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ABSTRACT: Proximate (protein, lipid, carbohydrate and chitin) and elemental (carbon and nitrogen) 
composition were determined for 18 species of Antarctic micronektonic Crustacea, representing the 
majority of species found in the Antarctic water column. Individuals used in the analyses were captured 
during fall and winter; for 8 species data were collected in both seasons. Seven of the 8 species showed 
some evidence that combustion of body stores were an aid to surviving the winter months; comparison 
with data from other investigators suggests that most of the species inhabiting shallow and mid-depths 
exhibit some degree of combustion of body stores during winter. Three types of overwintering strate- 
y e s  are proposed for Antarctic zooplankton and micronekton. Type 1, exhibited by some calanoid 
copepods, is characterized by accumulation of large lipid deposits and a true dormancy, or diapause, 
during winter. Type 2, exhibited by euphausiids and hyperiid amphipods, is characterized by a marked 
reduction in metabolic rate, combustion of body substance, opportunistic feeding, but no true dor- 
mancy. Type 3, 'business as usual' is exhibited by decapods and gammarid amphipods; it is charac- 
terized by an absence of a winter reduction in metabolic rate, combustion of body stores in some 
species but a lack of combustion or accumulation of energy in others, and opportunistic feeding. Over- 
wintering scenarios computed for Euphausia superba suggest that the impact of the winter season is 
most severe in the smaller size classes. 
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INTRODUCTION 

The micronektonic crustacean assemblage of the 
Antarctic pelagial is a unique blend of cosmopolitan 
deep-living species and high-latitude endemics (Nagata 
1986, Iwasaki & Nemoto 1987, Lancraft et al. 1989, 
1991). In the Atlantic sector, most of the cosmopolitan 
species disappear from the water column at the 
Weddell-Scotia confluence, a physical boundary that 
defines the northern limit of winter sea ice and sepa- 
rates the low and high Antarctic ecosystems (Lancraft 
et al. 1989). Species living south of the confluence must 
contend with the seasonal advance and retreat of pack 
ice and its influence on water column irradiance; all 
species must deal with highly pulsed seasonal produc- 
tion and uniformly cold temperatures in the upper 
1000 m of the water column. In the Weddell Sea region 
primary production varies from 560 mg C m-2 d-l 

during spring in the vicinity of the ice edge at 60°S, 
40" W (Smith & Sakshaug 1990) to 25 mg C m-2 d-' 
during winter (June-August) in the same region (W. 0. 
Smith & G. F. Cota unpubl.). 

Extreme seasonality in primary production has its 
most severe impact on herbivorous Crustacea and, as a 
consequence, shapes their Me histories. Many species of 
the best-studied pelagic Crustacea, the calanoid cope- 
pods, accumulate large quantities of lipid during the 
productive season and enter a state of true dormancy, or 
diapause, during the non-productive season, resuming 
normal feeding activity at the onset of phytoplankton 
growth (Sargent & Henderson 1986, Conover 1988, 
Miller & Clemons 1988). Larger pelagic Crustacea, in- 
cluding the euphausiids and amphipods, which have 
diets ranging from primarily herbivorous to omnivorous 
(Hopkins 1985, 1987, Hopkins & Torres 1989) must also 
contend with seasonal swings in primary production. 
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However, those species that have been examined show 
no exceptionally large accumulations of lipid (cf. Clarke 
1980, 1984, Hagen 1988) nor do they exhibit a true dor- 
mancy such as that observed in the calanoids (Everson 
1984). The metabolic strategies employed by micro- 
nektonic Crustacea to deal with the winter months are 
currently a matter for conjecture. 

This paper describes the proximate and elemental 
composition of 18 species of Antarctic rnicronektonic 
Crustacea. Data are available for 8 of the species in 
both fall and winter which allow for an examination of 
their overwintering strategies. Detailed overwintering 
strategies were constructed for the krill Euphausia 
superba based on observed seasonal changes in 
metabolism and proximate composition. 

MATERIALS AND METHODS 

Collection of specimens. Specimens were collected 
during 2 cruises, March 1986 and June-August 1988, 
as part of the AMERIEZ (Antarctic Marine Ecosystem 
Research at the Ice Edge Zone) program. Due to the 
seasonal movement of the pack-ice edge, sampling 
locations for the 2 cruises were slightly offset from 
each other. In the austral fall (1986), sampling was con- 
ducted in the northwestern Weddell Sea in the vicinity 
of 65" S, 46" W, while in the winter (1988), sampling 
took place in the southern Scotia Sea, 60°S, 40" W. 
Station locations are given in Donnelly et al. (1990). 

Sampling was conducted in the upper 1000 m with 
both an  opening-closing Tucker trawl and a vertically 
towed, opening-closing plummet net. Sampling took 
place over 4 different zonal areas in relation to surface 
ice cover: (1) open water (i.e. ice free); (2) marginal ice 
zone (MIZ); (3) consolidated pack ice in the vicinity 
(c50 km) of the MIZ; and (4) deep in the pack ice 
(> 100 km from MIZ). Details of trawling procedures 
are described in Lancraft et al. (1989, 1991). 

