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ABSTRACT: The vertical and temporal distribution of krill undergoing moult and the physiological 
relations between feeding activity and moulting behaviour of Antarctic krill Euphausia superba Dana 
are used in a model of ecological aspects of moulting. Two periods per day of peak moulting activity 
occur in krill off South Georgia: in the afternoon and early night. This suggests the existence of 2 
strategies for fuelling the post-moult hardening of the exoskeleton. The temporal and vertical distribu- 
tion of krill undergoing moult also indicates the importance of both light and predation as potential 
factors affecting moulting behaviour. It is suggested that this may account for published observations, 
both in the field and in the laboratory, of synchronous moulting in krill. The consistency of the pattern 
of moulting activity is examined for each of the 6 d of the study period, and derived intermoult periods 
and rhythmicities in moulting are discussed in terms of the homogeneity of the population studied. 
These observations and previously published detailed models for the feeding activity - in relation to 
water depth and time of day - of E. superba off South Georgia are synthesised into a single model that 
links feeding, swarming, vertical migration, environmental variables and moulting. Published energy 
requirements and the levels of plant pigment found in the components of the alimentary tract of krill 
are also integrated with published egestion rates, to derive estimates of a turnover time for the 
alimentary tract and an assimilation efficiency. 

INTRODUCTION 

The feeding behaviour of Antarctic krill Euphausia 
superba Dana has been the subject of much study both 
in field and laboratory. Field studies have indicated 
that feeding is one element in the complex interaction 
between nutritional requirements, swarming be- 
haviour and vertical migration (Pavlov 1969, Gubsch 
1979, Kalinowski & Witek 1980, Morris et al. 1983, 
Antezana & Ray 1984). No clear pattern has emerged 
within these relations that could be applicable to the 
wide range of environments occupied by krill and it is 
likely that krill adapt to the local oceanic conditions. 
Laboratory work on feeding by krill has provided out- 
lines of potential feeding mechanisms, filtration, 
ingestion and egestion rates, effects of chlorophyll 
levels and swarming (Kils 1981, Antezana et al. 1982, 
Kato et al. 1982, Antezana & Ray 1984, Hamner et al. 
1983, McClatchie & Boyd 1983, Morris 1984). These 
have been summarised and incorporated into an 
energy budget by Clarke &Morris (1983) in a review of 
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the physiological ecology of krill. The literature gives 
a detailed, though confused, picture of the feeding 
behaviour of krill, because laboratory data were col- 
lected from krill held under conditions that differ from 
the natural environment and field data were subject to 
the operating constraints of oceanic shipboard 
research programmes. 

An analysis of feeding of Euphausia superba also 
permits an examination of the patterns of moulting 
behaviour because of the close physiological links 
between feeding and moulting, particularly the empty- 
ing of the alimentary tract prior to moult (Mauchline & 
Fisher 1969, Ikeda et al. 1984). Furthermore, observa- 
tions on the hardness or softness of the exoskeleton can 
also be used because a soft exoskeleton indicates the 
very recent occurrence of moulting (Buchholz 1982, 
Morris & Keck 1984). An histological analysis of the 
moult stages of krill in various feeding states further 
elucidates the physiological relations between feeding 
and moulting as well as improving our understanding 
of the ecology of moulting in E. superba. 
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An intensive 6 d field study of feeding in Euphausia 
superba off South Georgia in January 1982 generated a 
simple model for feeding (Morris & Ricketts 1984), 
wherein the level of stomach fullness was affected only 
by the time of day. The fullness of the hepatopancreas 
and gut were affected only by the level of stomach 
fullness and depth did not affect the level of fullness in 
any component of the alimentary tract. This model was 
related to the environmental parameters measured and 
the vertical distribution of krill by Morris et al. (1984). 

Of the population sampled, 70% of the krill were 
classified as feeding. The remainder were either 
undergoing moult or believed to be involved in moult- 
related feeding activity. In this paper these relations 
between feeding and moulting are examined and 
synthesised into simple models for the moulting of krill 
off South Georgia. The models of feeding and moulting 
ecology are summarised and interpreted in the light of 
calculated turnover times for the contents of the 
alimentary tract and the non-random timing of moult- 
ing in the population sampled. An integrated model is 
proposed specifically for krill off South Georgia at 
times outside the major phytoplankton bloom as it is 
likely that different environmental conditions will 
affect the interactions between feeding, moulting, 
swarming and vertical migration both off South Geor- 
gia and in other areas. 

