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Abstract
Survival of larval Antarctic krill (Euphausia superba) during winter is largely dependent upon the presence of sea ice as it 
provides an important source of food and shelter. We hypothesized that sea ice provides additional benefits because it hosts 
fewer competitors and provides reduced predation risk for krill larvae than the water column. To test our hypothesis, zoo-
plankton were sampled in the Weddell-Scotia Confluence Zone at the ice-water interface (0–2 m) and in the water column 
(0–500 m) during August–October 2013. Grazing by mesozooplankton, expressed as a percentage of the phytoplankton 
standing stock, was higher in the water column (1.97 ± 1.84%) than at the ice-water interface (0.08 ± 0.09%), due to a high 
abundance of pelagic copepods. Predation risk by carnivorous macrozooplankton, expressed as a percentage of the meso-
zooplankton standing stock, was significantly lower at the ice-water interface (0.83 ± 0.57%; main predators amphipods, 
siphonophores and ctenophores) than in the water column (4.72 ± 5.85%; main predators chaetognaths and medusae). These 
results emphasize the important role of sea ice as a suitable winter habitat for larval krill with fewer competitors and lower 
predation risk. These benefits should be taken into account when considering the response of Antarctic krill to projected 
declines in sea ice. Whether reduced sea-ice algal production may be compensated for by increased water column produc-
tion remains unclear, but the shelter provided by sea ice would be significantly reduced or disappear, thus increasing the 
predation risk on krill larvae.
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Introduction

Antarctic krill (Euphausia superba, Dana 1850, hereafter 
‘krill’) is a key species in the Southern Ocean, supporting large 
populations of top predators and an important commercial 
fishery (McBride et al. 2014; Krafft et al. 2015). Recruitment 
success of krill depends on larval survival during their first 
winter (Atkinson et al. 2004, 2019; Meyer et al. 2009). Current 
knowledge of larval krill ecology in winter, however, is based 
on a limited number of winter studies (Marschall 1988; Daly 
2004; Ross et al. 2004; Meyer et al. 2017; Schaafsma et al. 
2017). Unlike Antarctic krill adults, krill larvae have low lipid 
reserves (Hagen and Auel 2001; Kohlbach et al. 2017) and can 
survive only a few weeks without food (Ross and Quetin 1991; 
Meyer et al. 2002). The ice-water interface is considered to be 
a key overwintering habitat for krill (Meyer et al. 2009; Flores 
et al. 2012), providing shelter and ice algae as an important 
food source (Daly and Macaulay 1991; Quetin and Ross 1991; 
Meyer et al. 2017; Schaafsma et al. 2017). Recent studies have 
demonstrated that despite a diverse diet, the overwhelming 
proportion of carbon in overwintering krill larvae originates 
from ice algae production (Kohlbach et al. 2017), and that ice 
algae-derived carbon is also important in the carbon budget of 
various zooplankton species (Kohlbach et al. 2018). Besides 
ice algae, other sea ice-derived resources such as protozoans, 
small copepods and detritus may offer an alternative food 
source during winter for krill larvae and other pelagic species 
dwelling at the ice-water interface (Daly 1990; Meyer 2012; 
Schmidt et al. 2014; Schaafsma et al. 2017).

Some Antarctic copepods actively feed in the upper epipe-
lagic layer during winter, including Calanus propinquus, Met-
ridia gerlachei and Stephos longipes (Bathmann et al. 1993; 
Drits et al. 1993; Pasternak and Schnack-Schiel 2001, 2007). 
Therefore, these copepods are potentially competing for 
food resources with the Antarctic krill larvae. Copepods are 
regarded as dominant grazers (Atkinson et al. 1996; Bernard 
and Froneman 2003; Pakhomov and Froneman 2004) and, in 
some regions, they can control the phytoplankton standing 
stocks (Granĺi et al. 1993; Froneman et al. 2000b; Urban-Rich 
et al. 2001). In the Southern Ocean, copepod grazing studies 
are mostly limited to observations during spring, summer or 
autumn, when primary production in the water column is high 
(Atkinson et al. 1996; Swadling et al. 1997; Pakhomov and 
Froneman 2004; Bernard et al. 2012; Lee et al. 2013). Feed-
ing in winter is expected to be lower, because less autotrophic 
food is available (Bathmann et al. 1993; Hopkins et al. 1993). 
Alternative winter strategies were suggested for the actively 
feeding copepods, such as omnivorous feeding and partially 
compensating with lipid storage (Torres et al. 1994; Metz and 
Schnack-Schiel 1995; Hagen and Auel 2001).

Alternative feeding strategies in winter are not as essen-
tial for carnivores because of the presence of zooplankton 

year-round, however, predators might actively search and fol-
low the prey, which may influence their vertical distribution 
(Torres et al. 1994, Quetin et al. 1996). For example, feeding 
below the epipelagic layer during winter seems advantageous 
for gammarid amphipods (Torres et al. 1994), as the bulk of 
zooplankton is found in the deeper water column (Schnack-
Schiel and Hagen 1995). Chaetognaths are also known to 
feed year-round on copepods and euphausiid larvae (Lan-
craft et al. 1991; Froneman et al. 1998; Kruse et al. 2010b; 
Giesecke and González 2012). Their feeding intensity during 
winter is no less than summer estimates (Oresland 1995), 
being capable of consuming up to 5% of the mesozooplank-
ton standing stocks (Oresland 1995; Froneman and Pakho-
mov 1998). Gelatinous zooplankton can also insert large 
predation impact on mesozooplankton (Purcell 1991; Gib-
bons et al. 1992; Mills 1995) and can reach significant levels 
under the ice in winter (Flores et al. 2011). One abundant 
ctenophore of the Southern Ocean, Callianira antarctica, was 
shown to selectively feed on krill larvae and copepods (Sco-
lardi et al. 2006). In the Scotia-Weddell Confluence Zone, 
divers reported ctenophores preying under ice on the over-
wintering larval Antarctic krill (Daly and Macaulay 1991).

