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INTRODUCTION

Due to the pronounced seasonality in the polar re -
gions, polar species need to adapt to drastic changes
in primary production (Falk-Petersen et al. 1999,
Hagen & Auel 2001). In the Southern Ocean, light
limitation and water column mixing due to surface
water cooling result in a long period of near-zero pri-
mary production during wintertime (Arrigo et al.
2008). During the winter months, biota living in sea

ice and at its underside can provide an important
energy source (Eicken 1992, Quetin & Ross 2003, Flo-
res et al. 2011, 2012a). In spring, primary production
increases in the sea ice as well as in the water col-
umn. As the ice edge retreats, starting in September,
a series of water column phytoplankton blooms occur
(Quetin & Ross 1991, Lizotte 2001). In late summer
there is another peak in the water column primary
production, after which it starts to decrease towards
winter (Quetin & Ross 1991, Lizotte 2001).
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ABSTRACT: Antarctic krill Euphausia superba is an ecological key species in the Southern Ocean
and a major fisheries resource. The winter survival of age class 0 (AC0) krill is susceptible to
changes in the sea-ice environment due to their association with sea ice and their need to feed
during their first winter. However, our understanding of their overwintering diet and its variability
is limited. We studied the spatio-temporal variability of the diet in 4 cohorts of AC0 krill in the
Northern Weddell Sea during late winter 2013 using stomach contents, fatty acids (FAs) and bulk
stable isotope analysis (BSIA). Stomach contents were dominated by diatoms in numbers and
occasionally contained large volumes of copepods. Many of the prey species found in the stom-
achs were sea ice-associated. Our results show that the diet of overwintering AC0 krill varies sig-
nificantly in space and time. Variability in stomach content composition was related to environ-
mental factors, including chlorophyll a concentration, copepod abundance and sea-ice cover. In
contrast, FA composition mainly varied between cohorts, indicating variation in the long-term
diet. The condition of the AC0 krill was reflected in FA and BSIA analysis, suggesting that the
availability of sea ice-derived food sources over a long period may impact the condition of devel-
oping AC0 krill significantly. The spatio-temporal availability of sea-ice resources is a potentially
important factor for AC0 krill winter survival.
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Adult Antarctic krill Euphausia superba release
eggs from mid-December to April (Ross & Quetin
1986). The duration of the spawning season of krill
and the number of spawning episodes that occur can
be variable (Ross & Quetin 1986, Spiridonov 1995).
Multiple spawning episodes increase the chance of
producing larvae that reach the first feeding stage at
a time when there is enough food available in the
environment, since the timing and length of phyto-
plankton blooms are highly variable and unpre-
dictable (Quetin & Ross 1991).

Adult E. superba overwinter by reducing metabolic
activity in combination with opportunistic feeding
and utilization of body lipids or body shrinkage
(Ikeda & Dixon 1982, Meyer et al. 2010, Virtue et al.
2016). In contrast to adult krill, larvae are not able to
survive long periods of starvation (Meyer et al. 2009,
O’Brien et al. 2011), and the first winter is therefore
considered a critical period for krill survival and re -
cruitment (Quetin et al. 2003, Daly 2004, Flores et al.
2012b). Krill larvae are assumed to rely on sea-ice re -
sources (Daly 1990, Meyer et al. 2002, Meyer 2012),
but in addition show flexible overwintering be -
haviour such as a delay of development, an in creased
inter-moult period, growth reduction and moderate
lipid storage (Hagen et al. 2001, Daly 2004).

Krill larvae often reside directly underneath the
sea ice in winter (Frazer et al. 2002, Meyer et al. 2009,
Flores et al. 2012a, Schaafsma et al. 2016, David et al.
2017). Using a Surface and Under-Ice Trawl (SUIT;
van Franeker et al. 2009), Schaafsma et al. (2016)
conducted a large-scale investigation of the krill pop-
ulation structure directly underneath the sea ice in
the northern Weddell Sea during winter/early spring
of 2013 (Fig. 1). The population mostly comprised lar-
vae (furcilia) and juveniles experiencing their first
winter, subsequently referred to as age-class 0 (AC0)
krill. The AC0 krill population consisted of several
spatially separated cohorts, differing in size and
 de velopmental stage composition. The differences
be tween these cohorts could have been caused by a
dis similar timing of spawning and/or different
growth conditions due to variable environmental
conditions encountered on differing advection paths
(Quetin & Ross 2003, Schwegmann 2012, Schaafsma
et al. 2016). Furthermore, the metazoan community
structure in the ice−water interface layer in the
northern Weddell Sea showed a distinct spatial struc-
ture, consisting of 3 distinct community types which
could be attributed to spatially and seasonally vary-
ing environmental conditions (David et al. 2017).
These observations indicated that the environmental
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Fig. 1. Sampling locations of the Surface and Under-Ice Trawl (SUIT), indicated with their station numbers. Sea ice concentra-
tion data were acquired on 16 September 2013. Round = SUIT hauls, triangles = stationary hauls at ice stations. Black dotted
lines indicate the spatial pattern of cohorts of age class 0 krill Euphausia superba, as established by Schaafsma et al. (2016). Co-
hort numbers are indicated within their respective rectangle. Stations are coloured according to the spatial pattern in the under-
ice zooplankton community as established by David et al. (2017): red = ‘krill-dominated’, yellow = ‘copepod-dominated’, 

blue = ‘low biomass’ community
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regime in the northern Weddell Sea was influenced
by various interacting drivers, such as ocean cur-
rents, phytoplankton and ice algae concentrations
and sea-ice drift, creating a heterogeneous pattern of
food availability and food composition for overwin-
tering krill. This is important because growth and
development of overwintering larval krill are strong -
ly influenced by food supply and food type (Ross et
al. 1988, Ross & Quetin 1989, Daly 1990).

Investigating the diet of AC0 krill can give insight
in the survival through their first winter (Virtue et al.
2016). Due to the difficulty of sampling during win-
ter, only a limited number of studies have described
the stomach contents of larval krill during this season
(Daly 1990, Ju & Harvey 2004, Meyer et al. 2009,
O’Brien et al. 2011). Because of the small spatial cov-
erage of these studies, determinants and variability
of diet composition remain unclear. The analysis of
stomach contents can provide essential information
on the recent diet composition of a consumer. Com-
bined with lipid and fatty acid (FA) compositions, it is
possible to elucidate trophic interactions over larger
temporal scales (Falk-Petersen et al. 1999, Dalsgaard
et al. 2003, Kohlbach et al. 2016). Zooplankton lack
the ability to biosynthesize certain FAs de novo.
Hence, these essential FAs produced by primary pro-
ducers are not metabolically modified and can be
used as trophic markers to trace back dietary carbon
sources (Lee et al. 1971, Graeve et al. 1994, Virtue et
al. 2016). Diatoms (Bacillariophyceae) produce large
amounts of the FAs 16:1n-7 and 20:5n-3, while dino-
flagellates (Dinophyceae) produce large amounts of
the FAs 18:4n-3 and 22:6n-3 (Graeve et al. 1994,
Dalsgaard et al. 2003 and references therein). Sea-
ice algae communities often contain high proportions
of diatoms compared to the underlying water column
(Garrison 1991, Lizotte 2001). Conversely, dinoflagel-
lates are typically more abundant in the water col-
umn, compared to sea-ice communities (Garrison
1991, Lizotte 2001). The FA composition of krill can
therefore give some qualitative insight into the origin
of carbon in dietary sources.

The aim of this study was to evaluate temporal and
spatial differences in the diet of AC0 krill in late
 winter/ early spring. Microscopic stomach content
analysis and FA analysis were combined to gain
insight into the diet and carbon sources of E. superba
during their first winter. Additional information was
integrated, including carbon:nitrogen content (C:N
mass ratio), as indicators of lipid storage and body
condition of the krill. Furthermore, the isotopic frac-
tionation of carbon (δ13C: 13C/12C) was measured to
assess the potential contribution of ice algae-derived

carbon to the diet of overwintering krill. This is possi-
ble because the δ13C values of sea ice-derived carbon
are often higher compared to pelagic produced car-
bon (Fry & Sherr 1984, Hecky & Hesslein 1995, Jia et
al. 2016, Kohlbach et al. 2016). The isotopic composi-
tion of nitrogen (δ15N: 15N/14N) was used as an indica-
tor of trophic position (DeNiro & Epstein 1981, Mina-
gawa & Wada 1984).