MATERIALS AND METHODS 

The sampling methods and procedures used to ana- 
lyse the krill caught were described by Morris & 
Ricketts (1984). Krill were sampled along a transect by 
Rectangular Midwater Trawl from 4 depth ranges, 6 
times a day for 6 d. The amount of food in the alimen- 
tary tract was estimated visually and the presence of a 
soft exoskeleton noted for 9421 krill. A subsample of 
the krill caught (n = 186) were further assessed for 
moult stage by histological examination of the uropods 
under a phase contrast microscope according to the 
method described by Buchholz (1982). 

The detailed series of moult stages outlined by Buch- 
holz (1982) for Euphausia superba have been reduced 
to the categories described below, with the following 
definitions: intermoult: late post-moult, intermoult and 
early pre-moult stages (when the majority of krill will 
be feeding); moult: late pre-moult, ecdysis and early 
post-moult stages (when krill are undergoing moult 
related feeding activity or actual ecdysis); ecdysis: 
immediate pre-moult, shedding of the exoskeleton and 
immediate post-moult stages (when krill are in the 
actual process of moulting and will have either an 
empty alimentary tract or a soft exoskeleton or both). 

Throughout this examination of the physiological 

relations between feeding and moulting it is assumed 
that the following sequence of events occurs during 
moulting: krill empty the alimentary tract whilst the 
exoskeleton is hard by a cessation of feeding; ecdysis 
is externally characterised by a soft exoskeleton which 
hardens post-moult; the hardening of the exoskeleton 
may occur prior to the recommencement of feeding, or 
feeding may recommence prior to the complete har- 
dening of the exoskeleton. This is based upon observa- 
tions of post-moult krill with either an empty alimen- 
tary tract and a hard exoskeleton, or with a soft exo- 
skeleton and food present in  the alimentary tract (krill 
with empty alimentary tracts were either immediate 
pre-moult or immediate or early post-moult whilst krill 
with soft exoskeletons were in ecdysis or in immediate 
post-moult). 

RESULTS 

Ecology of moulting 

Moulting in Euphausia superba can be broadly out- 
lined by examining the occurrence (with respect to 
depth and time of day caught) of individuals in condi- 
tions known to be directly related to moult phase and 
those actually undergoing ecdysis, i.e. krill with an 
empty alimentary tract or a soft exoskeleton. Total 
numbers of krill in each of the 3 possible conditions 
(empty/hard, empty/soft, food present/soft) caught du- 
ring each 4 h time period were compared with the 
expected number from all krill caught (Table 1). Data 
were pooled from 6 d of sampling and from all depths. 
Krill with a hard exoskeleton and an empty alimentary 
tract were split into 2 assumed moult stages on the 
basis of histological analysis (of the 26 empty/hard 
krill analysed, 12 % were in immediate pre-moult and 
88 % in immediate post-moult). The krill were not 
evenly distributed in the catches throughout the 24 h 
(x2  : p 4 0.001, df = 5, n = 1086). Major differences 
occur where more moulting - particularly empty/soft - 
krill were caught than expected in the periods 1200 to 
1600 h and 2000 to 2400 h. Markedly fewer moulting 
krill than expected were caught between 0400 and 
1200 h. 

The broad differences in the occurrence of moulting 
krill during the 24 h period were further analysed in 
relation to depth, as well as time of day, for krill that 
were empty/hard, empty/soft and those with a soft 
exoskeleton and food in the alimentary tract. Because 
of the low numbers of samples in some depth/time 
cells, the data were analysed simply by time (all 
depths pooled) and by depth (all times pooled). Any 
significant differences were further examined by com- 
paring the numbers of krill observed and expected for 
the 24 depth/time cells. Table 2 shows observed and 
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Table 1. Euphausia superba. Number of specimens in each moult stage (defined by emptiness of alimentary tract and 
exoskeleton condition) for each time of day. Bar: darkness; numbers in parentheses: expected values for the number of krill 

caught 

Alimentary tract/ Assumed moult stage Local time 
Exoskeleton condition 08-12 12-16 16-20 20-24 24-04 04-08 Total 

Empty/hard Immediate pre-moult 1 12 12 0 2 1 28 

Empty/soft Moult or immediate 4 223 29 252 57 8 573 
post-moult 

Empty/hard Early post-moult 4 91 93 0 18 12 218 

Food present/soft Early post-moult 11 34 65 64 78 15 267 

Total 20 360 199 316 155 36 1086 
(121) (161) (139) (218) (277) (170) (1086) 

expected numbers of krill caught with an empty 
alimentary tract and a hard exoskeleton; x2 tests for 
these data are significant (time, p+0.001, df = 5; 
depth, p < 0.001, df = 3, n = 246). The depth/time cells 
contributing to the majority of the difference are 1200 
to 1600 h below the thermocline and 1600 to 2000 h 
below 100 m, with approximately 6 times more krill 
than expected. 