On board, specimens were identified by species, 
measured to the nearest mm standard length, rinsed 
with fresh water, blotted dry, and individually sealed in 
polypropylene snap-cap vials and kept frozen at - 20 "C 
until analysis in the laboratory. Prior to laboratory analy- 
sis, specimens were remeasured to the nearest 0.1 mm 
and massed to the nearest 0.0001 g. Since the specimens 
were blotted dry before freezing, any water produced 
upon thawing was considered part of the wet mass. 
Specimens were ground in a hand-held glass tissue 
grinder with distilled water added to make a slurry of 
approximately 25 mg dry mass (DM) ml-' Large speci- 
mens were first cut up, partially homogenized in a 
Brinkman Polytron homogenizer, then transferred to a 
glass tissue grinder for final homogenization. Very small 
specimens were pooled as needed to provide sufficient 

sample material for analysis. In all cases, samples were 
dispensed from the slurry immediately upon completion 
of homogenization for the specific analyses. 

Proximate and elemental composition analyses. Dry 
mass, ash mass, protein, lipid, carbohydrate and 
caloric value were determined using the procedures 
of Donnelly et al. (1990) with the addition of a chitin 
analysis. For chitin, aliquots of homogenate (0.125 ml; 
3.1 mg DM) were dispensed into 2 preweighed test 
tubes. Samples were then dried to a constant weight, 
weighed, and hydrolyzed with 6 N HCl at 100°C for 
4 to 6 h. Hexosamines were determined using the 
method of Tsuji et al. (1969), with D-glucosamine 
hydrochloride (Sigma) as the standard. The caloric 
contribution of chitin was estimated using the same 
conversion factor as that of carbohydrate (4.1 kcal g-l) .  

If sample size was sufficient, an additional slurry 
aliquot of 0.4 m1 (10 mg DM) was dispensed into a 
screw-cap glass vial for determination oi eiemental 
composition. Samples were dried at 60°C to a constant 
mass and then stored in a vacuum desiccator. Analysis 
of carbon and nitrogen content was conducted using a 
Control Equipment Corporation Model 240XA auto- 
mated CHN analyzer. 

Data. Protein, lipid and carbohydrate components are 
expressed both as percent wet mass (%WM) and per- 
cent ash-free dry mass (%AFDM). Elemental compo- 
nents (carbon, nitrogen) are expressed only as percent 
ash-free dry mass; ratios of C to N are expressed as mass 
C/mass N. Minimum depth of occurrence (MDO: that 
depth below which 90 % of the population lives; Chil- 
dress & Nygaard 1973) values were determined from 
day and night vertical distributional ranges tabulated 
from both 1986 and 1988 cruises (Hopkins & Torres 
1988, Lancraft et al. 1991, Lancraft unpubl.). 
All regressions were computed using the least squares 

method. Data are reported as mean k standard deviation 
unless stated otherwise. Means were compared using ei- 
ther analysis of variance (ANOVA) or a Student's t-test 
with p < 0.05 as the cutoff for a significant difference. 
Other statistical tests used in data analysis are reported 
in the text. Two n-values were used to express sample 
size in Tables 1 to 4. Upper case (N) represents the num- 
ber of replicate analyses performed for each species. 
Lower case (n) represents the number of individuals of 
the species used in each replicate. 

RESULTS 

Gammarid amphipods 

Water level varied from 74 .7% of the wet mass in 
Cyphocans richardi during fall to 83.7 % in the deepest- 
living species, Parandania boecki, during winter 
(Tables 1 & 2) .  C. richardi showed a significant in- 
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rable 1. Standard length (SL), mass, water and ash level of Antarctic micronektonic Crustacea. N. number of complete analyse' 
)erformed per species, n: number of individuals used per analysis; MDO: minimum depth of occurrence; WM: wet mass 

DM: dry mass; AFDM: ash-free dry mass; F. fall; W: winter. Standard deviation appears below the mean for each species 

Group 
Species (N ,  n) 

Code Season M D 0  SL Wet mass (g)  % AFDM Skeletal ash 
(range) (range) Water (%DM) (%WM) 

Amphipoda (Gainmaridea) 
Cyphocaris faueri (6, 1) 

C. nchardi (5, 1) 

Parandania boecki (2, 2) 

Amphipoda (Hyperidea) 
Cyllopus lucasii (12, 1) 

C. lucasii (8, 1) 

Hyperia macrocephala (1, 1) 
Hyperiella antarctica (1, 5) 
Primno macropa (2, 5) 

P. macropa (2, 2) 

Vibllia stebbingi (1, 4) 
V stebblngi (3, 8 )  

Decapoda 
Pasiphaea scotiae (6, 1) 

P. scotiae (8, 1) 

Petahdium foljaclum (1, 1) 
P foliacjum (3, 1) 

Euphausiacea 
Euphausia superba (23, 1) 

E. superba (32, 1) 

E. tnacantha (9, 3)  

Thysanoessa macura (1, 7)  
T macura (6, 5)  

Mysidacea 
Boreomysis rostra ta (2, 1) 

Eucopla australis (2, 1) 

Gnathophausia gigas (4,  1) 

Ostracoda 
Gigan tocypris mulleri (4, 1) z W 500 1 6 . 3 ~  

(14-18) 

a Values represent carapace length rather than standard length 
Values represent sphere diameter 
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crease in lipid level (%WM and %AFDM) from the fall 
to the winter season which was mirrored by significant 
increases in carbon levels. 

