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1.  INTRODUCTION 

Benthic ecosystems of the Southern Ocean shelf 
are typically characterized by stable temperatures 
and salinities on the one hand, and seasonally vary-
ing environmental drivers such as sea-ice cover, pri-
mary production, and food input on the other (Cook 

et al. 2005). Variations in regional sea-ice patterns 
are influenced by seasonality (Gloersen et al. 1993) 
and climate change (Vaughan et al. 2003). Because 
sea-ice cover directly affects the regulation of pri-
mary production and the particle flux from the upper 
water column (euphotic zone) to the seafloor (Sañé et 
al. 2012, Arrigo et al. 2015, Isla 2016), changes in sea-
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The categories differed significantly in primary-production–related characteristics in the water 
column and food availability at the seafloor. Almost all ice-cover categories differed significantly 
in meiofauna communities (32−500 μm, 20 taxa, 585 825 individuals). Fewer regions differed sig-
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macrofauna communities. Environmental drivers explained >66% of the variation among dif -
ferent communities and differed for the faunal size classes: for meiofauna (84.2%), sea-ice cover 
(1 yr) and availability of fresh food (chlorophyll a [chl a]) were most important, whereas 1 yr ice 
cover, chl a, and total organic carbon were decisive drivers for macrofauna (66.6%). Grain size, 
water depth, water-column chl a, long-term ice cover, seafloor temperature, and the carbon/
nitrogen ratio influenced communities to a lesser extent. We demonstrated a stronger relationship 
with sea-ice cover in meiofauna communities than in macrofauna communities, and we recom-
mend including meiofauna in future assessments of the influence of environmental changes on 
Southern Ocean ecosystems.  
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ice cover strongly affect sensitive benthic communi-
ties, their composition, and their abundance (Ingels 
et al. 2012). Food input to the seafloor shows a maxi-
mum in marginal sea-ice zones, because of the regu-
lar opening and closing of the sea-ice cover. Melting 
sea ice releases ice algae, which contribute signifi-
cantly to benthic food supply, and it stabilizes the 
water column, encouraging phytoplankton blooms, 
as recorded for the western Antarctic Peninsula 
(Smith et al. 2006, Mincks & Smith 2007) and the Arc-
tic Ocean (Carmack & Wassmann 2006). This maxi-
mum is flanked by 2 productivity minima. One is 
present in open oceans, where wave action and lack 
of sea-ice cover lead to a less stratified water column. 
Although these so-called oceanic productions can be 
characterized by high primary production rates, less 
fresh material reaches the seafloor, because most 
phytodetritus is consumed in the water column, as 
observed for the Drake Passage (Grebmeier & Barry 
1991) and the Atlantic sector of the Southern Ocean 
(Lochte et al. 1997). Another minimum occurs in 
regions with year-round ice cover, e.g. the water 
adjacent to the Ross Ice Shelf and Rønne Ice Shelf. 
Here, constant ice cover limits light penetration and 
inhibits the release of ice algae into the water col-
umn. As a result, little fresh material is deposited at 
the seafloor (Grebmeier & Barry 1991). 

The Weddell Sea encompasses different sea-ice 
cover regimes, from nearly constant and high ice 
cover in the southeast due to low sea-surface temper-
atures (Comiso et al. 2017) to seasonally varying ice 
cover in the northwest. The neighboring Drake Pas-
sage shows higher and variable sea-surface temper-
atures, which do not facilitate sea-ice cover in the 
summer months (Gutt et al. 2015, Turner et al. 2016). 
We expect correspondingly different food regimes: 
higher amounts of fresh material under variable ice-
cover conditions and less fresh material under con-
stant ice cover and in open waters, albeit this pattern 
not been shown for the Weddell Sea. Water depth is 
often considered as a good proxy for food supply at 
the seafloor, because more organic matter is de -
graded during longer vertical export in the water col-
umn. However, this pattern differs for ice-covered 
regions, because the phytodetritus can sink rapidly 
to the seafloor (Grebmeier & Barry 1991). Therefore, 
ice cover and vertical transport are known to be more 
relevant than water depth for food situation at the 
seafloor in energy-limited systems (Grebmeier & 
Barry 1991, Piepenburg 2005). We expect analogous 
results for shelf areas in the Weddell Sea. 

Changes in sea-ice dynamics have a major effect 
on benthic communities that rely on algal blooms for 

food (Mincks et al. 2005, Mincks & Smith 2007, 
Glover et al. 2008, Ingels et al. 2012, Smith et al. 
2012). 

The composition of benthic communities should re -
flect such productivity and food-availability regimes. 
Macrofauna (organisms with a body size >500 μm) 
and their ecological functions depend strongly on the 
quantity and quality of organic matter reaching the 
seafloor (Link et al. 2011). Pineda-Metz et al. (2020) 
showed that in regions in the southeastern Weddell 
Sea with changing sea-ice cover, lower primary pro-
duction due to higher ice cover leads to lower macro-
faunal abundance and bio mass. Polychaetes, bivalves, 
ophiuroids, and amphi pods are the numerically dom-
inant taxa of macrofauna in the Southern Ocean; 
polychaetes show high abundances in different habi-
tats (Pineda-Metz et al. 2019). Polychaetes, isopods, 
and amphi pods are especially speciose (Gerdes et al. 
1992), and sessile suspension feeders and colonial 
organisms (poriferans, bryozoans, ascidians) make 
up the largest proportion of the Antarctic benthos in 
terms of biomass (Griffiths 2010, Pineda-Metz et al. 
2019). 

A previous study around the Antarctic Peninsula 
showed that the abundance and community compo-
sition of the smaller size class meiofauna (organisms 
with body sizes between 32 and 500 μm) is strongly 
affected by the amount and the freshness of de -
posited primary production (Veit-Köhler et al. 2018), 
but that investigation did not include sea-ice cover 
as an environmental parameter. Unlike macrofauna, 
organisms in the meiofauna do not actively shape 
their habitat and lack pelagic larval stages, so they 
are more restricted in spatial distribution. These sed-
iment-dwelling organisms lead burrowing, intersti-
tial, or epibenthic lives depending on their body sizes 
and shapes (Remane 1933). Nematodes are the dom-
inant metazoan taxon, followed by harpacticoid cope -
pods and other taxa such as kinorhynchs, ostracods, 
and tardigrades. 

To date, all studies in the Weddell Sea investigated 
the communities of either meiofauna (e.g. Herman & 
Dahms 1992, Rose et al. 2015, Veit-Köhler et al. 2018) 
or macrofauna (e.g. Gerdes et al. 1992, Brey & 
Gerdes 1998, Gutt et al. 2016, Pineda-Metz et al. 
2019) and their responses to environmental drivers 
separately. Environmental conditions are predicted 
to change, and their effects have so far been evalu-
ated mostly for macrofauna and megafauna (Gutt et 
al. 2015, Pineda-Metz et al. 2020). A holistic view of 
how they may affect the benthic fauna of all size 
classes can only be achieved if all size classes are 
directly integrated into quantitative analyses. There-
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fore, the overarching objective of our study was to 
investigate the community compositions of meio-
fauna and macrofauna individually and combined in 
regions with different ice-cover regimes. We aimed 
to test their relationships including the most com-
plete set of environmental drivers possible. We ad -
dressed the following hypotheses. 

Hypothesis 1: Primary production and the related 
food-availability parameters at the seafloor differ 
according to the sea-ice cover. The highest freshness 
and amount of food at the seafloor is found in regions 
with the most variable sea-ice cover; lower values 
are expected for regions with a constant or absent 
sea-ice cover. 

Hypothesis 2: Faunal community compositions 
(meio fauna, macrofauna, and combined meiofauna 
and macrofauna) follow the classification of the ice-
cover categories. The combined community composi-
tion is distinguished best among ice-cover categories. 

Hypothesis 3: Meiofauna and macrofauna commu-
nities are structured by biotic and abiotic environ-
mental parameters (food parameters, ice cover, water 
temperature, grain size, depth) to a different extent. 
Temporally stable descriptors (e.g. depth, grain size) 
are expected to be more important for macrofauna. 

We focused on 5 geographically and environmen-
tally different regions, which were sampled during 2 
expeditions with the RV ‘Polarstern’: PS 81 to Drake 

Passage, Bransfield Strait, and the northwestern 
Weddell Sea, and PS 96 to the southeastern Weddell 
Sea, including the North and South Filchner Trough 
areas (Fig. 1). 

Our study provides the first integrated analysis of 
the meiofaunal and macrofaunal size class in relation 
to their environment and their different responses in 
the Southern Ocean. It therefore contributes to the 
overall assessment of the effects of climate change on 
Antarctic marine ecosystems in the Weddell Sea and 
around the Antarctic Peninsula. 

2.  MATERIALS AND METHODS 

2.1.  Study areas 

Sediment and water-column samples from 16 sta-
tions were collected during 2 expeditions with the 
RV ‘Polarstern’. The tip of the Antarctic Peninsula 
(Drake Passage, Bransfield Strait, northwestern Wed-
dell Sea) was the target of expedition PS 81 (22 Jan-
uary to 18 March 2013), whereas PS 96 (6 December 
2015 to 14 February 2016) explored the Filchner 
Trough area in the southeastern Weddell Sea (Fig. 1; 
Gutt 2013, Schröder 2016). Water depth at the sam-
pled stations ranged from 222 to 757 m (Table 1). The 
regions will hereafter be referred to by their initials. 
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Fig. 1. Sampling stations for meiofauna and macrofauna communities and environmental parameters in the vicinity of the 
Antarctic Peninsula during RV ‘Polarstern’ expedition PS 81 (yellow frame) and southeastern Weddell Sea during expedition 
PS 96 (blue frame). The red box represents the chosen map section of Antarctica. Explanation and definition for ice-cover cat- 

egories and sampled stations given in Tables 1 & 2
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Expedition       Region          Stn     Date (d.m.yr)    Latitude       Longitude    Depth (m)  Gear          Fauna     Salbottom   Tbottom 
 
PS 81                 Drake        235-1     07.03.2013    62°16.30’S    61°10.27’W     21/372      CTD                            34.50      0.43 
Antarctic         Passage       235-2     07.03.2013    62°16.35’S    61°10.23’W        355      MUC10       Macro 
Peninsula           (DP)          235-4     07.03.2013    62°16.29’S    61°10.24’W        373       MUC6         Meio 
                                            235-5     07.03.2013    62°16.31’S    61°10.24’W        363       MUC6         Meio                            
                                            235-6     07.03.2013    62°16.35’S    61°10.25’W        350       MUC6         Meio                            
                                            241-1     09.03.2013     62°6.63’S     60°36.52’W     20/396      CTD                            34.54      0.65 
                                            241-2a    09.03.2013     62°6.59’S     60°36.47’W        400        GKG         Macro                           
                                            241-3a    09.03.2013     62°6.60’S     60°36.51’W        403        GKG         Macro                           
                                            241-4a    09.03.2013     62°6.59’S     60°36.50’W        403        GKG         Macro                           
                                            241-5a    09.03.2013     62°6.60’S     60°36.50’W        403        GKG         Macro                           
                                            244-5     10.03.2013     62°6.64’S     60°36.53’W        398       MUC6         Meio                            
                                            244-6     10.03.2013     62°6.62’S     60°36.50’W        400       MUC6         Meio                            
                                            244-7     10.03.2013     62°6.65’S     60°36.54’W        396       MUC6         Meio                            

