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Abstract Climate change-related alterations of Antarctic

sea-ice habitats will significantly impact the interaction of

ice-associated organisms with the environment, with

repercussions on ecosystem functioning. The nature of this

interaction is poorly understood, particularly during the

critical period of winter–spring transition. To investigate

the role of sea-ice and underlying water-column properties

in structuring under-ice communities during late winter/

early spring, we used a Surface and Under Ice Trawl to

sample animals and environmental properties in the upper

2-m layer under the sea ice in the northern Weddell Sea

from August to October 2013. The area of investigation

was largely homogeneous in terms of hydrography and sea-

ice coverage. We hypothesised that this apparent homo-

geneity in the physical regime was mirrored in the structure

of the under-ice community. The under-ice community was

numerically dominated by the copepods Stephos longipes,

Ctenocalanus spp. and Calanus propinquus (altogether

67 %), and furcilia larvae of Antarctic krill Euphausia

superba (30 %). In spite of the apparent homogeneity of

the environment, abundance and biomass distributions at

our sampling stations indicated the presence of three

community types, following a geographical gradient in the

investigation area: (1) high biomass, krill-dominated in the

west, (2) high abundance, copepod-dominated in the east,

and (3) low abundance, low biomass at the ice edge.

Combined analysis with environmental data indicated that

under-ice community structure was correlated with sea-ice

coverage, chlorophyll a concentration, and bottom depth.

The heterogeneity of the Antarctic under-ice community

was probably also driven by other factors, such as advec-

tion, sea-ice drift, and seasonal progression. The response

of under-ice communities to changing sea-ice habitats may

thus considerably vary seasonally and regionally.
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Introduction

The most prominent environmental feature of the Southern

Ocean is a seasonal pack-ice cover varying in extent from 4

million km2 in summer to 20 million km2 in winter (Glo-

ersen and Campbell 1991; Zwally et al. 2002; Turner et al.

2013). Phytoplankton primary production can exceed

2 g C m-2 day-1 during summer and drops to nearly zero

in winter (Arrigo et al. 2008). During winter, the main

primary production occurs within sea ice, making sea-ice

habitats an important seasonal refuge for many species

(Siegel and Loeb 1995; Lizotte 2001; Thomas and Dieck-

mann 2002; Quetin et al. 2013).

Sea ice hosts a specific algal community that can serve

as a critical carbon source for young Antarctic krill
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Euphausia superba (hereafter referred to as Antarctic krill)

(O’Brien 1987; Atkinson et al. 2002; Schmidt et al. 2014)

and a variety of other species (Hopkins and Torres 1989;

Hopkins et al. 1993; Gannefors et al. 2005). Besides ice

algae, other resources provided by sea-ice habitats such as

protozoans, small copepods, and detritus may offer an

alternative food source for species dwelling under the sea

ice during winter (Daly 1990; Gannefors et al. 2005; Meyer

2012; Schmidt et al. 2014). Substantial top predator com-

munities foraging in ice-covered regions (Loeb et al. 1997;

van Franeker et al. 1997; Ainley et al. 2007, 2012) indicate

the potential of the under-ice habitat to sustain large

productivity.

The Weddell Sea is one of the most productive sectors

of the Southern Ocean (Arrigo et al. 1997, 2008). Its

main feature is the Weddell Gyre, which is shaped by

the influence of bathymetry and northern islands,

enclosing this area as a distinct biogeographical region,

entirely sea ice covered during winter (De Broyer et al.

2014). Only few winter studies exist from this area, since

logistic difficulties in extreme environmental winter

conditions impede field work (Flores et al. 2011; Hunt

et al. 2011).

Many studies in the Southern Ocean focused on

Antarctic krill (Atkinson et al. 2008; Flores et al. 2012;

Meyer 2012), on sea-ice meiofauna (Schnack-Schiel et al.

2001a, b, 2008a, b), or on the pelagic community structure

(Pakhomov and Froneman 2004; Schnack-Schiel et al.

2008b; Hunt et al. 2011; Yang et al. 2011), but not much is

known about under-ice communities, i.e. meso- and

macrofauna dwelling at the sea ice–water interface layer.

Previous research has shown that the community near the

sea ice–water interface differs from the community in

deeper water in terms of species composition and density,

and community structure (Flores et al. 2011, 2014). Typi-

cally, the surface community is integrated into the epipe-

lagic community (White and Piatkowski 1993; Fisher et al.

2004; Hunt et al. 2011; Giesecke and González 2012).

However, it was shown that the surface layer in sea-ice-

covered regions hosts a distinct under-ice community,

comprised of a mixture of ice-associated and pelagic

organisms (Flores et al. 2014). In the Lazarev Sea, Flores

et al. (2014) found a marked difference in macrofauna

community structure between the 0–2 m surface layer and

the 0–200 m epipelagic layer. In addition, Flores et al.

(2014) demonstrated a significant response of under-ice

macrofauna communities to habitat properties. Under

varying habitat properties, the community changed along

gradients of surface water temperature and sea ice param-

eters such as sea-ice coverage, floe size, or distance from

the ice edge. When physical gradients were weak during

winter, there was no significant structure in the macrofauna

community under sea ice (Flores et al. 2014).

Sampling under sea ice is particularly challenging. Most

commonly, under-ice fauna, i.e. organisms dwelling at the

sea-ice underside or at the ice–water interface layer, have

been sampled by scuba divers. This method is excellent in

describing the small-scale structure of sea-ice habitats

during sampling, yet the larger-scale spatial distribution

and variability of the organisms, and species diversity

cannot be representatively sampled. Furthermore, there is a

need to record habitat properties simultaneously with spe-

cies sampling on larger spatial scales in order to realisti-

cally relate species distribution with their habitat variability

and dynamics.

