species evenness (J ) was significantly
higher in the Amundsen Basin than in the Nansen
Basin (W = 34, p-value < 0.05).

Taxonomic composition
In total, 28 species belonging to 10 phyla were
identified in our samples (Table 3). Copepods had the
highest densities, accounting for 69% of the mean
relative density over all stations, followed by amphipods with 28% (Fig. 4). The balance between copepods and amphipods, however, was markedly different between the 2 environmental regimes: in the
Nansen Basin regime, copepods accounted for > 82%

Fig. 4. Relative density of taxonomic groups at the sampling
stations (numbers on the x-axis). NB: Nansen Basin
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Table 3. List of species, with mean densities and frequency of occurrence over the sampling area. SD: standard deviation
Taxon

Mean density
(ind. 100 m−2)

SD

Range

Frequency
of occurrence

CTENOPHORA
Beroe spp. Fabricius, 1780
Mertensia ovum Fabricius, 1780

2.11
0.19

4.75
0.38

0−15.79
0−1.35

0.85
0.85

MOLLUSCA
Pteropoda
Clione limacina Phipps, 1774
Limacina helicina Phipps, 1774

0.69
1.13

0.87
2.89

0−2.76
0−10.64

0.69
0.62

< 0.01

0.02

58.19
0.19
< 0.01
0.10
1.12
0.35
0.75
20.14

70.48
0.22
0.01
0.18
1.34
0.57
1.07
25.69

0.33−221.84
0−0.62
0−0.04
0−0.71
0−3.97
0−1.66
0−3.13
0.11−85.36

1.00
0.69
0.15
0.92
0.85
0.46
0.69
1

0.03
< 0.01

0.07
0.01

0−0.25
0−0.04

0.31
0.08

52.40
641.27
104.08
24.60
172.47
0.08
0.32
20.13

187.39
1078.52
174.46
33.29
619.49
0.17
0.69
20.26

0−676.04
3.78−3052.83
0−494.62
0−109.22
0−2234.26
0−0.44
0−1.96
0−68.26

0.23
1
0.85
0.92
0.31
0.23
0.31
0.92

ANNELIDA
Polychaeta
Unidentified polychaete
ARTHROPODA
Crustacea
Amphipoda
Apherusa glacialis Hansen, 1888
Eusirus holmi Hansen, 1887
Gammaracanthus loricatus Sabine, 1821
Gammarus wilkitzkii Birula, 1897
Onisimus glacialis Sars, 1900
Onisimus nanseni Sars, 1900
Themisto abyssorum Boeck, 1871
Themisto libellula Lichtenstein, 1822
Euphausiacea
Thysanoessa inermis Kroyer, 1861
Unidentified euphausid
Copepoda
Calanus finmarchicus Gunnerus, 1765
Calanus glacialis Jaschnov, 1955
Calanus hyperboreus Kroyer, 1838
Pseudocalanus spp. Boeck, 1872a
Metridia longa Lubbock, 1854
Paraeuchaeta glacialis Hansen, 1886
Unidentified harpacticoida
Tisbe spp.a
Ostracoda
Boroecia borealis Sars, 1866

0.23

< 0.01

0.01

0−0.04

0.08

CHAETOGNATHA
Eukrohnia hamata Möbius, 1875
Parasagitta elegans Verrill, 1873

11.01
0.15

36.3
0.28

0−131.76
0−1.01

0.69
0.54

CHORDATA
Appendicularia
Oikopleura vanhoeffeni Lohmann, 1896

47.37

145.39

0−526.54

0.31

VERTEBRATA
Osteichthyes
Boreogadus saida Lepechin, 1774

0.41

0.42

0−1.2

0.77

a

Values might be underestimated due to small size of the organisms relative to the mesh size used

Cumulated densities of all species ranged from
0.3 ind. m−2 at Stn 216 to 69 ind. m−2 at Stn 248
(Fig. 5). Overall densities were significantly higher in
the Nansen Basin regime than in the Amundsen
Basin regime (W = 6, p-value < 0.05) (Fig. 5). This
difference between the 2 environmental regimes
remained relevant even when Stn 248, which had the

highest abundance, was excluded from statistical
analysis (W = 6, p-value < 0.05). The most abundant
species were the copepods Calanus hyperboreus and
C. glacialis. The low density exception at Stn 216 was
caused by exceptionally low numbers of copepods.
Stn 248 was unique in its species composition. Only
at this station did C. finmarchichus dominate numer-
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Table 4. Diversity indices calculated at each sampling station
Station no.
204
216
223
233
248
258
276
285
321
331
333
345
397
Nansen Basin
Amundsen Basin
Total