                      Bransfield     118-1     27.01.2013    62°26.47’S    56°17.26’W    20/420.1    CTD                            34.53     −1.14 
                          Strait         118-5a    27.01.2013    62°26.93’S    56°17.05’W      425.2    MUC10       Macro                           
                           (BS)          118-7     27.01.2013    62°27.00’S    56°16.96’W      422.4       GKG         Macro                           
                                            118-9     27.01.2013    62°26.95’S    56°17.14’W      423.3     MUC6         Meio                            
                                           118-10b  27.01.2013    62°26.90’S    56°17.19’W        427       MUC6         Meio                            
                                           118-11   27.01.2013    62°26.89’S    56°17.22’W        427       MUC6         Meio                            

                                            202-1     27.02.2013    62°56.00’S     58°0.47’W      50/739      CTD                            34.55     −0.72 
                                            202-2     27.02.2013    62°56.00’S     58°0.55’W         757      MUC10       Macro                           
                                            202-3     27.02.2013    62°56.00’S     58°0.49’W         756       MUC6         Meio                            
                                            202-4     27.02.2013    62°56.01’S     58°0.52’W         756       MUC6         Meio                            
                                            202-5     27.02.2013    62°55.99’S     58°0.61’W         757       MUC6         Meio                            
                                            215-1     01.03.2013    62°53.57’S    58°14.66’W     40/519      CTD                            34.52     −0.95 
                                            217-2c    02.03.2013    62°53.31’S    58°14.17’W        529       MUC6         Meio                            
                                            217-3     02.03.2013    62°53.31’S    58°14.12’W        527       MUC6         Meio                            
                                            217-5     02.03.2013    62°53.25’S    58°14.13’W        532      MUC10       Macro                           
                                            218-1     02.03.2013    62°56.93’S    58°25.66’W     20/672      CTD                            34.54     −0.80 
                                            218-2     02.03.2013    62°56.94’S    58°25.73’W        688      MUC10       Macro                           
                                            218-4     02.03.2013    62°56.95’S    58°25.81’W        689       MUC6         Meio                            
                                            218-5     02.03.2013    62°56.95’S    58°25.84’W        689       MUC6         Meio                            
                                            218-6     02.03.2013    62°56.93’S    58°25.81’W        689       MUC6         Meio                            
                                            225-1     04.03.2013    62°56.07’S    58°40.62’W     20/525      CTD                            34.54     −0.85 
                                            225-2     04.03.2013    62°56.08’S    58°40.76’W        543      MUC10       Macro                           
                                            225-3     04.03.2013    62°56.04’S    58°40.73’W        545       MUC6         Meio                            
                                            225-4     04.03.2013    62°56.06’S    58°40.76’W        544       MUC6         Meio                            
                                            225-5b    04.03.2013    62°56.05’S    58°40.77’W        546       MUC6         Meio                            

                   Northwestern  120-1     28.01.2013     63°4.62’S     54°33.11’W     20/511      CTD                            34.49     −1.81 
                    Weddell Sea   120-4     28.01.2013     63°4.78’S     54°31.45’W      493.8    MUC10       Macro 
                       (NW-WS)      120-5     28.01.2013     63°4.58’S     54°31.00’W      503.6     MUC6         Meio 
                                            120-6     28.01.2013     63°4.10’S     54°30.86’W      484.8     MUC6         Meio                            
                                            120-7     28.01.2013     63°3.72’S     54°30.87’W      436.8     MUC6         Meio                            
                                            162-1     10.02.2013     64°0.27’S     56°44.28’W     20/207      CTD                            34.45     −1.86 
                                            162-2     10.02.2013     64°0.11’S     56°44.43’W      222.9       GKG         Macro                           
                                            162-3     10.02.2013     64°0.11’S     56°44.28’W      222.1     MUC6         Meio                            
                                            162-4     10.02.2013     64°0.07’S     56°44.20’W      223.4     MUC6         Meio                           

Table 1. Station list and sampling during RV ‘Polarstern’ expeditions PS 81 (22 January–18 March 2013) and PS 96 (6 Decem-
ber 2015−14 February 2016). Multicorers (MUC6, MUC10) and the giant box corer (GKG) were deployed for meiofauna and 
macrofauna community sampling and for sediment sampling for environmental parameters. Only successful MUC and GKG 
deployments are listed. For community analyses of PS 81, 1 MUC6 core for meiofauna and 3 MUC10 cores for macrofauna 
were usually used per respective deployment. For PS 96, 3 MUC10 cores from each deployment were used for both meiofauna 
and macrofauna community analyses. Samples for environmental characterization of the water column (CTD conductivity, tem-
perature, chl a at the maximum and near-bottom) were collected with a CTD rosette equipped with Niskin bottles. For CTD 
deployments, chl a maximum and near-bottom sampling depths as well as salinity (Salbottom) and temperature (Tbottom) are given  

(from Schröder et al. 2013b, 2016b)

(Table 1 continued on next page)
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The Antarctic Peninsula (AP) regions included Drake 
Passage (DP; Stns 235, 241/244), Bransfield Strait 
(BS; Stns 118, 202, 217, 218, 225), and the northwest-
ern Weddell Sea (NW-WS; Stns 120, 162, 163). The 
southeastern Weddell Sea (SE-WS) regions included 
North Filchner Trough (N-FT; Stns 017, 026, 048) and 
South Filchner Trough (S-FT; Stns 037, 061, 072). 
Further station information and abbreviations are 
listed in Table 1. 

2.2.  Sea-ice data and ice-cover categories 

Our sampling covered stations with differing sea-
ice cover. The ice-cover data we used are daily satel-
lite measurements of sea-ice cover in percentages 
and are provided by the ‘Meereisportal’, University 
of Bremen (https://www.meereisportal.de; Gros-
feld et al. 2016). Data stem from remote sensing 
conducted with Advanced Microwave Scanning 
Radiometer-EOS (AMSR-E 89) with a resolution of 
3.125 km (Spreen et al. 2008). For each station, data 
were obtained for 9 yr before the sampling event. We 
assigned the stations visually to 5 ice-cover cate-

gories taking into account the amount, duration, and 
fluctuation of summer and early autumn sea-ice 
cover (December to April; Fig. 2, Table 2). 

For each station, mean summer (December−
February) sea-ice cover values were calculated for 
every year. These data were used to express 3 values 
(percentage) for each station: the situation in the 
summer previous to the respective sampling cam-
paign (1-yr ice cover), over the 3 yr before sampling 
(3-yr ice cover), and over the last 9 yr (9-yr ice cover) 
before sampling. 

2.3.  Sampling procedure 

2.3.1.  Sediment sampling 

Sampling sites representative of each area were 
determined on the basis of bathymetry and Ocean 
Floor Observation System surveys before multicorer 
(MUC) deployments. Where possible, we carried out 
3 to 5 MUC deployments in order to collect true repli-
cates (Table 1). In DP, BS, and NW-WS (PS 81), sedi-
ment samples for meiofauna counts and environ-
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Expedition       Region          Stn     Date (d.m.yr)    Latitude       Longitude   Depth (m)   Gear          Fauna     Salbottom   Tbottom 
 
                                            162-5     10.02.2013     64°0.14’S     56°44.33’W      221.9     MUC6         Meio                            
                                            162-6b    10.02.2013     64°0.12’S     56°44.12’W      223.8    MUC10       Macro                           
                                            163-1     10.02.2013    63°53.07’S    56°26.19’W     50/453      CTD                            34.50     −1.77 
                                            163-3     11.02.2013    63°50.97’S    56°25.24’W        517      MUC10       Macro                           
                                            163-4     11.02.2013    63°50.95’S    56°24.43’W      517.6     MUC6         Meio                            
                                            163-5     11.02.2013    63°51.01’S    56°23.97’W      516.6     MUC6         Meio                            
                                            163-6     11.02.2013    63°51.03’S    56°23.68’W      517.1     MUC6         Meio                            

PS 96                 North         017-1     08.01.2016    75°00.63’S    32°53.48’W    50/581.1    CTD                            34.67     −1.91 
Southeastern   Filchner       017-3     04.01.2016    75°00.85’S    32°52.51’W      608.2       GKG    Meio/Macro                      
Weddell Sea    Trough      026-13   08.01.2016    75°15.97’S    37°55.17’W    35/393.3    CTD                            34.66     −1.92 
                         (N-FT)       026-7a    08.01.2016    75°16.19’S    37°54.96’W      416.1    MUC10  Meio/Macro                      
                                            026-8b    08.01.2016    75°16.10’S    37°54.85’W      415.2    MUC10  Meio/Macro                      
                                           026-11a  08.01.2016    75°15.65’S    37°54.44’W      413.6    MUC10  Meio/Macro                      
                                            048-1     18.01.2016    74°46.18’S    35°18.59’W    44/469.9    CTD                            34.66     −1.92 
                                            048-7     19.01.2016    74°45.52’S    35°20.91’W      481.9    MUC10  Meio/Macro                      
                                            048-8     19.01.2016    74°45.52’S    35°20.91’W      481.8    MUC10  Meio/Macro                      

                          South         037-2     16.01.2016    75°41.87’S    42°20.25’W    40/369.3    CTD                            34.67     −1.91 
                        Filchner       037-8     16.01.2016    75°43.30’S    42°27.71’W      390.6    MUC10  Meio/Macro 
                        Trough       037-9b    17.01.2016    75°43.29’S    42°27.66’W      390.5    MUC10  Meio/Macro                          
                         (S-FT)        061-2     21.01.2016    76°05.86’S    30°18.66’W    46/445.7    CTD                            34.58     −1.90 
                                           061-5b    21.01.2016    76°05.93’S    30°18.23’W      467.6    MUC10  Meio/Macro                      
                                           061-6b    22.01.2016    76°05.89’S    30°18.38’W      466.6    MUC10  Meio/Macro                      
                                            072-2     23.01.2016    75°51.37’S    32°25.27’W    40/719.9    CTD                            34.66     −1.90 
                                            072-9     24.01.2016    75°50.85’S    32°17.44’W      755.1    MUC10  Meio/Macro                      
aOne MUC core from this deployment was used for community analyses; bTwo MUC cores from this deployment were used 
 for community analyses; cCore could only be sliced down to 4 cm sediment depth 