Hyperiid amphipods 

Water level in the hyperiids ranged from 68.7 % in 
Cyllopus lucasii during fall to 86.7% in Hyperiella 
antarctica during fall (Tables 1 & 2) .  Significant vari- 
ability in compositional attributes was observed in C. 
lucasii and Primno macropa as a function of season. C. 
lucasii showed significant increases in water level and 
nitrogen content in winter, whereas lipid, carbon, and 
energy levels showed a significant decline. P, macropa 
exhibited a significant increase in water level from fall 
to winter, accompanied by declines in protein (%WM 
and %AFDM), chitin (%WM and %AFDM) and energy 
level. Lipid level (%WM and %AFDM) showed a 
decline but probability was at the p < 0.08 level. Data 
were available for Vibilia stebbingi for fall and winter 
seasons, but the sample size for fall (N = 1) was too 
small for statistical comparison with winter. It is worth 
noting that there was a large drop in protein from fall 
to winter (%WM and %AFDM) that greatly exceeded 
the 95 % confidence limits for the winter data. 

Cyllopus lucasii exhibited a significant change in lipid 
level as a function of s a m p h g  zone in 1988 (Table 3 ) .  In- 
dividuals captured withln the consolidated pack ice had 
a significantly lower lipid level (%WM and %AFDM) 
than those captured in the open water stations. 

in the amphipods regardless of season. The lowest 
value, 7.10 %WM for Petalidium foliaceum, is higher 
than any but the highest lipid value observed in the 
amphipods (Cyllopus lucasii: 8.05 %WM) and the 
highest, for Pasiphaea scotiae (fall), is nearly double 
that (15.19 %WM). Chitin levels in the decapods were 
at the low end of the range observed in the amphipods 
when expressed as %WM. The lowest value was 
observed in P. foliaceum (winter, 0.99 %WM) and the 
highest in P. scotiae (fall, 1.38 %WM). 

C/N ratios correlated well with lipid/protein ratios in 
this group; however, it would be easy to draw the wrong 
conclusions on seasonal changes in nutritional status 
from the data. The highest lipid/protein and highest 
C/N values were observed in winter Pasiphaea scotiae, 
which had dropped 10 % in protein (%AFDM) and 8 % 
in lipid (%AFDM) from fall to winter. The higher C/N 
value in winter P. scotiae is less a reflection of nutritional 
status than it is a measure of which compositional at- 
tribute dropped the least in the winter months. Energy 
level in this group scaled directly with lipid content and 
was far higher (557.5 to 839.7 kJ per 100 g WM) than 
that observed in the amphipods. 

Pasiphaea scotiae was captured over a wide size 
range in both fall and winter. Data are broken down by 
size class in Table 4. A non-significant trend exists in 
both seasons with the largest size class (5.0 to 10.0 g)  ex- 
hibiting the highest lipid level and lowest protein level 
(%WM and %AFDM). A significant decline is observed 
in protein and lipid levels (%WM and %AFDM) from 
fall to winter whether the data for each season are 
lumped or are compared as a function of size. 

Decapods 
Euphausiids 

Mean water level in the decapods (66.4 + 4.1 %WM) 
was lower than that for the gammarid and hyperiid Water level in the euphausiids was similar to that of 
amphipods (75.7 * 5.1 %WM). The 2 species of deca- the amphipods with a range from 70.4 %WM (Thysa- 
pods exhibited protein levels within the range ob- noessa macrura, fall) to 76.9 %WM (T. rnacrura, 
served for the gammarid and hyperiid amphipods. winter). Mean protein level (8.78 W M )  was inter- 
Lipid levels in the decapods generally exceeded those mediate between that of the hyperiid amphipods 

Table 3. Compositional changes in relation to sampling zone. Zone 1: open water; 3: consolidated pack ice in the vicinity (<50 km 
away) of the marginal ice zone; 4: heavy pack ice (10/10 cover) > 100 km from the marginal ice zone. Abbreviations as in Table 1 

Species Zone N Wet mass % H 2 0  Protein Lipid 
(9) (U/, WM) (% AFDM) (% WM) (% AFDM) 

Cyllopus lucasii (winter 1988) 1 3 0.2404 76.0 7.56 39.72 3.50" 18.28" 
3 5 0.2433 78.6 7.32 44.66 1.46" 8.65a 

Euphausia superba (fall 1986) 1 13 0.7364 72.7 10.80 48.44 5.28a 21.72a 
4 10 0.3149 72.9 10.56 47.82 2.76a 12.08= 

E. superba (winter 1988) 1 16 0.3318 75.2a 9.48 45.27 4.72' 22.02a 
3 16 0.4214 79Sa  8.40 48.31 3.20a 17.65a 

'Differences between zones significant at p = 0.05 (ANOVA) 
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Table 4. Compositional changes in relation to size. Abbreviations as in Table 1 

Species Size range n Wet mass % HzO Protein Lip~d Carbon Nitrogen 
(9) (9) (%WM) (%AFDM) (% WM) (%AFDM) (%AFDM) (XAFDM) 

Pasiphaea scotiae 5.0-10.0 1 5.4502 62.0 8.0 24.2 19.1 54.8 69.0 4.8 
(fall 1986) 1.0-5.0 2 1.5327 65.8 9.3 32.2 13.2 45.4 63.2 6.7 

0.01-0.05 3 0.0275 59.4 10.9 34.6 15.4 46.7 48.8 12.3 

P scotiae 5.0-10.0 2 6.5239 62.0 6.1 17.2 17.4 49.0 64.0 4.4 
(winter 1988) 0.5-1.0 3 0.7001 63.4 6.9 20.9 13.5 41.0 63.5 5.6 

