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ABSTRACT: Feeding of the Arctic under-ice amphipods Apherusa glacialis. Onisimus spp. and Gam- 
marus willutzkii on sea-ice algae was investigated in laboratory experiments. The specific ingestion 
rates of algal biornass declined with increasing size of the species (A .  glacialis, 51; Onisimus spp., 11;  
G ,  wilkjtzkli, 2 ng  chl a equival. mg-' dry mass d-l). Juveniles of Onisimus spp. and G. wilkitzkii had 
specific rates that were 1 to 2 orders of magnitude higher than those of the respective adults. Calcula- 
tions of the carbon budget and observations of amphipods behaviour indicate that A. glacialis is pre- 
dominantely herbivorous, whereas Onjsimus spp, are herbivorous/detritivorous, and G. wilkitzkii is 
herbivorous/detritivorous/carnivorous. The grazing impact on the ice-algal standing stock at the ice 
underside in summer, estimated for 2 different areas in the Arctic, was low (1.1 % d- '  in the Laptev Sea, 
2.6% d- '  in the Greenland Sea), indicating that food is not a limiting factor in this habitat. 
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INTRODUCTION 

In the Arctic Ocean, sea ice covers an  area of 7 X 

106 km2 in summer and 14 X 106 km2 in winter (Maykut 
1985). The ice interior provides a unique habitat for a 
diverse and specialized flora and fauna, ranging from 
bacteria to metazoans (e.g.  Horner 1976, Carey & 
Montagna 1982, Cross 1982, Gradinger & Zhang 1997). 
Many sea-ice organisms have their abundance and 
biomass maxima in the lowermost centi- to decimetres 
of the ice (Booth 1984, Grainger & Mohammed 1986, 
Gradinger et  al. 1991). The ice underside is inhabited 
by several amphipod species, of which Apherusa 
glacialis (Hansen), Onisim us glacialis (Sars), 0. 
nanseni (Sars), and Gammarus wilkitzkii (Birula) are  
the most common species. They have been reported 
from almost all areas of the Arctic Ocean, being dis- 
tributed by the drifting sea ice (Lanne & Gulliksen 
1991a, b ,  Carey 1992, Werner 1997). Abundances 
range from single specimens to several hundreds m-' 
ice underside (Lanne & Gulliksen 1991a, b, Polter- 
mann 1997, Werner 1997). 

Although it is generally accepted that the Arctic 
under-ice amphipods play a n  important role as a 
trophic link between the sea ice and  the water column, 
little information is available on their feeding ecology. 
It has been suggested that the amphipods graze on ice 
algae at the ice underside (Cross 1982, Carey 1985, 
Gulliksen & Lanne 1989). However, only a few studies 
have extensively dealt with this issue. Most investiga- 
tions focused on gut content analyses (Bradstreet & 

Cross 1982, Grainger et  al. 1985), and additional food- 
choice experiments were conducted by Poltermann 
(1997). Ice algae were found in the guts of Apherusa 
glacialis, Onisimus spp., and  Gammarus wilkitzkii dur- 
ing all these studies, but no  attempt was made to quan- 
tify the actual feeding activities. 

This study, prompted by the obvious lack of basic 
data, aimed to (1) investigate the feeding habits of the 
individual species, (2) determine their nutritional 
demands, and (3) estimate the grazing impact on the 
ice-algal standing stock at  the ice underside. For these 
purposes, ingestion rate was chosen as the major para- 
meter to be determined in experiments, because it is 
the most meaningful measure for comparing different 
feeding habits (Omori & Ikeda 1984) and is the largest 
and most important term in all metabolic equations 
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(Clarke et al. 1988). The ingestion rate is also the basis 
for estimating the impact of a given species on its 
ecosystem (Peters 1983). 