This study aims to investigate the association of meta-

zoan communities in the under-ice water layer (0–2 m)

with sea-ice habitat properties in the northern Weddell Sea

during late winter/early spring 2013. Using a Surface and

Under Ice Trawl (SUIT) with an attached sensors array, we

studied the community composition of under-ice fauna, and

simultaneously recorded environmental parameters. The

sampled waters of the northern Weddell Sea were rela-

tively uniform in terms of hydrography and sea-ice cov-

erage. Our objectives were (1) to provide an inventory of

under-ice fauna in the northern Weddell Sea in terms of

diversity, abundance, and biomass on a large scale and (2)

to test the hypothesis that the apparent uniformity of the

physical environment was mirrored by the structure of the

under-ice community.

Materials and methods

Sampling technique and data collection

Sampling was performed during RV Polarstern expedition

PS 81 (ANT XXIX/7), between 31 August and 2 October

2013, across the ice-covered Weddell Sea, between 61�S,
42�W and 58�S, 25�W (Fig. 1). Eleven stations were

sampled, four during daytime and seven during nighttime

(Table 1). The first seven stations (Stns 551–567) were

sampled from west to east approximately along the 60�S
parallel, and the last four stations (Stns 570–579) north-

ward along the 26�W meridian (Fig. 1). These last four

stations were positioned at the eastern side of South

Sandwich Islands, in shallower waters than the earlier

stations (Fig. 1, Table 1). Stations 567–579 were sampled

almost 2 weeks after stations 551–565.

Horizontal hauls were performed with a Surface and

Under Ice Trawl (SUIT) (van Franeker et al. 2009; Flores

et al. 2012). The SUIT consisted of a steel frame with a

2 m 9 2 m opening and two parallel 15-m long nets

attached: (1) a 7-mm half-mesh commercial shrimp net,

which covered 1.5 m of the opening width and was lined

with 0.3-mm mesh at the rearmost 3 m of the net; and (2) a
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0.3-mm mesh zooplankton net, which 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

forces the net to shear away from the ship, towing at an

angle of approximately 60� to starboard of the ship’s track,

at a cable length of 150 m. Depending on the sea-ice

conditions, SUIT haul durations varied between 17 and

42 min (mean = 29 min) over an average distance of

1.5 km (Table 1). More information on SUIT sampling

during PS81 is available in Schaafsma et al. (2016). A

detailed description of the SUIT sampling technique and

performance was provided as supplementary material in

Flores et al. (2012).

Environmental data

A sensor array was mounted in the SUIT frame, including a

conductivity-temperature-depth (CTD) probe with built-in

fluorometer, two spectral radiometers, and a video camera.

Water inflow speed and direction were estimated using a

Nortek Aquadopp� Acoustic Doppler Current Profiler

(ADCP). Temperature and salinity profiles were obtained

with a Sea and Sun CTD75M probe. Calibration of fluo-

rometric chlorophyll a concentrations was done from water

samples obtained during stationary work. The calibration

coefficients were derived from the linear relationship

between chlorophyll a concentrations of water samples

(measured with a Turner 10–AU fluorometer) with fluo-

rometric chlorophyll a concentrations of the corresponding

10 m depth range. Data gaps in the CTD measurements

caused by low battery voltage were filled using comple-

mentary datasets from the shipboard sensors (temperature,

salinity and chlorophyll a at Stns 557, 560 and at Stn 562

only for chlorophyll a), using correction factors determined

by linear regression. An altimeter Tritech PA500/6-E

connected to the CTD 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 altime-

ter, and corrected for pitch and roll angles. Draft was then

converted into sea-ice thickness by using a sea-ice density

value of 900 kg m-3. Sea-ice roughness was calculated

after the formula:

roughness ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n
x21 þ x22 þ . . .þ x2n
� �

r

:

where (x1, x2, …, xn) is the set of n values of sea-ice

thickness along one sampling profile.

The trawled area was calculated by multiplying the

distance sampled in water, estimated from ADCP data,

with the net width (0.5 m for the zooplankton net, and

1.5 m for the shrimp net, respectively).

During each haul, sea-ice concentration (%), sea-ice

thickness and snow depth, changes in ship speed and

irregularities were estimated visually by an observer on

deck. A detailed description of environmental data acqui-

sition was provided in David et al. (2015) and Schaafsma

et al. (2016).

Gridded daily sea-ice concentrations for the Southern

Ocean derived from AMSR2 satellite data, using the

algorithm specified by Spreen et al. (2008), were down-

loaded from the sea-ice portal hosted by University Bre-

men and Alfred Wegener Institute (www.meereisportal.

de).

Biological data

The catch was partially sorted on board. Ctenophores were

immediately extracted from samples, identified, and their

volume was measured. Several species were sampled for

lipid and stable isotope analyses (data not included in this

study). The remaining material was then preserved in 4 %

formaldehyde/seawater solution for quantitative analysis.

After the cruise, the quantitative samples were analysed for

species composition and abundance at the Alfred Wegener

Institute. Abundances of macrofauna [0.5 cm were

derived from the analysis of the shrimp net and zoo-

plankton net samples, and summed for total abundance.

Mesofauna abundances, e.g. Antarctic krill larvae, cope-

pods, and ostracods, were derived from analysis of the

zooplankton net samples only. High-abundance zooplank-

ton net samples were fractionated with a plankton splitter

(Motoda 1959), and only a sub-sample (1/2–1/8 depending

on the sample size) of the original sample was counted and

subsequently scaled to the full sample size by multiplica-

tion with the subsampling factor. With few exceptions, all

Fig. 1 SUIT station map during RV Polarstern expedition ANT

XXIX/7. Sea-ice concentration acquired from Bremen of University

(http://www.iup.uni-bremen.de: 8084/amsr/); sampling was per-

formed from west to east, from August to October 2013. Number

codes next to sampling locations indicate station numbers

Polar Biol (2017) 40:247–261 249
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animals were identified to the species level, and to devel-

opmental stage and sex in Antarctic krill and copepod

species. The adult copepods and their juvenile stages were

both considered in abundance calculations. Areal abun-

dances were calculated dividing the total number of ani-

mals per haul by the trawled area. In all macrofauna

species, total body length was measured to the nearest

1 mm, and a mean size per species was used for biomass

calculations. Mesofauna biomass was calculated using

known species length to weight relationships and was

expressed as mg dry weight m-2 (Mizdalski 1988). For

copepod species, separated into developmental stages, and

ostracods a mean dry weight was theoretically assumed

(Mizdalski 1988). A list of all species including names of

authors and years of description is presented in Table 2.