0.1-0.5 3 0.2411 63.7 7.1 21.4 12.4 37.6 58.6 7.6 

Euphausia triacantha 0.1-0.5 2 0.3055 71.2 11.0 45.8 2.6 10.7 48.0 12.5 
(winter 1988) 0.05-0.1 5 0.0763 77.3 8.2 42.8 1.5 7.6 46.6 12.7 

0.01-0.05 2 0.0476 77.8 7.7 41.2 1.2 6.6 38.8 9.8 

(7.89 %) and that of the decapods (9.89 %). Differences 
between the 3 groups were not significant. The 
euphausiids, decapods and hyperiids all exhibited 
significantly higher mean protein levels (%WM) than 
the gammarids (4.64 %). Mean lipid ievels among the 
euphausiids, hyperiids, and gammarids were not sig- 
nificantly different when expressed as WM or AFDM, 
but values for all 3 groups were significantly lower 
than that of the decapods. Chitin levels were a small 
fraction of the WM (0.69 to 0.95 %) and AFDM (3.39 to 
4.76%) in the euphausiids, and in this regard were 
quite similar to the decapods. Chitin levels (AFDM) in 
both the euphausiids and decapods were significantly 
lower than those observed in the amphipods. The 
euphausiids showed lower lipid/protein ratios and C/N 
ratios than either the amphipods or decapods. Energy 
levels in the euphausiids scaled with lipid levels; they 
fell within the same range as those of the amphipods 
but were lower than those of the decapods. 

Euphausia triacantha was captured over a suffi- 
ciently wide size range in 1988 to allow for analysis of 
composition versus size (Table 4 ) .  The largest sized 
individuals showed a significantly higher lipid level 
(%WM and AFDM, p < 0.05 ANOVA, LSD multiple 
range test) than the 2 smaller size classes and a non- 
significant trend toward a higher organic content (i.e. 
lower water level, higher protein level). 

Sufficient numbers of Euphausia superba were cap- 
tured in fall and winter to compare effects of zone of 
capture and season on proximate composition (Table 3). 
In fall, E, superba of comparable sizes were captured in 
open-water stations (zone 1) and in collections deep in 
the pack ice (zone 4). The krill collected in the pack ice 
showed a significant depletion in lipid whether ex- 
pressed as %WM or %AFDM and little change in water 
or protein level. In winter, a similar trend was observed, 
with krill from stations in pack ice (zone 3) exhibiting 
significantly lower lipid levels (%WM and %AFDM) 
and significantly higher water levels than those cap- 
tured in open water. If seasonal comparisons are made 
between individuals captured only in open water 

stations, water levels are significantly higher during the 
winter season and protein levels (%WM) are signifi- 
cantly lower with no significant changes in the other 
attributes. If seasonal comparisons are made with indi- 
viduals from pack-ice stations, protein (%Wivi) is sig- 
nificantly lower, while water level and lipid (%AFDM 
only) are significantly higher in the winter season. 
Lumped data for both seasons (as they are presented in 
Tables 1 & 2) show a significantly higher water level and 
significantly lower protein level (%WM) for winter 
krill with no significant changes in protein (%AFDM) 
or lipid (% WM or %AFDM). 

Mysids 

Water levels withn the mysids ranged from 69.4 % in 
Gnathophausia gigas to 77.8% in Eucopia australis, a 
range similar to that observed in the amphipods and eu- 
phausiids. Lipid levels in the mysids were high, ranging 
from 6.29 to 11.87 %WM, and from 29.83 to 49.42 
%AFDM. Chitin levels were low as a function of WM 
(0.58 to 1.51 %) and AFDM (2.98 to 5.51 %) - values 
most closely resembling the decapods and euphausiids. 
Carbon levels were high (62.01 to 62.26 %AFDM) as 
were C/N ratios (9.42 to 10.58). Energy levels reflected 
the high lipid levels with values ranging from 439.8 to 
594.5 kJ per 100 g WM. The mysids as a group most 
closely resembled the decapods in all attributes but 
water level, which was much greater in the mysids. The 
decapods and mysids are the 2 groups containing the 
largest and deepest-living species listed in Tables 1 & 2. 

Ostracods 

Gigantocypns mulleri exhibited the highest water 
level of all species examined (91.3 %). The energy level 
of G. mulleri (70.1 kJ per 100 g WM) reflected its 
watery composition and was the lowest value of all 
species examined. 
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Depth of occurrence 

Water, protein (%WM and %AFDM) and lipid 
(%WM and %AFDM) levels were examined for trends 
with species' depth of occurrence. Water, protein 
(%WM only) and lipid (%WM only) levels showed no 
significant correlation with depth. Protein (y, %AFDM) 
declined significantly with depth (X, MDO) in fall 
(1986) according to the equation y = 42.14 x - ~ . ~ ~ ~ ~ ~ . ~ ~ ~  
(r2 = 0.723, p < 0.05), and in winter (1988): y = 
4 1 .78 - 0 060 * 00.23 (r2 = 0.339, p < 0.05). Lipid level 
(%AFDM) showed no significant correlation with 
depth in fall data, but in winter a significant increase in 
lipid (y, %AFDM) with depth (X, MDO) was observed: 
y =  41.78x0'03*0044 (r2 = 0.298, p < 0.05). 