In this study we hypothesize that fewer competitors and 
predators at the ice-water interface are key benefits provided 
by the sea ice habitat for larval krill compared to the underly-
ing water column. To test our hypotheses, we compared (1) 
the abundance of dominant competitors and their grazing 
impact; and (2) the predation risk by dominant carnivorous 
macrozooplankton between the two habitats. This study was 
based on the RV Polarstern expedition PS81, which was con-
ducted in the winter/early spring of 2013. The abundance and 
biomass distribution of larval krill between the two habitats, 
the ice-water interface and the water column, was described 
in Schaafsma et al. (2016). The zooplankton data collected at 
the ice-water interface were presented in David et al. (2017). 
In this study we complete the picture by adding the zoo-
plankton data collected in the water column during the same 
expedition. In addition to comparing larval krill distribution 
between the two habitats, here we also describe and compare 
the presence and abundance of their competitors and preda-
tors. By doing this, we aim to highlight the benefits provided 
by the sea ice as a winter habitat for larval krill.

Material and methods

Sampling technique and data collection

Sampling was performed during RV Polarstern expedition 
PS81 (ANT XXIX/7), between 31 August and 2 October 
2013, under the pack-ice in the Weddell Sea, from 58° to 
61°S, and from 42° to 25°W (Fig. 1). At 11 stations, the ice-
water interface layer (0–2 m) was sampled with a Surface 
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and Under-Ice Trawl (SUIT; van Franeker et al. 2009). Seven 
SUIT stations were carried out from west to east approxi-
mately along the 60°S parallel, and four stations northward 
along the 26°W meridian (Table 1; Fig. 1).

The SUIT consists of a steel frame with a 2 m × 2 m open-
ing and two parallel 15 m long nets attached, including: (1) 
a 7-mm half-mesh commercial shrimp net, lined with 0.3-
mm mesh in the rear 3 m of the net, covering 1.5 m of the 
opening width; and (2) a 0.3-mm mesh mesozooplankton 
net covering 0.5 m of the opening width. Floats attached to 
the top of the frame keep the net at the sea-ice underside. 
An asymmetric bridle forces the net to tow off at an angle of 
approximately 60° to starboard of the ship’s track, at a cable 
length of 150 m, to ensure sampling outside of the ship’s 
wake. A detailed description of the SUIT sampling tech-
nique and performance was provided in Flores et al. (2012). 
Depending on the sea ice conditions, SUIT haul durations 
varied between 17 and 42 min (mean = 29 min) over an aver-
age distance of 1.5 km (range 0.5–3 km). Water inflow speed 
was estimated using a Nortek Aquadopp® Acoustic Doppler 
Current Profiler (ADCP). The trawled area was calculated by 
multiplying the distance sampled in water, calculated from 
ADCP data, with the net width (0.5 m for the zooplankton 

net, and 1.5 m for the shrimp net). A detailed description of 
SUIT operations during PS81 was provided in David et al. 
(2017).

Nine Rectangular Midwater Trawl (RMT) stations were 
conducted in close proximity to the horizontal SUIT hauls 
(Table 1). The 0–500 m layer was sampled with double 
oblique hauls using the RMT. The trawl consisted of two 
nets: (1) an RMT-8 with a mesh size of 4.5 mm at the open-
ing and 0.85 mm at the cod-end with a mouth opening of 8 
 m2; and (2) an RMT-1 with a 0.33-mm mesh and an open-
ing of 1  m2. A mechanical impeller flowmeter (Hydro Bios, 
Kiel) was mounted in the mouth of the RMT-8 to measure 
the volume of filtered water. The volume of water filtered by 
the RMT-1 ranged between 1055 and 4280  m3, and between 
10,547 and 53,236  m3 by the RMT-8. Further details of 
RMT sampling are given in Schaafsma et al. (2016).

Environmental data

A Conductivity Temperature Depth probe (CTD; Sea and 
Sun CTD75M) with built-in fluorometer was mounted in 
the SUIT frame to collect environmental parameters from 
the ice-water interface (0–2 m). An altimeter (Tritech 

Fig. 1  Stations map during RV Polarstern expedition PS81 ANT 
XXIX/7. Sampling was performed from west to east, from August 
to October 2013. Number codes next to sampling locations indicate 
sampling gear [S Surface and Under-Ice Trawl (SUIT), R Rectangu-
lar Midwater Trawl (RMT) and C Conductivity Temperature Depth 

probe (CTD)] and station numbers. Sea-ice concentration showed in 
the background was acquired from Bremen University (http:// www. 
iup. uni- bremen. de: 8084/amsr/) with white areas indicative of open 
water. The monthly mean sea-ice extent for September 2013 was 
acquired from NSIDC (Fetterer et al. 2017)

http://www.iup.uni-bremen.de
http://www.iup.uni-bremen.de
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PA500/6-E) was connected to the CTD probe and meas-
ured the distance between the net and the sea-ice underside, 
from which sea-ice thickness was derived. Two radiometers 
(RAMSES, TriOS) were mounted on the SUIT to record 
hyperspectral profiles of incoming light during the hauls. At 
three SUIT stations there was sufficient daylight to estimate 
the chlorophyll a concentration (chl a) of sea-ice algae from 
hyperspectral light profiles. Details on environmental-data 
collection and processing from the ice-water interface are 
found in Lange et al. (2016) and Castellani et al. (2020).

Gridded daily sea-ice concentrations for the Southern 
Ocean derived from AMSR2 satellite data, using the algo-
rithm specified by Spreen et al. (2008), were downloaded 
from the sea-ice portal hosted at University Bremen (www. 
meere ispor tal. de).