Richness

Shannon

Evenness

8
13
17
13
19
19
18
20
16
19
18
18
17
24
24
28

0.04
1.30
1.68
0.74
1.21
1.16
1.61
1.43
1.78
2.02
1.52
1.76
0.45
0.94
1.69
1.28

0.02
0.51
0.59
0.29
0.41
0.40
0.56
0.48
0.64
0.69
0.53
0.61
0.16
0.34
0.58
0.45

ically, and high densities of the appendicularian Oikopleura vanhoeffeni and the chaetognats Eukrohnia hamata and Parasagitta elegans were encountered. The biomass composition at this station was
heavily dominated by ctenophores and tunicates.
The last station (Stn 397) in the Nansen Basin regime
differed from all other stations by a dominance of
Metridia longa over all other copepod species. Among

Fig. 5. Species’ cumulated density at the sampling stations
(numbers on the x-axis). Densities are shown in log scale.
Only dominant taxa are represented in the legend. NB:
Nansen Basin

the amphipods, the ice-associated species Apherusa
glacialis was numerically dominant at all stations,
except the 2 open-water stations (Stns 331 and 333)
in the Amundsen Basin. Here, the amphipod Themisto
libellula was most abundant, though also present
throughout the sampling area. Polar cod was present
over the survey area with few exceptions: the openwater, slope station (Stn 204), a station (Stn 233) at
which technical trawling problems probably affected
the catch efficiency of the net for fast-swimming fish,
and the early winter station (Stn 397). The density of
polar cod ranged from 0.3 to 1.2 ind. 100 m−2, with
highest densities at Stns 285 and 345 in the Amundsen Basin regime. In contrast to nearby under-ice stations, polar cod densities at the 2 open-water stations
in the Amundsen Basin (Stns 331 and 333) were close
to zero.

The association of environment and biota
The NMDS ordination of the community resembled
the gradients of environmental variables of the PCA.
In the NMDS ordination, stations grouped mainly
according to the 2 environmental regimes of the

Fig. 6. Non-parametric multi-dimensional scaling (NMDS)
plot of the under-ice community structure. Station symbols
(circles: Nansen Basin; triangles: Amundsen Basin; ow: open
water; ice: under-ice) indicate the relative position of the
community composition at each sampling location in the
NMDS ordination. Species names indicate the relative position of polar cod and numerically dominant species in the
NMDS ordination. DIM 1 & 2: NMDS dimension axes
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Nansen and Amundsen Basins (ANOSIM: R = 0.38,
p-value = 0.016) (Fig. 6). The copepods C. hyperboreus and C. glacialis and the amphipod Eusirus
holmii were associated with the Nansen Basin regime. Polar cod and the amphipods Onisimus nanseni and T. libellula were associated with the Amundsen Basin regime. Stn 216 in the Nansen Basin
grouped closer to the Amundsen Basin regime due to
its high density of polar cod and O. nanseni and low
copepod density. The amphipods A. glacialis, G. wilkitzkii and Onisimus glacialis grouped in the centre
of the NMDS plot, indicating equal association with
Nansen Basin regime and Amundsen Basin regime
stations. The stations from the Amundsen Basin
regime were more homogenous, presenting smaller
distances between stations’ positions in the NMDS
ordination than those in the Nansen Basin regime.
The 2 open-water stations, however, grouped clearly
apart from the other stations in the Amundsen Basin
regime. They were associated with the pelagic
amphipod T. libellula.
The Mantel test and BioEnv analysis both showed a
strong positive correlation between the environmental and biological datasets (Mantel test: Pearson correlation coefficient = 0.65, p < 0.001). In the BioEnv,
nitrate + nitrite concentration in the surface layer had
the highest correlation of a single environmental
variable (0.60) with the variability of density-based
species distribution (Table 5). The highest correlation
(0.75) with the variability of density-based species
distribution was achieved by a combination of nitrate
+ nitrite concentration, surface-water temperature and
salinity, ice thickness, mixed-layer depth and surface
chlorophyll a concentration (Table 5).
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DISCUSSION
Under-ice habitat properties
During summer 2012 the Arctic Ocean experienced
a historical minimum sea-ice extent (Parkinson &
Comiso 2013). Polarstern cruise ARK XXVII/3 sampled in the high central Arctic during that time, first
across the Nansen Basin during early August, and
then across the Amundsen Basin during late August−
early September, almost reaching the North Pole at
87.87°N, 59.65°E. Daily sea-ice concentration data,
from passive microwave satellite measurements,
were >90% in the Nansen Basin during August and
approximately 70% in the Amundsen Basin during
September (data source: www.meereisportal.de;
University of Bremen). These values were in good
agreement with the range of sea-ice coverage determined from SUIT sensors. At only 1 station (Stn 216)
did these observations differ from the SUIT sensorderived ice coverage of 100%, whereas satellitederived ice coverage was 40%, averaged over
350 km2, placing this station in the marginal ice zone.
Our sampling area was mainly covered with FYI
(> 95%), with only small fractions of MYI (Boetius et
al. 2013). In our ice-thickness profiles, modal ice
thicknesses ranged from 0.45 to 1.25 m. In general,
modal ice thickness was higher and more variable in
the Nansen Basin regime than in the Amundsen
Basin regime. Modal ice thicknesses from our SUIT
hauls resembled the general pattern of airborne ice
thickness measurements carried out in the survey
area during ARK XXVII/3 (Lange & Hendricks pers.
comm.). Electromagnetic airborne sea-ice thickness