Data analysis

The patterns of diversity over the sampling area were

investigated by three diversity indices, calculated for the

whole biological dataset: (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 abundance data were analysed using non-metric

multidimensional scaling (NMDS) (Kruskal 1964) based

on a Bray–Curtis dissimilarity matrix (Bray and Curtis

1957). The NMDS is commonly regarded as the most

robust unconstrained ordination method in community

ecology (Minchin 1987). The performance of the NMDS

was assessed with Shepard plots and stress values (Clarke

and Warwick 2001). A hierarchical clustering of the sam-

pling stations was performed using the Bray–Curtis dis-

similarity matrix of the species abundance data (Legendre

and Legendre 2012).

To assess the statistical differences between day and

night sampling, and geographical location of sampling

sites, i.e. proximity to islands, the nonparametric Mann–

Whitney–Wilcoxon test was performed on species abun-

dance data (Wilcoxon 1945).

The association of the under-ice community structure

with all possible combinations of environmental variables

was evaluated with the BioEnv analysis (Clarke and

Ainsworth 1993). The BioEnv analysis estimates the subset

of environmental variables that has the highest correlation

with the biological data. The association of the community

structure with the selected subsets of environmental vari-

ables was tested for significance with a Mantel test (Mantel

1967). The Mantel test relates two distance matrices, one

from the biological and one from the environmental data-

set, using Spearman’s correlation. The significance of

Mantel test correlations was assessed with a bootstrapping

procedure with 999 iterations. For all analyses, R version

3.2.0 was used with the libraries ‘vegan’, ‘FactoMineR’,

‘plyr’ and ‘MASS’ (R Core Team 2015).

Results

Sea-ice habitats

All 11 stations were ice-covered. Satellite-derived sea-ice

concentrations at sampling locations, ranged from almost

50 to 100 %, with the lowest values present at the two

northernmost stations 577 and 579 (Table 1). Modal sea-

ice thickness ranged from 0.2 to 0.7 m. Snow depth ranged

between 0.05 and 0.60 m. The sea-ice roughness coeffi-

cient generally varied between 0.8 and 2.3, with a maximal

value of 3.7 at station 555. Surface-water temperature was

on average -1.85 �C (range from -1.83 to -1.87 �C) at a
mean salinity of 34 (range 33.6–34.4). Surface-water

chlorophyll a concentrations ranged between 0.10 and

0.27 mg m-3.

Variability in species diversity, abundance

and biomass distribution

In total, 45 species belonging to 12 phyla were identified in

our samples (Table 2). Species richness (S) at most of the

stations ranged between 20 and 28. The maximum number

of 28 species was encountered at station 557, and the

minimum of 9 species at station 577 (Table 3). The highest

Shannon diversity (H) was encountered at station 579, and

the highest evenness (J) at station 577, in the north-eastern

part of the sampled area. The lowest Shannon and evenness

indices were found in the centre of the sampled area, at

station 560 (Table 3). No spatial patterns were noticed in

the distribution of diversity indices.

Among higher level taxa, copepods had the highest

abundances, accounting for 67 % of the mean relative

abundance over all stations, followed by euphausiids with

30 % (Fig. 2). At most stations, copepods accounted for

about 70–95 % of the abundance, whereas at stations 571,

577, and 579 copepods contributed only about 30 %. At

these stations, euphausiids dominated with 65 % of the

mean abundance (Fig. 2). The other taxonomic groups

each accounted for less than 1 % of the abundance, yet

most groups had high frequencies of occurrence (Table 2).

Exceptions were salps, which were present at only six

stations, and ctenophores, which were present at only four

stations (Table 2).

Antarctic krill Euphausia superba had the highest bio-

mass as a single species, accounting for 60 % of the mean

biomass over all stations, while the other euphausiids

together contributed less than 1 % (Fig. 2). Notably, krill

heavily dominated total biomass at the western (551–557)
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Table 2 List of species with their mean abundances and frequency of occurrence over the sampling area

Taxon Mean abundance

(ind. 100 m-2)