Krill with an empty alimentary tract and a soft exo- 
skeleton also show significant differences between the 
observed and the expected numbers of krill caught 
(time, p G 0.001, df = 5; depth, p < 0.001, 
df = 3,n = 573). Five depth/time cells account for the 
majority of the difference; 1200 to 1600 h above and 
below the thermocline and 2000 to 2400 h above and 
below the thermocline and below 100 m; where the 
numbers of krill were between 2 and 5 times those 
expected. 

Krill with food in the alimentary tract but with a soft 
exoskeleton were also distributed in a significantly 

different manner from that expected (time, p + 0.001, 
df = 5; depth, p < 0.01, df = 3, n = 267). There are 2 
depth/time cells with numbers of krill 2 to 3 times 
higher than expected: 1600 to 2000 h below 100 m and 
2400 to 0400 h above the thermocline. 

The uneven distributions of those krill directly 
associated with moulting indicate that moulting does 
not occur randomly with respect to depth or time of 
day. Those depthhime cells that contribute most to the 
differences between observed and expected values are 
summarised diagrammatically in Fig. 1. Krill classified 
as moulting occurred at all depths and all times but 
there were more krill that were empty/hard (assumed 
to be immediate pre-moult) caught in the period 1200 
to 1600 h between 70 and 100 m. This was accom- 
panied by a large number of krill that were in ecdysis 
(empty/soft) between 10 and 100 m and by early post- 
moult krill (empty/hard) from 70 to 100 m. Below 100 m 
in the period 1600 to 2000 h, krill classed as early post- 
moult (food present/soft) occurred with krill classed as 

Table 2. Euphausia superba. Number of specimens classed as empty/hard as a function of depth and time of day. B a r  darkness; 
numbers in parentheses: expected values for the number of krill caught 

Depth range Local time 
(m) 08-12 12-16 16-20 20-24 24-04 04-08 Total 

Surface 4 3 18 0 0 4 29 
0-3 (0) (0) (1) (13) (16) (1) (31) 

Above thermocline 0 21 8 0 2 6 37 
10-50 (8) (13) (9) (13) (16) (11) (69) 

Below thermocline 1 74 5 0 10 1 9 1 
70-100 (10) (12) (10) (11) (16) (13) (72) 

Below 100 m 0 5 74 0 8 2 89 
100-150 (9) (11) (13) (13) (16) (13) (75) 

Total 5 103 105 0 20 13 246 
(27) (36) (32) (50) (64) (38) (247) 
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Fig. 1. Euphausia superba. Model 
of moulting behaviour of krill as a 
function of depth and tlme of day. 
Depthltime blocks allocated to 
pre-moult, moult and post-moult 
from the contribution to the major 
differences between observed and 
expected values in Tables 4 to 6 

empty/hard. The latter krill may have been either 
immediate or early post-moult or immediate pre- 
moult. This is indicated by the subsequent occurrence 
of krill in ecdysis (empty/soft) from 2000 to 2400 h, 
between 10 and 150 m. From 2000 to 2400 h,  there were 
more krill classed as early post-moult (food present/ 
soft) caught between 10 and 50 m than expected. 

Pre- and post-moult feeding 

The 7 major feeding states described for Euphausia 
superba off South Georgia by Morris and Ricketts 
(1984) are grouped into 4 feeding categories ( 'empty', 
'emptying or filling', 'full' and 'very full') on the basis 

of the total amounts of plant pigment in each state 
(Table 3). The feeding category 'full' accounted for 
70 % of the population and the vertical and temporal 
distribution of krill in this category are discussed in 
detail by Morris e t  al. (1984). A further 1 0 %  are 
directly involved in moulting, that is they have an 
'empty' alimentary tract. Intermediate between these 
2 categories is the 'emptying or filling' category: it is 
assumed that such individuals are in the early stages of 
pre-moult or post-moult. The feeding category 'very 
full' has approximately 3 times the amount of plant 
pigment in stomach and hepatopancreas found in the 
majority of krill but accounts for only 4 % of the popu- 
lation. The differences between the 4 feeding 
categories are emphasised by the percentage of 

Table 3. Euphausia superba. Mean, standard error and maximum amounts of total plant pigment for the 7 major feeding states 
found in krill (Morris & Ricketts 1984). Values in parentheses: number of observations. Feeding states are grouped into 4 
categories, with the % of the population sampled in each category. Mean % phaeophytin for stomach and hepatopancreas are 

given with the ratio of the amount of plant pigment in the stomach to the amount of pigment in the hepatopancreas 