Table 5. Combinations of environmental variables selected by BioEnv analysis. Variables were ranked according to their
correlation coefficients with the biological dataset. r: Spearman’s correlation coefficient; other abbreviations as in Table 2
No. of
variables

Environmental variables

1
11

NOx
NOx + Temperature + Salinity + Thickness + SD + Coverage + MLD + Chla-surface + Chla +
Relative light + Si
NOx + Temperature
NOx + Temperature + Salinity
NOx + Temperature + Salinity + Thickness + SD + MLD + Chla-surface + Chla + Relative light + Si
NOx + Temperature + Salinity + Thickness + MLD
NOx + Temperature + Salinity + Thickness + SD + MLD + Chla-surface + Chla + Relative light
NOx + Temperature + Salinity + Thickness
NOx + Temperature + Salinity + Thickness + Chla-surface + Chla
NOx + Temperature + Salinity + Thickness + SD + MLD + Chla
NOx + Temperature + Salinity + Thickness + SD + MLD + Chla-surface + Chla

2
3
10
5
9
4
6
7
8

r

0.60
0.67
0.69
0.69
0.69
0.72
0.72
0.73
0.73
0.75
0.75
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measurements confirm this range as mainly FYI
(Haas et al. 2008). Therefore, our local sampling profiles largely resembled the general regional-scale situation in terms of sea-ice concentration, age class
and thickness.
Apart from sea-ice properties, our PCA results
indicated that a variety of other environmental parameters structured our sampling stations into 2
regimes, which were broadly coherent with the 2
ocean basins sampled. These differences could in
part be explained by seasonal processes, such as the
melting of sea ice or the deepening of the mixed
layer in the Amundsen Basin in late summer. We
acknowledge the difficulty of disentangling spatial
from temporal trends over our sampling area. We
sampled within the pack ice, first in the Nansen
Basin during early August, when a more compact
sea-ice cover was present. At the end of August,
while sampling in the Amundsen Basin, the pack ice
began to loosen and ice was thinning, leaving locally
large open-water areas, for example at Stns 331 and
333. Therefore, gradients of sea-ice properties were
highly associated with the seasonal progression
towards the end of summer, until the minimum seaice extent occurred on 13 September (Parkinson &
Comiso 2013). Break-up of sea ice by early September likely allowed more light to penetrate into the
water column. This favoured the increased chlorophyll a concentration we observed in the Amundsen
Basin regime, locally depleting nutrients in the surface layer. This was demonstrated by the association
of the open-water stations with higher chlorophyll a
concentrations (Fig. 2). Our last station sampled at
the onset of winter in the Nansen Basin (Stn 397),
however, had typical ‘Nansen regime’ values again,
i.e. high salinity and low silicate concentrations at the
depth of the chlorophyll a maximum (Fig. 2). This
indicates that there was a strong regional component
structuring the 2 regimes, besides some undoubtedly
present seasonal trends.
The regional differences between the 2 regimes
can largely be explained by water mass properties
and circulation patterns. The Eurasian Basin is a permanently ice-covered basin with depths > 4000 m.
The Gackel Ridge subdivides this basin into the
nearly equally sized Nansen and Amundsen Basins.
The Transpolar Drift current crosses both basins,
transporting Polar Surface Water and sea ice from the
Siberian shelf through the central Arctic Ocean
towards the Fram Strait. A portion of the sea-ice
cover is recirculated within the anti-cyclonic Beaufort Gyre in the central and western Arctic Ocean,
contributing to the formation of MYI (Rigor & Wal-