A CTD-probe (Seabird SBE911 +) attached to a carousel 
water sampler was used to collect environmental parameters 
from the water column (0–250 m). The CTD was equipped 
with a fluorometer (Wetlabs FLRTD) and a transmissometer 
(Wetlabs C-Star). Among all CTD stations, the closest in 
time and space to the SUIT and RMT stations were chosen 
(Table 1, Fig. 1). Chl a concentrations of water samples were 
measured with a Turner 10-AU fluorometer. Calibration of 
the fluorometer with a range of concentrations of chl a stand-
ard (from Anacystis nidulans, Sigma-Aldrich) was carried 
out at the beginning and at the end of the cruise. For further 
details of chl a measurements see Meyer et al. (2017).

Biological data

The zooplankton catch was partially sorted on board and 
some animals were immediately extracted and frozen at − 20 
°C for further molecular analysis. A quantitative subsample 
of the material was preserved in 4% formaldehyde/seawa-
ter solution. After the expedition, the preserved samples 
from SUIT hauls were analyzed for species composition 
and abundance at the Alfred Wegener Institute, Germany. 
Samples from RMT hauls were analyzed at the University 
of British Columbia, Canada. Specimens of mesozooplank-
ton and chaetognaths were used from the SUIT mesozoo-
plankton net and from the RMT-1. For carnivores, other than 
chaetognaths, specimens from the SUIT shrimp net and from 
the RMT-8 were used. Large macrozooplankton were first 
extracted from the sample and all specimens were counted. 
The remainder of the sample was then divided into smaller 
fractions with a Motoda plankton splitter to facilitate count-
ing of dominant species. Dominant species were counted in 
the smallest fraction in which they reach at least 100 indi-
viduals, then the count was multiplied with the fraction to 
reach the total number in the sample. The less abundant and 
rare species were counted in the entire sample. All copep-
ods were identified and counted per species and develop-
ment stage. Adult copepods and their copepodite stages 

were then integrated per species in abundance calculations. 
Areal abundances from horizontal hauls were calculated by 
dividing the total number of animals per haul by the trawled 
area. For RMT oblique hauls, volumetric abundances were 
calculated by dividing the total number of animals per haul 
by the volume of water filtered. Conversion to areal abun-
dances was done by multiplying volumetric abundances by 
the sampling depth (Table 1).

In the case of macrozooplankton species, total body 
length was measured to the nearest 0.1 mm and a mean size 
per species was used for biomass calculations. Zooplankton 
biomass was calculated using species length–weight rela-
tionships and was expressed as mg dry weight  m−2 (Mizdal-
ski 1988). To estimate biomass for copepod species, a mean 
dry weight was theoretically assumed for each developmen-
tal stage and multiplied to abundances using the stage distri-
bution of each species (Mizdalski 1988). Krill catches were 
staged according to Makorov and Denys (1981) and Kirk-
wood (1982). Details on staging, analysis of length–stage 
and biomass calculations are presented in Schaafsma et al. 
(2016).

Data analysis

Conversion of chl a to carbon units was performed applying 
a carbon:chl a equivalent ratio of 50 (Atkinson et al. 1996). 
The phytoplankton standing stock at the ice-water interface 
was estimated from chl a data measured with the CTD (Sea 
and Sun CTD75M) attached to the SUIT and integrated over 
0–2 m depth. The phytoplankton standing stock in the water 
column was estimated from chl a data measured with the 
vertical CTD (Seabird SBE911 +) attached to the carousel 
water sampler and was calculated as depth-integrated chl a 
biomass from the surface to 250 m depth 

�

∑250

z=1
chl a

z

�

 . The 
chl a values in the water column decreased to nearly zero by 
200 m depth, therefore the integrated values over the 0–250 
m were considered largely representative for the entire water 
column.

Daily ingestion rates (mg C  m−2  d−1) at the ice-water 
interface (0–2 m) and in the water column (0–500 m) were 
calculated for larval Antarctic krill and for abundant cope-
pod species (C. propinquus, Ctenocalanus spp., M. ger-
lachei, Oithona similis and S. longipes) by multiplying 
reported individual ingestion rates (µg C  ind−1  d−1; Table 2) 
with each species’ areal abundance (ind.  m−2; Table 3). With 
the exception of larval Antarctic krill and C. propinquus, 
we found a general lack of data on ingestion rates during 
wintertime. Therefore, for the species lacking such infor-
mation, we inferred winter ingestion rates from summer-
spring estimates based on the following assumptions: (1) 
ingestion rates in winter are a fraction of the summer rates, 
which is proportional to the decrease in metabolic rates with 

http://www.meereisportal.de
http://www.meereisportal.de
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a decrease in temperature, (2) the same fraction is assumed 
for all actively-feeding co-occurring species, (3) all graz-
ers were feeding primarily on phytoplankton, ignoring the 
presence of other potential resources. The ingestion rates 
of copepods are expected to decrease during winter as their 
metabolism slows down with lowering temperatures (Ikeda 
1985). The ingestion values for the actively-feeding copep-
ods were reduced by 50% in the present study to account for 
winter slow down. This reduction is assumed to be a con-
servative estimate to account for differences between basal 
standard and active metabolism in zooplankton species (Tor-
res et al. 1982; Torres and Childress 1983). We justify our 
choice of reduction by 50% based on the example of C. pro-
pinquus, for which both summer and winter ingestion rates 
were reported. Drits et al. 1993 reported summer ingestion 
rates of about 10 µg C  ind−1  d−1 (range 2.8–23.4) at high chl 
a concentration, while Bathmann et al. 1993 reported winter 
ingestion rates of 5 µg C  ind−1  d−1 at low chl a concentration 

and 10–19 µg C  ind−1  d−1 at high chl a concentration (esti-
mated using the same C:chl a ratio of 50). Nevertheless, 
due to uncertainty in winter estimates for the other species 
in this study, we also performed a sensitivity analysis to test 
the effect of the reduction in feeding by 25%, 50% and 75% 
on the total community grazing. In addition, we tested the 
robustness of our total community grazing estimates to vari-
ations in each species ingestion rates separately with an Indi-
vidual Parameter Perturbation analysis (Online resource 1).