Feeding state Total plant pigment Maxi- Feed~ng % of Mean % phaeophytin Hepatopancreas :stomach 
(stomach, hepato- Mean + SE mum cate- the popu- Sto- Hepato- ratio 
pancreas fullness) (n9) (W)  9OV latlon mach pancreas 

0.0 2.5 + 1.4 (39) 28.9 
3.5 Empty 10 12.5 23.1 2.4 0.1 2.4 t 1.0 (8) 

1.0 14.0 + 5.9 (8) 25.6 Emptying 
2.0 23.0 t 5.1 (8) 33.6 or 16 65.4 67.5 -.E 
1.1 32.2 + 7.1 (40) 113.1 filling 

2.1 58.3 + 6.3 (96) 164.4 Full 7 0 68 8 74.1 2 0 

2.2 151.0 + 26.9 (40) 487.4 Very full 4 59.4 74.1 8.2 
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phaeopigment found in stomach and hepatopancreas; 
empty krill have a low percentage of phaeopigment 
whereas the other categories have a high percentage. 
In contrast, the ratio of amount of plant pigment in the 
hepatopancreas to that in the stomach is similar for all 
categories except the 'very full' category. 

Before analysing the distributions of krill in the 
feeding categories 'emptying or filling' and 'very full', 
the relation between the feeding category in which a 
krill was placed and the histological moult stage of 
that krill must be established (Table 4). The relatively 

Table 4. Euphausia superba. Number of specimens classed as 
moulting (late pre-moult to early post-moult) or intermoult 
(late post-moult to early pre-moult) as a function of feeding 
category and hardness of exoskeleton. Values in parentheses: 
% of krill classed as immediate pre-moult, ecdysis or immedi- 

ate post-moult 

Feeding Exoskeleton Moul- Inter- 
category condition ting moult 

Empty 
Hard 26 (100) 0 
Soft l0 (100) 0 

Emptying Hard 8 (75) 36 
or filling Soft 4 (100) 0 

Full Hard 14 (50) 85 
Soft 0 (-1 0 

Very full Hard 0 (-1 3 
Soft 0 (-1 0 

low numbers of krill analysed for moult stage pre- 
cludes the use of the 17 or more stages of the moult 
cycle described by Buchholz (1982). Instead, krill are 
grouped into 2 broad categories, those in some stage of 
moulting and those in intermoult. The terms moulting 
and intermoult, therefore, represent not so much a 
strict histological moult stage but more a broad phy- 
siological classification. As expected, all of the krill in 
the 'empty' feeding category were directly involved in 
ecdysis and over 86 % of the krill categorised as 'full' 
were in the intermoult phase. Krill that were 'emptying 
or filling' were mainly in the intermoult phase, 
although 25 % were classed as moulting (of these 
three-quarters with a hard exoskeleton and all with a 
soft exoskeleton were in the ecdysis phase). All 3 of the 
'very full' krill examined histologically were in the 
intermoult phase, with a hard exoskeleton (Table 4). 

The relations between histological moult stage and 
the feeding categories 'emptying or filling' and 'very 
full' are not clear. This is partly the result of the 
broadness of the intermoult classification used and 
partly due to the small number of krill analysed. In the 
absence of a clear relation, hypotheses of a transitional 
phase between moulting and intermoult ('emptying or 

filling') and a pre-moult increase in food reserves to 
fuel post-moult hardening ('very full') are tested by 
examining the distributions of krill in these categories. 

Krill classed as 'emptying or filling' are distributed 
significantly differently from expected values (time, 
p 0.001; df = 5; depth, p < 0.001, df = 3, n = 1392). 
There were more krill in this category caught in the 
period 1600 to 2000 h between 70 and 100 m, in the 
period 2400 to 0400 h between 10 and 100 m,  and in the 
period 0400 to 0800 h at the surface. There were sig- 
nificantly fewer krill in this category caught at  the 
surface at night. This contrasts with the very large rise 
in the total numbers of krill caught at  the surface at  
night compared to the day (Morris & Ricketts 1984, 
Morris et al. 1984). 

Krill categorised as 'very full' also had a significantly 
different distribution from that expected on the basis of 
a random occurrence of feeding categories (time, 
p<0.001, df = 5 ;  depth,p<0.05,  df = 3 ,  n =  361). The 
major contributors to this difference were an increase 
in the numbers of krill caught from 0800 to 1200 h 
below the thermocline and from 1200 to 1600 h below 
100 m. 