SD Range Frequency of

occurrence

Ctenophora

Beroe spp. Fabricius, 1780 0.02 0.05 0–0.18 0.09

Callianira antarctica Chun, 1897 0.02 0.04 0–0.11 0.27

Siphonophora

Diphyes antarctica Moser, 1925 0.14 0.18 0–0.60 0.63

Marrus sp. \0.01 0.01 0–0.04 0.09

Unidentified siphonophore 1.25 1.73 0–5.29 0.82

Mollusca

Pteropoda

Clione limacina Phipps, 1774 0.06 0.08 0–0.23 0.45

Clio pyramidata Linnaeus, 1767 0.01 0.03 0–0.11 0.18

Limacina helicina Phipps, 1774 0.14 0.31 0–1.02 0.36

Spongiobranchaea australis d’Orbigny, 1834 0.06 0.08 0–0.27 0.64

Unidentified gastropod 0.23 0.41 0–1.08 0.64

Annelida

Polychaeta

Tomopteris carpenteri Quatrefages, 1866 0.11 0.21 0–0.70 0.36

Unidentified polychaete 1 1.00 1.23 0–4.12 0.91

Unidentified polychaete 2 0.04 0.08 0–0.26 0.36

Arthropoda

Crustacea amphipoda

Cyllopus lucasii Bate, 1862 0.15 0.21 0–0.63 0.55

Eusirus laticarpus Chevreux, 1906 1.48 1.50 0.06–5.02 1

Eusirus microps Walker, 1906 0.02 0.05 0–0.16 0.27

Hyperoche medusarum Krøyer, 1838 0.03 0.05 0–0.12 0.27

Primno macropa Guérin-Méneville, 1836 0.10 0.13 0–0.45 0.82

Themisto gaudichaudii Guérin, 1825 \0.01 0.01 0–0.04 0.09

Vibilia antarctica Stebbing, 1888 0.02 0.05 0–0.14 0.27

Unidentified gammarid amphipod 0.03 0.04 0–0.11 0.45

Euphausiacea

Euphausia superba Dana, 1850 83.04 103.62 9.44–359.79 1

Euphausia frigida Hansen, 1911 0.01 0.02 0–0.08 0.09

Thysanoessa macrura Sars, 1883 0.11 0.12 0–0.36 0.64

Thysanoessa vicina Hansen, 1911 0.02 0.07 0–0.23 0.09

Decapoda

Unidentified decapod \0.01 0.01 0–0.04 0.09

Copepoda

Calanus propinquus Brady, 1883 51.19 70.38 2.33–237.59 1

Ctenocalanus spp. 160.13 282.71 0.44–931.73 1

Euchirella rostromagna Wolfenden, 1905 0.38 0.70 0–1.72 0.27

Heterorhabdus austrinus Giesbrecht, 1902 0.18 0.24 0–0.63 0.45

Idomene spp. 0.60 1.11 0–2.88 0.45

Metridia spp. 1.98 3.07 0–9.32 0.82

Oithona similis Claus, 1866 0.79 1.03 0–3.58 0.91

Paraeuchaeta sp. 0.56 0.97 0–3.17 0.45

Pseudocylopina sp. 5.16 9.47 0–30.93 0.73

Stephos longipes Giesbrecht, 1902 249.82 405.50 1.26–1326.23 1

Tharybis sp. 0.52 1.29 0–4.32 0.36
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and the northern stations (571–579). The second most

important biomass-rich taxonomic group was copepods

with 17 % of the mean biomass over all stations. Four of

the taxonomic groups had a noteworthy contribution to the

total biomass: amphipods (4.1 %), polychaetes (5.1 %),

chaetognaths (3.9 %), and ctenophores (3.1 %), while the

contribution of the remaining taxonomic groups was

approximately 1 %.

Cumulative abundances of all species ranged from 0.1

ind. m-2 at station 577 to 18.7 ind. m-2 at station 562

(Fig. 3). The most abundant species were the small

calanoid copepods Stephos longipes and Ctenocalanus

spp., followed by the larger species Calanus propinquus

(Table 2). The ice-associated cyclopoid Pseudocyclopina

sp. occurred in higher numbers in the western and central

region at stations 551, 555, and 567. The copepods were

followed numerically by euphausiids, mainly Antarctic

krill larvae and age class 0 juveniles. Sub-adult krill were

only encountered in significant abundance at station 551. A

detailed description of the population structure of age class

0 krill in the investigation area was provided by Schaafsma

et al. (2016). Among the amphipods, the ice-associated

species Eusirus laticarpus was numerically dominant at all

stations. At station 562, a single fish, Aethotaxis mitop-

teryx, was caught.

The chaetognaths Eukrohnia hamata and Sagitta spp.

were widely distributed over the sampled area, with

somewhat increased abundances at the stations with higher

copepod abundances (Online Resource 1). E. hamata was

highly correlated with the abundances of C. propinquus

(r = 0.91), Ctenocalanus spp. (r = 0.68), and to a lesser

extent krill larvae (r = 48). Sagitta spp. was correlated

with krill larvae (r = 0.56) and Ctenocalanus spp.

(r = 0.66) (Online Resource 2).

Cumulative dry-weight biomass of all invertebrate spe-

cies at each station ranged from 0.1 mg DW m-2 at station

577 to 14.5 mg DW m-2 at station 551 (Fig. 3). Higher

biomass encountered at the first three stations was largely

driven by the contribution of Antarctic krill. At stations

Table 2 continued

Taxon Mean abundance

(ind. 100 m-2)

SD Range Frequency of

occurrence

Unidentified harpacticoid 0.03 0.08 0–0.23 0.18

Ostracoda

Unidentified ostracods 7.09 10.88 0–31.72 0.73

Chaetognatha

Eukrohnia hamata Möbius, 1875 0.03 0.08 0–0.27 0.27

Sagitta spp. 0.26 0.44 0–1.43 0.54

Sagitta gazellae Ritter-Záhony, 1909 0.09 0.19 0–0.63 0.36

Sagitta maxima Conant, 1896 0.07 0.23 0–0.77 0.09

Unidentified chaetognaths (Eukrohnia type) 0.63 0.60 0–1.97 0.91

Chordata

Salpida

Salpa thompsoni Foxton, 1961 0.13 0.22 0–0.72 0.54

Ihlea racovitzai Van Beneden & Selys Longchamp, 1913 \0.01 0.01 0–0.03 0.09

Unidentified salps 0.05 0.16 0–0.54 0.27

Appendicularia

Oikopleura spp. 1.30 1.77 0.02–5.02 1

Vertebrata

Osteichthyes

Aethotaxis mitopteryx DeWitt, 1962 \0.01 0.02 0–0.05 0.09

Table 3 Diversity indices calculated at each sampling station

Station Richness Shannon Evenness

551 19 1.58 0.54

555 23 1.34 0.43

557 28 1.31 0.39

560 23 0.86 0.27

562 23 1.00 0.32

565 20 1.54 0.51

567 25 1.20 0.37

570 21 1.33 0.44

571 16 1.43 0.51

577 9 1.59 0.72

579 22 1.70 0.55
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562 and 567 biomass was shared about equally between

Antarctic krill, copepods and ctenophores.