METHODS 

Experimental animals. Experiments on the grazing 
activity of Arctic under-ice amphipods were carried 
out onboard RV 'Polarstern' during the expeditions 
ARK XI/1 (Laptev Sea and adjacent Arctic Ocean) and 
ARK XI/2 (Greenland Sea and Fram Strait) in summer 
and autumn 1995. Under-ice amphipods (Apherusa 
glacialis, Onisimus glacialis, 0 .  nanseni, Gammarus 
wilkitzkii) were sampled at  ice statlons by means of an 
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under-ice pumping system (Werner 1997) and from ice Fig. 1. Experimental set-up designed for grazing experiments 
cores drilled with a SIPRE corer, as well as with Bongo with Arctic under-ice amphipods. Volume of filtered seawater 

nets and 310 pm mesh size) at  partially ice-cov- in the vial is 1.5 1. The frozen ice-algal block serves as a sub- 
strate and contains the food source; the inserted tube covered 

ered plankton stations. They were reared in filtered by gauze at the lower end prevents coprophay y 
(0.8 pm pore size) seawater, at 0 + 1°C temperature 
and 30 to 34 salinity. White styrofoam pieces floating 
on the water surface provided a substrate for the 
amphipods to attach to. Observations of behaviour equival. I-', for several months. They consisted mainly 
were made during the rearing period of several of small pennate diatoms such as Nitzschia spp. from 
months. For the experiments, only amphipods with a the N. frigida/neofrigida group, Fragilariopsis spp. and 
healthy and active appearance were chosen from the others (R.  Horner pers. comm.), but also contained a 
stock, which comprised amphipods from different sta- variety of photo- and heterotrophic flagellates (Ika- 
tions. Species of Onisimus were not separated in the valko & Gradinger 1997). 
experiments. Prior to the experiments, the amphipods Ingestion rates. In order to determine the ingestion 
were not fed for 2 wk. rates of under-ice amphipods, ice algae frozen in sea- 

Ice-algal cultures. Mixed ice-algal cultures were ice blocks were offered as food (Fig. l). Defined vol- 
established to provide food for rearing and feeding umes (100 ml) of the ice-algal culture with a known 
experiments. As a source, undersides (bottom 20 cm) of concentration of chl a equivalents were frozen solid 
ice cores were melted in a surplus of filtered (0.8 pm (-10 to -18°C for 12 h) in round aluminium dishes (10 
pore size) seawater at 0°C. To remove larger grazers, cm in diameter, 2 cm high). Experimental amphipods 
the material was screened through a 50 pm sieve. The were placed in plastic vials filled with filtered seawater 
cultures were grown with Drebes standard culture (0 + 1°C temperature, 30 to 3 4 %  salinity). A total of 20 
media 1 to 6 (Von Stosch & Drebes 1964) at 0 + 1°C and experiments were set up, applying an experimental 
under permanent light. They were diluted with nutri- design with species and stages as treatments, as well 
ent-enriched, filtered seawater (salinity 28 to 32x0) as controls without amphipods to assess the role of 
every 1 to 2 wk. The cultures could be maintained micrograzers in the culture (Table 1). All experiments 
in growing condition (chl a:phaeopigments = 5:1), were run simultaneously, with 1 frozen ice-algal block 
mostly at a biomass concentration of 30 to 50 pg chl a placed into each experimental vial. Experiments were 

Table 1. Arctic under-ice amphipods. Length and dry mass of experimental animals (mean i standard deviation), number of 
experimental replicates for each species and number of specimens per replicate 

Species Length (mm) Dry mass (mg) Replicates Specimens per replicate 

Apherusa glacialis, adult 8.8 i 1.7 2.5 i 1.9 5 7-8 
Onisim~ls spp., adult 13.7 i 2.8 12.1 i 5.1 4 7-8 
Onisjmus spp., juvenile 5 7  i 1.0 1 1 i 0.5 11 
Gamrnarus wilkitzkii, adult 39.9 r 5.1 121 7 i 62.5 4 1 
G. wilkitzkii, juveniles 5.5 * 0.6 0.3 i 0.2 3 4.  27, 27 

Control - - 3 0 
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terminated when the ice had melted (after 36 to 72 h). 
Experimental amphipods were removed from the vials, 
recorded on video tape for length measurements 
(Werner 1997), rinsed with freshwater and frozen 
(-30°C) for later determination of dry mass after 
freeze-drying. Seawater from the experimental vials 
was immediately filtered on Whatman GF/F filters and 
stored at 1 8 ° C  for fluorometrical analyses of chl a 
equivalents according to Arar & Collins (1992). The dif- 
ference between the initial algal biomass offered to the 
experimental amphipods and the remaining algal bio- 
mass yielded the amount consumed (calculated a s  
ingestion of chl a equivalents per individual, as well a s  
per mg dry mass). Conversion to carbon units was cal- 
culated applying a carbon:chl a equlval. ratio of 100 
determined for the ice-algal culture (Werner 1997), 
and an estimated amphipod carbon content of 40% of 
dry body mass (Peters 1983, Drits et al. 1993). 