The proposed relations between individuals in the 
feeding categories 'emptying or filling' and 'very full' 
and the moulting behaviour of krill (abstracted from 
Fig. 1) are shown diagrammatically in Fig. 2. Krill in 
the feeding category 'very full' occurred prior to or 
during the afternoon peak of moulting activity. After 
this peak of moulting activity there was an increase in 
the number of krill caught in the feeding category 
'emptying or filling' (it is not known whether these 
krill were post-moult krill filling the alimentary tract 
or pre-moult krill emptying it). The night peak of 
moulting activity was followed by an increase in the 
numbers of krill caught in the 'emptying or filling' 
feeding category; these were most probably post-moult 
krill filling the alimentary tract. Krill categorised as 
'emptying or filling' were also found in higher propor- 
tions than expected at the surface in the morning. 
These may be pre-moult krill emptying the alimentary 
tract prior to moulting at the surface during the day. 

To emphasise the overall pattern of moulting in 
Euphausia superba the distributions of all krill asses- 
sed as in ecdysis (i.e. 'empty' or with a soft exoskele- 
ton) or in some stage of moulting (i.e. 'emptying or 
filling' and 'very full') are pooled in Table 5. There is 
a significant difference (time, p 4 0.001, df = 5; 
depth, p G0.001, df = 3, n = 2839) between observed 
and expected values. These differences are summar- 
ised in Fig. 3 in an overall generalisation of the 
moulting behaviour of krill off South Georgia. The 
previously used time compartments are combined 
into 3 periods: morning, afternoon and night. During 
the day, the number of krill caught at the surface 
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Fig. 2. Euphausia superba. Model 
of the relation of pre- and post- 
moult feeding levels to moulting 
as a function of water depth and 

I I t ~ m e  of day 
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was low (Morris & Ricketts 1984) but the proportion 
of krill moulting in this layer was high: these krill 
were either in pre-moult (emptying the alimentary 
tract) in the morning or in ecdysis (empty/soft) in the 
afternoon. This is in marked contrast to the number 
of krill caught at  night, which was high, whereas the 
number moulting was low. Moulting occurred 
throughout the rest of the water column during the 
morning, but at a lower level than expected. During 
the afternoon, moulting occurred primarily between 
50 and 150 m, whereas at  night this depth range 
extended upwards to 10 to 150 m. 

Integrated model of moulting and feeding 

Relations between the occurrence of Euphausia 
superba in swarms, their vertical distribution, feeding 
activity and moulting state as a function of time of day 
and depth are integrated (Fig. 4) from the model of 
feeding (Morris & Ricketts 1984) and moulting (this 
paper) into a single model, which also includes the 
major trends in the environmental variables studied. 
Environmental variables are grouped into 2 classes: 
those that decrease below the thermocline (e.g. tem- 
perature and chlorophyll) and those that increase (e.g. 

Table 5. Euphausia superba. Number of specimens categorised according to feeding state as moulting as a function of depth and 
time of day. Bar: darkness. Numbers in parentheses: expected values for the number of krill caught (pooled by all feeding 

categories) 

Depth range Local time 
(m) 08-12 12-1 6 1 6 2 0  20-24 24-04 04-08 Total 

Surface 7 15 34 26 98 32 212 
0-3 (0) (4) (11) (151) (181) (15) (362) 

Above thermocline 39 191 60 152 226 97 765 
10-50 (93) (146) (91) (147) (181) (125) (783) 

Below thermocline 84 28 1 116 154 216 78 929 
70-100 (121) (140) (111) (127) (181) (153) (833) 

Below 100 m 5 2 117 22 1 213 192 138 933 
100-150 (103) (130) (151) (146) (181) (151) (862) 

Total 182 604 43 1 545 732 345 2839 

(317) (420) (364) (571) (724) (444) (2840) 
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Morning Afternoon Night 

Fig. 3. Euphausia superba. Model of moulting behaviour of 
krill in the morning, afternoon and at night as a function of 

water depth 

salinity and nutrients) (see Morris et al. 1984). The 
level of food in the alimentary tract remains constant 
with depth for the majority of the population. Depth of 
occurrence and shape of krill swarms are represented 
diagrammatically, the swarms occurring deeper and 
having a smaller horizontal chord in the day. The 
observed patterns of vertical migration are represented 
by the presence of krill at the surface at night, complet- 
ing the pattern of large scale changes in krill density 
with time of day (Morris et al. 1984). Moulting 
behaviour is broadly divided into 2 phases of pre- 
moult, moult (including ecdysis) and a post-moult 
phase. The occurrence of post-moult krill having food 
in the alimentary tract at the same time as a soft 
exoskeleton (food present/soft) is distinguished in 
order to highlight the differences between the after- 
noon and night periods of moulting activity. The after- 