Grazing impact per species was estimated at the ice-water 
interface and in the water column as a percentage of the 
phytoplankton standing stock grazed daily:

During winter, the bulk of the carbon uptake in C. propin-
quus, Antarctic krill larvae and other zooplankton is derived 

Grazing impact = [Ingestion rates (mg C m−2d−1)∕

phytoplankton standing stock (mg C m−2)] × 100.

Table 2  Ingestion rates of the most abundant macro- and meso-zooplankton species in the Weddell-Scotia Confluence Zone

The range of the values or the mean ± SD are shown in the brackets, when reported in the corresponding references
a The ingestion rates of the copepods represent half of the published values in order to account for the decrease in feeding activity on autotrophic 
resources from summer to winter
b Estimates for T. gaudichaudii

Species Ingestion rates Source

Copepods
 Calanus propinquus Brady, 1883 5 µg C  ind−1  d−1

(2.8–23.4)
Bathmann et al. 1993; Drits et al. 1993

 Ctenocalanus spp. Giesbrecht,  1888a 1.5 µg C  ind−1  d−1

(3.2–10.5)
Bernard and Froneman 2003; Pakho-

mov and Froneman 2004
 Metridia gerlachei Giesbrecht,  1902a 2.5 µg C  ind−1  d−1

(3.3–12.4)
Pakhomov and Froneman 2004

 Oithona similis Claus,  1866a 0.4 µg C  ind−1  d−1

(0.9 ± 1.6)
Swadling et al. 1997

 Stephos longipes Giesbrecht,  1902a 1.2 µg C  ind−1  d−1

(2.4 ± 1.7)
Swadling et al. 1997

Euphausiids
 Euphausia superba Dana, 1850 (larvae) 4 µg C  ind−1  d−1 Meyer et al. 2017
 Thysanoessa macrura G.O. Sars, 1883 9% dry body weight Pakhomov et al. 1999
Amphipods
 Cyllopus lucasii Spence Bate,  1862b 10 prey  ind−1  d−1 Froneman et al. 2000a
 Primno macropa Guérin-Méneville,  1836b 10 prey  ind−1  d−1 Froneman et al. 2000a
 Themisto gaudichaudii Guérin, 1825 10 prey  ind−1  d−1 Froneman et al. 2000a
Chaetognaths
 Eukrohnia hamata Möbius, 1875 0.07 prey  ind−1  d−1

(0.04–0.24)
Giesecke and González 2012

 Sagitta spp. Quoy and Gaimard, 1827 0.22 prey  ind−1  d−1

(0.22–0.29)
Giesecke and González 2012

Ctenophores
 Callianira antarctica Chun, 1897 20 prey  ind−1  d−1

(9–39)
Scolardi et al. 2006

 Cnidaria
 Sciphozoa, Hydrozoa, Siphonophora 5% dry body weight (2–12) Pakhomov et al. 1999
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from ice algae (Kohlbach et al. 2017, 2018). Because ice-
algae biomass could only be measured at three SUIT sta-
tions due to low light, we limited our assessment of grazing 
impact to phytoplankton standing stock, under the assump-
tion that chl a concentration in the ice-water interface layer 
was also indicative of suspended ice algae released from 
sea ice.

We used individual ingestion rates of dominant carnivo-
rous macrozooplankton multiplied with each species’ areal 
abundance (ind.  m−2) to estimate predation risk (Table 2). 
Predation risk by taxonomic group was expressed as a per-
centage of the mesozooplankton standing stock.

In the case of euphausiids, i.e., Thysanoessa macrura, and 
cnidarians the predation risk was calculated as a percentage 
of mesozooplankton biomass because the ingestion rates 
for these organisms were reported as % of individual body 
weight (Table 2). The mesozooplankton standing stock was 
estimated at the ice-water interface from the SUIT-mesozo-
oplankton net and in the water column from the RMT1-net. 
For one Beroe sp. found in the SUIT samples and for one 
unidentified ctenophore found in the RMT samples we used 
the same ingestion rate as C. antarctica. Wintertime inges-
tion rates of siphonophores were unavailable, but because 
other cnidarians generally showed comparable feeding rates 
across seasons, we assume that these were acceptable to use 
as they are.

Statistical differences in grazing impact and predation 
risk between the ice-water interface and the water column 
habitats were assessed with the non-parametric Wilcoxon 
rank sum test (Wilcoxon 1945). Statistical analyses were 
performed with the software R, version 3.5.0 (R-Develop-
ment-Core-Team 2016).

Results

Environmental conditions

All sampled stations were sea-ice covered. Satellite-derived 
sea-ice coverage at the sampling locations, averaged over 
a pixel size of 6.25 km × 6.25 km, was in general between 
86 and 100%. Only at two stations (S570_5 and S579_2), 
sampled north of 60°S at the end of September/beginning 
of October, was sea-ice coverage about 50%, placing them 
in the vicinity of the Marginal Ice Zone (Table 1, Fig. 1). 
Further details of sea ice, water parameters and snow cover 
are given in David et al. (2017) and Castellani et al. (2020).

At the ice-water interface (0–2 m layer), chl a concen-
trations ranged from 0.10 to 0.13 mg chl a  m−3 south of 

Predation risk = [Ingestion rates (mg C m−2d−1)∕

mesozooplankton standing stock (mg C m−2)] × 100.

60°S during August/early-September and showed higher 
values ranging from 0.16 to 0.27 mg chl a  m−3 north of 
60°S during late-September/beginning of October (Table 1; 
Fig. 2). In-ice chl a values at stations S555_47, S565_5 and 
S577_2 were about 8 mg chl a  m−2 (Castellani et al. 2020). 
In the water column, the volumetric chl a concentration in 
the upper 100 m layer, indicative of the winter mixed layer 
depth (Pellichero et al. 2017) was within the same range 
as the ice-water interface values, ranging between 0.04 and 
0.33 mg chl a  m−3 (Fig. 2). The values in the deeper water 
column decreased sharply below 100 m, reaching nearly zero 
at 200 m depth, therefore the integrated values over 0–250 m 
were considered representative of the entire water column. 
Depth-integrated chl a concentrations in the water column 
(0–250 m depth) ranged between 8.46 and 35.45 mg chl a 
 m−2 (Table 4).