Community structure and association with sea-ice

habitat properties

Based on the species abundance and biomass at sampling

stations, three community types were visually identified,

namely (1) krill-dominated, (2) copepod-dominated, and

(3) low biomass/abundance (Fig. 3). The ‘krill-dominated’

community was characterised by high biomass contribution

of larval, juvenile, and adult Antarctic krill, yet by rela-

tively low cumulative abundances. The krill-dominated

community was present at the westernmost stations 551,

555, and 557 (Fig. 3). The copepod-dominated community

had the highest cumulative abundances and was numeri-

cally dominated by copepods. It had variable to high bio-

mass values, with a higher contribution from copepods and

Antarctic krill and moderate contribution of amphipods,

polychaetes, chaetognaths, and ctenophores. This copepod-

dominated community was present at stations 560, 562,

565, and 567 in the central part of the investigation area.

The low biomass/abundances community was

characterised by low cumulative abundances and biomass

values. It was dominated by Antarctic krill larvae in

abundance and biomass. This community characterised the

northernmost four stations 570, 571, 577, and 579, situated

in close proximity to the marginal ice zone (MIZ).

The three community types were confirmed by the

NMDS ordination and cluster analysis (Fig. 4). The first

NMDS axis separated the ‘copepod-dominated’ commu-

nity type (stations 560–567), which was associated with

amphipods, ostracods, Sagitta spp., and the copepods S.

longipes and Ctenocalanus spp., from the ‘low biomass/

abundances’ community type (stations 570–579), which

was associated with Thysanoessa macrura and Salpa

thompsoni. The second axis of the NMDS ordination was

mainly influenced by station 567 at the upper part of the

ordination plot, which was associated with the copepods C.

propinquus and Ctenocalanus spp., and Antarctic krill

larvae. The ‘krill-dominated’ community stations 551 and

555 were positioned at the lower part of the ordination plot

and were associated with sub-adult and juvenile Antarctic

krill, ice copepods Pseudocylopina sp., and the pteropods

Limacina helicina and Clione limacina. Station 557 had an

intermediate position between the ‘krill-dominated’ and the

a

b

Fig. 2 Relative abundance (a) and biomass (dry weight) (b) of

taxonomic groups at the sampling stations (numbers on the x-axis)

a

b

Fig. 3 Cumulative abundance (a) and biomass (dry weight) (b) of

taxonomic groups at the sampling stations (numbers on the x-axis)
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‘copepod-dominated’ community stations, but was grouped

with the ‘krill-dominated’ stations in the cluster analysis.

Water depth alone had the highest correlation, of any

single environmental variable, with the variability of spe-

cies abundances (r = 0.42; Mantel test p = 0.004;

Table 4). The highest correlation between species abun-

dance and environmental variables was achieved by a

combination of snow depth, sea-ice coverage, temperature,

chlorophyll a concentration, and water depth (r = 0.47;

Mantel test p = 0.008; Table 4). Summarising these

parameters by community type stations, a decrease in water

depth, sea-ice coverage, and snow depth and an increase in

chlorophyll a concentration was evidenced at the low

biomass/abundances group stations compared to krill- and

copepod-dominated groups (Table 5). Median species

abundances within each community type largely mirrored

the NMDS ordination map (Table 5).

Discussion

Sea-ice habitats

During winter 2013, the Southern Ocean had a sea-ice

extent of approximately 19 million km2 (Data source:

www.meereisportal.de, University of Bremen and Alfred

Wegener Institute). During this time, RV Polarstern

expedition ARK XXIX/7 sampled in the pack-ice of the

Weddell Sea from west to east approximately along the

60�S parallel. Daily sea-ice concentration data, from pas-

sive microwave-satellite measurements, were over 90 %

during August–September along our cruise track, and

decreased to approximately 50 % when sampling north-

ward during the beginning of October. These values were

in good agreement with the range of sea-ice coverage

determined from SUIT sensors. Only at the last two

Fig. 4 NMDS plot on SUIT

stations and dominant species

abundance. The ellipsoids

represent grouping of stations

determined with hierarchical

clustering using the Bray–Curtis

dissimilarity matrix of species

abundance at sampling stations

Table 4 Combinations of environmental variables selected by BioEnv analysis

NP Environmental variables r p

Abundance

1 depth 0.42 0.010

2 coverage ? depth 0.42 0.011

3 coverage ? depth ? temperature 0.42 0.015

4 coverage ? depth ? temperature ? chlorophyll a 0.42 0.013

5 coverage ? depth ? temperature ? chlorophyll a ? snow 0.47 0.008

6 coverage ? depth ? temperature ? chlorophyll a ? snow ? salinity 0.46 0.013

7 snow coverage ? depth ? temperature ? chlorophyll a ? snow ? salinity ? thickness 0.47 0.008

8 snow coverage ? depth ? temperature ? chlorophyll a ? snow ? salinity ? thickness ? roughness 0.46 0.010

Combinations were ranked according to their correlation coefficients with the biological datasets tested with Mantel test: Abundance (species

abundance as selected in NMDS). NP number of variables; r Spearman correlation coefficient; Variables names as defined in Table 1
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stations (577 and 579), the SUIT sensor-derived ice cov-

erage was about 95 %, whereas satellite-derived ice cov-

erage, averaged over a 39 km2 area, was 50 %, placing

these stations into the MIZ. In our ice thickness profiles,

modal ice thicknesses ranged from 0.2 to 0.7 m, while on-

board visual observations of snow depth during profiles

ranged from 0.05 to 0.6 m. Snow depth and modal ice

thickness values from our SUIT hauls were consistent with

the general pattern observed during airborne-electromag-

netic ice thickness surveys, and ground-based snow and ice

surveys conducted in the vicinity of the sampling area

during our cruise (Ricker and Krumpen unpublished data).