Overall trends 

Several interesting trends were exhibited in the data 
set as a whole. Water level (y, %WM) scaled recipro- 
cally with lipid level (X, %AFDM) according to the 
equation: y = -0.302&0.084x + 82.16 (r2 = 0.407, 
p < 0.05). Similar tests on water versus protein or chitin 
(%AFDM) showed no significant correlation. The rela- 
tionship between water and lipid has a 2-fold implica- 
tion. First, among species, a low water content implies 
a high lipid level. This trend is best illustrated by 
examining the decapods and mysids. The 4 species 
with the lowest water levels show 4 of the 5 highest 
lipid levels (Tables 1 & 2). The exception to the trend is 
Eucopia australis, which shows a high lipid and high 
water level. Second, within a species, an increase in 
water level may indicate lipid combustion or loss. This 
is suggested by results from the hyperiids Cyllopus 
lucasii and Prirnno rnacropa, which both show a drop 
in Lipid and increase in water level during the winter 
season. However, results from the amphipod Cypho- 
cans richardi and the decapod Pasiphaea scotiae show 
no change in water level with change in lipid level. 
Euphausia superba (open water) shows an increased 
water level in winter with no change in lipid (%AFDM) 
but a drop in protein (%WM); and in pack ice shows a 
large increase in water level accompanied by a drop in 
protein (%WM) and increase in lipid (%AFDM). With- 
out question, water and lipid are the most plastic of 
the compositional attributes. 

Ash level (y, %DM) scaled directly with water level 
(X, %WM) according to the equation: y = 0.544rt0.169~ 
- 23.99 (r2 = 0.354, p < 0.05), suggesting that a large 
fraction of the inorganic solutes within the species 
were from the hemolymph and cell sap. The skeletal 
ash content (Table 1) is that fraction of ash which is not 
accounted for by the water content within a species 
and is assumed to originate in the exoskeleton. The 

amphipods show the highest skeletal ash (p  0.05, 
Mann-Whitney U-test) of the 5 orders of Crustacea 
examined and, in addition, show the highest chitin 
content (%WM and %AFDM , p < 0.05, Mann-Whitney 
U-test). The elevated skeletal ash and chitin levels of 
the amphipods suggest that they have a more robust 
exoskeleton than the other orders of Crustacea ex- 
amined here. 

Carbon level (y, %AFDM) for species listed in Table 1 
scales positively with lipid (X, %AFDM) according to 
the equation: y = 0.409+0.039x + 42.07 (r2 = 0.868, 
p < 0.05). Thus, much of the variability in carbon is 
explained by changes in lipid level among the species. 
A similar regression of carbon versus protein is not sig- 
nificant. Nitrogen level (y, %AFDM) scales directly 
with protein (X, %AFDM) according to the equation: 
y = 0.120 * 0 . 0 4 0 ~  + 4.41 (r2 = 0.342, p < 0.05). If 
Gigantocypris rnulleri is left out as an outlier, the equa- 
tion for nitrogen versus protein reverts to: y = 

0.169?0.035x+ 2.49 (r2 = 0.596, p < 0.05). Variability in 
nitrogen level is largely due to changes in protein. The 
other likely source of nitrogen variability, chitin, does 
not show any significant relation with nitrogen. 

The ratio of carbon to nitrogen is presumed to be a 
good indicator of the !ipid/protein ratio and therefore 
of physiological status. The 2 ratios showed a good 
correlation. Lipid/protein (y, %AFDM) scaled with 
C/N (X, %AFDM) according to the equation: y = 

0.244 5 0 . 0 3 6 ~ -  0.766 (r2 = 0.729, p < 0.05). 

DISCUSSION 

Seasonal changes 

Overwintenng mechanisms employed by Antarctic 
pelagic species are of paramount interest in discerning 
whether successful species show specialized, system- 
specific adaptations or whether overwintering strate- 
gies are modifications of those employed by lower 
latitude species. From an  a priori standpoint, at  least 
3 mechanisms for overwintering exist in the pelagic 
Crustacea. The first strategy (Type 1) would be one 
similar to that employed by herbivorous copepods 
which accumulate a large lipid reserve, usually wax 
ester, and enter a dormant, or diapause state that is 
cued by the external photoperiod (cf. Conover 1988, 
Miller & Clemons 1988). At the other extreme (Type 3) 
would be a business-as-usual strategy in which meta- 
bolic activity would not be modulated appreciably; 
opportunistic feeding coupled with some combustion 
of tissue would suffice to carry the species through the 
winter months. Clearly, the Type 3 option would only 
be open to carnivores and omnivores. A third potential 
strategy (Type 2) would be an intermediate between 
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the first 2 in which metabolic activity is modulated 
downward due to either starvation or an external cue. 
Some opportunistic feeding and substantial depletion 
of body substance would suffice to carry the species 
through the winter months. Our evidence points to 
strategies 2 and 3 as being the primary ones employed 
by the crustaceans examined in this study. 

Eight species were captured in both fall and winter 
(Table 1). Five of those species were captured in suf- 
ficient numbers for statistical analyses (Cyphocaris 
richardi, Cyllopus lucasii, Primno macropa, Pasiphaea 
scotiae and Euphausia superba). Three additional 
species had only singleton analyses in the fall season 
(Vibilia stebbingi, Petalidium foliaceum and Thysa- 
noessa macrura), but since the single analysis in 2 of 
the 3 cases (P. foliaceum excepted) was the result of 
pooled specimens it in itself is an average. Two more 
species (Themisto gaudichaudi and Euphausia triacan- 
tha) tor which we have winter data can be compared 
with the fall data of other investigators. Clarke (1984) 
reports fall (March-April) lipid levels in T. gau- 
dichaudi and E. triacantha to be 6.55 %WM and 4.12 
%WM, respectively. Our winter values for those 2 
species are 2.18 and 1.64 %WM , respectively. Thus, in 
8 out of 10 cases, a seasonal change in composition, 
either an increase in water level or decline in protein or 
lipid level, suggests that tissues are being combusted 
as fuel during the winter. 