Zooplankton at the ice‑water interface

At the ice-water interface (0–2 m layer), the copepod spe-
cies C. propinquus, Ctenocalanus spp., M. gerlacheii, S. 
longipes and O. similis numerically accounted for 64% of 
the total zooplankton community. In all these species, the 
dominant stage was CV. The Antarctic krill larvae were the 
second most abundant group, comprising 25% of the total 
abundance (Table 3). Even though the numerical contribu-
tion of M. gerlachei and O. similis to the ice-water interface 

Fig. 2  Volumetric (a) and areal (b) chlorophyll a concentrations (Chl 
a) at the ice-water interface [measured with the SUIT (Surface and 
Under-Ice Trawl)—CTD (Conductivity Temperature Depth probe)] 
and in the water column (measured with the water column CTD cast). 
For measurements at the ice-water interface, a represents values aver-
aged over the 0–2 m depth layer, while b represents values integrated 
over the 0–2 m depth layer. For measurements in the water column, a 
represents values averaged over the 0–100 m depth layer, and b repre-
sents values integrated over the 0–250 m depth layer
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community was less than 1%, they were selected for being 
among the most abundant copepods in the water column. 
Krill larvae abundance in the 0–2 m layer varied between 
0.01 and 3.57 ind.  m−2, with a median abundance of 0.29 
ind.  m−2 (Table 3). The smaller species S. longipes and 
Ctenocalanus spp. had the highest copepod abundances at 
the ice-water interface of 1.04 ind.  m−2 and 0.23 ind.  m−2, 
respectively, followed by the larger species C. propinquus 
with 0.16 ind.  m−2 (Table 3). In terms of biomass, the 
selected copepod species represented 17% of the total ice-
water interface community, with higher contributions (up 
to 33%) at stations S560_2–S570_5. Krill larvae had higher 
biomass than copepods, on average 25% of the total meso-
zooplankton standing stock in the ice-water interface layer, 
while juveniles and sub-adult krill together represented an 
additional 35% of the biomass.

Dominant carnivorous zooplankton at the ice-water inter-
face consisted of amphipods, chaetognaths, ctenophores and 
siphonophores. The amphipods and chaetognaths numeri-
cally accounted for only 0.57 and 0.33% of the ice-water 
interface community, yet each group represented about 4% 
of the total biomass. The most abundant amphipod was C. 
lucasii with 0.0020 ind.  m−2, followed by Primno macropa 
with 0.0006 ind.  m−2. The most abundant chaetognath was 
E. hamata (0.0060 ind.  m−2), followed by Sagitta spp. 
(0.0042 ind.  m−2), which accounted for half of E. hamata’s 
median abundance (Table 3). Ctenophores were present in 
low abundance at the ice-water interface at only two stations, 
accounting for 10% and 15% of the biomass, respectively. 
Siphonophores comprised 0.31 and 1.45% of the abundance 
and biomass of the ice-water interface community (Table 3). 
A detailed description of zooplankton species composition, 
abundance and biomass at the ice-water interface was pre-
sented by David et al. (2017).

Zooplankton in the water column

In the water column (0–500 m layer), the dominant copepod 
species contributed 60% (numerically) and 20% (by mass) 
to the mesozooplankton community, while the numerical 
contribution of krill larvae was negligible (< 1%; Table 3). 
The areal abundance of krill larvae in the top 500 m varied 
between 0 and 33 ind.  m−2, with a median abundance of 2.5 
ind.  m−2. The small copepod species O. similis and Cteno-
calanus spp. had the highest areal abundances in the water 
column at 2875 ind.  m−2 and 1415 ind.  m−2, respectively, 
followed by the larger species M. gerlachei (1039 ind.  m−2; 
Table 3). The copepod Calanoides acutus was added to the 
mesozooplankton stock in the water column for predation 
risk estimates, but because this species enters diapause in 
winter (Atkinson 1991; Bathmann et al. 1993) it was not 
used in grazing estimates.

Carnivorous zooplankton in the water column, besides 
amphipods and chaetognaths, was largely comprised of 
gelatinous species. Chaetognaths numerically accounted for 
7% of the zooplankton community, which was dominated by 
E. hamata, both in terms of abundance and biomass (649 
ind.  m−2; 1803 mg DW  m−2), in comparison to Sagitta spp. 
(56 ind.  m−2; 1120 mg DW  m−2). Numerically, amphipods 
and ctenophores represented only a small fraction of the 
community at 0.47% and 0.16%, respectively. The biomass 
of amphipods was small compared to the ctenophores, which 
reached a maximum contribution of 15% of the total bio-
mass at station R570_1. The dominant contributors to the 
carnivorous zooplankton community in the water column in 
terms of biomass were medusae and siphonophores at 50% 
and 30%, respectively (Table 3).

Grazing impact

At the ice-water interface (0–2 m) grazing by dominant 
mesozooplankton species, expressed as a percentage of 
phytoplankton standing stock consumed daily, varied 
between < 0.01% at station S577_2 and 0.28% at station 
S562_5 (Table 4). Copepod grazing was the highest at most 
stations, with a nearly equal grazing contribution from cope-
pods and krill larvae at the three most north-eastern stations. 
The highest krill larvae grazing of 0.07% of the phytoplank-
ton standing stock was encountered at the south-eastern sta-
tions S565_5 and S567_2. Similarly, at station S562_5 the 
highest copepod grazing was observed accounting for 0.28% 
of the phytoplankton standing stock.