Our snow depth and ice thickness values are also in

agreement with previous winter measurements carried out

in the Weddell Sea (Worby et al. 2008). Therefore, our

local sampling profiles were representative of the regional-

scale snow and sea-ice conditions.

Under-ice chlorophyll a concentrations were relatively

low over the sampled area and were consistent with pre-

vious winter values reported for the Weddell Sea (Nöthig

et al. 1991). We did, however, observe a steady increase in

surface chlorophyll a concentrations at the northern five

sampling locations, reaching a maximum concentration of

0.27 mg m-3 at the last station 579 (Table 1). This indi-

cates that the productive season, in the northern part of the

research area, had commenced by the end of September. At

the last two stations 577 and 579, the lower satellite-

derived ice coverage observations indicated an advanced

state of melting, which was also evident by our observed

lower surface salinities. Besides advanced melting and a

deteriorating sea-ice habitat with seasonal progression at

the end of the survey, the observed variability of the sea-ice

habitat properties remains difficult to explain on a rather

small dataset covering such a vast area. The stations

sampled during the first half of our cruise did not show any

seasonal or regional patterns in sea-ice properties. Local

differences in sea-ice properties may have a background in

atmospheric anomalies, wind patterns and occasional storm

events (Holland and Kwok 2012; Kohout et al. 2014).

Changes in surface-water temperature and salinity were

rather small, likely due to the influence a quasi-homoge-

neous Winter Water layer circulated within the Weddell

Gyre (Nöthig et al. 1991).

Species diversity and sampling performance

We identified at least 45 species within the under-ice

community sampled, i.e. in the upper 2 m of the ice-cov-

ered water column. In terms of species richness, copepods

dominated the community with 12 species, followed by

Table 5 Summary of the most

important environmental

variables selected by BioEnv

analysis, species abundance

(species having a high relevance

on the NMDS ordination) and

diversity indices characterising

the stations grouped according

to three under-ice community

types; environmental

parameters as defined in

Table 1; median values are

presented

Krill-dominated Copepod-dominated Low biomass/abundances

Environmental variables

Depth (m) 3308 2922 1019

Coverage (%) 94 94 68

Snow (m) 0.35 0.25 0.19

Temperature (�C) -1.85 -1.86 -1.84

Chlorophyll a (mg m-3) 0.110 0.105 0.194

Species abundance (ind. 100 m-2)

Calanus propinquus 12.95 92.84 10.01

Ctenocalanus spp. 22.94 307.80 1.90

Stephos longipes 209.00 92.84 10.01

Pseudocyclopina sp. 9.54 1.18 1.10

Euphausia superba

Larvae 9.17 110.17 27.82

Juveniles 26.94 1.53 1.70

Sub-adults 0.72 0.51 0.38

Thysanoessa macrura 0.18 0.00 0.05

Limacina helicina 0.17 0.04 0.00

Clione limacina 0.17 0.03 0.00

Salpa thomsoni 0.00 0.11 0.03

Diversity indices

Richness 23 23 18

Shannon 1.34 1.10 1.51

Evenness 0.43 0.35 0.53
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amphipods with 7 species (Table 2). Our diversity was

lower than in epipelagic fauna from the Weddell Sea

(Hopkins and Torres 1988; Siegel et al. 1992; Fisher et al.

2004). However, a comparison to previous sampling of the

epipelagic layer is complicated by differences in net type,

mesh sizes, sampling depth interval, season and sample

size. Most Antarctic zooplankton studies integrated the

epipelagic community over at least the upper 50 m (Hop-

kins and Torres 1988; Lancraft et al. 1991; Siegel et al.

1992). The species composition from those studies is thus

much more influenced by pelagic fauna, often dominated

by the deeper-dwelling copepods (Razouls et al. 2000;

Schnack-Schiel et al. 2008b). Moreover, larger sample size

in previous studies could have accounted for higher

diversity due to increased sampling effort. Siegel et al.

(1992), with a sampling size double the size compared to

our study, found that epipelagic richness and diversity in

the northern Weddell Sea were highly variable horizon-

tally, and were lower directly under the pack-ice than in the

underlying water column. In the western Weddell Sea,

diversity was shown to increase with depth (Hopkins and

Torres 1988). When the sampled depth range of the SUIT

is taken into account (1 % of the 200 m epipelagic depth

stratum), however, our species richness is surprisingly

high. This agrees with previous studies from the Lazarev

Sea that found the diversity in the under-ice surface layer

does not decrease much during winter because only few

species migrate to greater depths and some even exhibit a

hibernal upward migration (Flores et al. 2011, 2014). Our

overall species richness was slightly higher, with 8 species

more than reported in these winter studies from the Lazarev

Sea, even when excluding the copepods and ostracods,

which were not representatively sampled by Flores et al.

(2011, 2014). A notable difference in the under-ice com-

munity of the two regions, however, was the extremely low

numbers of post-larval Antarctic krill and the absence of

fish larvae and cephalopods under the pack-ice in the

northern Weddell Sea compared to the Lazarev Sea. This

difference could be due to regional, but interannual vari-

ability cannot be excluded.

Sampling the sea-ice underside with the SUIT, over an

average profile distance of 1.5 km, results in an increased

sampling effort per station compared to other methods such

as under-ice pumps, hand nets, or remotely operated

vehicles (Brierley and Thomas 2002). This allowed us to

capture the larger spatial variability of fauna with a patchy

distribution (Schnack-Schiel 2003). Behavioural avoidance

of the net by macrofauna cannot be excluded, but footage

from the video camera mounted in the SUIT frame showed

no visible avoidance. A potential underestimation of spe-

cies, which are protected by the sea-ice underside topog-

raphy, however, is difficult to assess with certainty. Due to

known diel patterns (Siegel 2005; Flores et al. 2012), the

abundance of some species, e.g. E. superba, C. propinquus,

may have been underestimated at our daytime stations 555,

565, 571, and 577. At these stations, however, the abun-

dances of E. superba and C. propinquus were well within

the range of the other night time stations, and no significant

diel effect was found (Wilcoxon test: E. superba p = 0.92;

C. propinquus p = 0.79). This indicates that the general

variability of species abundances was similar or larger

compared to diel variability within our small dataset.