All the hyperiid amphipods for which seasonal data 
a.re available show some level of winter depletion in 
compositional attributes. We are attributing changes in 
lipid levels among the hyperiids to combustion of lipid 
rather than to reproductive activity on the basis of 
observed changes in metabolic rates and the fact that, 
in at least Themisto gaudichaudii, reproduction shows 
a marked peak in the spring (Kane 1966). Metabolic 
rates of Cyllopus lucasii and Vibilia stebbingi are sig- 
nificantly lowered in the winter (Torres et al. 1994) and 
the respiratory data on Primno macropa are highly 
suggestive of a reduction as well. In addition, both 
C. lucasii and V. stebbingi are associated with salps as 
adults (Madin & Harbison 1977, Lancraft et. al. 1989), 
and V. stebbingi is an obligate parasite on salps during 
its early development. The low biomass of salps during 
the winter months (Everson 1984, Lancraft et al. 1991) 
make a fall-winter reproductive strategy an unlikely 
one. Our data suggest a Type 2 overwintering strategy 
for the hyperiids as a group. 

All of the deeper-living species examined in this 
study, which would include the gamrnand amphipods, 
the decapods, the mysids and the ostracod Giganto- 
cypris mulleri, have access to the diapausing popula- 
tions of lipid-rich calanoid copepods that sink out of 
the euphotic zone to overwinter below 300 m (Foxton 
1956, Hopkins et al. 1993). The downward shift in zoo- 

plankton biomass out of the euphotic zone is not 
restricted to calanoids. The majority of zooplankton 
biomass is found below 300 m during the winter season 
(Hopkins et al. 1993). Since the deeper-living species 
are zooplanktivorous (Hopkins et al. 1993), their food 
supply is not heavily impacted by the winter season. 
Biomass of zooplankton does not decline appreciably; 
it simply moves downward. 

The decapod Pasiphaea scotiae is the only deep- 
living species that exhibits a significant decline in 
protein (9.88 to 7.16 %WM) and lipid (15.19 to 
13.57 %WM) from fall to winter but the change in com- 
position is not accompanied by a drop in metabolic rate 
(Torres et al. 1994). In contrast, Petalidium foliaceum, 
like the gamrnarid amphipod Cyphocaris richardi, 
shows an increase in lipid (%WM and %AFDM) dur- 
ing the winter months. C. richardi shows no depression 
in metabolic rate, and seasonal data on metabolism are 
unavailable for P. foliaceum. Clarke & Holmes (1986) 
observed that lipid levels in P. foliaceum from waters 
around South Georgia were highly variable in both 
seasons with no obvious trend from season to season. 
Their data and the data from the present study both 
suggest that winter has limited impact on the deeper- 
living species, leading us to conclude that the over- 
wintering strategy for the gammarids, decapods and 
mysids would be a Type 3, business-as-usual, strategy. 

The euphausiids as a group all show some evidence 
of compositional depletion during the winter, either 
within the present data set (Euphausia superba, Thya- 
noessa macrura) or in comparison with the data sets of 
other investigators (E. triacantha; Clarke 1984, see 
above). The data set on E. superba is by far the most 
complete of the 3 and allows for some detailed discus- 
sion of the overwintering strategy of the species. The 
key to understanding how E. superba and other 
species relying partly or wholly on primary production 
make it through the winter at the ice edge is to appre- 
ciate their metabolic flexibility. E, superba is an excel- 
lent paradigm, as we believe its overwintering strategy 
(Type 2) is typical of many of the micronektonic 
Crustacea occupying the upper 200 m in the Antarctic 
water column. 

First, lipid content is highly variable within indi- 
viduals captured in a single net tow, and mean lipid 
content is highly variable in space and time during 
both fall and winter (Fig. 1).  Protein also exhibits con- 
siderable vanabllity (Fig. 2) but over a smaller range. 
Mean lipid levels of individuals captured within 2 d 
of each other but at different locations during fall 
(9 and 11 March) and winter (18 and 20 June) show 
significant differences (p < 0.1, LSD multiple range 
test). Second, variability in individual lipid level within 
a given season is as great as that between seasons. 
Thus, while we see declines in overall mean lipid 
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ZONE l I 
ZONE 4 1 ZONE 1 3 

Fig. 1. Euphausia superba. Lipid level as a function of capture 
dat. Zone 1 :  open water; 3: consolidated pack ice in the 
vicinity (<50 km away) of the marginal ice zone; 4 :  heavy 
pack ice (10/10 cover) > 100 km from the marginal ice zone. 
Data are expressed as means * 95 % confidence lunits March 
values are from fall 1986; June, July and August values are 

from winter 1988 

0 

levels between fall and winter in individuals captured 
in open water, observed variability in lipid level 
strongly suggests that at  the edge of the pelagic pack 
ice many individuals will be entering the winter season 
depleted in lipid. In the fall, much of the variability in 
lipid level may be ascribed to reproductive activity, as 
the species was actively reproducing during this time. 
In the winter, variability in lipid may be attributed to 
differences in the combustion of lipid by individuals, as 
the species does not reproduce during the winter 
(Quetin & Ross 1991). Alternatively, variability in lipid 
levels among individuals during the winter season may 
be due to the lipid level present when they entered the 
season. The source of the variability is less important 
than the fact that it occurs, and that it is unlikely that 
the entire population enters the winter season with 
high lipid levels. The variability in lipid levels 
observed in our data is typical for the species at all 
times of year for which data are available (cf. Clarke 
1980, 1984, Hagen 1988). 