In the water column (0–500 m), grazing impact var-
ied between 0.51% of the phytoplankton standing stock 
at station R548_5 and 5.62% at station R565-12, and was 
largely dominated by copepods over the entire sampled 
area (Table 4). Grazing by krill larvae was within the same 
range at the ice-water interface and in the water column 
(Wilcoxon rank sum test, W = 71, p = 0.110). However, 
grazing of the entire community was significantly higher in 
the water column than at the ice-water interface, due to the 
high number of pelagic copepods (Wilcoxon rank sum test, 
W = 1, p < 0.001; Fig. 3). Assuming that all grazers would 
have been concentrated in the upper 250 m (i.e. half of the 
water-column habitat) where phytoplankton resources were 
available, would imply a reduction in grazing estimates by 
one half. Nevertheless, the community grazing in the water 
column would still remain one order of magnitude higher 
than the grazing at the ice-water interface. Even assuming 
that each species ingestion rate could vary with 5-times more 
or 5-times less the nominal value, as shown in Table 2, the 
impact on community grazing is negligible compared to the 
one order of magnitude difference in grazing between the 
two habitats (Online resource 1).
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Predation risk

Predation risk by carnivorous zooplankton was expressed as 
a percentage of the areal abundances of mesozooplankton 
consumed daily (Table 5), i.e., the dominant herbivorous 
species selected in this study. At the ice-water interface, total 
predation risk varied between 0.24 and 2.25% of the mesozo-
oplankton stock, with no apparent spatial pattern. Predation 
risk was largely dominated by amphipods (mean = 0.50%), 
followed by gelatinous carnivores. The highest predation 
risk was found at the most northern station S579_2, due 
to the presence of ctenophores and a higher contribution 
of amphipods and siphonophores. At stations where cteno-
phores were present, their predation pressure accounted for 
approximately one-third of total predation risk (Table 5). 
In the water column (0–500 m), total daily predation risk 
varied between 1.68 and 5.34% of the mesozooplankton 
stock at all stations, except at one northern station R570_1, 
where the highest predation risk of almost 20% was inferred, 
largely due to the contribution of medusae (Fig. 4). Medusae 
imposed the highest averaged predation risk (2.74%), yet 
with low frequency of occurrence, followed by chaetognaths 
(0.88%). Amphipods and ctenophores accounted for only a 
small part of the total predation risk in the water column. 
Predation risk in the water column was significantly higher 
than at the ice-water interface (Wilcoxon rank sum test: 
W = 4, p < 0.001).

An integrated comparison of the two habitats, providing 
an overview on both grazing and predation risk at the same 
time, indicated that the benefits of the ice-water interface 
habitat for larval krill outweigh the water column habitat 
(Fig. 5). Even considering potential errors in our estimates 
associated with species ingestions rates, such as a reduction 
in feeding intensity of grazers from summer to winter by 
25%, 50% or 75% and of predators by 50%, the advantage 
of dwelling at the ice-water interface habitat remains strong 
(Fig. 5).

Discussion

The ice‑water interface as a foraging ground

Larval Antarctic krill are dependent upon sea ice to over-
come their first winter (Meyer 2012). We hypothesized that 
the sea-ice habitat hosts fewer competitors and predators of 
krill larvae compared to the deeper water column, therefore 
providing an advantage. At the ice-water interface the abun-
dance of larval Antarctic krill was within the same range as 
the dominant herbivorous species, the ice-associated cope-
pod S. longipes and the pelagic copepods C. propinquus and 
Ctenocalanus spp (David et al. 2017). In the water column, 
the areal abundances of pelagic copepods were three orders 
of magnitude higher than that of krill larvae, indicating that 
there was more competition for herbivorous food sources. It 
should be kept in mind that the sampled water column com-
prised a much larger volume of water (0–500 m) compared 
to the ice-water interface, which was only integrated over 
the upper 2 m. Therefore, a higher effort is required in the 
water column to search for food. Even under the assumption 
that pelagic copepods were confined within the upper 250 m 
where phytoplankton resources were available, competition 
here would have still outweighed the ice-water interface. In 
the absence of observations on the vertical distribution of 
zooplankton during our study, we could only speculate upon 
previously reported winter distributions. Over the sampled 
depth, krill larvae were, however, observed exclusively in 
the epipelagic layer either at the sea-ice underside during the 
daytime (Meyer et al. 2017) or distributed within the upper 
20 m at night (Hunt et al. 2014). During winter, C. pro-
pinquus is distributed in the upper 200 m of the water col-
umn (Schnack-Schiel and Hagen 1995; Pakhomov and Hunt 
2014). M. gerlachei and O. similis, the most abundant water 
column competitors, have a winter distribution spread within 
the mesopelagic layer (Schnack-Schiel 2001) and were rarely 
present in our ice-water interface samples, suggesting little 
or no association with sea-ice habitats. The high number 
of pelagic copepods in the water column suggests that, at 
the low chl a concentrations present during our study, their 
vertical distribution was not entirely driven by autotrophic 

Fig. 3  Grazing impact (% Chl a), expressed as percentage of phy-
toplankton standing stock [integrated chlorophyll a biomass at the 
ice-water interface (0–2 m depth) and in the water column (0–250 m 
depth)]; a represents total grazing by dominant herbivorous zooplank-
ton species, b represents grazing by larval Antarctic krill
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resources. Therefore, other resources, such as protozoans, 
small copepods and detritus, must have been available in 
the water column at that time to sustain the actively feeding 
populations in winter. For example, experimental studies 
on O. similis reported preference for motile prey (Sabatini 
and Kiorboe 1994) or consumption of copepods fecal pellets 
in the absence of other resources (Gonzales and Smetacek 
1994).

At the sea ice underside, juvenile and adult krill, when 
present, can also compete for food with the krill larvae 
(Ryabov et al. 2017; Bernard et al. 2019) and even prey 
upon the krill larvae (Nishino and Kawamura 1994). Dur-
ing our surveys, post-larval krill contributed significantly to 
the ice-water interface community at only two western sta-
tions. Another study from our expedition found that smaller 
krill larvae were predominant at the ice-water interface 
(SUIT catches), while larger krill larvae and juveniles were 
more abundant deeper in the water column (RMT catches) 
(Schaafsma et al. 2016). A combination of behavioral and 
physical factors limits the spatial overlapping between devel-
opment stages (Bergström et al. 1990; Quetin and Ross 1991; 
Hamner and Hamner 2000). Segregation of krill size ranges 
or maturity stages are often found in schools or swarms of 
krill (Quetin and Ross 1991; Watkins 2000; Kawaguchi et al. 
2010). Other euphausiids, when present within the same 
area, can also compete for food resources with larval krill. 