Grazing impact. The grazing impact imposed on the 
ice-algal standing stock by the under-ice amphipods 
in summer was calculated for 2 different regions: 
(1) Laptev Sea and adjacent Arctic Ocean, and 
(2) Greenland Sea and Fram Strait. The ice-algal bio- 
mass (as chl a equival. m-') in the lowermost 2 cm of 
the ice was measured in ice-core samples from 17 sta- 
tions in the Laptev Sea (Werner 1997), and from 9 sta- 
tions in the Greenland Sea ( R .  Gradlilger pers. comm.). 
Amphipod abundances at the ice underside were 
determined from under-ice video recordings at  12 sta- 
tions in the Laptev Sea and at  8 stations in the Green- 
land Sea (Werner 1997). These field data were com- 
bined with the experimentally derived ingestion rates 
of adult amphipods for the estimation of their grazing 
impact. 

Statistical evaluation. The distribution of the experi- 
mental results was tested for normality using the Kol- 
mogorov-Smirnov one-sample test. When appropriate, 
the Lilliefors modification for small sample sizes was 
applied. Since most experimental data were normally 
distributed, mean values and standard deviations (or 
standard errors) were calculated. Differences between 
species were tested by means of a factorial analysis of 
variance (ANOVA) and Fishers PLSD post hoc test. 
Differences between adults and juveniles were ana- 
lyzed by an unpaired Student's t-test. 

RESULTS 

Observations of feeding behaviour 

During the rearing period, several specimens of 
Onisimus spp. were observed to feed on dead or mori- 
bund congeners. Adults of Gamn~arus wilkitzkii fre- 
quently attacked living amphipods, including conspe- 

cific animals, which were firmly held in a precopula- 
like grip and eaten, with the predator being attached 
to the ice underside. In order to prevent cannibalism, 
adults of this species had to be kept as single speci- 
mens In the aquaria and during the experiments. In 
contrast, Apherusa glacialis was never observed 
to consume animal food. All species of under-ice 
amphipods studied reacted to the presence of ice by 
swimming upward and attaching to the ice underside. 
Grazing activity at  the ice-algal blocks was observed 
in all species a s  well. Since the experimental set-up 
prevented feeding on material which had sunk to the 
bottom of the vial (Fig. l), all ingested algal biomass 
could only be grazed directly from the ice. Most ani- 
mals had dark guts after the experiments, and the 
presence of faecal pellets indicated feeding activity as 
well. 

Ingestion rate 

The ice-algal culture offered to the experimental 
amphipods a s  food had a mean concentration of 62.9 + 
3.4 pg chl a equival. 1-' (n  = 3), resembling concentra- 
tions observed in situ in the lowermost 2 cm of the ice, 
e.g.  in the Laptev Sea and the adjacent Arctic Ocean in 
summer (Werner 1997). In the control treatments 
(without amphipods), the decrease of algal biomass 
was very low in the course of the experiment, with a 
mean value of 9.9 6.9 ng chl a equival. d-' (n = 3). 
Thus, the influence of micrograzers in the frozen ice- 
algal culture was considered to be  negligible for the 
further evaluation of the experiments. 

Considerable differences in feeding rates of algal 
biomass were found between species (Fig. 2). The 