lace 2004). A considerable portion of the marginal
sea ice, however, is advected out of the Arctic Ocean
through the Fram Strait (Kwok et al. 2004).
Nutrient-rich Atlantic Water is advected into the
Eurasian Basin by 2 main branches: the Fram Strait
branch and the Barents Sea branch. The Fram Strait
branch of warm Atlantic Water is largely recirculated
within the Nansen Basin, whereas the remaining
Arctic Ocean basins, including the Amundsen Basin,
are dominated by the Barents Sea branch (Rudels et
al. 2013). This branch experiences water exchange
by advection from the Laptev Sea continental margin, which is enriched in silicate (Bauch et al. 2014).
Consequently, we found high silica and low nitrate +
nitrite and phosphate concentrations in the Amundsen Basin regime and the opposite situation in the
Nansen Basin regime. Generally, Eurasian Basin
regions with higher salinity indicate a higher Atlantic
influence and can have surface nitrate concentrations in excess of 5 µmol l−1 even in summer (Codispoti et al. 2013). During our sampling, high salinities,
high nitrate + nitrite and high phosphate concentrations were present in the surface water of the Nansen
Basin regime. Two stations, Stns 204 and 248, were
exceptionally rich in nitrate + nitrite, with values at
the chlorophyll maximum depth reaching up to
6.8 µmol l−1. Stn 204 was situated on the Svalbard
slope, near the inflow of Atlantic Water into the Arctic Ocean. Stn 248 was located near a convergent
front formed by the Atlantic Water boundary current
(Lalande et al. 2014). Nearby surface salinity and
temperature profiles suggest freezing occurred prior
to our arrival. The mixing due to haline convection
during freezing could have added nutrients to the
mixed layer from below, explaining the higher
nitrate + nitrite and chlorophyll a concentrations.