Fig. 4  Predation risk by carnivorous zooplankton (% of mesozoo-
plankton), expressed as percentage of mesozooplankton standing 
stock consumed daily, at the ice-water interface (0–2 m depth) and in 
the water column (0–500 m depth); mesozooplankton standing stock 
consists of Antarctic krill larvae and dominant copepods
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Fig. 5  Biplot of grazing versus predation risk at the ice-water inter-
face layer (0–2 m; SUIT: Surface and Under-Ice Trawl) and the water 
column (0–500 m; RMT: Rectangular Midwater Trawl); axes are in 
logarithmic scale. The points represent averaged values estimated 
at each SUIT and RMT stations using ingestion rates from Table 2. 
Because winter ingestion rates of grazers were inferred by lowering 

summer ingestion rates by 50% (showed by the points), horizontal 
error lines were added to grazing representing a lowering in summer 
ingestion rates within the range 75–25%. In addition, to represent a 
potential decrease in winter predation by carnivores, vertical error 
lines were added within the range 100% (showed by the points using 
ingestion values from Table 2) to 50%
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Since mostly large specimens of the omnivorous T. macrura 
were collected during our study, we consider them rather 
predators than competitors of larval krill.

Grazing impact was one to two orders of magnitude lower 
at the ice-water interface than in the water column. While 
other species can substantially contribute to grazing, in the 
present study this was largely due to the high abundance of 
pelagic copepods. Because of uncertainties in the feeding 
rates of copepods during winter, we used only half of their 
lower range values of feeding rates to estimate grazing on 
phytoplankton stocks. Our water-column values, however, 
were within the range of values found in the Bellingshausen 
Sea during spring (Atkinson 1995) and near South Georgia 
during late summer (Atkinson et al. 1996; Pakhomov et al. 
1997). This suggests that the available phytoplankton dur-
ing late winter/early spring of our sampling period had the 
capacity to support the active copepod populations, even 
with inferred ingestion rates from other seasons suppos-
edly higher than winter rates. Our sensitivity analysis on 
estimated grazing impact using variations in ingestion rates 
supports the robustness of our conclusions. Nevertheless, 
our estimates represent only conservative means for synthe-
sising the trophodynamic aspect at the community level. Our 
approach therefore should be interpreted with caution due to 
formulated assumptions and it should not replace valuable 
experimental work. It simply draws the attention to seri-
ous gaps in our knowledge on Antarctic zooplankton, which 
need to be closed in order to evaluate the sea-ice ecosystem 
values and services.

In addition to phytoplankton, herbivorous zooplankton 
species at the ice-water interface layer were also feeding on 
sea-ice biota (Kohlbach et al. 2017, 2018). Stomach contents 
of krill larvae caught at the ice-water interface during the 
same expedition were numerically dominated by diatoms 
and, locally, in terms of biomass by ice-associated copepods, 
such as S. longipes (Schaafsma et al. 2017). Based on stable 
isotope measurements of marker fatty acids, the proportion 
of ingested carbon originating from ice-algae, as opposed 
to phytoplankton, varied between 20 and 88% depending 
on sampling location (Kohlbach et al. 2017). By feeding at 
the ice-water interface, krill larvae would benefit from both 
lower competition for phytoplankton and from the availabil-
ity of an important additional food source provided by ice 
algae and other sea-ice biota (Meyer et al. 2009; Kohlbach 
et al. 2017; Schaafsma et al. 2017). Estimating the ice-algae 
standing stock and the grazing rate of ice algae remains 
difficult. Although spectral irradiance measurements were 
only possible at three SUIT stations, due to sampling time 
and limited winter light levels, the little variance between 
measurements suggests that the amount of chl a was, on 
average, 40 times higher in the sea ice compared to the upper 
two meters of the water column. The difficulty in estimat-
ing the amount of ice algae available for consumption is, 

however, that in-ice chl a measurements take the entire sea-
ice thickness into account, while the ice algae biomass is 
concentrated in the bottom 20–30 cm of ice (Meiners et al. 
2012). Nevertheless, accounting for ice algae and other sea-
ice biota as an available resource at the ice-water interface 
suggests that feeding in this layer would be considerably 
more advantageous than estimated by our phytoplankton-
based results.

The pack ice region (or region south of 60°S) has been 
assessed as a food-poor region by a previous study by Meyer 
et al. (2017), based on stomach contents and growth rates of 
larval krill. Evidence from this study and previous studies, 
however, suggest that this might be the case locally, but not 
true for the entire region. For example, in the center of the 
sampled area, the larval krill collected were relatively large, 
had relatively high fatty acid and carbon contents, and had 
full stomachs (Schaafsma et al. 2016, 2017; Kohlbach et al. 
2017). High in-ice chl a concentrations and relatively high 
grazing impacts by krill and copepods in both depth layers 
adds to this. Moreover, the estimated grazing rates of larval 
krill by Meyer et al. (2017) using water column seawater, 
may have underestimated the importance of ice algae accu-
mulated on sea-ice terrasses, where divers during the same 
expedition observed larval krill feeding. The growth rates 
obtained experimentally during the same study were very 
low reflecting the general winter food scarcity, unlike those 
observed at marginal ice zone. While Meyer et al. (2017) 
stated that the pack-ice is a food-poor habitat, their com-
parison was made in relation to the marginal ice zone and 
not to the deeper-water column as our study did. Therefore, 
reduced competition at the ice-water interface compared to 
the deeper ocean may increase overall sea-ice habitat quality.