Table 1 (continued)
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mental parameters were collected with a MUC6 
equipped with 12 plexiglass core liners (inner dia -
meter 57 mm, surface area 25.5 cm2; Hauquier & 
Veit-Köhler 2013). Macrofauna samples were collected 

with a MUC10 equipped with 8 plexiglass core liners 
(inner diameter 94 mm, surface area 69.4 cm2; Link & 
Piepenburg 2013). In the SE-WS (PS 96), meiofauna 
and macrofauna as well as sediment samples for 

environmental analyses were collected 
from the same MUC10 (inner core dia -
meter 94 mm, surface area 69.4 cm2; 
Link et al. 2016). Because of ship con-
straints, the giant box corer (GKG) 
was used at 2 stations for PS 81 and 
one for PS 96 to obtain a sufficient 
number of cores. Heavy sea ice at 
Stn 017 minimalized ship movements. 
Visual inspection of all GKG samples 
confirmed clear overlying water and 
an intact sediment surface with light 
epifauna (such as iso pods) present 
and no sign of sloshing. Bow-wave or 
sloshing effects can there fore be neg-
lected. Moreover, ANO SIM on a data 
subset for site samples with GKG and 
MUC confirmed that macrofauna or 
meiofauna communities in samples 
obtained by GKG and MUC did not 
differ (global R = 0.01, p = 0.3; global 
R = 0.24, p = 0.05, respectively). The 
GKG was subsampled by insertion of 
MUC10 core liners (Table 1). During 
PS 81, meiofauna samples were sliced 
into 1 cm layers down to 5 cm depth 
(data published by Veit-Köhler et al. 
2017). Macrofauna cores were sieved 
whole through a 500 μm mesh. During 
PS 96, meiofauna and macrofauna 
were re trieved from the same cores, 
which were sliced into 1 cm layers 
down to 5 cm depth. The remainders 
(5 cm−bottom) were sieved through a 

18

75

50

0

25

75

50

0

25

75

50

0

25

75

50

0

25

Category I:

120
Category III:

162
163

061

Category IV:

072

037

017
Category V:

026
048

03/04 04/05 05/06 06/07 07/08 08/09 09/10 10/11 11/12

03/04 04/05 05/06 06/07 07/08 08/09 09/10 10/11 11/12

06/07 07/08 08/09 09/10 10/11 11/12 12/13 13/14 14/15

06/07 07/08 08/09 09/10 10/11 11/12 12/13 13/14 14/15

235
241/244

100

100

100

100

100

75

50

0

25

Category II:
118
202
217
218
225

03/04 04/05 05/06 06/07 07/08 08/09 09/10 10/11 11/12

Se
a 

ic
e 

co
ve

r (
%

)

Year

Fig. 2. Percentage of sea-ice cover at sta-
tions sampled during the RV ‘Polar stern’ 
expeditions PS 81 and PS 96. Data from the 
austral summer (December to April; April 
depicted as vertical grid line) of 9 yr before 
the sampling events are shown. Stations 
are grouped and categorized according to 
their ice-cover regime. PS 81, category I: 
Drake Passage (235, 241/244); II: Bransfield 
Strait (118, 202, 217, 218, 225); III: north-
western Weddell Sea (120, 162, 163); PS 96, 
category IV: South Filchner Trough (037, 
061, 072), V: North Filch ner Trough (017, 
026, 048). Data were extracted from the 
‘Meer eis portal’ of the Uni versity of Bremen 

(https://www.meereisportal.de)
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500 μm mesh. All fauna samples were preserved 
in a 4% formaldehyde−seawater solution (borax-
buffered). The overlying water was sieved through 
a 32 μm sieve and the retained organisms were 
added to the sample of the upper sediment layer. No 
statistical differences were found between macro-
fauna communities obtained from different sieving 
procedures. 

Sediment cores were subsampled for environmen-
tal parameters. Depending on expedition and type 
of  core, cut-off 10 or 60 ml syringes were pushed 
5  cm deep into the sediment. Subsamples for the 
analyses of total organic carbon (TOC), total nitrogen 
(TN), and grain size were stored at −20°C, samples 
for pigments were stored at −80°C. All cores that 
were used for macrofaunal analyses had undergone 
noninvasive incubations for a maximum of 4 d before 
sample preservation. In these cases, pigment sub-
samples were taken after the incubation. Incubations 
were run from 100% to a minimum of 70% oxygen 
saturation, so that oxygen supply was sufficient for 
benthic organisms over the whole incubation period. 
The overlying water was constantly stirred to pre-
vent stratification. No evidence indicated macro -
faunal stress or emergence. 

2.3.2.  Water-column sampling 

Oceanographic measurements and water-column 
sampling were carried out at all investigated stations 
by means of a conductivity, temperature, and depth 
profiler rosette (Table 1) (Schröder et al. 2013a, 

2016a). Water-mass parameters were measured at 
the chlorophyll maximum (Cmax, at approximately 
20−50 m, defined by looking at in situ fluorescence 
profiles) and close to the sea bottom (207−753 m). 
Temperature and salinity were determined in situ, 
and water samples for measurements of the chloro-
phyll content were taken with Niskin bottles mounted 
on the conductivity, temperature, and depth profiler 
rosette (Schröder et al. 2013b, 2016b). Seawater was 
first poured through a 100 μm sieve, which removed 
larger particles, and then filtered through glass fiber 
filters (at approximately 250 mbar so that wells would 
not be ruptured). For each filtration, 2 to 5 l were used; 
the coloring of the filters determined the amount of 
seawater used. Filters were stored at −80°C. 

2.4.  Fauna sample processing and identification 

Sediment samples were sieved with filtered tap 
water and organisms separated by size. For PS 81, 
meiofauna cores were passed through a 32 μm sieve 
(0−5 cm depth, Veit-Köhler et al. 2018) and macro-
fauna cores were passed through a 500 μm sieve 
(Link & Piepenburg 2013). For PS 96, mesh sizes of 
32 μm (only for 0−5 cm layers), 500 μm, and 1000 μm 
were used. In our study, organisms of the 500 and 
1000 μm fractions were pooled and included as ma -
crofauna. Meiofauna was extracted from the sedi-
ment by centrifugation in a flotation medium (Lev-
asil® Colloidal Silica CS40-316P 200 m2 g−1 40%). 
Kaolin was added to prevent sediment particles from 
contaminating the sample during decantation (Som-
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Category   Description/Definition                                                           Stns             Region   Depth median (m)   Chl a/CPE 
 
I                  None: no sea-ice cover during summer months           235, 241/244          DP                   380                0.08 ± 0.01 

II                 Irregular: ice-free December to March; mostly          118, 202, 217,         BS                   545                0.21 ± 0.03 
                    below 40% in March, sea-ice formation in April          218, 225 
                    (irregular, not every year) 

III                Seasonal: mostly ice-free January and February;        120, 162, 163     NW-WS               478                0.72 ± 0.04 
                    ice cover in April mostly above 50% 

IV               High: sea-ice cover throughout the year; in March     037, 061, 072        S-FT                  467                0.07 ± 0.01 
                    mostly above 75% 

V                Constant: sea-ice cover throughout the year; in         017, 026, 048       N-FT                 482                0.06 ± 0.01 
                    summer mostly 75% or above                                                

Table 2. Ice-cover categories classified according to ice-cover situation in the different regions (see Table 1 for abbreviations) 
and stations investigated during RV ‘Polarstern’ expeditions PS 81 and PS 96 (based on visual inspection of Fig. 2). Definitions 
for the interpretation of the re sults (descriptors) and median depth per category are given. Chl a/CPE (chloroplastic pigment 
equivalents) ratios (mean ± SD of the integrated 0−5 cm of sediment), an indicator of freshness of the sediment organic 
matter derived from primary production, are given to illustrate differences in food input in regions of different ice cover (see 

Section 3.1) 
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merfield & Warwick 2013). The centrifugation was 
repeated 3 times for 6 min each at 4000 rpm. The 
floating matter was decanted through a 32 μm mesh 
sieve and rinsed with tap water after each centrifu-
gation step. The supernatant generally includes the 
whole organic material and animals present in the 
sample. Meiofauna were counted and classified to 
higher taxon level by means of stereo microscopes 
Leica Mz 12.5 and Mz 125 and the keys given by 
Higgins & Thiel (1988) and Giere (2009). Copepod 
nauplii were counted separately because of ecologi-
cally relevant differences in size and diet from adults 
and copepodids (Decho & Fleeger 1988). Counts of 
unidentified larvae and other organisms were uni-
fied as ‘others’. Macrofauna were sorted with stereo 
microscopes Leica Mz 12.5 and Carl Zeiss Stemi 2000 
and classified to family level or the lowest taxonomic 
resolution possible according to identification guides 
by Hartman (1964, 1996), Fauchald (1977), Pettibone 
(1982), Sieg & Wägele (1990), Branch et al. (1991), 
Hartmann-Schröder (1996), Brandt et al. (1999), 
Martin & Davis (2001), Brökeland (2005), Chapman 
(2007), and Hayward & Ryland (2017). 

For statistical analyses, we calculated the total 
number of individuals per identified taxon per 10 cm2 
from the top to the bottom of the core for macrofauna 
and from the top 5 cm for meiofauna. Faunal data 
produced from this study has been published as Säring 
et al. (2021c–e) 

2.5.  Environmental parameters and  
sample processing 

2.5.1.  Water-column pigments 

Methods and data for PS 81 have been published 
elsewhere (Veit-Köhler et al. 2018, Vanreusel et 
al. 2021a). During PS 96, chlorophyll a (chl a) in the 
water column (chl aCmax at the chlorophyll maximum, 
chl abottom near the sea bottom) was extracted from 
the glass fiber filters with 10 ml acetone (90%) and 
kept for 24 h at 4°C in the dark. Pigment content was 
measured with a fluorometer (Turner Designs, TD-700) 
and reported in μg l−1 (equivalent to mg m−3) accord-
ing to the method of Arar & Collins (1997). Data from 
PS 96 were published by Säring et al. (2021a). 

2.5.2.  Sediment pigments 

Syringe sediment cores from PS 96 were divided 
into 1 cm layers down to 5 cm depth. Pigments were 

extracted from the resulting 2 ml wet sediment with 
10 ml acetone (90%) and analyzed with a fluorome-
ter (Turner Designs, TD-700) according to the proto-
col of Riaux-Gobin & Klein (1993). Chl a and its 
degradation products, phaeopigments (Phaeo), were 
determined for each 1 cm layer, expressed in μg g−1, 
and published by Säring et al. (2021b). Methods and 
data for PS 81 have been published (Veit-Köhler et 
al. 2018, Vanreusel et al. 2021b). In deeper sediment 
layers, these measurements may include artefacts 
resulting from other pigments that fluoresce at the 
same wavelength as chl a and its degradations prod-
ucts (Mincks et al. 2005). Because our samples were 
from shallower sediment depths, we did not expect 
a major influence. From these data, another para -
meter was derived: CPE (chloroplastic pigment 
equivalents), the sum of chl a and Phaeo, which is a 
proxy for the quantity of deposited microalgae. The 
ratio chl a/CPE was used as a standardized proxy for 
the food quality at the seafloor (indicator for fresh-
ness of deposited microalgal remnants; Pantó et al. 
2021). 