Under-ice community structure

In terms of species presence, we found a similar under-ice

community composition over the sampling area, largely

resembling the Weddell Sea ice-covered surface commu-

nity dominated by sympagic and pelagic copepods, and

larger grazers, such as euphausiids and amphipods (Sch-

nack-Schiel 2003). Differences in community structure

between sampling locations were largely determined by the

variability in species abundances and biomass, rather than

in the variability of species composition.

Copepods

Copepods numerically dominated (67 %) the under-ice

community. The dominant species in our samples, S.

longipes, is ubiquitous under the Weddell Sea pack-ice

(Schnack-Schiel et al. 2001b, 2008a; Kiko et al. 2008) and

has a life cycle strongly associated with the seasonal

fluctuations of sea-ice (Kurbjeweit et al. 1993). Our

abundances were lower than those found in the western

Weddell Sea, during spring and summer (Schnack-Schiel

et al. 2001b; Kiko et al. 2008), likely due to the inclusion of

smaller stages in the abundance calculations by these

authors. Ctenocalanus spp. was the second most abundant

genus in our samples. This small calanoid is abundant in

the epipelagic layer (Schnack-Schiel et al. 2008b). Its

population structure in the surface layer is female-domi-

nated during late winter/early spring (Schnack-Schiel and

Mizdalski 1994), which agrees with our findings. The

cyclopoid Pseudocyclopina sp. and the harpacticoid Ido-

mene sp. are inhabitants of sea ice, ubiquitous in the

western Weddell Sea (Menshenina and Melnikov 1995;

Schnack-Schiel et al. 2008a) and eastern Weddell Sea

(Schnack-Schiel et al. 1995). These species appeared fre-

quently in our catches, yet with generally low under-ice

abundances, except at the two most western stations 551

and 555. Due to their small size compared to the mesh size

used, however, an underestimation of our sampling was

likely. One of the dominant pelagic copepods in the

Weddell Sea, C. propinquus, had much lower abundances

under ice than previously reported in epipelagic studies

(Hopkins and Torres 1988; Schnack-Schiel and Hagen
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1994; Siegel et al. 1992). This species was described to

remain in the upper 200 m during winter (Hopkins and

Torres 1988; Schnack-Schiel and Hagen 1995) and actively

feed (Pasternak and Schnack-Schiel 2001), and demon-

strated the ability to switch to an omnivorous diet (Metz

and Schnack-Schiel 1995).

Antarctic krill

Antarctic krill numerically dominated the species compo-

sition at the three northernmost stations 571, 577, and 579

(Fig. 2). Age class 0 krill dominated the population struc-

ture in this study (Schaafsma et al. 2016). Adult krill

numbers were very low, while dominance of sub-adult krill

within the Antarctic krill population was restricted to the

westernmost station 551, where krill heavily dominated the

cumulative biomass composition (95 %). Our results agree

with previous late winter/early spring studies from the

Scotia/Weddell Sea and Antarctic Peninsula regions, which

also found furcilia VI to be the dominant stage in the

under-ice layer (Daly 1990, 2004). A winter study from the

Lazarev Sea often found higher abundances of sub-adult

krill under ice than in the epipelagic layer (0–200 m depth

layer), highlighting the pivotal role of sea ice in the func-

tional ecology of other development stages of this species,

besides larvae (Flores et al. 2012). In addition, rectangular

midwater trawls (RMT) conducted in the 0–500 m depth

layer near the SUIT locations showed that abundances of

(sub-) adult krill were very low (Schaafsma et al. 2016).

This indicates that (sub-) adult krill in the study region

were in general low in abundance or too patchily dis-

tributed to be representatively sampled with the small

sample size of this study. In larval and juvenile Antarctic

krill, a comparison of our catches with the RMT krill

catches from the 0–500 m layer showed that volumetric

densities were higher in the under-ice layer than in the

0–500 m depth layer, but areal densities indicated that

large parts of the juvenile population dwelled in the under-

ice layer (Schaafsma et al. 2016).

Amphipods, chaetognaths, and pteropods

Other taxonomic groups, e.g. amphipods, chaetognaths,

pteropods, occurred in lower abundances but nevertheless

contributed significantly to the total biomass, mainly at

stations 560, 562, 565, and 567 in the central part of the

survey area. The ice-associated amphipod E. laticarpus

occurred at stations with higher ice coverage and thicker

ice (Table 1, Online Resource 1). E. laticarpus was dis-

tributed everywhere over the sampling area and was the

most abundant amphipod in our samples. Their mean

abundance of 1.48 ind. 100 m-2, however, was about half

the winter under-ice abundance found in the Lazarev Sea,

where, similarly to our study, the under-ice fauna was

sampled in the upper two metres of the water column with

the SUIT (Flores et al. 2011).

The chaetognaths E. hamata and Sagitta gazellae are

known predators of copepods and Antarctic krill larvae

(Giesecke and González 2012). E. hamata feeds year-

round, mainly on copepods (Kruse et al. 2010), while

Sagitta spp. feeds on krill larvae during winter (Lancraft

et al. 1991). Higher chaetognaths abundances observed at

stations with higher copepod abundances and krill larvae

indicates a potential behavioural predator response of

chaetognaths, such that they may have followed the prey

distribution. When copepods were attracted to the under-

ice resources during winter, chaetognaths were likely

attracted by increased prey abundance under the ice.

Similarly, the simultaneous migration of chaetognaths and

copepods to deep water at the beginning of the productive

season was suggested by our data and also confirms

predatory behaviour by the chaetognaths.