Apherusa Onlsrmus Gammunrs 
glacialis SPP. wilki~zkii 

Fig. 2. Arctic under-ice amphipods (adults and juveniles). 
Rates of algal biomass ingestion. Bar heights show mean val- 
ues for adults, shaded dots show values for juveniles [see 
Table 1). Error  bars indicate standard errors. DM: dry mass 
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mean individual ingestion rates were nearly the same 
for Apherusa glacialis and Onisimus spp. (131 and 
138 ng chl a equival. ind: ' d ', respectively], but it was 
2 times higher in the much larger amphipod Gam- 
marus wilkitzkii (288 ng chl a equival. i d - '  d-l). How- 
ever, no significant effect of species was revealed by 
ANOVA = 3.19, p = 0.085). Consequently, mean 
specific feeding rates of algal biomass, i.e. those stan- 
dardized to dry body mass (DM) of the am.p.hipods, 
decreased with increasing size of the species. The 
smallest species, A. glacialis, had the highest mean 
ingestion rate, 51 ng chl a equival. mg-' DM d-l, fol- 
lowed by Onisimus spp. with a mean value of 11 ng 
chl a equival, mg-' DM d-'. The largest species, G. 
wilkitzkii, ingested on average only 2 ng chl a equival. 
mg-' DM d-l. The effect of species on the specific 
ingestion rate was highly significant as shown by 
ANOVA (FZ,lo = 39.69, p < 0.001). In particular, signifi- 
cant differences between the feeding rates of A. 
glacialis and Onisimus spp. (p  < 0.001), and between 
A. glacialis and G. wilkitzkii (p < 0.001) were found. 

The experiments on the feeding rates of juvenile 
Onisimus spp. and Gammarus wilkitzkii yielded con- 
siderable stage-dependent differences (Fig. 2). Juve- 
nile individuals of Onisimus spp. ingested only slightly 
less algal biomass, 115 ng chl a equival. ind.-I d-l, than 
adults (138 ng chl a equival. ind.?' d-l). However, their 
specific ingestion rate, 107 ng chl a equival. mg-' DM 
d-', was 1. order of magnitude higher as compared to 
the adults (11 ng chl a equival. mg-' D M  d-l). The dif- 
ference in feeding rates of juvenile and adult G. wilk- 
itzkij was even more pronounced. Despite the large 
difference in size, juveniles and adults ingested a com- 
parable and not significantly different amount of algal 

biomass in absolute terms (171 and 288 ng chl a 
equival. ind:' d-l, respectively). The specific ingestion 
rates were more than 2 orders of magnitude higher for 
the juveniles than for the adults of th.is species (635 vs 
2 ng chl a equival, mg-l D M  d-l] This pronounced dif- 
ference was significant (t = 2.88, p = 0.035). 

The specific carbon uptake from the offered food 
source illustrated the differences between species and 
stages as well. Apherusa glacialis consumed the equiv- 
alent of approximately 1.3?4,, adult Onisimus spp. 
0.3 %. juvenile Onisimus spp. 2.7 %, adult Gammarus 
wilkitzkii < 0.1 % and juvenile G. wilkitzkii 15.8 % of 
their body mass (in carbon units) per day through feed- 
ing on the ice-algal cultures in the experiments. 

Grazing impact 

Calculations of the populations' feeding pressure 
indicate that the grazing impact of adult under-ice 
amphipods on the ice-algal standing stock during sum- 
mer was generally low (Fig. 3). As a function of mean 
abundances, which were different in the 2 areas stud- 
ied, the total grazing impact of all species of under-ice 
amphipods was about twice as high in the Greenland 
Sea as in the Laptev Sea (2.6 vs 1.1 % of the ice-algal 
standing stock per day). Apherusa glacialis had the 
highest grazing impact in the Greenland Sea, but the 
lowest in the Laptev Sea. There, Gammarus wiIkitzkii 
was the most important grazer on ice algae among the 
under-ice amphipods, though in absolute terms it had 
a higher impact in the Greenland Sea. The grazing 
impact of Onisimus spp. was relatively low in both 
regions. 

M I Greenland Sea I 
lce~algal standing stock 

m m* in the lowermosl 2 cm 
[vg chl a equival. m-21 

J J- J- J J J 
m m m m m Abundance of under-ice 

arnph~pods [Ind. m-21 

I l l  
L s m m  

J Ingestion rales 
[pg chl a equival m-2 d-l] 

m 1931 

4 Combined daily grazing m )2.61 impact of all species on 
ice-algal standing stock 1%) 

Fig. 3. Grazing impact of 
adult Arct~c  under-~ce  am-  
phipods on the ice-algal 
standing stock in the Lap- 
tev Sea dnd in the Green- 
land Sea Values are means. 
' R .  Grad~nger  (pers. comm.) 
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DISCUSSION 