2.5.3.  Grain size 

Sediment grain size from wet sediments was meas-
ured with a Malvern Mastersizer 2000 (PS 81; Veit-
Köhler et al. 2018, Vanreusel et al. 2021b) and 
a  Malvern Mastersizer 3000 (PS 96; Säring et al. 
2021b) with a particle size range 0.002−2000 μm. 
Results were expressed as percentages of different 
size fractions according to Wentworth (1922). Usually, 
1/4 of the 1 cm sediment layers from the syringes 
(0−5 cm) was analyzed. For better data handling, 
results of grain size fractions were summed to reduce 
the number of classes to 3: silt and clay (< 63 μm), 
sand (63−500 μm), and coarse sand (sand fraction 
> 500 μm). 

2.5.4.  Organic matter 

Before analysis, 1 cm sediment slices from the 
syringes were freeze-dried. Percentages of TOC and 
TN were determined with a Flash EA 1112+ MAS 
200 elemental analyzer for PS 81 (Veit-Köhler et 
al.  2018, Vanreusel et al. 2021b) and flash com -
bustion in a Flash 2000 (Thermo) elemental ana-
lyzer at 1020°C coupled via a ConFlo IV (Thermo) 
interface to a Delta V advantage (Thermo) isotope 
ratio mass spectrometer for PS 96 (Säring et al. 
2021b). For TOC measurements, inorganic carbon 
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was re moved by addition of 2% HCl until fizzing 
stopped, and samples were dried before combus-
tion. As an indicator of the de gradation state of 
organic matter, the C/Nmolar ratio was calculated as 
TOC/TN × 14/12. 

For a detailed overview of definitions of environ-
mental variables and the interpretation of the results, 
see Table 2 of Veit-Köhler et al. (2018). 

2.6.  Statistical analyses 

Environmental data included in statistical analy-
ses are 1-yr, 3-yr, and 9-yr ice cover; water depth, 
salinity, and temperature at the bottom; and the 
biological water-column measurements chl aCmax 
and chl abottom, at the chlorophyll maximum and 
from bottom water, respectively. Sediment param-
eters were silt and clay, sand, coarse sand, TOC, 
TN, C/Nmolar, chl a, Phaeo, CPE, and chl a/CPE. 
For statistical analyses, data from 0−5 cm depth 
were averaged. 

We tested for significant differences between the 
5 ice-cover categories (Hypothesis 1) on the basis of 
major food-availability parameters for each (chl a, 
Phaeo, chl a/CPE, TOC, C/Nmolar, chl aCmax, chl abottom). 
Because of multiple testing, a Bonferroni correction 
(p < 0.05/n, n = number of parameters) was carried 
out, and a threshold alpha of p < 0.007 was applied 
for the main tests. We used one-way ANOVA (factor 
‘ice-cover category,’ 5 levels) and Tukey’s post hoc 
test when assumptions of normality and homo-
geneity of variance were met (parameters C/Nmolar, 
chl aCmax). If data failed to meet these assumptions 
even after transformation, we applied the Kruskal-
Wallis test on ranks and the pairwise multiple com-
parison procedures of Dunn’s method (chl a, Phaeo, 
chl a/CPE, TOC, chl abottom). Box plots were used to 
visualize sediment parameters in each ice-cover cat-
egory. Because replicates of water-column meas-
urements per station were not usually available, 
water-column data were depicted as scatter plots. 
Uni variate statistics were run with SigmaPlot 11. We 
used principal components analysis (PCA) to analyze 
the importance of environmental parameters related 
to primary production and food availability at the 
seafloor (chl a, Phaeo, CPE, chl a/Phaeo, chl a/CPE, 
TOC, TN, C/Nmolar, chl aCmax, chl abottom). Before 
analysis, Draftsman plots were created. In cases 
where strong correlations (R > 0.76) between vari-
ables were observed, one of the related variables 
was left out. Remaining variables included in the 
final dataset were normalized. We ran a one-way 

analysis of similarities (ANOSIM; 9999 permuta-
tions, food-availability parameters as variables, fac-
tor ‘ice-cover category’) on the similarity matrix to 
test for significant differences among the 5 ice-
cover categories. The resemblance matrix for en -
vironmental data was based on Euclidean distance. 

Differences in faunal communities (variables: meio -
fauna taxon abundances, macrofauna taxon abun-
dances, and combined meiofauna and macrofauna 
taxon abundances) among the 5 ice-cover categories 
(Hypothesis 2) were analyzed by one-way ANOSIM 
(9999 permutations). Meiofauna data were square-
root transformed; macrofauna data were not. The 
combined table of meiofauna and macrofauna was 
merged from the respective raw data and square-
root transformed. Bray-Curtis similarity was applied 
as a resemblance measure for all matrices. Non-
metric multidimensional scaling (nMDS) was used to 
visualize similarities among replicate cores for the 
separate meiofauna and macrofauna communities. 
For the combined meiofauna and macrofauna com-
munities, the average per station was calculated, 
because meiofauna and macrofauna were not sam-
pled from the same cores during expedition PS 81. 
Abundance was calculated as individuals per 10 cm2; 
individual numbers per 100 cm2 were used only for 
the visualization of macrofauna abundances with 
bubble plots. 

We used distance-based linear models (DistLM) to 
test for the influence of environmental parameters on 
meiofauna and macrofauna communities (Hypothe-
sis 3). For faunal communities, the similarity matrices 
described above were used. Before analysis, we 
checked for autocorrelation among the environ-
mental variables. If strong correlations (R > 0.83) 
between variables were detected, one variable was 
left out (for details, Section 3.3). The remaining data 
were normalized before DistLM. The best solution 
model for predicting variables was chosen on the 
basis of the AICC criterion, which is particularly well 
suited when the number of samples (N) is small 
compared to the number of predictors (n; N/v < 40, 
v = number of parameters in the model) (Anderson 
et al. 2008). For the best model specified by this pro-
cedure, we ran sequential tests based on adjusted 
R2 to determine the amount of variation explained 
by  the retained environmental variables. The best 
models for meiofauna and macrofauna communities 
were visualized by distance-based redundancy an -
alysis (dbRDA graphs). All multivariate analyses 
were run with PRIMER v7 and the PERMANOVA+ 
add-on package (Anderson et al. 2008, Clarke et 
al. 2014). 
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3.  RESULTS 

3.1.  Food production and availability in regions 
with differing ice cover 

The sampled regions were classified into 5 cate-
gories of ice cover (see Section 2.2; Fig. 2, Table 2): 

I = none (DP), II = irregular (BS), III = seasonal (NW-
WS), IV = high (S-FT), and V = constant (N-FT). We 
found significant differences among the ice-cover cat-
egories for all primary-production and food-avail-
ability proxies (Fig. 3, Tables S1 & S2 in the Supple-
ment at www.int-res.com/articles/suppl/m700p013_
supp.pdf). For chl a, categories III and V differed 
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Fig. 3. Primary-production–related sediment (chl a, TOC, Phaeo, C/Nmolar, chl a/CPE [chloroplastic pigment equivalents]) and 
water-column parameters sampled during RV ‘Polarstern’ expeditions PS 81 (22 January–18 March 2013) and PS 96 
(6 December 2015−14 February 2016). Average station data grouped according to ice-cover categories I−V (see Table 2). Box 
plots indicate median (bar within box), 25th and 75th percentiles (upper and lower boundaries of box), 10th and 90th per-
centiles (whiskers), and outlying maximum and minimum values (dots) per category. Different lowercase letters indicate sig-
nificant differences (p < 0.5) among groups detected by one-way ANOVA and Tukey’s post hoc test (C/Nmolar, chl aCmax) or  

Kruskal-Wallis test on ranks and Dunn’s method (chl a/CPE, chl a, TOC, Phaeo). Note the logarithmic scale for chl a
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from almost all other categories (p < 0.05), except for 
II and I, respectively. For TOC, significant differ-
ences (p < 0.05) were detected between category V 
and all other categories except IV. Significant differ-
ences in C/Nmolar were detected between category V 
and all other categories (p < 0.05). For parameters chl a, 
Phaeo, and chl a/CPE, no significant differences were 
detected between the 2 most different ice-cover cat-
egories, I and V. Significant differences in chl aCmax 
were found between category I and all other cate-
gories and between categories III and IV (p < 0.05). 
Differences between categories could not be tested for 
chl abottom because of the low number of replicates. 

Category III showed the highest mean values for 
sediment chl a (17.09 μg g−1), Phaeo (6.94 μg g−1), 
TOC (1.20%), chl a/CPE (0.72), and the water-column 
parameter chl abottom (0.03 μg l−1). Category III showed 

high variability in TOC and Phaeo (Fig. 3, Table 3). 
In contrast, categories IV and V in SE-WS displayed 
the lowest stocks of organic material (TOC: 0.41 and 
0.30%, respectively), low freshness values (chl a/CPE: 
0.07 and 0.06), and the highest degradation state of 
the organic material (C/Nmolar: 8.68 and 10.82). Cat-
egories I and II were characterized by intermediate 
values of TOC but clearly differed in their amounts 
of chl a (I: 0.08 μg g−1; II: 0.53 μg g−1) and Phaeo (I: 
0.93 μg g−1; II: 1.88 μg g−1). In chl a/CPE, category I 
(0.08) was similar to categories IV and V. Overall, 
low pigment contents and freshness values were ob -
served in the sediments of categories I, IV, and V, 
indicating high degradation rates and/or low food 
availability in the respective areas. In contrast, cate-
gory III revealed a higher amount of fresh material 
and high food availability. 
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                                                                             Water-column parameters 
Region   Ice-cover    1-yr ice      9-yr ice     TCmax      Tbottom      SalCmax     Salbottom    Chl aCmax Chl abottom  
               category  cover (%)  cover (%)     (°C)          (°C)                                            (μg l−1)      (μg l−1) 
 