Fig. 4. Euphausia superba. Inte- 
grated model of krill swarming, 
feeding and moulting behaviour 

off South Georgia 

noon moulting period is characterised by a pre-moult 
build-up of food and post-moult krill that have empty 
alimentary tracts and hard exoskeletons. The night 
moulting period is characterised by the absence of a 
pre-moult food build-up and the absence of post-moult 
krill with empty alimentary tracts and hard exoskele- 
tons. Those post-moult krill observed to have hard 
exoskeletons in the night moulting phase all had some 
food in their alimentary tracts but were not classed as 
'full'. 

Variability in moulting frequency 

The total number of Euphausia superba observed to 
be in some stage of the moult part of the cycle during 
the 6 d study period amounted to 30 % of the samples. 
The proportions of krill in intermoult, pre-moult and 
moult for each of the 6 d are given in Fig. 5 .  Although 
some moulting occurred during mornings, the percen- 
tages were very low. Moulting occurred on each day 
primarily in the 2 phases outlined in Fig. 4. The after- 
noon moult occurs with the highest frequency for the 
afternoons of 2 Jan and 3 Jan while the night moult 
predominates on 4 Jan. The mean percentage of krill 
sampled that were directly involved with moulting 
during this period is 6.7 % d-l, giving a theoretical 
intermoult period (IMP) of 14.9 d for an homogeneous 
population exhibiting random moulting. 

There is a very large increase in the frequency of 
krill moulting following this period, with afternoon 
moults predominating. On 5 Jan, the proportion of krill 
moulting reaches 74 % in the afternoon and 64 % in the 
evening. These catches consisted primarily of krill 
described as empty/hard or empty/soft. The peaks in 
moulting that occur after 5 Jan are derived from sam- 
ples of fewer than 100 but the proportion of krill that 

Local time 
Environmental Kell 

variables feeding level Night Morning Afternoon Night 

--- Tempemture. Krill swarms H= Pre-moult I::fl= ~ost-moult,&t 
chlomphyll 

- Salinity.nutrienk m=   rill moulting [mm= Post-moult 
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were moulting ranges from 74 to 100%. The mean 
moulting frequency for this latter period is 37 % d- '  
(IMP = 2.7 d). This gives a combined total of 100 % of 
the population moulting in the 6 d study period if the 
population sampled was homogeneous. 

DISCUSSION 

Field observations of moulting 

The existence of direct links between the cessation 
of feeding and the onset of moulting has already been 
established for Euphausia pacifica (Lasker 1966) and 
Meganyctiphanes norvegica (Fowler et al. 1971). Simi- 
larly, Buchholz (1982) and Morris & Keck (1984) have 
further documented the connection between a soft 
exoskeleton and very recent moulting in E. superba. 
The data from the extensive field study of feeding in E. 
superba off South Georgia (Morris & Ricketts 1984) 
has, by use of these links between feeding and moult- 
ing, allowed models of the ecology of moulting to be  
constructed which, because they are derived from field 
data, do not suffer from the drawbacks of laboratory 
studies (e.g. Morris & Keck 1984). The resolution of the 
proposed models is, however, coarse because of the 4 h 
sampling interval and the limited numbers of krill 
analysed for histological moult stage. 

In contrast to previous laboratory observations, 
which suggested that moulting in Euphausia superba 
occurs primarily at night (Murano et  al. 197 9, Morris & 

Keck 1984), these field data demonstrate 2 peaks in 
moulting activity, 1 in the afternoon and 1 in the early 
night. It is suggested that the afternoon peak of moult- 
ing is composed primarily of pre-moult ('very full') krill 

Fig. 5. Euphausia superba. Per- 
centages of the population sam- 
pled in intermoult, pre-moult or 
moult for each of the 6 d of the 
study period. Data period as 
morning, afternoon and night and. 

by depth 

that then empty the alimentary tract and shed the 
exoskeleton. It appears that E. superba are able either 
to harden the exoskeleton prior to feeding or to recom- 
mence feeding before complete hardening of the exo- 
skeleton occurs. These 2 post-moult phases both occur 
primarily below 100 m in the afternoon peak of moult- 
ing activity. It is unknown whether the hypothesised 
pre-moult feeding condition 'very full' is actually a 
mechanism for fuelling a post-moult hardening pro- 
cess when the alimentary tract remains empty. 