Methods 

In order to obtain experimental results that are trans- 
ferable to nature to a satisfying degree, the experi- 
mental conditions should resemble the natural condi- 
tions as closely as possible, a requirement which is 
especially difficult to meet for work with sea-ice organ- 
isms (Weissenberger 1992, Poltermann 1997). During 
the present experiments, a thorough attempt was 
made to provide the under-ice amphipods with as 
many 'natural' conditions as possible (Werner 1997), 
with frozen sea-ice blocks as substrate, natural seawa- 
ter of temperatures and salinities very similar to the 
field conditions, and food offered in the same way as  in 
the field, i.e. frozen into the ice. A similar technique 
has already been successfully used in studying under- 
ice grazing behaviour of Antarctic krill Euphausia 
superba (Stretch et al. 1988). It is, however, not under- 
stood as yet whether the Arctic under-ice amphipods 
only scrape the material off the ice underside, or 
whether they are also able to filter suspended particles 
from the water, as has been suggested by Poltermann 
(1997). 

Ingestion rates and feeding habits 

The grazing experiments corroborated the hypothe- 
sis that all species of Arctic under-ice amphipods stud- 
ied feed on ice-algae at  the ice underside. The 
observed differences in ingestion rates point out the 
different feeding habits of the species. Apherusa 
glacialis showed the highest specific ingestion rate of 
algal biomass. Conversion to carbon units and compar- 
ison with the carbon demand derived from respiration 
measurements indicate that the offered ice-algal food 
was fully adequate to meet nutritional demands of this 
species (Table 2). As a rule, the ingestion rate of 
exotherms is 2 to 4 times higher than the standard 
metabolic rate (Peters 1983). A. glacialis never con- 
sumed animal food (this study) and is usually not 

attracted to baited traps (Poltermann 1997), and mostly 
algal material and detritus are  found in the guts (Brad- 
street & Cross 1982, Poltermann 1997). It is therefore 
concluded that A. glacialis is a predominantly herbivo- 
rous species. 

For adult Onisin~us spp. ,  the ice-al.gal food ingested 
during experiments would be just sufficient to meet 
the carbon demand for respiration (Table 2). Since 
reproduction and growth will require additional food 
uptake, the amphipods then have to ingest more algal 
biomass or exploit other sources. Besides ice algae 
(Bradstreet & Cross 1982), animal remains have also 
been found in the guts of Onisimus spp. (Grainger et 
al. 1985, Poltermann 1997). Onisimus spp. were ob- 
served to feed on dead or moribund amphipods and  
are attracted to baited traps, but have rarely been 
observed to attack live animals (Poltermann 1997, this 
study). I t  is therefore suggested that Onisimus spp. (0. 
glacialis, 0. nanseni) are omnivorous, with ice-algae 
and detritus (both plant and animal material) being 
major food items. 

Adults of Gammarus wilkitzkii showed the lowest 
specific ingestion rates of algal biomass, which were 
equivalent to only a quarter of the respiration rate 
(Table 2). Although the presence of ice algae in the 
guts of G. wilkitzkii has been documented, detritus 
and animal remains, mainly from crustaceans, usually 
had a higher share (Bradstreet & Cross 1982, Polter- 
mann 1997). Moreover, G. wilkitzkii is commonly 
attracted to baited traps, and clearly exhibited a preda- 
tory behaviour, including cannabalism (Poltermann 
1997, this study). It is therefore concluded that G. wdk- 
itzkii is an  omnivorous-carnivorous species with a wide 
spectrum of food sources. This species probably cannot 
rely on ice algae alone, unlike Apherusa glacialis and 
Onisimus spp. 

Juveniles of Onisimus spp. and Gammarus wilkjtzkii 
showed ingestion rates of algal biomass 1 and 2 orders 
of magnitude higher, respectively, as compared to the 
adults. This can be explained by the well-known, gen- 
eral relationship between metabolism and body size 
(Peters 1983), a s  has also been shown e.g. for Antarctic 
ice krill Euphausia crystallorophias (Pakhomov & 

Perissinotto 1996) and several species 

Table 2. Arctic under-ice amphipods (adults). Specific carbon demand for respi- and developmental stages of Antarctic 

ratlon and carbon uptake by feeding on ice algae in experiments. DM dry mass copepods (Atkinson lgg4). size 
may also have played a role in the 

Species Respirationa Ingestion Feeding habit 
(pg C m g '  DM d-') 

interqecific differences found be- 
tween under-ice amphipods with 
respect to inqestion and respiration 