DP                 I                0                0            1.19          0.54         34.17        34.52          0.76          0.01  
                                      ± 0             ± 0         ± 0.07       ± 0.11       ± 0.03       ± 0.02        ± 0.09       ± 0.005 
BS                 II             0.28           0.65        −0.85       −0.89        34.22        34.54          0.22          0.02  
                                   ± 0.27        ± 1.16       ± 0.37       ± 0.15       ± 0.15      ± 0.009       ± 0.04       ± 0.008 
NW-WS        III            5.71           9.87        −1.69       −1.82        34.35        34.47          0.07          0.03  
                                   ± 4.03        ± 4.47       ± 0.15       ± 0.04       ± 0.03       ± 0.02        ± 0.01       ± 0.004 
S-FT             IV           40.79         54.51       −1.74       −1.90        34.36        34.64          0.36          0.01  
                                  ± 18.07      ± 13.38      ± 0.02      ± 0.007      ± 0.08       ± 0.04        ± 0.10       ± 0.004 
N-FT             V            93.28         89.00       −1.80       −1.92        34.32        34.66          0.15         0.003  
                                   ± 4.06        ± 2.62       ± 0.04      ± 0.005      ± 0.03      ± 0.004       ± 0.06       ± 0.002 

                                                                                Sediment parameters 
Region   Ice-cover     Chl a        Phaeo        CPE        Chl a/      TOC%       TN%       C/Nmolar     Silt and      Sand      Coarse 
               category    (μg g−1)      (μg g−1)    (μg g−1)       CPE                                                            clay (%)        (%)      sand (%) 
 
DP                 I              0.08           0.93         1.01         0.08          0.63          0.09           7.70         92.12         7.11         0.77  
                                   ± 0.02        ± 0.22       ± 0.24       ± 0.01       ± 0.04      ± 0.004       ± 0.25        ± 0.26        ± 0.28      ± 0.54 
BS                 II             0.53           1.88         2.41         0.21          0.79          0.17           6.03         67.89        25.58        6.53  
                                   ± 0.56        ± 1.77       ± 2.33       ± 0.03       ± 0.24       ± 0.06        ± 1.58       ± 17.10      ± 10.96     ± 6.18 
NW-WS        III           17.09          6.94        24.03        0.72          1.20          0.20           6.87         80.26        19.55        0.19  
                                  ± 10.46       ± 3.99      ± 14.32      ± 0.04       ± 0.41       ± 0.04        ± 0.69       ± 13.15      ± 12.98     ± 0.17 
S-FT             IV            0.11           1.42         1.54         0.07          0.41          0.06           8.68         82.68        15.36        0.70  
                                   ± 0.04        ± 0.41       ± 0.45       ± 0.01       ± 0.06       ± 0.01        ± 1.05        ± 5.79        ± 4.06      ± 0.47 
N-FT             V             0.05           0.79         0.84         0.06          0.30          0.03          10.82        64.33        33.19        2.48  
                                   ± 0.01        ± 0.37       ± 0.40       ± 0.01       ± 0.05      ± 0.003       ± 0.88        ± 6.84        ± 6.14      ± 0.72

Table 3. Environmental characteristics of sediment (sampled with MUC; our data) and water column (sampled with CTD con-
ductivity, temperature, and depth profiler equipped with Niskin bottles; chl a: our data; temperature and salinity data: 
Schröder et al. 2013a, 2016a) gathered during RV ‘Polarstern’ expeditions PS 81 (22 January–18 March 2013) and PS 96 
(6 December 2015−14 February 2016). Sediment parameters were averaged from 0 to 5 cm depth. Mean ± SD of environmen-
tal parameters given per ice-cover category (I: Drake Passage; II: Bransfield Strait; III northwestern Weddell Sea; IV: South 
Filchner Trough; V: North Filchner Trough). Ice-cover parameters: 1-yr ice cover: mean Dec−Feb ice cover of the year before 
the sampling campaign; 9-yr ice cover: mean Dec−Feb ice covers of 9 years before the sampling campaign. Water-column 
parameters — Cmax: measurement at the chlorophyll maximum; bottom: measurement close to the seafloor; chl a: chlorophyll a 
content in the water column; T: temperature; Sal: salinity. Sediment parameters — silt and clay : grain size fraction <63 μm; 
sand %: grain size fraction >63 and <500 μm; coarse sand %: >500 μm; TN%: total nitrogen; TOC%: total organic carbon; 
C/Nmolar: molar carbon:nitrogen ratio; Phaeo: content of phaeopigments; CPE: sum of chl a and Phaeo; chl a/CPE: ratio of chl a  

and CPE. Data are published in Säring et al. (2021a,b) and Vanreusel et al. (2021a,b)
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Water-column measurements represent a snap-
shot in time. Categories I−IV showed up to 10 times 
higher chl abottom values (0.01−0.03 μg l−1) than cat-
egory V. An ongoing phytoplankton bloom was 
detected for category I, which had 10 times higher 
chl aCmax values (0.76 μg l−1) than category III (Fig. 3, 
Table 3). 

The PCA was carried out on the basis of 6 environ-
mental parameters representing the food situation 
(Fig. 4): chl aCmax, chl abottom, chl a, chl a/CPE, TOC, 
C/Nmolar (data were normalized before analysis). The 
variables Phaeo, chl a/Phaeo, CPE, and TN were left 
out because of their correlations with other variables 
(Phaeo and CPE: R = 0.95; chl a/Phaeo and chl a/
CPE: R = 0.93; CPE and chl a: R = 0.99, TN and TOC: 
R = 0.91). Samples belonging to different ice-cover 
categories formed distinguishable clusters. The first 
3 PC axes described 87.9% of the detected variation. 
Along PC1, structuring parameters were chl a/CPE 
and TOC (coefficients 0.506 and 0.486, respectively). 
Along PC2, chl aCmax and C/Nmolar were most impor-
tant (0.627 and −0.562, respectively). Chl aCmax and 
chl a were the structuring parameters for PC3 
(−0.645 and −0.532, respectively). The PCA sepa-
rated category III from the other categories mainly by 
the food parameters chl a/CPE and TOC followed by 

chl a and chl aCmax, whereas samples from the other 
categories were separated from each other by C/Nmolar 
and chl abottom (Fig. 4). 

Hypothesis 1 was statistically confirmed by one-
way ANOSIM of the environmental food parameters 
(chl aCmax, chl abottom, chl a, chl a/CPE, TOC, C/Nmolar; 
factor ‘ice-cover category’; global R = 0.79, p = 
0.0001; for nMDS, see Fig. S1). Pairwise tests showed 
that all 5 ice-cover categories differed significantly 
from each other. The lowest R-value of 0.66 (p = 
0.0001) was that between categories II and III. 
Among all other categories, differences were greater 
(R ≥ 0.76, p ≤ 0.0002), with R > 0.92 in 5 out of 10 pair-
wise tests. The highest value (R = 1) was that be -
tween categories I and V. 

3.2.  Meiofauna and macrofauna community  
composition in regions with differing ice cover 

The sediment samples collected for fauna com -
munity analyses contained 589 799 individuals, of 
which 585 825 belonged to meiofauna and 3974 to 
macrofauna (data available from PANGAEA: Veit-
Köhler et al. 2017, Säring et al. 2021c–e). The taxa 
listed show the taxonomic resolution of identifica-

tion for meiofauna and macrofauna. 
Meiofauna included 20 higher taxa 
and copepod nauplii (603 individuals 
remained undetermined). Nematodes 
dominated in all samples at all sta-
tions, followed by copepod nauplii 
and copepods. The other meiofauna 
groups were, in descending order 
of abundance: kino rhynchs, an ne lids, 
ostracods, tardigrades, bivalves, pri -
apulids, gastro trichs, loriciferans, co -
elenterates, tanaids, acari, rotifers, 
iso pods, cuma ceans, amphipods, cla -
do cerans, ophiurids, and gastropods. 
For macrofauna, 19 different major 
groups were identified, of which an -
nelids were the dominant group 
with 2194 individuals (2167 poly-
chaetes, 27 oligo chae tes). The macro -
faunal groups were, in descending 
order of abundance: poly chaetes, bi -
valves, nematodes, amphi pods, echi -
no derms, ostracods, tanaids, isopods, 
cumaceans, copepods, oligo chaetes, 
mysids, gastropods, chorda tes, acari, 
sipunculids, cnidarians, panto pods, 
and kino rhynchs. Ascidians, bryo -
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Fig. 4. Principal components analysis of the food-related parameters measured 
in the 5 ice-cover categories (I−V) during RV ‘Polarstern’ expeditions PS 81 
and PS 96. Sediment (0−5 cm): chl a: chlorophyll a; Phaeo: phaeopigments; chl 
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Water-column: chl aCmax: chl a at the chlorophyll maximum in the water col-
umn; chl abottom: chl a close to/at the seafloor in the water column (see Table 3  

for absolute values)
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zoans, poriferans, and fora minifers were not suffi-
ciently abundant or conserved and were therefore 
excluded from the analyses. 

3.2.1.  Meiofauna communities 

In general, meiofauna communities followed the 
classification of regions into ice-cover categories 
(Hypothesis 2). One-way ANOSIM based on Bray-
Curtis similarity of the meiofauna communities re -
vealed significant differences among ice-cover 
categories (global R = 0.76, p = 0.0001, visualized 
by nMDS; Fig. 5). Pairwise tests detected the 
greatest differences between II and III; IV and II, 
III; and V and I, II, III (R > 0.81, p < 0.0002). Fur-
ther significant differences were detected be tween 
categories I and II, III, and IV (0.56 < R < 0.8, p < 
0.0002). Meiofauna communities of categories IV 

and V did not differ from each other (R = 0.19, p = 
0.012). 

The meiofauna nMDS (Fig. 5) shows the close con-
nection between ice-cover categories IV and V and 
one sample from Stn 217 (category II). Superimposed 
bubble plots depict the abundances of the important 
taxa nematodes, copepods, kinorhynchs, ostracods, 
and tardigrades. Nematodes were the overall struc-
turing taxon, with the highest numbers in category III 
(mean 5848.3 ind. 10 cm−2) and the lowest in cate-
gory V (mean 904 ind. 10 cm−2). Copepods, kino -
rhynchs, and ostracods had highest abundances in 
category III (444, 64.7, and 65.7 ind. 10 cm−2, respec-
tively), which therefore differed from all other cate-
gories. Copepods and kinorhynchs showed a depth-
related opposite abundance pattern for sampling 
sites in category III (Fig. 5). Tardigrades and lori -
ciferans showed a distribution pattern the opposite of 
that of most of the other taxa. 
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Fig. 5. Similarity of meiofauna communities: non-metric multidimensional scaling (nMDS) of the Bray-Curtis similarity of square-
root-transformed fauna abundance data of single cores (0−5 cm) collected in regions in different ice-cover categories during  

RV ‘Polarstern’ expeditions PS 81 and PS 96. Bubble plots show the individual numbers of selected taxa per 10 cm2
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3.2.2.  Macrofauna communities 

One-way ANOSIM of the macrofauna community 
samples revealed significant differences among 
ice-cover categories (global R = 0.44, p = 0.0001, 
sample distribution depicted as nMDS; Fig. 6). 
Pairwise tests showed that ice-cover category III 
(NW-WS) differed from all other categories (0.49 
<  R <  0.97, p < 0.0002). Further significant differ-
ences in macro fauna communities were only de -
tected between categories II and V (R = 0.46, p = 
0.0001). Regarding Hypothesis 2, differences be -
tween macrofauna communities of different ice-

cover categories were not as pronounced as those 
of meiofauna. 