To demonstrate the energetic costs of overwinter- 
ing, we have constructed hypothetical overwintering 
scenarios for 2 l f ferent  size classes of Euphausia 
superba: 50 mm and 30 mm (Figs. 3 & 4 ) ,  assuming 

- ZONE l 

- 
I I I I I I I 

ZONE l 

9 Mar l l Mar 27 Mar 18 Jun 20 Jun 3 Jul 3 Aug 

DATE OF CAPTURE 

ZONE 4 

ZONE l l 
ZONE l 

l 
ZONE 3 

I I I I I I I I I 
9 Mar l l Mar 27 Mar l8 Jun 20 Jun 3 Jul 3 Aug 

DATE OF CAPTURE 

Fig. 2. Euphausia superba. Protein level as a function of cap- 
ture dat. Zone 1: open water; 3: consolidated pack ice in the 
vic~nity ( 4 0  km away) of the marginal Ice zone; 4: heavy 
pack Ice (10/10 cover) > 100 km from the marginal ice zone. 
Data are expressed as means * 95 ?G conf~dence limits March 
values are from fall 1986; June, July and August values are 

from winter 1988 

that individuals are cornbusting themselves for en- 
ergy, i.e. that no feeding occurs. Each of the figures is 
a flow chart with multiple starting and ending points. 
Each size class enters the winter with the wet mass 
typical of its length as determined from a length-mass 
regression of the fall data, but with different initial 
compositional characteristics. The compositional char- 
acteristics used as starting points were: the mean pro- 
tein and lipid values for each particular size class dur- 
ing the fall; the highest mean protein and lipid values 
recorded in our fall data (which were for the 50 mm 
size class); and the overall mean for the fall season for 
those individuals captured in open water (Table 3). 
Four hypothetical ending points were used for each 
size class. We assumed that low primary production 
during the austral winter would preclude normal 
feeding for a period of 120 d. For the first 3 ending 
points we obtained a final mass by assuming that 
indviduals molt 3 times during the 120 d period, 
shrinking by 2 % of their body length per molt. This is 
within the range of intermolt intervals and molt incre- 
ments reported by Quetin & Ross (1991). We then ob- 
tained the mass associated with that length for winter 
animals from a length-mass regression. Winter ani- 
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50 mrnIl100 mg 
LIPID (7.8%) = 85.8 mg 

PROTEIN (11.4%) 125.4 mg 
ENERGY REQ. = 7.6 u l  ind-l &l 

50 mm INDIVIDUAL 

ALL POPULATION MEAN 

LlPlD (5.3%) = 63.8 rng 
OTElN (10.8%) = l l 8 . 8 q  

I WINTER SUE CLASS MEAN I 
47 m W l 3 l  mg 

LlPlD (2.7%) = 19.7 mg 
PROTEIN (78%) = n . o  mg 

ENERGY REQ. = 5.4 ~l. ind.l .ff1 
22.6 I-lndl.d'l 

WINTER POPULATION MEAN 
47 m m 1  mg 

LlPlD (4.0%) = 29.2 mg 
PROTEIN (8.9%) ; 85.4 mg 

WINTER MINIMUM 
47 rnmV3l mg 

LlPlD (1 2%) = 8.8 mg 
PROTEIN (6.7%) = 48.0 mg 

445  mm1594 mg 
LlPlD (1.2%) = 7.1 mg 

PROTEIN (6.7%) = 39.8 mg 
ENERGY REQ. = 19.7 1 ind-l d-1 

mals exhibit a reduction in body volume relative to 
fall animals so that individuals of the same length 
weigh less during the winter (present data; Quetin & 

Ross 1991). We then assigned protein and lipid values 
to the now shrunken individual using the winter 
means for that size class, the overall winter population 
means, and the lowest protein and lipid values 
recorded in our data to come up with 3 of the 4 hypo- 
thetical end points. The fourth and final ending point 
for each size class was obtained by assuming that 
individual E. superba are capable of shrinking a 
maximum of 46% of their original body mass and 
then assigning the lowest protein and lipid values in 
our data to that mass to come up with a low end 
number. The figure for maximum shrinkage was ob- 
tained from the work of Ikeda & Dixon (1982), who 
kept several E. superba alive in the laboratory for 
211 d without feeding; survivors dropped an average 
of 46% from their initial weight. Differences in total 
lipid and protein content (pg ind.-l) from each starting 
point to each ending point were computed and con- 
verted to energy values using conversion factors of 
9.45 cal mg-I for lipid and 4.8 cal mg-' for protein 
(Brett & Groves 1979), and then converted to joules by 
assuming that 1 cal = 4.19 J (Pennycuick 1988). Daily 
energy requirements during the shrinking process 