Apherusa glac~alis 2.3 5.1 Herbivorous 
Onisilnlls spp. 1 .O 1.1 Herbi-/detritivorous 
Gammarus w i l k ~ t z k ~ ~  0.8 0.2 Herbi-/detriti-/carnivorous 

rates (Aarset & Aunaas 1990, Aarset 
1991). It has been demonstrated for 
subarctic lysianassoid amphipods, in- 

"Calculated according to data from Aarset & Aunaas (1990), Aarset (1991) cluding species of the genus Onisi- 
mus, that the specific respiration rate 
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declines with body mass (Christiansen & Diel-Chris- 
tiansen 1993). On the other hand, the present findings 
for the juveniles probably indicate that younger 
amphipods exhibit a more herbivorous feeding habit 
than older animals, as has already been documented 
for other species of the generally omnivorous genus 
Gammarus (Steele & Steele 1975). 

Even those species and stages of under-ice am- 
phipods that are considered to cover their metabolic 
requirements by ice algae (Apherusa glacialis, juve- 
nile Onisimus spp. and juvenile Gammarus wilkitzkii) 
ingested a low proportion of their body carbon per day, 
compared to, for example, pelagic organisms from the 
same geographical area, e.g. 4 to 100% for Pseudo- 
calanus spp. (Hanssen 1997 and references therein) 
and 6 to 91% for Calanus glacialis (Conover et al. 
1986). Feeding on ice organisms, larvae of the Antarc- 
tic krill Euphausia superba ingest 2 to 44 % of their 
body carbon per day, which probably covers the meta- 
bolic requirements for growth and development (Daly 
1990). In general, Arctic under-ice amphipods seem to 
have low metabolic rates (Aarset & Aunaas 1990), 
reflecting a more benthlc type of physiology (Clarke & 
Peck 1991). In contrast to pelagic organisms, which 
have to struggle constantly to avoid sinking and there- 
fore spend a significant amount of energy on swim- 
ming (Kils 1981), under-ice amphipods do not swim 
long distances. 

Grazing impact 

The grazing impact of the under-ice amphipods on 
the ice-algal standing stock appeared to be low on 
average. However, at locations with maximum abun- 
dances of 700 to 800 amphipods m-', the ice-algal bio- 
mass can be reduced by 30% d-' (Werner 1997). and 
even by 63% in shallow coastal areas (Siferd et al. 
1997). The total mean grazing impacts are in the same 
range as those imposed on melted-ice algae by pelagic 
sub-ice species (mainly Pseudocalanus spp. and 
Calanus glacialis) in spring (0.5 to 2.3%; Tremblay et 
al. 1989). In the Antarctic, the daily grazing impact of 
ice krill Euphausia crystallorophias has been estimated 
to range between < l  and 5% of the phytoplankton 
standing stock (Pakhomov & Periss~notto 1996). 

Under-ice amphipods are certainly not the only con- 
sumers of ice algae. For instance, the sea-ice meio- 
fauna is believed to exploit this food source as well 
(Grainger et al. 1985, Grainger & Hsiao 1990, Grainger 
1991). Additionally, several pelagic species depend on 
released ice algae as early food in spring (Conover et 
al. 1986, Runge & Ingram 1988). In perennial sea ice, 
ungrazed organic matter can accumulate during the 
productive season and may represent an important 

food source for the ice fauna during winter (Melnikov 
1997). However, it is not known as yet whether this 
organlc matter is still accessible to the amphipods after 
growth of new ice has taken place at the ice underside. 
In the Antarctic, ice algae serve as an important food 
source for krill Euphausia superba in late winter and 
early spring (Marschall 1988, Stretch et al. 1988, Daly 
1990). 

CONCLUSIONS 

(1) The observed differences in ingestion rates and 
feeding habits of the Arctic under-ice amphipods are a 
good example of niche separation of several species in 
the same habitat. 

(2) The estimations of amphipod grazing impact on 
the ice-algal standing stock, which were well within 
the range of values for other important grazers in polar 
regions, indicate that there is no food limitation in this 
habitat, at least not during summer. 

(3) Future studies should focus on the quantification 
of detritivorous and carnivorous food uptake by under- 
ice amphipods, as well as on their feeding ecology in 
winter. 
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