The peak of moulting activity that occurred at night 
differed from that during the afternoon in several ways. 
There were no pre-moult 'very full' krill, although pre- 
moult krill (empty/hard) are present in the late after- 
noon. Ecdysis occurred throughout the water column, 
except at the surface where krill densities were very 
high at night. The nighttime post-moult phase was 
particularly characterised by the absence of krill with 
an empty alimentary tract and a hard exoskeleton; it 
consisted primarily of krill with a soft exoskeleton and 
food in the alimentary tract. These krill also occurred 
below the surface but above the thermocline, where 
the concentrations of chlorophyll in the water were 
highest (Morris et al. 1984). The post-moult phase 
during the night was also characterised by the occur- 
rence of higher numbers of krill with a hard exoskele- 
ton 'filling' the alimentary tract. 

The changes in the vertical distribution of krill with 
soft exoskeletons between day and night indicate that 
light levels may affect moulting. In view, however, of 
the occurrence of moulting at the surface during the 
day and its absence at night, it seems likely that the 
density of krill (Morris et al. 1984) may also be of 
importance. These 2 observations may be reconciled if 
predation (with visual location of prey) and possibly 
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cannibalism are important factors for moulting and 
post-moult krill that have a soft exoskeleton. There are 
few data on the occurrence of cannibalism in relation 
to moulting, but Hamner (1984) has reported visual 
observations of krill leaving 'schools' to moult or lay 
eggs (possibly as a method of avoiding other krill). 
Furthermore, the need to avoid cannibalism during 
moulting may be a contributory factor in the occur- 
rence of synchronous moulting observed in the labora- 
tory (Mackintosh 1967, Clarke 1976). Mackintosh 
(1967) also predicted the existence of synchronous 
moulting in the field from observations of catches of 
cast exoskeletons en masse (Station 514, near South 
Georgia, Discovery Station List, 1932). Net hauls of 
cast exoskeletons have also been observed by the 
author in late winter off South Georgia (Station JB04 
1179). These data, plus the existence of several catches 
of krill dominated by empty/hard or empty/soft ani- 
mals (personal observation; Fig. 5), indicate that 
synchronous moulting does indeed occur in the field 
and may be related to the avoidance of predation or 
cannibalism. 

Implications of the integrated model 

In their discussion of the relations between the pro- 
posed feeding model for Euphausia superba and the 
environment, Morris & Ricketts (1984) and Morris et al. 
(1984) suggested that the fact that depth had no effect 
on the amount of plant pigment in the alimentary tract 
was possibly the result of a high turnover rate of 
chlorophyll in the stomach and hepatopancreas. If this 
is the reason, the rapid processing of ingested plant 
pigment would mean that the level of plant pigment in 
an animal is unlikely to be a good indicator of the 
amount of plant pigment passing through that animal. 
This proposal is now examined in more detail as it 
provides an explanation for the apparent absence in 
the integrated model of any environmental effects, 
such as chlorophyll concentration or temperature, on 
feeding acitivity. Data from the energy budget for E. 
superba constructed by Clarke & Morris (1983) are 
combined with egestion rates given by Antezana et al. 
(1982) and the levels of chlorophyll found in krill off 
South Georgia (Morris & Ricketts 1984). Published data 
are all for krill of approximately l g wet weight and 
these have been scaled linearly, for simplicity, to krill 
of 0.3 g wet weight to approximate krill in the popula- 
tion studied. 

Clarke & Morris (1983) indicate an energy require- 
ment, off South Georgia, of about 5 % of body weight 
per day for krill to sustain growth. This is equivalent, 
using their conversions, to a chlorophyll intake of 
312 ng h-'. Antezana et al. (1982) give an egestion rate 

equivalent to 33 ng h-' and a length of egested faeces 
of 1.7 cm h-'. These data can be combined with the 
ambient levels of chlorophyll in the water (0.05 to 
1.0 pg 1 - l ;  Morris et al. 1984) and in the stomach 
(19 ng) and hepatopancreas (38 ng; Morris & Ricketts 
1984). To convert these quantities to a filtration rate, a 
nominal retention efficiency of 50 % for the filter bas- 
ket is used (McClatchie & Boyd 1983, Morris 1984). 
The energy requirement, equivalent to 312 ng h-' of 
chlorophyll, is combined with the egestion rate to 
estimate an ingestion rate of 335 ng h-'. This also 
provides an incidental estimate of the assimilation 
efficiency of krill (89 %), although this figure is likely 
to be high since the laboratory egestion rates are prob- 
ably low (Clarke & Morris 1983). The calculated inges- 
tion rate requires filtration rates of 0.7 to 13.4 l h-' for 
the range of chlorophyll concentrations encountered in 
the water column. Even the highest filtration rates are 
well within the capabilities of krill (Morris 1984) and 
the implication is that chlorophyll concentration, and 
hence depth, should not provide a barrier to the dis- 
tribution of krill (see also Morris et al. 1984). 