We used this comprehensive methodical approach
for a detailed analysis of the spatial variability of the
trophic ecology of overwintering krill across a geo-
graphically large research area in the northern Wed-
dell Sea, aiming to: (1) assess the importance of sea
ice-associated carbon sources in the diet of overwin-
tering krill; (2) investigate the association of the diet
composition with spatio-temporal patterns in the
environmental properties of the research area; and
(3) analyse correlations between the size and stage
composition of different krill cohorts and recent and
long-term dietary sources.

MATERIALS AND METHODS

Sampling and data collection

Sampling was performed in the northern Weddell
Sea during RV ‘Polarstern’ expedition PS81 (ANT-
XXIX/7), between 24 August and 2 October 2013
(Fig. 1). The upper 2 m of the water column directly
underneath the sea ice was sampled using a SUIT.
Environmental parameters, such as sea-ice concen-
tration and thickness, and under-ice surface water
temperature, salinity and chlorophyll a (chl a) con-
centration, were measured during trawling using a
sensor array attached in the frame of the SUIT, in -
cluding an acoustic Doppler current profiler (Nortek,
Aquadopp®) and a CTD probe (CTD75 M, Sea & Sun
Technology) with connected altimeter (PA500/ 6-E,
Tritech). In addition, regional gridded sea ice con-
centrations during SUIT hauls were calculated from
AMSR2 satellite data, which were ac quired from the
sea ice portal of the Alfred Wegener Institute (AWI,
www.meereisportal.de), using the algorithm from
Spreen et al. (2008). Ice floe size was estimated visu-
ally during SUIT hauls by an observer on deck, and
varied between 10 m and <1 km diameter. Detailed
information on sampling and data collection can be
found in David et al. (2015) and Schaafsma et al.
(2016). Additional to trawling stations, krill were col-
lected at sea-ice stations, by deploying the SUIT from
the stationary ship in the current. Euphausia superba
for stomach content analysis were directly preserved
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in a 4% hexamine-buffered formaldehyde-seawater
solution. E. super ba for C:N ratio, FA and bulk stable
isotope analyses were immediately frozen at −80°C.

Stomach analysis

Prior to stomach content analysis, the preserved
krill were weighed and total length (TL) was meas-
ured, to the nearest mm, from the anterior margin of
the eye to the tip of the telson (‘Discovery method’;
Marr 1962). The developmental stage of furcilia lar-
vae was determined according to Kirkwood (1982).
Juveniles were distinguished from furcilia and other
post-larval krill according to Fraser (1936) and Maka -
rov & Denys (1981). A Discovery V8 stereomicro-
scope (Zeiss) was used for krill dissection. After re -
moving the carapace, the stomach was taken out,
transferred into a tube with 2 ml of deionized water
and mixed using a vortex to break the stomach wall.
For each analytical sample, up to 3 stomachs ab -
stracted from krill of comparable size were pooled
together. The tube with the stomach contents was
emptied into an Utermöhl sedimentation chamber,
where it was left to settle for at least 2 h (Schmidt et
al. 2006). Identifiable prey items were counted on an
Observer A1 microscope (Zeiss) at 400× magnifica-
tion in half of the counting receptacle. Rare prey
items such as dinoflagellates, tintinnids, foraminife-
rans, radiolarians and copepod or other zooplankton
remains were enumerated in the complete receptacle
at 200× magnification. Pieces of broken pennate and
centric diatoms were measured in order to recon-
struct the number of individual diatoms in the stom-
ach, by dividing the average size of the complete sur-
face area of intact diatoms with the average size of
the measured pieces of that species found in the
stomachs. For unidentifiable diatom pieces, the aver-
age surface area of all intact diatoms was used (Gar-
rison et al. 1987, Kang et al. 2001). The total biovol-
ume of prey species or species group in the stomach
was calculated by multiplying the number of individ-
uals by the volume per individual from Archer et al.
(1996) for dinoflagellates, Kang et al. (2001) for dia -
toms, Buck et al. (1992) for tintinnids and Gra din ger
(1999) for foraminiferans. When copepod remains
were found in a sample, the number of copepods was
estimated to be 1, unless there was evidence that the
remains originated from more than 1 individual, e.g.
more than 1 urosome or genital segment. To estimate
total biovolume of copepods in krill stomachs, the
number of individuals was multiplied by a volume of
13.4 × 106 µm3 ind.−1, based on the prosome length

from stomach content analysis in Meyer et al. (2009),
which was converted into volume according to
Mauchline (1998).

Fatty acid analysis

Up to 10 individuals were pooled into 1 sample in
order to obtain sufficient sample material for subse-
quent analyses. The frozen samples were freeze-
dried for 24 h and the dry weights were determined
gravimetrically. Lipids were extracted with a method
modified after Folch et al. (1957) using di chloro -
methane:methanol (2:1, v/v). The lipids were con-
verted into fatty acid methyl esters (FAMEs) by trans-
esterification in methanol, containing 3% sulphuric
acid, at 50°C for 12 h. The FAMEs were extracted
with hexane and analysed via gas chromatography.
The FAMEs were identified with known standard
mixtures. The total FA content and the percentage of
individual FAs were quantified with an internal stan-
dard (23:0) added prior to lipid extraction. The pro-
portions of the individual FAs were expressed as
mass percentage of the total FAs. Details on the pro-
cedure and analytical equipment were reported by
Kohlbach et al. (2016).

Carbon and nitrogen analysis

Krill samples for carbon and nitrogen analysis were
freeze-dried for 24 h, and were mechanically homo -
genized prior to analyses. Up to 5 individuals were
pooled into 1 sample in order to reach a minimum
sample dry weight of 1 mg. Carbon and nitrogen
were then analysed using a Carlo Erba CN analyser
(HEKAtech).

Bulk stable isotope analysis (BSIA)

Up to 10 individual krill were pooled into 1 sample
in order to obtain sufficient sample material for
analyses. Bulk stable isotope (BSI) compositions were
determined with a continuous flow isotope ratio mass
spectrometer Delta V Plus, interfaced with an ele-
mental analyser (Flash EA 2000 Series) and con-
nected via a Conflo IV Interface (Thermo Scientific).
The isotopic ratios were expressed as parts per thou-
sand (‰) in the delta notation, as deviation from the
Vienna Pee Dee Belemnite standard for carbon
measurements (δ13C), and atmospheric nitrogen for
nitrogen measurements (δ15N). Verification of accu-

104



Schaafsma et al.: Winter diet of young Antarctic krill

racy and precision of BSIA measurements was done
by measuring the secondary reference material
USGS41, provided by the International Atomic Ener -
gy Agency (IAEA, Vienna), which indicated errors as
±0.8‰ for nitrogen and ±0.5‰ for stable carbon
measurements (representing ±1 SD of 17 analyses).
Furthermore, the laboratory standards isoleucine
and peptone were analysed every 5 samples (Sigma
Aldrich), indicating errors of ±0.3‰ for nitrogen and
±0.6‰ for carbon isotope ratios of isoleucine (repre-
senting ±1 SD of 16 analyses) and ±0.3‰ for both
peptone measurements (representing ±1 SD of 8
ana lyses). For details on the verification of accuracy
and precision of the BSIA measurements, see Kohl -
bach et al. (2016). Samples of particulate organic
matter (POM) from surface water and sea ice were
collected to provide a baseline for BSIA. Measure-
ments confirmed that the δ13C values were signifi-
cantly higher in sea ice-derived carbon compared to
carbon derived from the water column (t-test, t = 5.2,
df = 10.9, p < 0.01; Kohlbach et al. 2017). There also
was no overlap between the δ13C values of sea-ice
POM and water column phytoplankton POM, con-
firming that these can be recognized as distinct car-
bon sources (Kohlbach et al. 2017).

Data analysis

The AC0 krill population was in general dominated
by furcilia larvae in stage VI (FVI). The sampled pop-
ulation could be divided in 3 separate cohorts accord-
ing to their length distribution (Schaafsma et al. 2016;
see Table S1 in the Supplement at www. int-res. com/
articles/ suppl/  m580p101_ supp. pdf). The first co hort
(Station [Stn] 555_47) was dominated by AC0 juve-

niles and contained a smaller proportion of FVI. The
second cohort (Stns 557_2 to 562_5 and 571_2 to
579_2) was dominated by FVI, with negligible
amounts of other developmental stages. The third
cohort was dominated by FVI, but also contained sig-
nificant proportions of FV and FIV (Stns 565_5 to
570_5; Fig. 1). In spite of the overlap in developmen-
tal stages between cohorts, the average length of the
developmental stages differed between cohorts. For
example, FVI from cohorts 1 and 2 were significantly
larger than FVI from cohort 3 (Schaafsma et al. 2016).
Average lengths and proportions of developmental
stages in each station can be found in Schaafsma et
al. (2016) and Table S1. For this study, cohort 2 was
split up into groups 2a and 2b. These krill repre-
sented AC0 krill of similar length and developmental
stage, but were separated by hundreds of kilometres
in space and weeks in time (Fig. 1, Table 1). These 4
groups were used to investigate population-driven
patterns in short- and long-term diet inferred from
stomach contents, FA composition, carbon and nitro-
gen contents and BSI composition.