Under-ice community composition
We identified a total of 28 species in the upper 2 m
of the mostly ice-covered water column. In terms of
species numbers, amphipods and copepods equally
dominated the community with 8 species each
(Table 3). Our overall species richness was low compared to previous, geographically more extended
studies on Arctic epipelagic fauna (Kosobokova &
Hirche 2000, Auel & Hagen 2002, Kosobokova &
Hopcroft 2010, Kosobokova et al. 2011). Such comparisons are, however, complicated by differences in
net type, mesh sizes and sampled depth interval.
Most Arctic zooplankton studies integrated the
epipelagic community over at least the upper 50 m.
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The species composition from those studies is thus
much more influenced by pelagic fauna, mostly dominated by the often deeper dwelling copepods (Kosobokova & Hirche 2000). Considering ice-associated
species reported from the northern Barents Sea,
Svalbard, Laptev Sea, or Greenland Sea (Werner &
Arbizu 1999, Hop et al. 2000b, Werner & Gradinger
2002, Werner & Auel 2005), our study found the highest species richness compared to any individual
study. This might be due to a larger under-ice surface
area of approximately 4 km2 sampled per station in
our study. Sampling effort in previous under-ice
studies was spatially limited to single ice floes and
was mainly performed by divers with pumps or estimates made from video surveys (Werner & Gradinger
2002, Hop & Pavlova 2008, Hop et al. 2011). These
studies described ice-associated species related to
ice concentration and topography (Hop et al. 2000b,
Werner & Gradinger 2002). But ice properties vary
greatly from one ice floe to another, as does the iceassociated fauna. Using the SUIT enabled us to integrate both floes with low faunal densities and floes
with high faunal densities. This approach can representatively capture the meso-scale variability of the
under-ice environment and facilitate large-scale
density estimates if other error sources are minimal.
Such error sources may be the low efficiency of the
SUIT to sample animals from crevices and wedges in
the ice, or the ability of polar cod to avoid or escape
the net. Reported habitat preferences and behaviour
of the species sampled in this study indicate that
underestimation due to preference of crevices may
apply to single predatory species (e.g. Gammarus
wilkitzkii), but not to those species clearly dominant
in density in our and other under-ice studies, such as
Apherusa glacialis or Onisimus glacialis (Gradinger
& Bluhm 2004, Hop & Pavlova 2008, Gradinger et al.
2010). Videos from the SUIT camera show no indication of escape or avoidance of the net by polar cod,
but the loss of fish through behavioural response
cannot be assessed with certainty. The omnipresence
of polar cod in under-ice catches rather indicated that
the sluggish lifestyle of this species (Gradinger &
Bluhm 2004) may have worked in favour of sampling
this species with a net that is relatively ineffective for
catching fast-swimming fish.
We found higher densities of under-ice fauna in the
Nansen Basin regime than in the Amundsen Basin
regime. This pattern was mainly driven by high densities of large calanoid copepods. In the central Arctic
Ocean, the mesozooplankton community in the surface 50 m is known to be dominated by Calanus spp.
(Auel & Hagen 2002). The big herbivorous C. hyper-
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boreus and C. glacialis dominated in our samples,
contributing on average 9 and 38%, respectively, to
the total density of the surface-layer community. C.
glacialis largely dominated the surface community at
the slope station (Stn 204), with 99%. The Atlantic
water species C. finmarchichus appeared in high
numbers at only 1 station in the Nansen Basin
(Stn 248). Situated near a convergence front, a freezing event prior to our arrival is believed to have
caused convective mixing and entrainment of nutrients from the subsurface Atlantic Water at that station (Lalande et al. 2014). More nutrients added to
the euphotic layer could have favoured increased
productivity and subsequent immigration of grazers
from the deeper Atlantic Water layer.
Besides the 3 Calanus species, Metridia longa and
the smaller copepods Pseudocalanus spp. are important contributors to the surface community, in both
the eastern (Kosobokova et al. 2011) and the western
Arctic Ocean (Matsuno et al. 2012). A switch in dominance occurred at our last station, at the onset of
freezing. Coincident with the migration of Calanus
spp. into deeper layers (Hirche 1997, Fortier et al.
2001, Madsen et al. 2001, Darnis & Fortier 2014),
M. longa largely dominated the surface community
(Fig. 5). This species is known to remain active yearround (Ashjian et al. 2003), but seldom occurs above
depths < 25 m (Fortier et al. 2001). Low competition,
avoidance of visual predators and food availability at
the ice underside might explain their rise to the
ice−water interface at Stn 397. Also active yearround are the small copepods of the genus Pseudocalanus (Fortier et al. 2001). They were widespread
across the 2 basins without any seasonal or regional
patterns. The year-round active copepods might represent a nutritious food source for polar cod and other
predatory members of the under-ice community during Arctic winter.
Six species of ice-associated amphipods were
found in our study area. Our results are in agreement
with numerous under-ice studies in finding that A.
glacialis dominates the ice-amphipod community in
FYI-dominated environments (Werner & Auel 2005).
Where MYI and ridges are more prevalent, Gammarus wilkitzkii occurs in higher abundances (Lønne
& Gulliksen 1991, Beuchel & Lønne 2002). Whereas
A. glacialis is found mainly in the water just below
the ice, G. wilkitzkii stays mainly attached to the
under-side of ice and hides in ice cracks (Hop et al.
2000b, Hop & Pavlova 2008). We found only few G.
wilkitzkii individuals at each station, but consistently
over both basins. Ice thickness was highly variable,
with ridges at all ice-covered stations, even though
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we sampled mainly under FYI. Interestingly, we
found young G. wilkitzkii juveniles just released
from the brood pouch in September, whereas the
release period was previously documented to occur
between April and May in the northern Barents Sea
(Poltermann et al. 2000). One female of the rare iceamphipod Gammaracanthus loricatus and a few
Onisimus spp. females were also observed carrying
juveniles in their pouches. Such a difference in the
timing of juvenile release could be related to sea-ice
seasonal dynamics and consequently food availability. Near Svalbard and in the Barents Sea, ice melting
starts earlier. The spring bloom usually occurs in
April, followed by high abundances of Calanus spp.
This spring to summer succession in the food chain is
regarded as an important factor for releasing the
amphipods’ young (Dalpadado 2002).
Swarms of the pelagic amphipod Themisto libellula
have been reported to rise under landfast-ice (Gulliksen 1984). We noticed high numbers of T. libellula
juveniles under the ice in the Amundsen Basin
regime. At 2 locations, we observed a distinct change
in community structure between nearby open-water
and under-ice sampling locations. The difference in
ice coverage was accurately mirrored by a clear dominance of the ice-associated amphipod A. glacialis in
ice-covered waters versus a dominance of the pelagic
amphipod T. libellula in the surface community of
ice-free waters. This pattern suggests that habitat
partitioning between sympagic and pelagic species
is abrupt, creating a small-scale pattern in the surface-layer community according to ice conditions.