The nMDS shows the similarities between macro-
fauna communities of categories I, IV, and V (Fig. 6). 
Superimposed bubble plots depict the abundances of 
the most abundant macrofauna taxa: annelids, bi -
valves, echinoderms, amphipods, ostracods, and iso -
pods. Annelids were most abundant in categories II 
and III (mean 85.1 and 100.2 ind. 100 cm−2, respec-
tively). Category III also displayed the highest abun-
dances of bivalves (mean 93.9 ind. 100 cm−2), ostra-
cods (mean 9 ind. 100 cm−2), and echinoderms (mean 
10.9  ind. 100 cm−2). Within this category, annelids 
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Fig. 6. Similarity of macrofauna communities: nMDS of 
the Bray-Curtis similarity of non-transformed fauna abun-
dance data of single cores collected in regions with differ-
ent ice-cover categories during RV ‘Polarstern’ expedi-
tions PS 81 and PS 96. Bubble plots show the individual  

numbers of selected taxa per 100 cm2
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showed a depth-related abundance pattern opposed 
to those of bivalves and ostracods (Fig. 6). Isopods 
showed highest abundances in categories I and II 
(mean 1.5−1.6 ind. 100 cm2) and lower abundances 
across the other regions. Amphipods had similar 
abundances in categories I, II, and III (around 4.6 ind. 
100 cm−2) but were nearly absent in categories IV 
and V, as were echinoderms and ostracods. Ostra-
cods were absent from category I. 

3.2.3.  Combined meiofauna and  
macrofauna communities 

ANOSIM of the combined communities (average of 
each taxon per station) indicated significant differ-
ences between ice-cover categories (global R = 0.74, 
p = 0.0001). Pairwise tests were limited because of 
the low number of replicates and possible permuta-
tions (10−56). Significant differences were only 
detected between categories II and III, IV, and V (R > 
0.72, p = 0.02), but the nMDS shows close connec-
tions between communities of categories IV and V 
and the separation of the remaining categories 
(Fig. 7). Hypothesis 2, to a certain degree, is still true 
for the combined analysis of meiofauna and macro-
fauna communities. 

3.3. Relationship of meiofauna and macrofauna 
communities to environmental parameters 

Environmental variables were tested for autocorre-
lation before DistLM analyses. The following vari-
ables were omitted from further analyses: Phaeo, cor-
relation with chl a (R = 0.93) and CPE (R = 0.96); CPE, 

with chl a (R = 0.99); chl a/Phaeo, with chl a/CPE (R = 
0.97); TN, with TOC (R = 0.91); and sand, with silt 
and clay (R = −0.98). Further correlations were found 
among the parameters 1-, 3-, and 9-yr ice cover, but 
each time span represents a distinct parameter for 
ecological interpretation. We therefore included the 
shortest and the longest time span (1- and 9-yr ice 
cover) and omitted 3-yr ice cover from further an -
alyses to avoid an overrepresentation of the para -
meter ‘ice cover’. Although Salbottom was correlated 
with both remaining ice-cover variables, TCmax (cor -
relation with Tbottom) and SalCmax were left out be -
cause they did not play a role in the study of the 
benthos. 

Predicting variables for the models were the 12 
environmental parameters depth, 1-yr ice cover, 9-yr 
ice cover, Tbottom, chl aCmax, chl abottom, chl a, chl a/
CPE, TOC, C/Nmolar, silt and clay, and coarse sand. 

3.3.1.  Meiofauna and the environment 

The best model explaining variation in meio-
fauna communities included 11 out of the 12 vari-
ables (DistLM BEST procedure with AICC selection 
criterion; Table S3): depth, 1-yr ice cover, 9-yr ice 
cover, Tbottom, chl aCmax, chl abottom, chl a, chl a/CPE, 
TOC, C/Nmolar, and coarse sand. The first 2 axes 
together explained 78.4% of the total variation and 
89.5% in the fitted model (Fig. 8, Table 4). In the 
sequential tests, 1-yr ice cover contributed most to 
the explained total variation (34.7%, p = 0.0001), fol-
lowed by chl a (20.2%, p = 0.0001), depth (9.7%, p = 
0.003), and TOC (5.0%, p = 0.0001). The contribu-
tions of chl aCmax and chl abottom were not statistically 
significant (Table 4). The overall model explained 
84% of the variation (adj. R2, Table 4). 

Variation on the first axis (dbRDA) mainly sepa-
rated the meiofauna communities of ice-cover cate-
gory III from those of all other categories (total varia-
tion 57.4%; Fig. 8). Chl a/CPE, TOC, 1-yr ice cover, 
and chl a (in that order) contributed most to dbRDA1 
on the basis of the coefficients of the dbRDA. Meio-
fauna communities of ice-cover category II were sep-
arated from those of the other categories by the vari-
ation along dbRDA2 (20.9% of total variation; Fig. 8). 
The parameters 9-yr ice cover, depth, TOC, and 
coarse sand (in that order) contributed most to this 
axis. Along dbRDA3 (5.7%), chl a and 1-yr ice cover 
were the most important parameters. Overall, 1-yr 
ice cover, 9-yr ice cover, and C/Nmolar were the major 
parameters distinguishing meiofauna communities of 
ice-cover categories I, IV, and V. 
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Fig. 7. Similarity of combined meiofauna and macrofauna 
communities: nMDS of the Bray-Curtis similarity of square-
root−transformed fauna abundance data of single cores col-
lected in regions in different ice-cover categories during RV  

‘Polarstern’ expeditions PS 81 and PS 96
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dbRDA1 (65.6% of fitted, 57.4% of total variation)
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Fig. 8. Environmental drivers for meiofauna community composition: distance-based redundancy analysis (dbRDA) of envi-
ronmental parameters explaining the multivariate fauna community of single cores from different ice-cover categories (I−V) 
sampled during RV ‘Polarstern’ expeditions PS 81 and PS 96 (see Table 1). Sediment parameters — coarse sand: % grain size 
fraction >500 μm; TOC: % total organic carbon; chl a: content of chl a; chl a/CPE: ratio of chl a and CPE. Water-column para -
meters — chl aCmax: chl a in the water column measured at the chlorophyll maximum; chl abottom: chl a in the water column 
measured at the bottom; Tbottom: temperature measured at the bottom. 1-yr ice cover: mean of the daily values (%) of Antarctic 
summer sea-ice cover (Dec−Feb) 1 yr before sampling; 9-yr ice cover: mean of the daily values (%) of Antarctic summer  

sea-ice cover (Dec−Feb) of the 9 yr before sampling 

Sequential tests    Adj. R2         SS (trace)        Pseudo-F            p           Probability      Cumulative probability       Residual df 
 
Depth                    0.0801           2298.0               5.61            0.0029           0.0974                        0.0974                            52 
1-yr ice cover        0.4224           8178.0                31.81            0.0001           0.3467                        0.4442                            51 
9-yr ice cover        0.4575           1039.8               4.31            0.0128           0.0441                        0.4882                            50 
Tbottom                    0.4907            963.9               4.25            0.0184           0.0409                        0.5291                            49 
Chl aCmax               0.4893            198.5               0.87            0.4013           0.0084                        0.5375                            48 
Chl abottom              0.4976            400.9               1.79            0.1543           0.0170                        0.5545                            47 
Chl a                      0.7191           4756.6                38.05            0.0001           0.2017                        0.7562                            46 
TOC                      0.7722           1188.6                11.72            0.0001           0.0504                        0.8066                            45 
C/Nmolar                 0.7818            290.6               2.99            0.0274           0.0123                        0.8189                            44 
Coarse sand          0.7969            384.9               4.26            0.0041           0.0163                        0.8352                            43 
Chl a/CPE             0.8423            940.1                13.40            0.0001           0.0399                        0.8751                            42 
 
Percentage of variation explained by individual axes 

Axis               Fitted model            Total variation 
                           Individual    Cumulative     Individual  Cumulative 
 
1                              65.61             65.61               57.41            57.41 
2                              23.92             89.53               20.93            78.35 
3                               6.53              96.06                5.72             84.06 
4                               3.17              99.24                2.77             86.84 
5                               1.46             100.70               1.28             88.12 

Best solution: adj. R2 = 0.842; R2 = 0.875; RSS = 2947; 11 variables 

Table 4. Meiofauna communities explained by environmental parameters: results of sequential tests on the best distance-
based linear model (DistLM) based on the AICC (Table S3) and variation explained along each axis of the best DistLM. The 
procedure included the 11 predictor variables to explain the variation in meiofauna community composition (Bray-Curtis 
resemblance matrix). p-values of significant predictor variables are in bold. Depth: mean MUC sampling depth per station.  

Abbreviations as in Table 3
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3.3.2. Macrofauna and the environment 

On the basis of the selection criterion AICC, 9 out of 
12 environmental variables were selected for the 
best DistLM model (Table S4) explaining the varia-
tion in macrofauna community composition (Table 5): 
depth, 1-yr ice cover, chl aCmax, chl abottom, chl a, TOC, 
C/Nmolar, silt and clay, and coarse sand. The first 2 
axes together explained 56.7% of the variation in the 
total model and 78.9% in the fitted model (Table 5, 
Fig. 9). In the sequential tests, 1-yr ice cover con-
tributed most to the explained total variation (21.0%, 
p = 0.0001), followed by chl a (10.9%, p = 0.0001), 
TOC (10.9%, p = 0.0001), chl aCmax (10.6%, p = 0.0001), 
and C/Nmolar (8.4%, p = 0.0001). The contribution of 
chl abottom was not significant (Table 5). The overall 
model explained 66% of the variation (adj. R2; Table 5). 

Variation on the first axis (dbRDA) mainly separated 
the macrofauna communities of category III and parts 
of category II from those of the other categories (Fig. 9). 
TOC followed by C/Nmolar and 1-yr ice cover contributed 
most to dbRDA1, explaining 42.4% of total macro-
fauna community variation. Macrofauna communities 
of category III, and one station each from categories 
IV and V, were separated from the other categories by 
the variation along dbRDA2 (14.3% of total variation; 

Fig. 9). The parameters chl a and 1-yr ice cover corre-
lated most with the second dbRDA axis. Along the 
dbRDA3 (8.3%), chl a, C/Nmolar, and silt and clay (in 
that order) were the most important parameters. 