An analysis of the community structure of under-
ice fauna in the sampling area suggested the pres-
ence of 3 distinctive community types, differing in
the numerical and biomass composition of abundant
taxa (David et al. 2017; Fig. 1). The first community
type (‘krill dominated’; Stns 555_47 to 557_2) was
dominated by krill in terms of proportional biomass
(>65%), but overall species abundances and bio-
masses were relatively low. The second community
type (‘copepod dominated’; Stns 560_2 to 567_2) had
high species abundances and biomasses, and was
largely dominated by copepods (>72% in terms of
abundance). The third community type, comprising
stations close to the sea-ice edge (‘low biomass’; Stns
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Station      Sampling date                   Sea ice                           Temp.    Sal.      Chl a                      Copepods (ind. m−3)    
no.             (dd-mm-yyyy)   Cover   Thickness  Roughness      (°C)                (mg m−3)       Calanus   Ctenocalanus  Stephos 
                                              (%)            (m)                                                                          propinquus           sp.            longipes

555_47         09-09-2013       99.5          0.475           3.734          −1.85    34.3      0.104             0.09                0.11              1.04
557_2           10-09-2013       94.0          0.700           0.833          −1.86    33.9      0.134             0.06                0.20              1.25
560_2           11-09-2013       96.0          0.525           1.030          −1.86    33.8      0.108             0.08                0.67              3.28
562_5           12-09-2013       92.5          0.525           0.969          −1.86    33.8      0.097             0.47                1.75              6.63
565_5           16-09-2013       96.5          0.525           2.297          −1.87    34.2      0.103             0.46                1.33              0.79
567_2           28-09-2013       86.5          0.675           1.148          −1.88    33.6      0.204             1.19                4.66              0.07
570_5           29-09-2013       96.0          0.425           0.853          −1.86    33.9      0.223             0.30                0.03              0.02
571_2           30-09-2013       84.0          0.225           0.829          −1.84    34.1      0.165             0.07                0.02              0.07
577_2           02-10-2013       51.5          0.475           1.207          −1.84    33.7      0.164             0.01                0.00              0.01
579_2           02-10-2013       46.0          0.575           1.504          −1.83    34.1      0.275             0.03                0.00              0.06

Table 1. Sampling dates and parameters used for BioEnv analysis per station, including environmental parameters and abun-
dances of dominant copepods from the ice−water interface layer (0−2 m)

http://www.int-res.com/articles/suppl/m580p101_supp.pdf
http://www.int-res.com/articles/suppl/m580p101_supp.pdf
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570_5 to 579_2) was characterized by both low spe-
cies abundance and low total biomass (David et al.
2017). This grouping of community types was used to
investigate community-associated patterns in short-
and long-term diet.

To investigate the relationship between the sea-ice
environment and the krill diet variability between
stations, the effect of all possible combinations of
measured environmental variables on the average
stomach content per station was analysed using a
BioEnv analysis (Clarke & Ainsworth 1993), which
evaluates the subset of environmental variables that
has the highest correlation with the stomach con-
tents. The BioEnv analysis relates 2 distance matri-
ces, the environmental data based on Euclidean dis-
tance and the stomach content data on Bray-Curtis
dissimilarity (Clarke & Warwick 2001). Environmen-
tal variables used are listed in Table 1. Using the
measured environmental data, a sea-ice roughness
coefficient was calculated according to David et al.
(2017). The density of the most abundant copepod
species (Stephos longi pes, Ctenocalanus sp. and
Calanus propinquus) in the under-ice surface layer
were added as parameters to investigate the effect of
copepods as an available food source (David et al.
2017). Stomach contents, expressed as abundance as
well as volume, were fourth-root transformed to
increase importance of food items that generally
occur in low abundances (Clarke & Warwick 2001).
After data assessment using a draftsman plot, sea-ice
thickness and sea-ice concentration were square-
transformed, and all other environmental data except
temperature were log-transformed. After data trans-
formation, the environmental data were normalised
to obtain a consistent scale for each parameter by
subtracting the mean value and dividing by the stan-
dard deviation over all samples of that parameter.
This ensures equal variances of all used parameters
and therefore equal importance in the analysis
(Clarke & Warwick 2001). A Mantel test was used to
test the significance of the association of the environ-
mental variables  se lected with BioEnv with the stom-
ach content data using Spearman’s correlation. The
significance of Mantel test correlations was assessed
with a bootstrapping procedure using 999 iterations.

To test whether numerical stomach content compo-
sition differed between cohort groups or under-ice
community types, a multivariate generalized linear
model (GLM) was used. Unlike distance-based meth-
ods, this approach does not vary in detection of
between-group differences depending on variance,
which increases with increasing abundances (War -
ton et al. 2012). Differences were assessed using 999

bootstrapping iterations. Untransformed abundance
data were used, and a negative binomial distribution
of data was assumed (Wang et al. 2012, Warton et al.
2012). Assumptions were checked by plotting the
residuals versus the fits (Wang et al. 2012).

The variability in FA compositions was assessed
using a principal component analysis (PCA), includ-
ing all FAs that contributed more than 1% to the total
amount of the krill FAs. Proportions of FAs were
fourth-root transformed to increase importance of
FAs that generally occur in low proportions (Clarke &
Warwick 2001). Only a single AC0 krill was sampled
for FA analysis from cohort 1. Therefore this cohort is
shown in the PCA analysis results but was further
excluded from all FA data analyses. Differences in
FA composition between cohorts and community
types were tested with a distance-based analysis of
similarity (ANOSIM), using fourth-root-transformed
data and a Euclidean distance matrix (Clarke & War-
wick 2001).

Differences in individual marker FAs, C:N ratios
and BSI compositions between cohort groups and
community types were investigated using 1-way
ANOVA, followed by a non-parametric Tukey’s HSD
post hoc test. Statistical significance was set at α =
0.05. All analyses were performed using R version
3.3.1, with packages vegan, ade4, ggplot2 and
mvabund (R Core Team 2015). Details on the proper-
ties of krill used for the different analyses can be
found in Tables S2 & S3 in the Supplement.

RESULTS

Stomach content analysis

The diet of AC0 krill was dominated, on average, by
centric (35%) and pennate (56%) diatoms in abun-
dance, and centric diatoms (58%) and copepods
(26%) in estimated volume (Fig. 2). Not all species
could be identified to species level. The relative abun-
dance of pennate diatoms in the stomachs was consid-
erably higher in the northernmost stations compared
to all other stations (Fig. 2, Table 2). The pennate di-
atoms were dominated by species of the genus Fragi-
lariopsis. Identifiable species were F. curta, F. kergue-
lensis, F. obliquecostata and F. ritsch eri. Identifiable
species of centric diatoms were Actino cyclus actino -
chilus, Stellarima microtrias, Thalassiosira tumida,
Thalassiosira spp. and Coscinodiscus spp. Eucampia
antarctica, Asteromphalus spp. and Rhizo solenia sp.
were encountered occasionally. A. actinochilus often
represented a large part of the total reconstructed
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number of centric diatoms (over 50% at Stns 555_47 −
560_2, and over 30% at Stns 570_5-579_2).

The only copepod appendages that could be identi-
fied belonged to Stephos longipes. Other prey items
regularly found in the stomachs were the foraminifer

Neo globoquadrina pachyderma, the
tintinnids Laack manniella navicu lae -
fera, Cymatocylis conval la ria, Cyma -
to cylis vanhoeffeni and Codo nellopsis
glaci als, and dinoflagellate cysts.
Dino flagellates were found in small
numbers, some identifiable as Proto -
peridinium spp. and Dinophysis spp.
Krill setae and radiolarians were
found sporadically.

There were no significant differ-
ences in stomach contents between
cohorts (GLM, Likelihood Ratio (LR)
= 32.83, p > 0.05). Differences in
stomach contents were partially re la -
ted to under-ice community types
and de pended on environmental fac-
tor levels. Using the 3 community
types established by David et al.
(2017) as a station grouping factor, a
significant difference was found
between the stomach contents of krill
from the low biomass community at
the northern sea-ice edge versus krill
from the copepod-dominated com-
munity in the centre of the sampling
area (GLM, LR = 18.44, p = 0.038). At
the centre of the sampling area,
copepods also dominated the stom-
ach contents of krill in terms of vol-
ume (Fig. 2, Table 2).