Two environmental regimes
In terms of species’ presence, we found similar
under-ice community compositions in the Nansen
Basin and Amundsen Basin regimes. When the relative community structure was considered, however, gradual changes in community composition
were ordered according to the 2 environmental
regimes (Fig. 6). The Nansen regime was characterised by heavier sea ice, which can be considered
as a compact, stable habitat. Both ice thickness and
its standard deviation (an expression of sea-ice underside roughness) were correlated with the underice community structure. Around Svalbard, ice
thickness was found to be the key variable impacting ice-associated faunal variability (Hop & Pavlova
2008).
Copepods (Calanus spp.) and the large iceassociated amphipod E. holmii were associated with

the Nansen Basin regime (Fig. 6). In the water
column, low chlorophyll a concentrations under a
compact ice cover may indicate limited food availability due to light limitation, attracting copepods
capable of under-ice grazing to the ice−water interface layer (Runge & Ingram 1991). In the more open
Amundsen Basin regime, under-ice feeding was
probably less important for Calanus spp., causing
them to disperse in the water column. The Amundsen Basin was sampled 2 wk after the Nansen Basin
and was characterised by autumn conditions with
loose sea-ice coverage, indicating a decaying seaice habitat with low nutrient concentrations but with
higher chlorophyll a concentrations in the water
column. Under-ice faunal densities in the Amundsen
Basin regime were lower, but had higher diversity
than in the Nansen Basin regime (Table 4). The
density of adult copepods in the surface layer was
considerably lower than in the Nansen Basin regime. There were, however, high numbers of Calanus spp., stages CI to CIII, present. These stages
were not included in our density calculations, because the numbers caught did not represent true
abundances due to our 0.3 mm mesh zooplankton
net. These findings agree with the general patterns
of seasonal vertical migration of Calanus spp. (Darnis & Fortier 2014). Migration of Calanus spp. starts
in August in the Amundsen Gulf (Beauford Sea)
(Darnis & Fortier 2014) and Fram Strait (Auel et al.
2003). At the end of summer, most copepods and
their smaller stages have stored lipids, accounting
for up to 50% of their body weight (Scott et al.
1999), to prepare for diapause (Auel et al. 2003).
Only juvenile stages CI to CIII of C. hyperboreus
were noted to remain in the surface layer (Darnis &
Fortier 2014). The progressive reduction of copepod
numbers in our samples suggests that emigration
from the surface layer might have gradually started
at the end of August. With the decreased copepod
density in the Amundsen Basin regime, the amphipods numerically co-dominated the under-ice community. Particularly, the carnivorous amphipod T.
libellula was more abundant in the Amundsen Basin
regime than in the Nansen Basin regime (Fig. 5). As
a preferred prey of T. libellula (Auel et al. 2002,
Noyon et al. 2009), the small copepodites could
have attracted T. libellula to the surface layer. Overall, the Amundsen Basin regime appeared to support more carnivorous fauna, with a higher proportion of larger animals, such as T. libellula, O.
nanseni and polar cod. Higher sinking fluxes of
detritus in the Amundsen Basin caused by melting
sea ice (Lalande et al. 2014) indicate that additional
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food became available in the ice-water interface
layer for opportunistic feeders, such as the amphipods O. glacialis, O. nanseni and G. wilkitzkii
(Werner 1997).
A high degree of heterotrophy in the food web is
supported for the entire Eurasian Basin by a tentative comparison of primary production versus food
demand of the dominant grazers during our sampling period. In ice-covered waters of the Eurasian
Basin, the integrated (median) primary production
rate measured at the time of our sampling was
0.7 mg C m−2 d−1 in sea ice and 18 mg C m−2 d−1 in
the water column (Fernández-Méndez 2014). Experimentally derived mean ingestion rates range between 2.8 and 8.4 µg C ind.−1 d−1 for C. hyperboreus
and between 6.0 and 18.0 µg C ind.−1 d−1 for C.
glacialis (Olli et al. 2007). For the herbivorous
amphipod A. glacialis, the mean ingestion rate is
about 13 µg C ind.−1 d−1 (Werner 1997). Based on