The data outlined above can be combined with the 
levels of plant pigment in the stomachs and 
hepatopancreata of krill off South Georgia to provide 
estimates of the turnover times for plant pigment in 
these organs. These times are a turnover in the level of 
plant pigment in the stomach of once every 3.4 min 
and once every 7.3 min for the hepatopancreas. In 
addition, a turnover time for the gut can be estimated 
from the rate of 1.7 cm h- '  for egestion of faecal strings 
for a 3 cm krill, 2/3 of which consists of alimentary 
tract. This gives a rate for the egestion of a faecal string 
of once every 72 min. These turnover times are rough 
estimates only, but indicate a turnover of the order of 
minutes for the stomach or hepatopancreas and of an 
hour for the gut. The high turnover tlmes for the 
stomach and hepatopancreas fit well with the relative 
uniformity of low levels of chlorophyll found in krill 
that are actively feeding. The longer estimate for the 
turnover time of the gut is reflected in the wide range 
of gut fullness levels encountered (Morris & Ricketts 
1984). These rough estimates are of interest physiolog- 
ically but they also provide insights into the require- 
ments for the design of future studies of the feeding 
activity of Euphausia superba, both in the laboratory 
and the field. Also, the times taken both to empty and 
fill the alimentary tract are so short that it is likely that 
the pre- and post-moult feeding states observed are 
more the result of the physiological constraints of the 
moulting process than of any feeding limitations. 

The field observations on the moulting of Euphausia 
superba summarised in the integrated model conflict 
with laboratory data that indicate krill moult primarily 
at night. The apparent links between the occurrence of 
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moulting and post-moult behaviour, light levels and 
krill density require further investigation both in the 
laboratory and in the field. One particular aspect of 
this behaviour is noteworthy. Despite a difference in 
the pattern of vertical migration and swarming both 
Everson (1982) and Morris et al. (1984) report a marked 
migration of krill to the surface at night off South 
Georgia. This behaviour is, according to the model 
proposed, related neither to feeding nor moulting. 

The percentage of the sample that was moulting on 
each of the 6 d of the study period indicates either that 
moulting in the population is non-random or that the 
sampling covered more than 1 population of krill. A 
preliminary analysis of the length frequency distribu- 
tions of krill caught on each of the 6 d indicated that 
only one population was sampled (Clarke & Morris 
1983). The moulting behaviour, however, indicates 
that, either the whole population moulted in the study 
period, that moulting krill are caught more readily or 
that more than 1 'population' of krill was sampled. The 
last is the more likely as a pronounced shift in wind 
direction, accompanied by a reversal in the direction of 
tow along the haul track, occurred at the time that the 
proportion of moulting krill rose. Furthermore, whilst 
the calculated IMP of 14.9 d for 2 to 4 Jan  is of an 
appropriate length for krill off South Georgia (Clarke & 
Morris 1983), the IMP for 5 to 7 Jan (2.7 d) is clearly too 
low. Thus, despite the similarities in length frequency 
and feeding behaviour, it seems likely that at least 
2 populations were studied. Such a shift in population 
during the 6 d period is probably an  inevitable result of 
utilising a geographic haul track to sample an animal 
that lives in an  environment dominated by large- and 
small-scale currents. 

Perspectives 

before and after the study. Data analysis was also 
extensive, involving some 12 h of computer CPU time 
for the construction of the feeding models alone. 

Despite this comprehensive approach, the proposed 
models of feeding activity, physiology and moulting 
are of limited value. An understanding of the overall 
behaviour of Euphausia superba off South Georgia has 
not emerged, although the importance of moulting in 
relation to feeding has been highlighted and model- 
led. The results have more importantly outlined the 
limitations of the available logistics effort, sampling 
equipment and experimental design and reinforced 
the prior requirement for a thorough understanding of 
the structure of h i l l  patches and their relations with 
the environment. 

Whilst laboratory studies of both feeding and moult- 
ing will, given the pelagic nature of krill, provide 
limited but necessary data (Clarke & Morris 1983), 
further field studies of the physiological ecology of 
Euphausia superba are vital. It is essential that such 
studies take into account the homogeneity of the patch 
or population under study and the high turnover rates 
of food which require serial rather than discrete 
sampling. 
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