BioEnv analysis showed that the
numerical composition of identifiable
prey items was correlated to a com-
bination of under-ice surface chl a
concentration, sea-ice coverage, un-
der-ice surface salinity and the abun-
dance of Stephos longipes in the
ice−water interface layer (r = 0.47;
Mantel test p = 0.005). Similarly, the
volumetric composition of identifi-
able prey items in the stomach was
best correlated with the under-ice
surface abundance of S. longipes and
under-ice surface chl a concentration
(r = 0.58; Mantel test p = 0.006).

Fatty acid analysis

Using ANOSIM, a significant difference between
FA profiles was found when the AC0 krill were
grouped according to cohorts (R = 0.42, p = 0.001), but
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Fig. 2. Average stomach contents of age class 0 krill Euphausia superba at each
station, shown in (A) numbers per individual krill and (B) estimated volume of
food items per individual krill. Bars above the graphs show how the sampled
stations were grouped in under-ice surface zooplankton community type or age
class 0 krill cohorts, according to David et al. (2017) and Schaafsma et al. (2016), 

respectively; n represents the number of individuals analysed
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none when they were grouped ac cording
to community types. This was confirmed
by the PCA (Fig. 3). The first 3 principal
components (PC) of the PCA accounted
for 74.8% of the variance be tween the co-
horts. The first PC explained 51.3% of the
variability, separating cohort 3 from the
other cohorts. The FAs 14:0, 16:2n-4,
16:4n-1, 20:4n-6, 20:5n-3 and 18:1n-7 con-
tributed most to the variability in the data.
The FA composition per cohort is given in
Table S4 in the Supplement.

Following the results of the previous
analysis, 4 biomarker FAs were compared
between cohorts (Fig. 4). In cohort 3, the
relative contribution of the diatom-associ-
ated marker FA 16:1n-7 was significantly
lower compared to cohort group 2a
(ANOVA, F2,18 = 5.18, p = 0.02; Tukey’s
HSD, p = 0.01), and the diatom-associated
marker FA 20:5n-3 was significantly
lower compared to cohort group 2b
(ANOVA, F2,18 = 5.19, p = 0.02; Tukey’s
HSD, p = 0.01). Conversely, the dinofla-
gellate-associated marker FA 22:6n-3 was
significantly higher in cohort 3 compared
to the other cohorts (ANOVA, F2,18 =
41.57, p < 0.0001, Tukey’s HSD, p <
0.0001). The dinoflagellate-associated
marker FA 18:4n-3 was significantly
higher in cohort group 2b compared to
cohorts 2a and 3 (ANOVA F2,18 = 32.28,
p < 0.0001, Tukey’s HSD, p < 0.0001).

Body condition

The C:N ratios of AC0 krill ranged be-
tween 3.38 and 4.10 (Table 3). There was a
significant difference between the C:N ra-
tio of the krill from the ‘copepod-domi-
nated’ community type versus krill from
the other community types (ANOVA, F2,24

= 10.81, p < 0.0001; Tukey HSD, p < 0.004).
However, testing for differences between
cohort groups within community types
 indicated that these differences could be
explained by differences between cohort
groups. C:N ratios of AC0 krill differed
significantly be tween all 4 cohort groups
(ANOVA, F3,23 = 26.6, p < 0.0001; Tukey
HSD, p > 0.04), decreasing from cohort
group 1 to cohort group 3. The C:N ratio of
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Community type                                      K            C             L          Total
                                                             (n = 19)  (n = 43)  (n = 35)  (n = 97)

Average number (ind.−1)                                                                       
Centric diatoms                                     9.45       10.97      15.02      12.14
Pennate diatoms                                    9.04       17.98      53.88      29.18
Foraminifera                                          1.74        0.58         0.2         0.67
Tintinnids                                               0.53        0.14        0.31        0.28
Dinoflagellates                                      0.16        0.12         0.2         0.15
Radiolarians                                           0.05           0           0.06        0.03
Dinoflagellate cysts                               0.42        1.33        0.29        0.77
Unidentified round body <20 µm        6.53        4.28        2.71        4.15
Copepods                                               0.05        1.05        0.34         0.6
Krill setae                                               1.15        0.67        1.26        0.98

Average volume (×106 µm3 ind.−1)                                                       
Centric diatoms                                     2.91        3.38        4.63        3.74
Pennate diatoms                                    0.02        0.04        0.11        0.06
Foraminifera                                          0.49        0.16        0.06        0.19
Tintinnids                                               0.11        0.03           0           0.06
Dinoflagellates                                         +             +             +             +
Radiolarians                                           0.02           0           0.02        0.01
Dinoflagellate cysts                                 +             +             +             +
Unidentified round body <20 µm           +             +             +             +
Copepods                                               0.71        2.49        0.38        1.38

Total volume (excluding krill setae)    5.01        8.78        5.68        6.92

Table 2. Average stomach content composition of age class 0 krill Euphau-
sia superba per under-ice zooplankton community type as established by
David et al. (2017). K: krill-dominated community, C: copepod-dominated
community, L: low biomass community. n = number of individuals analysed, 

+ represents a volume <0.01 × 106 µm3 ind.−1

Fig. 3. Results of a principal component analysis (PCA) using fatty acid
profiles of different cohorts of age class 0 krill Euphausia superba, show-
ing the first and second principal components. Each point represents a 

replicate sample
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cohort group 2b was significantly higher than that of
cohort group 2a (Tukey HSD, p = 0.005). A similar pat-
tern was found in the total FA content of the AC0 krill
(Table 3). There were, however, no significant differ-
ences in total FA content between cohort groups.

BSI composition

The δ15N value of AC0 krill differed significantly
be tween both community types and cohorts (ANOVA,
F2,27 = 16.86, p < 0.001 and F3,26 = 29.47, p < 0.001, re-

spectively). Again, further analysis in-
dicated that the cohort grouping ex-
plained the differences more robustly.
Apart from cohort 1 vs. cohort 2b, δ15N
values differed significantly between
cohort groups (Fig. 5; ANOVA, F3,26 =
29.47, p < 0.0001; Tukey HSD, p <
0.02). The average δ15N value in co -
hort 3 (2.41‰) was lowest. In this co-
hort, δ15N values did not exceed 3‰.
The average δ15N values of cohort 1
(3.72‰) and 2b (4.05‰) were signifi-
cantly higher than in cohort 2a (3.24‰;
Fig. 5; Tukey HSD < 0.02). The δ13C
values of cohort 3 (average −26.8‰)
were significantly lower than all val-
ues of cohort groups 1, 2a and 2b (av-
erage −25.1, −24.5 and −24.5‰, re-
spectively; ANOVA, F3,26 = 17.92, p <
0.001, Tukey HSD, p < 0.003). The
δ13C values did not show significant
differences when the krill were
grouped according to community type.

DISCUSSION

Stomach contents and FAs of AC0
krill in winter/early spring

The stomach contents of AC0 krill
showed a variable diet in terms of tax-
onomic composition. In general, the
diet of larvae was numerically domi-
nated by diatoms, in particular the
pennate species Fragilariopsis spp.,
and had a heterotrophic component
consisting of foraminiferans, tintin-
nids, dinoflagellates, dinoflagellate
cysts and copepod appendages. This
is consistent with findings of winter

studies conducted in the Weddell−Scotia Confluence
(Daly 1990) and in the Lazarev Sea (Meyer et al.
2009, Schmidt et al. 2014), although the scale of our
study enables us to show that the degree of utiliza-
tion of these food sources varies within a region and
correlates with environmental factors.