The results tend to support our Hypothesis 3. Al -
though 1-yr sea-ice cover and chl a were the parameters 
explaining most of the variation in both meio faunal 
and macrofaunal community composition, chl aCmax, 
C/Nmolar, and TOC were more important for macro-
fauna. Depth and grain size were less important. 

4.  DISCUSSION 

For the first time, we demonstrate the relationship 
between sea-ice cover regime, food input, and the 
composition of meiofauna and macrofauna commu-
nities. We assigned ice-cover categories that proved 
to be related to benthic conditions. 

4.1.  Regions with distinct ice-cover regimes 
represent different food situations at the seafloor 

Climate change is altering sea-ice distribution and 
duration in the Southern Ocean. Increasing sea-
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Sequential tests     Adj. R2          SS (trace)        Pseudo-F               p          Probability     Cumulative probability    Residual df 
 
Depth                      0.0266             4633.1               2.59              0.0429         0.0434                      0.0434                         57 
1-yr ice cover          0.2263              22374.0                15.71              0.0001         0.2096                      0.2530                         56 
Chl aCmax                0.3236              11272.0               9.05              0.0001         0.1056                      0.3585                         55 
Chl abottom               0.3300             1888.4               1.53              0.1609         0.0177                      0.3762                         54 
Chl a                       0.4371              11682.0                11.28              0.0001         0.1094                      0.4857                         53 
TOC                        0.5475              11601.0                13.93              0.0001         0.1087                      0.5943                         52 
C/Nmolar                   0.6336             8917.0                13.22              0.0001         0.0835                      0.6778                         51 
Silt & clay               0.6431             1548.6               2.36              0.0261         0.0145                      0.6923                         50 
Coarse sand            0.6663             2746.2               4.47              0.0009         0.0257                      0.7181                         49 
 
Percentage of variation explained by individual axes 

Axis                  Fitted model           Total variation 
                           Individual    Cumulative     Individual  Cumulative 
 
1                               59.04               59.04                42.4               42.40 
2                               19.88               78.92               14.27              56.67 
3                               11.58               90.50                8.31               64.98 
4                                4.07                94.57                2.92               67.90 
5                                2.50                97.07                 1.8                69.70 

Best solution. adj. R2 = 0.666; R2 = 0.718; RSS = 30101; 9 variables 

Table 5. Macrofauna communities explained by environmental parameters: results of sequential tests on the best distance-
based linear model (DistLM) based on the AICC (Table S4) and variation explained along each axis of the best DistLM. The 
procedure included the 9 predictor variables to explain the variation in macrofauna community composition (Bray-Curtis 
resemblance matrix). p-values of significant predictor variables are in bold. Depth: mean MUC sampling depth per station.  

Abbreviations as in Table 3
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surface temperatures lead to decreasing sea-ice cover, 
as known from regions around the AP, whereas the 
opposite is known from the SE-WS (Turner et al. 
2016, Comiso et al. 2017). Sea-ice cover and oceano-
graphic conditions structure environmental condi-
tions and influence habitats at the seafloor in the 
Southern Ocean (Gutt & Piepenburg 2003, Isla 2016). 
In the marginal sea-ice zones and temporary poly -
nyas near the coast, a constant opening and closing 
of the sea ice encourages the release of ice algae and 
the stability of the water-column stratification, which 
support regional phytoplankton blooms (Grebmeier 
& Barry 1991, Kang et al. 2001, Lizotte 2001). The 
presence of food banks, as mentioned for the NW-WS 
(Veit-Köhler et al. 2018), is based on low bottom-
water temperatures, which decelerate the remineral-
ization of the phytodetritus (Isla et al. 2002, Mincks et 
al. 2005). A high chl a/CPE ratio as in category III is 
found when a very high input of fresh primary pro-
duction occurs on a regular basis. The high input is 
counterbalanced by a continuous process of con-
sumption by the (numerous) benthic organisms. This 
process leads to a Phaeo content that is lower than 
that of the freshly arrived chl a, which is not a contra-
diction of the presence of food banks. The chl a/CPE 
ratio used underlines the role of food freshness in the 
classification into ice-cover categories, because it 

describes a standardized proxy for food quality re -
lated to total available food at the seafloor. Cate-
gories also differed in measures of fresh primary pro-
duction (chl a), degraded material (Phaeo, C/Nmolar), 
and organic material as such TOC, but not as consis-
tently. Chl a/CPE helps to unravel the relationships 
between the categories of these measures and proves 
to be a valuable proxy for them. 

In our study, the highest pigment content, even in 
deeper sediment layers (0−5 cm depth: mean chl a 
17.09 μg g−1, Phaeo 6.94 μg g−1), was found in cate-
gory III, seasonal ice-cover (NW-WS). Comparable 
values in the Southern Ocean have been reported 
only from sediment surface layers in shallow Antarc-
tic bays (Vanhove et al. 1998, de Skowronski & Cor-
bisier 2002, Veit-Köhler 2005, Pasotti et al. 2014). 
Despite the high pigment values in the sediment, the 
chl a value in the water column was low compared to 
that of other regions with seasonal ice-cover regimes 
(Moore & Abbott 2000). An opposite pattern, highest 
primary production in the water column and low sed-
iment pigment values, was observed for category I, 
with no ice cover (DP). Because relatively warm bot-
tom water mixes with upper water layers in ice-free 
zones, the nutrient concentration increases in the 
upper water column and supports phytoplankton 
accumulation (mostly diatoms). Thus, a chl a maxi-
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Fig. 9. Environmental drivers for macrofauna community composition. Distance-based redundancy analysis of environmental 
parameters and the multivariate fauna communities of single cores from regions in different ice-cover categories (I−V) sam-
pled during RV ‘Polarstern’ expeditions PS 81 and PS 96 (see Table 1). Sediment parameters — silt and clay: % grain size frac-
tion <63 μm; coarse sand: % grain size fraction >500 μm; TOC: % total organic carbon; C/Nmolar: molar carbon:nitrogen ratio; 
chl a: content of chlorophyll a. Water-column parameters — chl aCmax: chl a in the water column measured at the chlorophyll 
maximum; chl abottom: chl a in the water column close to the seafloor. 1-yr ice cover: mean of the daily values (%) of Antarctic  

summer sea-ice cover (Dec−Feb) 1 yr before sampling
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mum is established above the pycnocline (Prézelin 
et al. 2004). The deep vertical mixing of the surface 
waters encourages most of the phytodetritus recy-
cling and consumption by zooplankton and microbi-
ological degradation already in the water column 
(Grebmeier & Barry 1991, Lochte et al. 1997). Low 
carbon fluxes to the seafloor are the consequence 
(Zhou et al. 2010, Watson et al. 2013). 

In regions with constant sea-ice cover, primary 
production and the release of ice algae is impeded, 
and less fresh material is deposited at the seafloor. 
Such areas show lower chl a/CPE values (IV, V) and 
host poorer benthic communities that are limited in 
individual numbers. In relation to the low amount of 
chl a exported, a higher relative amount of Phaeo can 
accumulate over a longer time under high and con-
stant ice-cover situations (in combination with low 
temperatures). 

Concerning categories IV and V (S-FT and N-FT), 
the organic content (~0.35%) in the sediments is 
lower than in other high Antarctic regions, such as 
the Ross Sea, with a more seasonal ice-cover (1.2%; 
DeMaster et al. 1991), but similar organic carbon 
contents were measured in the eastern Weddell Sea 
near Austasen (~0.39%; Isla et al. 2011) and in Halley 
Bay (0.29%; Herman & Dahms 1992). 

These findings tend to support our Hypothesis 1. 
We demonstrated strong evidence for differences 
in environmental parameters related to primary 
production and food supply (sediment: chl a, Phaeo, 
chl a/CPE, TOC, C/Nmolar; water column: chl aCmax, 
chl abottom) among the 5 ice-cover categories. The 
main ecological drivers (PCA, Fig. 4) are benthic 
indicators for food freshness and availability (chl a, 
chl a/CPE, TOC) as well as the degradation state of 
the deposited detritus (C/Nmolar). Further, we 
detected the highest chl a content in the upper water 
column in an ice-free area, decoupled from food 
availability at the seafloor. We suggest that water-
column parameters alone are not as suitable for the 
description of ice-cover categories for benthos be -
cause they only show a snapshot in time and cannot 
include processes in the water column. We conclude, 
and agree with previous studies, that sediment 
parameters integrate availability, storage, and his-
tory of the deposited material (Isla et al. 2006, Peck et 
al. 2006, Veit-Köhler et al. 2018) and can therefore 
better reflect multiyear ice-cover dynamics. 

Previous studies suggested a distinction between 
the regions east of Filchner Trough, with a seasonal 
ice cover in a polynya, and west of Filchner Trough, 
with a constant ice cover (Knust & Schröder 2014, 
Schröder 2016). Unexpectedly, we could not visually 

match the ice-cover graphs of our stations (Fig. 2) 
according to the suggested geographical arrange-
ment. In contrast, grouping the stations in a ‘South 
Filchner Trough’ area (S-FT, category IV, high ice 
cover) and a ‘North Filchner Trough’ area (N-FT, cat-
egory V, constant ice cover) produced a much better 
visual matching of variations in summer sea-ice 
cover over almost a decade. 

Each single ice-cover category represents a geo-
graphic region with additional particular environ-
mental conditions such as currents or the influence of 
islands or the mainland (Text S1). Influences of these 
parameters were not tested or considered in our 
study, but the ice-cover categories did prove useful 
as an approach to benthic habitat characterization for 
ecologically important parameters with focus on food 
availability at the seafloor. 

4.2.  Meiofauna communities reflect ice-cover 
categories better than macrofauna  

Our approach extended current knowledge of the 
structure of benthic communities in the Southern 
Ocean by including and analyzing the 2 size classes 
meiofauna and macrofauna separately and com-
bined. The 5 ice-cover categories, characterized by 
different patterns in primary production and food 
availability, clearly showed differences for all 3 fau-
nal community compositions. Most taxa were not 
restricted to one of the ice-cover categories, but their 
relative contributions differed among the ice-cover 
categories and could be related to the different envi-
ronmental conditions prevailing there. 

A closer look at the taxa involved showed that 
nematodes were, as expected, the dominant taxon of 
meiofauna in all 5 ice-cover categories. Previous 
studies in the same areas showed similarly high 
abundances; nematodes followed by copepods and 
the frequently found taxa ostracods, kinorhynchs, 
and tardigrades (Herman & Dahms 1992, Rose et al. 
2015). Certain nematode genera were differently 
represented at stations of category I than at stations 
of category III (Hauquier et al. 2015). This finding 
confirmed, at a lower taxonomic level, the differ-
ences in meiofauna communities between these cat-
egories. Rare taxa, such as tardigrades and loricifer-
ans, showed high abundances only in high Antarctic 
regions with the longest-lasting ice cover (categories 
IV and V) and further accentuated the differences 
among the 5 ice-cover categories. Not much is 
known about the ecology and distribution of these 
taxa in the Southern Ocean, but they may not 
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depend on regular food input and may favor condi-
tions of extremely low availability of highly degraded 
food. In addition, their distribution pattern may be 
induced by competition for space: the high food 
availability in category III favored high numbers of 
nematodes (Hauquier et al. 2015), ostracods, and 
kinorhynchs, and exceptionally high numbers of 
cope pods (Veit-Köhler et al. 2018). Even in categories 
I and II (low food availability), nematode numbers 
were high, but tardigrades and loriciferans abounded 
where nematode numbers were low (Fig. 5). 