Pteropods have been reported to numerically account for

up to 35 % of the Southern Ocean zooplankton community

(Hunt et al. 2008). Two of the major contributors, the

thecosome L. helicina, and its allegedly monophagous

predator, the gymnosome C. limacina (Hunt et al. 2008),

were observed at less than half of our sampling locations.

The low abundances found during our study (Table 2)

agree with the winter under-ice abundances reported from

the Lazarev Sea (Flores et al. 2011). Flores et al. (2011)

suggested an association of C. limacina with the ice–water

interface during winter, which were likely attracted to the

under-ice environment by a predatory response to the

presence of their prey L. helicina, at the sea-ice underside.

The abundances of L. helicina in this study, however, were

probably too low to serve as a sufficient food source for C.

limacina.

Community structure associated with sea-ice habitat

properties

Our hypothesis that the largely uniform environment of the

northern Weddell Gyre was mirrored by a uniform under-

ice community was not confirmed. When overall abun-

dance and biomass distribution at our stations were con-

sidered, three community types were observed,

characterised by gradual changes in the relative abun-

dances and biomass contributions of species (Figs. 3, 4,

Table 5). The krill-dominated community was charac-

terised by higher overall biomass with Antarctic krill being

the major contributor. There were, however, notable dif-

ferences in the Antarctic krill composition at these stations

(Online resource 3). At the westernmost station, 551 the

biomass was dominated by sub-adults, while at stations 555

and 557 the biomass was dominated by age class 0
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juveniles. Excluding post-larval krill, krill larvae-domi-

nated and copepod-dominated communities had similar

biomass over the sampling area.

The copepod-dominated community was characterised

by higher abundances dominated by copepods. On the

NMDS plot the copepod-dominated community was asso-

ciated with the dominant species of the under-ice com-

munity, e.g. S. longipes, C. propinquus, and krill larvae.

One evident characteristic of this community was not only

the dominance of copepods (in abundance), but also the

high contribution of other taxonomic groups, e.g. amphi-

pods, pteropods, chaetognaths, and ctenophores (in bio-

mass), which is an indication of a heterotrophic food web

with filter feeders (L. helicina, appendicularians) as her-

bivores. Ammonium concentrations at the surface were

higher at the copepod-dominated community sampling

locations (0.4–1.1 lmol l-1) than the rest of our locations

(C. Klaas, unpublished data.), supporting the assumption of

extensive heterotrophic activity.

At the four northernmost stations, which were charac-

terised as low biomass/abundances communities, the sea

ice was in an advanced state of melt. The decrease in

surface salinities below typical Winter Water values

(\34.4) (Krell et al. 2005) suggests melting had already

started at the time of our sampling. Copepod abundances

were low, while some other species, e.g. L. helicina, C.

limacina, were absent from our samples (Online resource

1). This could be due to a combined effect of the seasonal

evolution of sea-ice habitats by the end of winter, inducing

a behavioural response of some species performing vertical

migration (Schnack-Schiel and Hagen 1995; Schnack-

Schiel et al. 1995), closeness to the MIZ and the geo-

graphic location of these stations at the eastern side of the

South Sandwich Islands. At the time of our sampling, the

satellite-derived sea-ice coverage decreased to about 50 %,

and only the thicker and rougher ice remained. The MIZ is

typically more productive than other ice-covered areas

(Brierley and Thomas 2002), which is in part a contra-

diction to our low biomass under-ice catches at the MIZ

stations. On the NMDS map, the cluster of low biomass/

abundances community stations was associated with a

more pelagic assemblage, e.g. S. thompsoni, T. macrura, T.

carpenteri, indicating a potential transition away from an

ice-associated community. Moreover, the shallower

bathymetry surrounding the islands, where these stations

were located, would have also been expected to provide the

increased productivity that is typical of shelf and slope

areas. Increased productivity in the water column could

have caused pelagic species to migrate into more produc-

tive deeper water layers. With such small sample size, it

remains difficult to differentiate the seasonal effect, i.e.

retreat of sea ice, from local effects, i.e. proximity of

islands, at smaller scales. Nonetheless, the above

mentioned contradictions would rather indicate that

reduction of the sea-ice coverage induced an immediate

response in the surface community structure.

In the BioEnv analysis, the combinations of environ-

mental variables, which resulted in the three best correlations

with the species abundance matrix, contained satellite-

derived sea-ice coverage and snow depth, indicating that the

community composition responds to both regional and local

properties of sea-ice habitats. Broad scale hydrography and

bathymetry played an equally important role, as was evident

from the occurrence of temperature, salinity, andwater depth

as selected variables among the eight best BioEnv model

combinations. Using only coarse descriptors of sea-ice

properties such as visually observed sea-ice coverage and

floe size, Flores et al. (2014) could not identify a correlation

between community structure and sea-ice properties during

winter. Using sensor-derived data, our study gives a first

insight, albeit limited by a small sample size, on the rela-

tionships between sea-ice properties and under-ice commu-

nity structure. This demonstrates the potential of this

approach for larger sample sizes.

Conclusion

Distinct patterns in under-ice community structure in a

physically largely uniform environment show that under-

ice fauna distribution is very heterogeneous in space and

time, making generalisations difficult. This complexity is

relevant to ecological modelling of sea-ice systems. Dri-

vers of these patterns may be controlled temporally, e.g. by

advection of water masses and sea ice drift, or spatially,

e.g. by biogeographical structures. To understand which

species will be the winners and which will be losers in a

changing ice-covered environment, extended observations

are needed for future predictions of such a complex system.

As the climate continues to warm, it is prudent to under-

stand the ecological relationships between sea-ice-depen-

dent Antarctic krill and Antarctic krill predators, as well as

the interactions among sea-ice-dependent species that may

be forced into competition for a shared food resource.

Therefore, besides species distribution our focus should

extend to quantifying food web energy fluxes, which would

provide a broader view of the changing system, ultimately

reflected in carbon cycle alterations.
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