The importance of heterotrophic taxa in the diet
may be under-estimated by stomach content analy-
sis, because soft-bodied organisms such as flagel-
lates, ciliates and turbellarians are easily digested
and therefore unlikely to be found in the stomachs of
the AC0 krill (Meyer et al. 2009). Studies suggest that
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Fig. 4. Proportion of biomarker fatty acids (mass % of total FA) of age class 0
krill Euphausia superba. Cohorts are defined as in Fig. 1. FAs 16:1n-7 and
20:5n-3 are considered diatom-associated markers, 18:4n-3 and 22:6n-3 are
dinoflagellate-associated markers. The horizontal black lines show the median
FA proportion in a cohort. The upper and lower limits of the coloured squares
indicate the 25th and 75th percentiles. The upper and lower limits of the verti-
cal line indicate the minimum and maximum FA proportions in a cohort exclud-
ing the outliers (represented by dots), which are numbers that are 1.5 times less 

than or greater than the lower or upper percentiles, respectively

Cohort     Carbon content    Nitrogen content    C:N ratio   Total FA content
                (% of dry mass)     (% of dry mass)                         (% of dry mass)

1                  40.60 (0.64)            10.12 (0.27)        4.01 (0.07)              na
2a                39.06 (1.13)            10.59 (0.40)        3.69 (0.07)      12.48 (11.81)
2b                39.32 (1.06)            10.20 (0.21)        3.86 (0.09)      19.50 (14.55)
3                  34.61 (1.00)             9.81 (0.19)         3.53 (0.10)        2.63 (2.09)

Table 3. Average carbon content, nitrogen content, C:N ratio and total fatty
acid (FA) content (SD within brackets) of age class 0 krill Euphausia superba

per cohort; na: not analysed
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 detritus may provide an additional food source for
furcilia (Daly 1990, Ju & Harvey 2004), but no further
analysis was done on unidentifiable stomach items
during this study. The lack of copepod mandibles in
the AC0 krill stomachs could be an indication that
the copepod appendages found originated from
moults. The reconstructed volume of the copepods in
the stomachs could therefore represent an over-
estimate, although feeding on copepods during win-
ter is common (Meyer et al. 2009, Töbe et al. 2010).
Moreover, moults were sparse in the SUIT samples
compared to live copepods (David et al. 2017), indi-
cating a low encounter probability in the under-ice
layer. This is probably due to the fact that moults
tend to sink quickly and therefore only stay in the
under-ice habitat for a very short time (Frangoulis et
al. 2005).

In general, the FAs of all AC0 krill were dominated
by 16:0, 20:5n-3 and 22:6n-3, similar to larval krill
from East Antarctica (O’Brien et al. 2011, Virtue et al.
2016) and the Lazarev Sea (Hagen et al. 2001) in
 winter/ early spring, and the western Antarctic
Peninsula in winter (Ju & Harvey 2004). FAs are typ-
ically components of different classes of lipids. The
marker FAs 20:5n-3 and 22:6n-3 are mainly incorpo-
rated into phospholipids (Hagen et al. 2001). The

phospholipid phosphatidylcholine was
the most dominant lipid class found in
the AC0 krill from our study (Kohl bach
et al. 2017), explaining the high propor-
tions of these FAs. While phos pho lipids
usually represent biomembrane compo-
nents, phosphatidylcholine also serves
as a storage lipid for Eu phau sia superba
(Hagen et al. 1996). The marker FAs
16:1n-7 and 18:4n-3 are mainly incorpo-
rated into other storage lipids (Stübing
et al. 2003).

Sea-ice association of prey

Many of the identified species in the
krill stomachs of our study were sea ice-
associated species. Actino cyclys actino -
chilus has been found in higher abun-
dances within sea ice compared to the
underlying water column (Armand et al.
2005). Fragilariopsis spp. such as F.
curta and F. cylindrus often dominate
the sea-ice algal assemblage (Nöthig et
al. 1991, Garrison & Close 1993, Ugalde
et al. 2016). Dinoflagellate cysts can be

abundant in sea ice, and it has been proposed that
sea ice is an overwintering site for resting or dormant
stages (Garrison & Buck 1989). The copepod Stephos
longipes migrates actively between the water col-
umn and sea-ice habitats, and the presence of this
copepod in the water column is concomitant with
their presence in the sea ice above (Wallis et al.
2016). Abundances of juvenile and adult S. longipes
were highest in the sea ice during winter/ early
spring (Schnack-Schiel et al. 1995, Mauchline 1998).

The high proportional contribution of sea ice-
 associated species found in the stomachs of AC0 krill
suggests that they were largely relying on sea ice-
associated prey during winter. This was confirmed
by the δ13C values, which suggested that the AC0
krill had continuous access to sea ice-associated food
sources (Kohlbach et al. 2017).

Relationship between diet and the environment

The stomach contents, reflecting the recent diet,
were related to environmental factors, such as under-
ice surface chl a concentration and the abundance of
copepods present, sea-ice concentration, and under-
ice surface water salinity. The results on the propor-
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Fig. 5. Bulk stable isotope values of age class 0 krill Euphausia superba per
cohort. Cohorts are defined as in Fig. 1. Every point represents a replicate 

sample
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tions of carbon, nitrogen, BSI and FAs of individual
krill at any point in time is a reflection of integrated
conditions over a period of days to months prior to
collection (Daly 2004, Graeve et al. 2005, Töbe et al.
2010). FA and BSI thus reflect the diet over a longer
term which explains why their variability could not
be attributed to environmental factors measured
 during sampling.

Stomach contents of AC0 krill in the central part of
the study area contained considerable volumes of
copepods. At these stations, the highest abundances
of copepods were found in the ice−water interface
layer, dominated by S. longipes and Ctenocalanus
spp. (David et al. 2017). The central part of the study
area was further characterized by a high biomass
zoo plankton community in the ice−water interface,
con sisting of amphipods, pteropods, chaetognaths
and ctenophores, indicating a diverse heterotrophic
food web (David et al. 2017). Exceptionally, the stom-
ach content of AC0 krill from Stn 567_2 had a small
total volume, and no copepods were found in the krill
stomachs, despite their abundance in the water col-
umn (David et al. 2017). This could be due the
extreme dominance of Ctenocalanus spp. at this sta-
tion (Table 1), which are not a food source of larval
krill (Töbe et al. 2010).

The under-ice zooplankton community structure at
the 4 northernmost stations was characterized by low
abundances and biomass of species compared to the
rest of the sampling area (David et al. 2017). These
stations were further characterized by relatively
higher under-ice surface chl a concentrations and
limited ice floe size (David et al. 2017). This suggests
that the sea ice had started to melt. The increase in
pennate diatoms in the stomach contents of AC0 krill
is therefore likely a result of residing closer to the
sea-ice edge where the sea ice started to release its
contents (Ackley et al. 1979), and/or a phytoplankton
bloom started (Quetin & Ross 1991, Bianchi et al.
1992). Alternatively, it is possible that sea-ice algae
be came more easily accessible as the sea ice began
to soften and became more porous due to melt
(Quetin et al. 2003).

Our findings suggest that the diet of AC0 krill is a
reflection of the food available and accessible in the
environment. Therefore, seasonal and biogeographi-
cal patterns in food availability govern the diet of
AC0 krill over the short term. Food availability, in
turn, is dependent on environmental factors driven
by the sea ice, which can be the properties of the sea
ice itself, but also other effects, such as the increase
in chl a concentration in the water column due to
melting of the sea ice.

Relationship between diet and 
size/developmental stage

The FA composition of furcilia is markedly influ-
enced by their food composition (Stübing et al. 2003).
FA and lipid signatures may reflect different food
sources and, in omnivorous species, ingestion of both
phytoplankton and zooplankton, which can compli-
cate the interpretation of trophic relationships (May -
zaud et al. 1999, Auel et al. 2002, Dalsgaard et al.
2003). It must be considered that the relative FA com-
position can depend on total lipid content (Stübing et
al. 2003). The total FA content of larvae and AC0
juveniles from our study was highly variable be -
tween individuals, which Virtue et al. (2016) previ-
ously attributed to the patchiness of the available
food. Nevertheless, the AC0 krill in this study
showed distinct FA profiles, BSI values and C:N
ratios, indicating that the dietary history of the vari-
ous cohort groups was different and is related to dif-
ferences in size and development. The lack of rela-
tionship between stomach contents and cohort
groups suggests that there was no size restriction in
the utilization of various prey.

The time scales for the incorporation of carbon,
nitrogen and different FAs into tissues as well as
their turnover rates are often not well defined (Dals-
gaard et al. 2003). However, FAs incorporated in stor-
age lipids are assumed to reflect a more recent car-
bon source composition compared to FAs incorpo-
rated in membrane components such as phospho -
lipids (Stübing et al. 2003). Therefore, the differences
found between cohort groups during this study using
a variety of analyses suggest that the availability
and/or utilization of food sources changed over time.

Larger juvenile krill from cohort 1 were in good
condition despite low stomach content volume, indi-
cating that rapid development to the juvenile stage
may be advantageous for survival (Feinberg et al.
2006). These findings also support the idea that the
ability to withstand poor food conditions increases
with age (Daly 2004).