the mean densities of these species found in the
ice−water interface layer (Table 3), their cumulative
mean carbon demand ranged from about 0.1 to
0.2 mg C m−2 d−1. Only a fraction of the carbon produced by ice algae, however, is available for grazers
at the ice underside. This implies that the production of ice algae could have barely matched the food
demand of under-ice grazers during the sampling
period. Locally, however, they may have benefited
from feeding on biomass-rich algal aggregates
floating under the sea ice (Fernández-Méndez et al.
2014). In the water column, 0−200 m integrated
densities of C. hyperboreus and C. glacialis derived
from multinet sampling during the same cruise (B.
Niehoff & J. Ehrlich unpubl. data) imply a mean carbon demand range of 9.5 to 28.4 mg C m−2 d−1 based
on the copepod ingestion rates according to Olli et
al. (2007). In sea ice and the water column combined, a nearly 1:1 ratio of primary production versus grazer food demand could have contributed
significantly to the low overall chlorophyll a concentrations in sea ice and water during our sampling
period. It further indicates that peak production levels generating zooplankton growth had passed at
most sampling locations before our sampling. This
scenario agrees well with the mass export of algal
biomass to the sea floor observed by Boetius et al.
(2013) at several ice-sampling stations during our
cruise, suggesting a major production peak in the
investigation area prior to our sampling. At the time
of sampling, the increased populations of zooplankton and under-ice fauna resulting from this bloom
relied more on heterotrophic carbon sources than
on autotrophic production.
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CONCLUSIONS
This first large-scale survey of under-ice fauna in
the Arctic deep-sea shows that a variety of species, including amphipods and polar cod, are present virtually everywhere in the Eurasian Basin, in spite of its
presumed low productivity. Although under-ice faunal
densities were relatively low compared to sea-ice habitats on the shelf, the omnipresence of animals in the
vast deep-sea basins highlights the large-scale importance of the under-ice habitat in the Arctic Ocean.
Differences in sea-ice properties and nutrient concentrations were the key factors separating the sampled environments into the Nansen and Amundsen
Basin regimes. The separation of these 2 regimes had
both a seasonal and a strong regional component
related to water-mass distribution, ice drift and current patterns. The under-ice community structure
followed this environmental gradient, indicating a
decisive role of both sea-ice and water-column characteristics for the distribution of species in the surface layer. Abrupt changes in the dominance of iceassociated amphipods at ice-covered stations versus
pelagic amphipods at nearby ice-free stations
emphasised a distinct influence of sea ice on smallscale patterns in the surface-layer community.
With respect to the decades of sea-ice decline
before 2012, it is likely that the situation encountered
in our study reflected a snapshot of a system in transition. Whether the past central Arctic under-ice
community was more or less abundant, or differed in
diversity and composition, is impossible to assess in
the absence of appropriate baseline data. In the
future, the central Arctic under-ice community will
be exposed to continuing changes, including a further shortening of the ice-covered season, the complete disappearance of multi-year ice and changes in
stratification and nutrient regimes. Due to their position around the North Pole, the central Arctic basins
may constitute a critical refuge for the specifically
ice-adapted biota of the Arctic Ocean for several
decades. Whether or not the central Arctic Ocean can
fulfil this function will depend on the many direct and
indirect changes affecting the Arctic pack-ice and the
resilience of individual ice-associated species. The
subtle response of the under-ice community to many
of these changing parameters suggests that changes
already have impacted Arctic under-ice communities
and will continue to do so in the future. Monitoring
the course of changes in Arctic biodiversity and
ecosystem structure will be key requirements for
successful resource and conservation management
in an Arctic Ocean in transition.
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