The ice‑water interface as a shelter 
against predation

The predation risk by macrozooplankton estimated in the present 
study was 2–3 times lower at the ice-water interface than in the 
deeper water column. This was attributed to differences in the 
community composition and dominant predators within the two 
habitats. Chaetognaths dominated predation risk in the water 
column (0.93 ± 0.30), and amphipods at the ice-water interface 
(0.51 ± 0.33). Our total predation risk in the water column corre-
sponds well with estimates from the Atlantic sector of the South-
ern Ocean (Pakhomov et al. 1999) and the Indian sector in the 
vicinity of the Prince Edward Islands (Froneman and Pakhomov 
1998). Values by chaetognaths at the ice-water interface during 
our study corresponded well with predation estimates for meso- 
and bathypelagic chaetognaths in the Lazarev Sea (Kruse et al. 
2010a). The increase in abundance of E. hamata and Sagitta 
spp. at the ice-water interface stations, where there was also an 
increase in copepods and krill larvae abundances, suggests that 
those few chaetognaths foraging within the ice-water interface 
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layer were probably following their potential prey (Froneman 
and Pakhomov 1998; Kruse et al. 2010a; David et al. 2017).

Previous studies demonstrated that most carnivorous zoo-
plankton are opportunistic predators, consuming the most 
abundant zooplankton species (Gibbons et al. 1992). For 
instance, pteropods, gelatinous taxa and even chaetognaths 
were found in addition to copepods in the guts of the amphi-
pods Themisto gaudichaudii near South Georgia Islands 
(Pakhomov and Perissinotto 1996; Kruse et al. 2015), and 
C. lucasii in the Weddell Sea (Lancraft et al. 1991). In the 
case of chaetognaths’ diet, stomach content analyses have 
shown the presence of copepods, euphausiids, pteropods and 
even other chaetognaths (Froneman et al. 1998; Giesecke 
and González 2012). Hence, predation risk for copepods and 
krill larvae in our estimates might actually have been lower 
if other potential prey had been considered. Predation risk by 
the euphausiid T. macrura remains under debate, since this 
species is a well-known omnivore, yet has the potential of 
high predation on mesozooplankton (Pakhomov et al. 1999).

Ctenophores greatly increased the total predation risk 
within the ice-water interface layer at three stations where 
they were present. In the water column, other carnivorous 
gelatinous organisms were responsible for the highest pre-
dation risk, such as the medusa Periphylla periphylla and 
the siphonophore Diphyes antarctica, which collectively 
accounted for > 50% of the total water column biomass. 
Medusae, alone, substantially increased the predation impact 
in the water column at a few stations, with the maximum 
predation impact of almost 19% at station R570_1. Sipho-
nophores were the only gelatinous group with a relatively 
constant predation risk over the study area both at the ice-
water interface (0.14% ± 0.14) and in the water column 
(0.19% ± 0.15). In temperate regions, siphonophores have 
been reported to have the potential to control copepod pro-
duction, and consequently their grazing impact (Purcell 
1981; Mills 1995). Previous studies showed that neither 
continuous nor indiscriminate feeding could be attributed 
to gelatinous predators (Purcell 1981, 1991; Gibbons et al. 
1992), thus making it difficult to interpret their patterns of 
occurrence and predation preferences.

In the ice-covered Weddell Sea and Lazarev Sea, mesope-
lagic fish also feed on copepods and Antarctic krill (Hopkins 
and Torres 1989; Flores et al. 2008), but the Antarctic krill 
do not seem to play a major role in their diet (Pakhomov 
et al. 1996). These fish are known to feed below the epipe-
lagic layer, to avoid visually-cued predators in the upper 
part of the water column (Robison 2003), where krill larvae 
were confined during the time of our sampling (Hunt et al. 
2014). Although myctophids and paralepidids mesopelagic 
fish, such as Notolepis coatsi and Bathylagus spp., were 
present in low numbers in the deeper water column (Pakho-
mov, unpublished data), they were not included in preda-
tion risk because of their absence at the ice-water interface. 

Furthermore, the sampling gear used was not appropriate to 
quantitatively estimate the abundance of pelagic fish or other 
fast swimming nekton. Hence, we did not include fish in our 
estimate of predation risk.

Large differences in predation risk between the ice-water 
interface and the water column indicate that krill larvae and 
other species dwelling at the ice-water interface layer benefit 
from reduced predation. Divers during the same expedition 
reported that krill larvae were closely associated with the 
bottom-ice surface, often taking advantage of structural ref-
uges. Meyer et al. (2009, 2017) proposed that sea ice offers 
a day habitat for krill larvae during winter, by providing the 
dual benefit of protection and a feeding ground, thus offer-
ing an advantage compared to solely residing in the water 
column. While the importance of sea-ice as a feeding ground 
has been proven repeatedly (Daly 1990, Meyer et al. 2009, 
Jia et al. 2016, Schaafsma et al. 2017, Kohlbach et al. 2017), 
the advantage of the sea-ice habitat as a shelter from preda-
tors has remained largely speculative (Meyer et al. 2017). 
The results of our study substantiate this hypothesis by dem-
onstrating that the predation risk at the ice-water interface is 
significantly lower than in the water column.

Conclusions

This study shows that Antarctic krill larvae benefit by dwell-
ing at the ice-water interface compared to the deeper water col-
umn. The ice-water interface provided a lower predation risk 
while offering a phytoplankton standing stock (i.e., in-ice algae) 
that remained underexploited. While sea ice-derived resources 
are also important, predator avoidance is an additional, yet 
poorly assessed benefit of the sea-ice habitat. This dual benefit 
of sea ice is important to take into account when considering 
the response of Antarctic krill to projected declines in sea ice. 
Reduced sea-ice algal production as a result of sea ice decline, 
may or may not be compensated for by increased water column 
phytoplankton productivity. However, the shelter provided by 
the sea ice structures would be significantly reduced or disap-
pear, thus increasing the predation risk on krill larvae.
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