Despite their similar size and developmental stage,
cohort groups 2a and 2b showed some differences in
several analyses. This suggests that they encoun-
tered distinct environmental conditions during ad -
vection from their spawning area or areas (Schaaf-
sma et al. 2016). The krill from cohort group 2b had a
higher C:N ratio than those from cohort group 2a,
suggesting that they were in better condition, likely
due to ice edge feeding, as would be expected at the
beginning of a spring bloom of ice algae and phyto-
plankton.
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The relatively high proportion of the dinoflagel-
late-associated marker FA 18:4n-3 in cohort 2b sug-
gests a relative increase in feeding on dinoflagellates
at the end of the sampling season. A similar en -
hanced feeding on dinoflagellates during the winter/
spring transition was also found in East Antarctica ,
based on FA analysis (Virtue et al. 2016). While the
aforementioned study suggests that diatoms were
not a major food source during this time of year
(Virtue et al. 2016), our cohort 2b had a relatively
high proportion of the diatom-associated marker FA
16:1n-7 and on average the highest number of dia -
toms in their stomachs. The proportion of FA 16:1n-7
was also similar to that of AC0 krill from co hort 2a,
caught earlier in the season. Possible explanations
for contradictions between FA and stomach content
analyses of cohort 2b are increased feeding on athe-
cate (naked), easily digested dinoflagellates, and/or
that the increased feeding on diatoms had occurred
only recently.

Cohort 3 had relatively low proportions of the
diatom-associated marker FAs 16:1n-7 and 20:5n-3,
indicating that diatoms had a consistently lower con-
tribution to the diet of this cohort compared to the
other cohorts (Reiss et al. 2015, Virtue et al. 2016).
Additionally, the krill from cohort 3 also had smaller
amounts of the FA 16:4n-1 which has also been found
to be an important FA for diatoms (Dalsgaard et al.
2003). The relatively low proportion of the dinofla-
gellate-associated marker FA 18:4n-3 in cohort 3
either indicates that dinoflagellates were less impor-
tant in the more recent period before the sampling, or
that the krill from cohort 3 have recently been starv-
ing. This FA metabolizes rapidly, and is found to
decrease when not replaced by new dietary input
(Stübing et al. 2003). The relatively large amount of
the dinoflagellate-associated marker FA 22:6n-3 in
the krill of cohort 3 could be a result of their relative
high proportion of the phosphatidylcholine com-
pared to other cohorts (Kohlbach et al. 2017). How-
ever, FA 20:5n-3, also usually incorporated in PC,
was lowest in the krill of cohort 3, strongly indicating
that AC0 krill from cohort 3 had fed more extensively
on dinoflagellates in the more distant past compared
to the other cohort groups. Based on the larger pro-
portion of dinoflagellates often residing in the water
column as opposed to the sea ice (Garrison 1991,
Lizotte 2001), this suggests that feeding in the more
distant past occurred to a larger extent on pela gic
resources, which are scarce during winter. The rela-
tively low δ15N value suggests that AC0 krill from
cohort 3 were feeding predominantly herbivorously
in the past, while the other cohorts were feeding

more omnivorously. This was based on the mostly
low δ15N values in sea-ice and pelagic POM (Kohl -
bach et al. 2017). Results show that compensating a
lack of sea-ice resources with heterotrophic pelagic
food sources, as seemed to be the case during 1 year
in East Antarctica (Jia et al. 2016), is not a general
pattern in the Southern Ocean during winter. The
combined results, including the relatively small size
and lower C:N ratio of cohort 3, strongly suggest
advection through regions with poor food availabil-
ity, probably related to regional properties of the sea-
ice habitat as supported by different δ13C values.

Conclusion

During winter in the northern Weddell Sea, sea ice-
associated prey were crucially important in the diet
of AC0 E. superba. Data mirrored patterns of local
food availability, influenced by the sea-ice environ-
ment. Differences in size and development of AC0
krill are a result of differences in the earlier food
availability.

This study shows that there is considerable tempo-
ral and spatial variation in the diet of AC0 krill within
a season, and adds insight on how this can relate to
the environment and the condition of the krill.
Dietary differences found between groups in variable
physiological states indicate that the long-term avail-
ability of sea-ice resources during advection over
winter could have a significant influence on the con-
dition of AC0 krill. The potential of the sea-ice habitat
to sustain sufficiently productive sea-ice al gae com-
munities may be an important factor for AC0 krill to
survive their first winter. Further investigation of the
relationship between diet, environmental factors and
food availability can improve our understanding of
AC0 krill overwintering. A better understanding of
within-season and annual variations will help to pre-
dict the consequences of environmental change.

Acknowledgements. We are very grateful for the support of
Captain Stefan Schwarze and officers and crew of RV
‘Polarstern’ during expedition PS81 (ANT-XXIX/7). Special
thanks to Michiel van Dorssen (M. van Dorssen Metaalbew-
erking) for operational and technical support with SUIT,
Laura Halbach for help with krill dissection, Christiane
Lorenzen and Hannelore Cantzler for carbon and nitrogen
measurements and data processing, Klaas Timmermans
(NIOZ) and Eva-Maria Nöthig (AWI) for help with the iden-
tification of species, and Martina Vortkamp (AWI) for techni-
cal assistance. At Wageningen Marine Research, we thank
André Meijboom for technical assistance and Erik Meesters
and Joop Coolen for help with statistics. Christine Klaas
(AWI) helped with calibration of chlorophyll a data. This



Schaafsma et al.: Winter diet of young Antarctic krill

study was funded by the Netherlands Ministry of Economic
Affairs (project WOT-04-009-036) and the Netherlands Polar
Program (project ALW-NWO 866.13.009). The study is asso-
ciated with the Helmholtz Association Young Investigators
Group Iceflux: Ice-ecosystem carbon flux in polar oceans
(VH-NG-800) and contributes to the Helmholtz research
Programme PACES II, Topic 1.5. Expedition grant no: AWI-
PS81_01 (WISKY).

LITERATURE CITED

Ackley SF, Buck KR, Taguchi S (1979) Standing crop of
algae in the sea ice of the Weddell Sea region. Deep-Sea
Res A 26: 269−281

Archer SD, Leakey RJG, Burkill PH, Sleigh MA (1996)
Microbial dynamics in coastal waters of East Antarctica: 
herbivory by heterotrophic dinoflagellates. Mar Ecol
Prog Ser 139: 239−255

Armand LK, Crosta X, Romero O, Pichon JJ (2005) The bio-
geography of major diatom taxa in Southern Ocean sed-
iments:  1. Sea ice related species. Palaeogeogr Palaeo -
climatol Palaeoecol 223: 93−126

Arrigo KR, Van Dijken GL, Bushinsky S (2008) Primary pro-
duction in the Southern Ocean, 1997−2006. J Geophys
Res Oceans 113: C08004

Auel H, Harjes M, Da Rocha R, Stübing D, Hagen W (2002)
Lipid biomarkers indicate different ecological niches and
trophic relationships of the Arctic hyperiid amphipod The -
misto abyssorum and T. libellula. Polar Biol 25: 374−383

Bianchi F, Boldrin A, Cioce F, Dieckmann G and others
(1992) Phytoplankton distribution in relation to sea ice,
hydrography and nutrients in the northwestern Weddell
Sea in early spring 1988 during EPOS. Polar Biol 12: 
225−235

Buck KR, Garrison DL, Hopkins TL (1992) Abundance and
distribution of tintinnid ciliates in an ice edge zone dur-
ing the austral autumn. Antarct Sci 4: 3−8

Clarke KR, Ainsworth M (1993) A method of linking multi-
variate community structure to environmental variables.
Mar Ecol Prog Ser 92: 205−219

Clarke KR, Warwick RM (2001) Change in marine commu-
nities:  an approach to statistical analysis and interpreta-
tion. PRIMER-E Ltd, Plymouth

Dalsgaard J, St. John M, Kattner G, Müller-Navarra D,
Hagen W (2003) Fatty acid trophic markers in the pelagic
marine environment. Adv Mar Biol 46: 225−340

Daly KL (1990) Overwintering development, growth, and
feeding of larval Euphausia superba in the Antarctic
marginal ice zone. Limnol Oceanogr 35: 1564−1576

Daly KL (2004) Overwintering growth and development of
larval Euphausia superba:  an interannual comparison
under varying environmental conditions west of the
Antarctic Peninsula. Deep Sea Res II 51: 2139−2168

David C, Lange B, Rabe B, Flores H (2015) Community
structure of under-ice fauna in the Eurasian central Arc-
tic Ocean in relation to environmental properties of sea-
ice habitats. Mar Ecol Prog Ser 522: 15−32