Fig. 3. Overwintering scenario for 50 mm Euphausia 
superba assuming that no feeding occurs. The figure 
is a flow chart with 2 starting and 4 ending points. The 
50 mm individual enters the winter with the wet mass 
typical of its length but with different starting compo- 
sitional characteristics. The compositional character- 
istics used as starting points were: the mean protein 
and lipid values for the 50 mm class during fall (fall 
size class mean) and the mean for the fall season for 
those individuals captured in open water (fall popula- 
tion mean). For 3 ending points, a final mass was ob- 
tained by assuming that individuals molt 3 times dur- 
ing a 120 d period, shnnking by 2 %  of their body 
length per molt, and obtaining the mass associated 
with that length for winter specimens from a length- 
mass regression. Prote~n and lipid values were then 
assigned to the now shrunken individual using the 
winter means for that size class (winter size class 
mean), the overall winter population means (winter 
population mean), and the lowest protein and lipid 
values recorded in our data (winter minimum). The 
fourth and final ending point for class was obtained 
by assuming that individual E. superba are capable of 
shrinking a maximum of 46% of their original body 
weight, and then assigning the lowest protein and 
lipid values in our data to that mass to come up with a 
low end member (46% shnnkage-winter minimum). 
Energy requirements were computed from respira- 
tion measurements. Black ovals indicate that fuel 
combusted during the shrinkage from the initial to 
final values defined by the connecting arrows are in- 

compatible with survival for 120 d without food 

were computed by using winter respiration values 
from Torres et  al. (1994) for each starting and ending 
size and then taking the mean for the 2 sizes. The 
mean oxygen consumption rate was converted to 
an energy consumption rate using an equivalent of 
19.40 J ml-' O2 (Brett & Groves 1979). This figure was 
divided into the total energy difference between 
starting and ending points to arrive at the value for 
how long the body fuel would last. 

The overwintering scenarios, while hypothetical, 
underscore 3 important points. First, the impact of 
winter food deprivation is highly dependent on the 
composition of individuals entering the winter months 
and especially on initial lipid levels. For animals of 
50 and 30 mm, combustion of the body mass accompa- 
nying three -2% molts was sufficient to yield enough 
fuel for 120 d when starting at maximum lipid levels 
and ending at minimum. Second, the impact of food 
deprivation is size-dependent. At any time of year 
individuals of 30 mm exhibit lower average Lipid 
values than their larger counterparts (Figs. 3 & 4) 
(Clark 1984, Hagen 1988). The overwintering scenar- 
ios constructed for the 30 mm size class using initial 
and final size class compositional means, or the popu- 
lation means, show that insufficient fuel exists to over- 
winter without radical drops in weight. The larger, 
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30 mm INDIVIDUAL 

LIPID (4 19.1 = 6 6 mg 
PROTEIN 19 2%) 3 14 7 ma . . 

I  ENERGY REO. = 5.4 j lnd-l d-1 

WltfTER MINIMUM 
28.2 rnd160 rng 

Fig. 4. Overw~ntering scenario for 30 mm Euphausia superba. Initial and 
final points computed as in Fig. 3 but an additional starting point was 
used: fall maximum, which was comprised of the highest mean protein 
and lipid values recorded in fall data (which were from the 50 mm size 
class). Black ovals indicate that fuel cornbusted during the shrinkage 
from the initial to final values defined by the connecting arrows are 

incompatible with survival for 120 d without food 

the hyperiids or other euphausiids in this 
data set show large accumulations of lipid 
that would suggest a major pre-winter stor- 
age such as the increase in wax ester lipids 
observed in pre-diapause copepods (see 
review in Sargent & Henderson 1986). Fur- 
ther, those species that have been examined, 
including Cyllopus lucasii, Themisto gau- 
dichaudi, Vibilia antarctica, E. superba and 
E. triacantha, show either triglycerides or 
phospholipids as the major lipid component 
(Clarke 1984). Wax ester is a minor fraction 
of the total lipid in all 5 cases. 

The level of metabolic reduction (about 
50 %) observed in Cyllopus lucasii, Vibilia 
antarctica, and Euphausia superba is equiva- 
lent to that expected of a starved animal. In 
fact, the metabolic rate measurements by 
Ikeda & Dixon (1982) on their starved E. 
superba were virtually identical to our winter 
metabolic rates. The reduction in metabolism 
in all cases is most likely due to the fact that 
growth is not occurring at the reduced food 
levels typical of the winter months (cf. 
Jobling 1985). Alternatively, the absence of 
growth and the reduced metabolism asso- 
ciated with it may be an adapted metabolic 
response to winter conditions induced by an 
environmental cue. 

In lieu of the true dormancy exhibited by 
calanoid copepods, the larger Crustacea can 
accommodate low food supply by a strategy 
of metabolic flexibility. Combustion of body 
mass, opportunistic feeding, a lowered meta- 
bolic rate, and, at  least in one confirmed 
case, negative growth, all combine to yield a 
viable overwintenng strategy. 

50 mm individuals have little problem, as virtually all 
possible scenarios result in 120 d of fuel. Third, the 
energetics analysis presented here, along with the 
growing body of literature describing exploitation by 
krill of algae, detritus and zooplankton associated with 
the winter pack-ice cover (Marschall 1988, Daly 1990, 
Hopkins et al. 1993) suggest that winter feeding is not 
the exception, but the rule. What is most likely for krill 
in the vicinity of the ice edge is a strategy of oppor- 
tunistic feeding and combustion of body stores, slowly 
losing ground over time until production begins in the 
spring. 

Our data on proximate composition and metabolism 
of Antarctic Crustacea suggest that the overwintering 
strategy of Euphausia superba (Type 2) is typical of 
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