Macrofauna assemblages of the investigated soft 
sediments were dominated by polychaetes. This 
finding matches well with those of previous studies 
from Southern Ocean shelf areas (Arntz et al. 1994, 
Gutt 2007, Glover et al. 2008, Pineda-Metz & Gerdes 
2018). On the basis of our findings, we assumed that 
the limited input and availability of fresh material 
and the amount of organic matter at the seafloor 
were limiting factors for macrofauna abundances. 
The environmental conditions of variable ice-cover 
regimes (e.g. regular food input, discussed in Sec-
tion 4.1) favor higher abundances of annelids, bi -
valves, echinoderms, and ostracods. Low total abun-
dances were clearly linked to extremes of ice cover 
(I: none; IV: high; V: constant). Contrarily, isopods 
showed a reverse pattern and may favor food condi-
tions as described for categories I, IV, and V (Text S1). 

From the distinct environmental conditions of the 
ice-cover categories (see Section 4.1, Hypothesis 1), 
we cannot reject our second hypothesis, that differ-
ences in community composition match the ice-cover 
classification. We showed evidence that community 
differences were most pronounced in meiofauna, fol-
lowed by the combined meiofauna and macrofauna, 
and conclude that meiofauna strongly affects the 
combined community analysis and should not be 
neglected in future studies. Although we did not test 
the response of benthic communities to environmen-
tal change over time, the wide range of ice-cover cat-
egories and their related environmental characteris-
tics allows us to support the results of Zeppilli et al. 
(2015): they demonstrated the importance of meio-
fauna as a proxy for responses of benthic communi-
ties to global environmental changes. 

Because of our approach, functional variation and 
specialized groups within macrofaunal taxa may 
remain undiscovered. In contrast, for meiofauna, the 
chosen taxon level may represent a higher hetero-
geneity among groups and distinguish better be -
tween functional groups. Their burrowing, intersti-
tial, or epibenthic lifestyles without pelagic stages 
may be linked to a limited large-scale distribution 

with less homogeneity among regions. Further 
analyses of polychaete data may show that a taxo-
nomic resolution at the family level and/or including 
feeding mode could provide better separations 
between ice-cover categories than the determination 
of macrofauna at a higher taxon level (F. S. Säring 
et al. unpubl.). Combining habitat categories of ice 
cover with functional community data could greatly 
en hance our ability to predict faunal distribution in 
the Southern Ocean from regionally reported ben-
thic communities (Gutt et al. 2013, Pineda-Metz et al. 
2019). 

The MUC is a useful sampling gear for soft sedi-
ments, but using it might underestimate large and 
comparatively rare benthic macrofauna because of 
the small sampling area of the cores. These problems 
might be mitigated by higher deployment numbers, 
analysis of more cores, or use in combination with 
other sampling gear (Piepenburg & von Juterzenka 
1994, Pineda-Metz & Gerdes 2018). Note that we 
used cores with different sampling surfaces (MUC6: 
25.5 cm2; MUC10: 69.4 cm2; see Table 1 for stations). 
Leduc et al. (2015) reported differences in nematode 
diversity due to different core surfaces, but the 
effects they found on genus diversity and community 
structure of nematodes were related to extremely 
large differences in core surface (6.6 versus 66.4 cm2), 
which are not comparable to the core-size differ-
ences in our study. 

Overall, we suggest the introduction of ice-cover 
categories to classify different regions in the South-
ern Ocean as habitats for large-scale comparisons of 
benthic communities and their ecology. The use of 
such categories in combination with other spatial 
data, such as sea-surface data (e.g. chl a in the water 
column) and water-mass circulation patterns (e.g. 
speed), could facilitate the description of benthic−
pelagic processes and thus the prediction of small 
benthic organisms on a larger spatial scale. Further, 
these prediction results could be used for conserva-
tion management plans to protect regions with rare 
taxa. 

4.3.  Ice cover and fresh food are the major  
environmental drivers for faunal  

community composition 

Benthic organisms can be influenced by various 
environmental drivers at a range of spatial scales 
around the AP and in the SE-WS (Gerdes et al. 1992, 
Moens et al. 2007, Hauquier et al. 2015, Gutt et al. 
2016, Veit-Köhler et al. 2018, Pineda-Metz et al. 
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2019). We have shown that meiofauna communities 
were partly affected by environmental parameters 
different from those affecting macrofauna, as hypo -
thesized (Hypothesis 3), but the main drivers, ice 
cover and fresh food, are important for both size 
classes. The roles of C/Nmolar and TOC for structuring 
macrofauna and meiofauna indicated that the smaller 
size class communities reacted less to long-term food 
supply. As assumed for polar shelf regions (Piepen-
burg 2005, Cummings et al. 2010), depth only had a 
minor impact on macrofauna communities, and we 
found a small impact on meiofauna communities. 
The importance of the continuous parameter ‘1-yr sea-
ice cover’ for structuring the benthic meiofauna and 
macrofauna communities confirmed that variations 
in community composition (discussed in Section 4.2) 
were, indeed, linked to the sea-ice dynamics and not 
an artefact of regional sampling. 

The influence of recent sea-ice cover has so far 
only been quantified as minor for epibenthic com -
munities (AP, Gutt et al. 2016), whereas long-term 
changes in sea ice have a major impact on megaben-
thic and macrobenthic communities (Kapp Norvegia, 
Pineda-Metz et al. 2020). Unexpectedly, the longer-
term sea-ice dynamics showed a minor or no impor-
tance to the mostly sediment-bound meiofauna and 
macrofauna in our study, but in our study, 9-yr ice 
cover and 1-yr ice cover were correlated, and the 
more recent impact of sea ice on the availability of 
fresh food at the seafloor may influence the abun-
dance of the small taxa on this time scale and thus be 
more relevant overall. 

This conclusion is supported by the high explana-
tory power of chl a, the proxy for fresh detritus at the 
seafloor (Tables 4 & 5). We came to these results by 
investigating primary-production–related pigments 
in the sediment, as is common for meiofauna studies 
in the Southern Ocean (e.g. Lins et al. 2014, Veit-
Köhler et al. 2018) and macrofauna studies in the 
Arctic (e.g. Link et al. 2013). Previous macrofauna 
studies from our study area based their analyses on a 
different set of environmental parameters. Parame-
ters that in our study proved important for the sepa-
ration of benthic communities (food availability and 
food quality at the seafloor) were not tested (see e.g. 
Gutt et al. 2016, Pineda-Metz et al. 2019). For exam-
ple, Pineda-Metz et al. (2019) concluded that the 
use of water-mass characteristics (e.g. productivity 
regimes) might have better explained the benthic 
spatial distribution patterns they found in the SE-WS, 
but productivity regimes usually describe primary 
production in the open water. Disintegrating sea-ice 
releases ice algae, which are rapidly deposited to the 

seafloor (phytodetritus aggregate sinking rates: 
100−150 m d−1; Gooday 1993). Their contribution to 
the food of benthic communities may be severely 
underestimated from water-column chl a concentra-
tion derived from satellite images as a proxy for ben-
thic food supply (Lins et al. 2014). First, chl a satellite 
measurements are not available during long-term ice 
cover situations. Second, sea-ice algal productivity 
may account for up to 25% of total primary produc-
tion (Arrigo & Thomas 2004). These circumstances 
may explain why authors who used chl a measures 
derived from satellite images did not find them rele-
vant for the interpretation of their faunal distribution 
data (expedition PS 81; Gutt et al. 2016, Segelken-
Voigt et al. 2016). Without a direct measure of phy-
topigments from sediment samples, features such as 
food banks (Mincks et al. 2005) may not be detected 
or their importance may be underestimated, as by 
Gutt et al. (2016). Food banks were in fact discovered 
in the NW-WS, as discussed in the literature (Hau -
quier et al. 2015, Veit-Köhler et al. 2018), and chl a/
CPE proved to be an important driver in separating 
Weddell Sea meiofauna communities from those of 
BS and DP. 

Although sediment structure only had a marginal 
influence on fauna structures, we assume that the 
highest proportion of coarse sand in category II is 
related to high macrofauna but relatively lower 
meiofauna abundance for this category. Further, 
water depth was particularly relevant for the compo-
sition of meiofauna there. Possibly, the habitat was 
more suitable for borrowing polychaetes or preda-
tory isopods, reducing the abundance of meiofauna. 

We showed that Antarctic meiofauna and macro-
fauna communities are mostly structured by the 
recent sea-ice cover and fresh food availability at the 
seafloor. The latter factor depends strongly on sea-
ice cover, its duration, and the regularity of melting 
and freezing cycles. In the perspective of climate 
change, the interaction between benthic communi-
ties and changing sea-ice cover might be studied in 
more depth through addition focusing on functional 
groups to clarify the importance of size in sensitivity 
to sea-ice changes. 

5.  CONCLUSIONS 

This correlative study addressing Antarctic meio-
fauna and macrofauna communities in combination 
across 5 regions with different annual sea-ice cover 
and environmental parameters suggested that meio-
fauna are more responsive than macrofauna to differ-
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ences in sea-ice cover. These findings should be 
considered in future studies of the Antarctic benthos 
that aim at a general understanding of the influence 
of sea ice on, and the consequences of, climate 
change for the ecosystem. Differentiation of meio-
fauna communities (mostly phylum level) under dif-
ferent ice-cover regimes allow use of such sea-ice 
cover classification in the future to forecast meio-
fauna distribution for the ecologically relevant taxa. 
Although most of the variation in meiofauna and 
macrofauna community patterns can be explained by 
the environmental parameters considered here, our 
results suggest additional drivers such as currents 
are lacking (especially for macrofauna). Besides the 
recent sea-ice cover, though, the amount of available 
fresh food (chl a) in the sediment is most reliable for 
explaining benthic community patterns and should 
always be included in the set of directly measured 
benthic parameters. Future ground-truthing with 
sea-surface data (sea-ice cover, chl a in the water 
column) could improve the large-scale predictions of 
benthic communities in the face of environmental 
changes. We therefore recommend a multidiscipli-
nary approach that should include an extensive an -
alysis of pelagic−benthic coupling for better under-
standing of how benthic communities are affected by 
their environment. 
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