David C, Schaafsma FL, van Franeker JA, Lange BA, Brandt
A, Flores H (2017) Community structure of under-ice
fauna in relation to winter sea-ice habitat properties from
the Weddell Sea. Polar Biol 40: 247−261

DeNiro MJ, Epstein S (1981) Influence of diet on the distri-
bution of nitrogen isotopes in animals. Geochim Cos-
mochim Acta 45: 341−351

Eicken H (1992) The role of sea ice in structuring Antarctic
ecosystems. Polar Biol 12: 3−13

Falk-Petersen S, Sargent JR, Lønne OJ, Timofeev S (1999)
Functional biodiversity of lipids in Antarctic zooplankton: 
Cala noides acutus, Calanus propinquus, Thysano essa ma -
c rura and Euphausia crystallorophias. Polar Biol 21: 37−47

Feinberg LR, Shaw CT, Peterson WT (2006) Larval develop-
ment of Euphausia pacifica in the laboratory:  variability in
developmental pathways. Mar Ecol Prog Ser 316: 127−137

Flores H, van Franeker JA, Cisewski B, Leach H and others
(2011) Macrofauna under sea ice and in the open surface
layer of the Lazarev Sea, Southern Ocean. Deep-Sea Res
II 58: 1948−1961

Flores H, van Franeker JA, Siegel V, Haraldsson M and oth-
ers (2012a) The association of Antarctic krill Euphausia
superba with the under-ice habitat. PLOS ONE 7: e31775

Flores H, Atkinson A, Kawaguchi S, Krafft BA and others
(2012b) Impact of climate change on Antarctic krill. Mar
Ecol Prog Ser 458: 1−19

Folch J, Lees M, Sloane-Stanley GH (1957) A simple method
for the isolation and purification of total lipids from ani-
mal tissues. J Biol Chem 226: 497−509

Frangoulis C, Christou ED, Hecq JH (2005) Comparison of
marine copepod outfluxes:  nature, rate, fate and role in
the carbon and nitrogen cycles. Adv Mar Biol 47: 253−309

Fraser FC (1936) On the development and distribution of the
young stages of krill (Euphausia superba). Discov Rep 14: 
1−192

Frazer TK, Quetin LB, Ross RM (2002) Abundances sizes
and developmental stages of larval krill, Euphausia
superba, during winter in ice-covered seas west of the
Antarctic Peninsula. J Plankton Res 24: 1067−1077

Fry B, Sherr EB (1984) δ13C measurements as indicators of
carbon flow in marine and freshwater ecosystems. Con-
trib Mar Sci 27: 13−47

Garrison DL (1991) Antarctic sea ice biota. Am Zool 31: 17−33
Garrison DL, Buck KR (1989) The biota of Antarctic pack ice

in the Weddell Sea and Antarctic Peninsula regions.
Polar Biol 10: 211−219

Garrison DL, Close AR (1993) Winter ecology of the sea ice
biota in Weddell Sea pack ice. Mar Ecol Prog Ser 96: 17−31

Garrison DL, Buck KR, Fryxell GA (1987) Algal assemblages
in Antarctic pack ice and ice-edge plankton. J Phycol 23: 
564−572

Gradinger R (1999) Integrated abundance and biomass of
sympagic meiofauna in Arctic and Antarctic pack ice.
Polar Biol 22: 169−177

Graeve M, Hagen W, Kattner G (1994) Herbivorous or
omnivorous? On the significance of lipid compositions as
trophic markers in Antarctic copepods. Deep-Sea Res I
41: 915−924

Graeve M, Albers C, Kattner G (2005) Assimilation and
biosynthesis of lipids in Arctic Calanus species based on
feeding experiments with a 13C labelled diatom. J Exp
Mar Biol Ecol 317: 109−125

Hagen W, Auel H (2001) Seasonal adaptations and the role
of lipids in oceanic zooplankton. Zoology 104: 313−326

Hagen W, Van Vleet ES, Kattner G (1996) Seasonal lipid
storage as overwintering strategy of Antarctic krill. Mar
Ecol Prog Ser 134: 85−89

Hagen W, Kattner G, Terbrüggen A, Van Vleet E (2001)
Lipid metabolism of the Antarctic krill Euphausia super -
ba and its ecological implications. Mar Biol 139: 95−104

Hecky RE, Hesslein RH (1995) Contributions of benthic
algae to lake food webs as revealed by stable isotope

113

https://doi.org/10.1016/0198-0149(79)90024-4
https://doi.org/10.3354/meps139239
https://doi.org/10.1016/j.palaeo.2005.02.015
https://doi.org/10.1029/2007JC004551
https://doi.org/10.1007/BF00238264
https://doi.org/10.1017/S0954102092000038
https://doi.org/10.3354/meps092205
https://doi.org/10.1016/S0065-2881(03)46005-7
https://doi.org/10.4319/lo.1990.35.7.1564
https://doi.org/10.1016/j.dsr2.2004.07.010
https://doi.org/10.3354/meps11156
https://doi.org/10.1007/s00300-016-1948-4
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1007/BF00239960
https://doi.org/10.1007/s003000050330
https://doi.org/10.3354/meps316127
https://doi.org/10.1016/j.dsr2.2011.01.010
https://doi.org/10.1371/journal.pone.0031775
https://doi.org/10.3354/meps09831
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=13428781&dopt=Abstract
https://doi.org/10.1016/S0065-2881(04)47004-7
https://doi.org/10.1093/plankt/24.10.1067
https://doi.org/10.1093/icb/31.1.17
https://doi.org/10.1007/BF00238497
https://doi.org/10.3354/meps096017
https://doi.org/10.1111/j.1529-8817.1987.tb04206.x
https://doi.org/10.1007/s003000050407
https://doi.org/10.1016/0967-0637(94)90083-3
https://doi.org/10.1016/j.jembe.2004.11.016
https://doi.org/10.1078/0944-2006-00037
https://doi.org/10.3354/meps134085
https://doi.org/10.1007/s002270000527
https://doi.org/10.2307/1467546


Mar Ecol Prog Ser 580: 101–115, 2017

analysis. J N Am Benthol Soc 14: 631−653
Ikeda T, Dixon P (1982) Body shrinkage as a possible over-

wintering mechanism of the Antarctic krill, Euphausia
superba Dana. J Exp Mar Biol Ecol 62: 143−151

Jia Z, Swadling KM, Meiners KM, Kawaguchi S (2016) The
zooplankton food web under East Antarctic pack ice —
a stable isotope study. Deep-Sea Res II 131: 189−202

Ju SJ, Harvey HR (2004) Lipids as markers of nutritional
condition and diet in the Antarctic krill Euphausia super -
ba and Euphausia crystallorophias during austral winter.
Deep-Sea Res II 51: 2199−2214

Kang SH, Kang JS, Lee S, Chung KH, Kim D, Park MG
(2001) Antarctic phytoplankton assemblages in the mar-
ginal ice zone of the northwestern Weddell Sea. J Plank-
ton Res 23: 333−352

Kirkwood JM (1982) A guide to the Euphausiacea of the
Southern Ocean. ANARE Research Notes 1. Australian
Antarctic Division, Kingston

Kohlbach D, Graeve M, Lange BA, David C, Peeken I, Flores
H (2016) The importance of ice algae-produced carbon in
the central Arctic Ocean ecosystem:  Food web relation-
ships revealed by lipid and stable isotope analyses.
 Limnol Oceanogr 61: 2027−2044

Kohlbach D, Lange BA, Schaafsma FL, David C and others
(2017) Ice algae-produced carbon critical for overwinter-
ing of Antarctic krill Euphausia superba. Front Mar Sci
doi: 10.3389/fmars.2017.00310

Lee RF, Nevenzel JC, Paffenhöfer GA (1971) Importance of
wax esters and other lipids in the marine food chain: 
phytoplankton and copepods. Mar Biol 9: 99−108

Lizotte MP (2001) The contributions of sea ice algae to
Antarctic marine primary production. Am Zool 41: 57−73

Makarov RR, Denys CJ (1981) Stages of sexual maturity of
Euphausia superba Dana. BIOMASS Handb 11: 2−13

Marr J (1962) The natural history and geography of the
Antarctic krill (Euphausia superba Dana). Discov Rep 32: 
37−123

Mauchline J (1998) The biology of calanoid copepods. Aca-
demic Press, San Diego, CA

Mayzaud P, Virtue P, Albessard E (1999) Seasonal variations
in the lipid and fatty acid composition of the euphausiid
Meganyctiphanes norvegica from the Ligurian Sea. Mar
Ecol Prog Ser 186: 199−210

Meyer B (2012) The overwintering of Antarctic krill,
Euphau sia superba, from an ecophysiological perspec-
tive. Polar Biol 35: 15−37

Meyer B, Atkinson A, Stübing D, Oettl B, Hagen W, Bath-
mann UV (2002) Feeding and energy budgets of Antarc-
tic krill Euphausia superba at the onset of winter-I. Fur-
cilia III larvae. Limnol Oceanogr 47: 943−952

Meyer B, Fuentes V, Guerra C, Schmidt K and others (2009)
Physiology, growth, and development of larval krill
Euphausia superba in autumn and winter in the Lazarev
Sea, Antarctica. Limnol Oceanogr 54: 1595−1614

Meyer B, Auerswald L, Siegel V, Spahić S and others (2010)
Seasonal variation in body composition, metabolic activ-
ity, feeding, and growth of adult krill Euphausia superba
in the Lazarev Sea. Mar Ecol Prog Ser 398: 1−18

Minagawa M, Wada E (1984) Stepwise enrichment of δ15N
along food chains:  further evidence and the relation
between δ15N and animal age. Geochim Cosmochim
Acta 48: 1135−1140

Nöthig EM, Bathmann U, Jennings JC, Fahrbach E, Gradin -
ger R, Gordon LI, Makarov R (1991) Regional relation-
ships between biological and hydrographical properties

in the Weddell Gyre in late austral winter 1989. Mar
Chem 35: 325−336

O’Brien C, Virtue P, Kawaguchi S, Nichols PD (2011)
Aspects of krill growth and condition during late winter-
early spring off East Antarctica (110−130°E). Deep Sea
Res II 58: 1211−1221

Quetin LB, Ross RM (1991) Behavioral and physiological
characteristics of the Antarctic krill, Euphausia superba.
Am Zool 31: 49−63

Quetin LB, Ross RM (2003) Episodic recruitment in Antarctic
krill Euphausia superba in the Palmer LTER study
region. Mar Ecol Prog Ser 259: 185−200

Quetin LB, Ross RM, Frazer TK, Amsler MO, Wyatt-Evens
C, Oakes SA (2003) Growth of larval krill, Euphausia
superba, in fall and winter west of the Antarctic Penin-
sula. Mar Biol 143: 833−843

R Core Team (2015) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna

Reiss CS, Walsh J, Goebel ME (2015) Winter precondition-
ing determines feeding ecology of Euphausia superba in
the Antarctic Peninsula. Mar Ecol Prog Ser 519: 89−101

Ross RM, Quetin LB (1986) How productive are Antarctic
krill? Bioscience 36: 264−269

Ross RM, Quetin LB (1989) Energetic cost to develop to the
first feeding stage of Euphausia superba Dana and the
effect of delays in food availability. J Exp Mar Biol Ecol
133: 103−127

Ross RM, Quetin LB, Kirsch E (1988) Effect of temperature
on developmental times and survival of early larval
stages of Euphausia superba Dana. J Exp Mar Biol Ecol
121: 55−71

Schaafsma FL, David C, Pakhomov EA, Hunt BPV, Lange
BA, Flores H, van Franeker JA (2016) Size and stage
composition of age class 0 Antarctic krill (Euphausia
superba) in the ice−water interface layer during winter/
early spring. Polar Biol 39: 1515−1526

Schmidt K, Atkinson A, Petzke KJ, Voss M, Pond DW (2006)
Protozoans as a food source for Antarctic krill, Euphausia
superba:  complementary insights from stomach content,
fatty acids and stable isotopes. Limnol Oceanogr 51: 
2409−2427

Schmidt K, Atkinson A, Pond DW, Ireland LC (2014) Feed-
ing and overwintering of Antarctic krill across its major
habitats:  the role of sea ice cover, water depth, and
phytoplankton abundance. Limnol Oceanogr 59: 17−36

Schnack-Schiel SB, Thomas D, Dieckmann GS, Eicken H
and others (1995) Life cycle strategy of the Antarctic
calanoid copepod Stephos longipes. Prog Oceanogr 36: 
45−75

Schwegmann S (2012) Interannual and decadal variability of
sea ice drift, concentration and thickness in the Weddell
Sea. Ber Polar- Meeresforsch 648: 82−130

Spiridonov VA (1995) Spatial and temporal variability in
reproductive timing of Antarctic krill (Euphausia
superba Dana). Polar Biol 15: 161−174

Spreen G, Kaleschke L, Heygster G (2008) Sea ice remote
sensing using amsr-e 89-ghz channels. J Geophys Res
Oceans 113: C02S03

Stübing D, Hagen W, Schmidt K (2003) On the use of lipid
biomarkers in marine food web analyses:  an experimen-
tal case study on the Antarctic krill, Euphausia superba.
Limnol Oceanogr 48: 1685−1700

Töbe K, Meyer B, Fuentes V (2010) Detection of zooplankton
items in the stomach and gut content of larval krill,

114

https://doi.org/10.1016/0022-0981(82)90088-0
https://doi.org/10.1016/j.dsr2.2015.10.010
https://doi.org/10.1016/j.dsr2.2004.08.004
https://doi.org/10.1093/plankt/23.4.333
https://doi.org/10.1002/lno.10351
https://doi.org/10.3389/fmars.2017.00310
https://doi.org/10.1007/BF00348249
https://doi.org/10.3354/meps186199
https://doi.org/10.1007/s00300-011-1120-0
https://doi.org/10.4319/lo.2002.47.4.0943
https://doi.org/10.4319/lo.2009.54.5.1595
https://doi.org/10.3354/meps08371
https://doi.org/10.1016/0016-7037(84)90204-7
https://doi.org/10.1016/S0304-4203(09)90025-1
https://doi.org/10.1016/j.dsr2.2010.11.001
https://doi.org/10.1093/icb/31.1.49
https://doi.org/10.3354/meps259185
https://doi.org/10.1007/s00227-003-1130-8
https://doi.org/10.3354/meps11082
https://doi.org/10.2307/1310217
https://doi.org/10.1016/0022-0981(89)90161-5
https://doi.org/10.1016/0022-0981(88)90023-8
https://doi.org/10.1007/s00300-015-1877-7
https://doi.org/10.4319/lo.2006.51.5.2409
https://doi.org/10.4319/lo.2014.59.1.0017
https://doi.org/10.1016/0079-6611(95)00014-3
https://doi.org/10.1007/BF00239056
https://doi.org/10.1029/2005JC003384
https://doi.org/10.4319/lo.2003.48.4.1685
https://doi.org/10.1007/s00300-009-0714-2


Schaafsma et al.: Winter diet of young Antarctic krill 115

Euphausia superba, using a molecular approach. Polar
Biol 33: 407−414

Ugalde SC, Westwood KJ, Van den Enden R, McMinn A,
Meiners KM (2016) Characteristics and primary produc-
tivity of East Antarctic pack ice during the winter-spring
transition. Deep-Sea Res II 131: 123−139

Van Franeker JA, Flores H, Van Dorssen MM (2009) Surface
and Under Ice Trawl (SUIT). In:  Flores H. Frozen desert
alive — the role of sea ice for pelagic macrofauna and its
predators:  implications for the Antarctic pack-ice food
web. PhD dissertation, University of Groningen

Virtue P, Meyer B, Freier U, Nichols PD and others (2016)
Condition of larval (furcilia VI) and one year old juvenile

Euphausia superba during the winter-spring transition in
East Antarctica. Deep-Sea Res II 131: 182−188

Wallis JR, Swadling KM, Everett J, Suthers IM and others
(2016) Zooplankton abundance and biomass size spectra
in the East Antarctic sea-ice zone during the winter-
spring transition. Deep-Sea Res II 131: 170−181

Wang Y, Naumann U, Wright ST, Warton DI (2012)
mvabund — an R package for model based analysis of
multivariate abundance data. Methods Ecol Evol 3: 
471−474

Warton DI, Wright ST, Wang Y (2012) Distance based multi-
variate analyses confound location and dispersion
effects. Methods Ecol Evol 3: 89−101

Editorial responsibility: Sigrun Jónasdóttir, 
Charlottenlund, Denmark 

Submitted: February 20, 2017; Accepted: August 16, 2017
Proofs received from author(s): September 18, 2017

https://doi.org/10.1016/j.dsr2.2015.12.013
https://doi.org/10.1016/j.dsr2.2016.02.001
https://doi.org/10.1016/j.dsr2.2015.10.002
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://doi.org/10.1111/j.2041-210X.2011.00127.x



