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Abstract The interactions between moult phasing,
growth and environmental cues in Northern krill
(Meganyctiphanes norvegica) were examined through
analysing populations at seasonal, weekly, and daily
timescales. The analyses were carried out on resident
populations of krill found in three different neritic
locations that experience similar environmental signals
(the Clyde Sea, Scotland; the Kattegat, Denmark;
Gullmarsfjord, Sweden). Seasonal analyses were carried
out on the Clyde Sea population and showed that mo-
ulting frequency increased significantly moving from
winter to summer. The proportion of moulting females
in summer samples was often more than double the
proportion of moulting males, suggesting that females
had a comparatively shorter intermoult period (IMP).
Weekly samples taken from the Kattegat showed a
similar pattern. However, although the difference be-
tween the proportion of female and male moulters was
significant in one week, it was not another, mainly be-
cause of the variability in the proportion of female
moulters. Such variability in females was equally evident
in the daily samples taken at Gullmarsfjord. It suggests
that females have a shorter IMP (12.5 days) than males
(18.4 days) and are more likely to moult in synchrony.
Nevertheless, the daily samples revealed that males are
also capable of moult synchronisation, although less
frequently than females. Shortened IMPs in females
were not a result of the abbreviation of specific moult
stages. Accordingly, reproductive activity did not alter
the course of the normal moult cycle. There was no
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significant difference between the total body lengths of
males and females indicating that females achieve the
same levels of growth despite moulting more frequently
and having to provision the energy-rich ovaries. This is
in contrast to most other crustaceans where the energy
costs of reproduction reduce female growth. The fact
that females were less abundant than males, probably by
suffering a greater level of mortality, suggests that dif-
ferent behavioural strategies, particularly vertical
migration regimes, were adopted by each sex to maxi-
mise growth and reproduction.

Introduction

The moult cycle is a major part of the life history of all
crustaceans, since the exoskeletons must be shed to en-
able growth. Accordingly, natural selection will select
for the optimal patterns of moulting at each principle
phase in the life cycle. Many studies have come to the
conclusion that, in crustacean species with indeterminate
growth, only major physiological processes like matu-
ration and the release of eggs can delay moulting.
Consequently, the timing of many other internal pro-
cesses and behavioural activities is probably dictated by
the phasing of the moult cycle both in the short- (days to
weeks) and long-term (months to seasons; Hartnoll
1982, 2001; Conan 1985).

The eucarid crustacean, Northern krill (Meganycti-
phanes norvegica) is an abundant micro-nectonic species
that is a major plankton grazer and a staple food for a
large variety of predators, from fish to whales (De La-
fontaine et al. 1991; Kaartvedt et al. 2005). Several
studies have pointed to the importance of moult phasing
in its life history. For instance, reproductive processes
such as egg maturation and spawning have been found
to be coupled to the moult cycle (Cuzin-Roudy and
Buchholz 1999). Moreover, there is a close coordination
with vertical migration behaviour, in that moulting
occurs in the deep and spawning in the top layer of the
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water column (Tarling et al. 1999). Mass moulting and
spawning peaks have been observed, indicating that
these processes can be synchronised (Hamner et al. 1983;
Buchholz 1985; Tarling and Cuzin-Roudy 2003). Local
plankton blooms may act as a cue for initiating invest-
ment in ovarian tissue and so may entrain moult and
spawn cycles for the rest of the productive season
(Tarling and Cuzin-Roudy 2003).

At certain periods, growth is not possible for
M. norvegica, because nutritional conditions are
unfavourable or temperature is too low. Nevertheless,
the species still moults and takes the risk of becoming
temporarily vulnerable. When this occurs during the
productive season (spring to autumn) moulting may
still be necessary to facilitate brood maturation and
fertilisation (Cuzin-Roudy and Buchholz 1999), as has
been reported for other orders of crustaceans
(Hartnoll 1985). Moulting behaviour during the winter
period has been looked at in Northern krill (Buchholz
1985) and has been intensively studied in the Antarctic
krill Euphausia superba (Quetin et al. 2003). The
occurrence of moults during a period when there is
little or no somatic growth and no reproductive
activity suggests that the requirement of this species to
shed its exoskeleton with regularity through its life
cycle is driven by additional processes that are not yet
fully identified.

Comparative analysis is a major biological tool for
identifying underlying biological processes. It is appar-
ent that processes operating at a variety of temporal
scales (some seasonal, others in the order of days to
weeks) influence moult patterns in this species. Some of
the processes, particularly the coupling with ovarian
development, will affect just one sex or maturity stage.
Comparing how moulting patterns alter between males
and females at a variety of temporal scales is likely to
provide insight into the role of moult phasing in the life
history of this species.

The present investigation is based on three separate
studies conducted at three different locations where
resident populations of krill occur. All the locations
have certain features common to neritic regions in the
North Atlantic sector, such as a spring phytoplankton
bloom and stratification of the water column during the
summer. The sites were studied at different temporal
scales; the Clyde Sea every other month; the Kattegat,
on different weeks during mid summer and Gullmars-
fjord, almost every day for a ~2 week period during late
summer. The moult stages of individuals were examined
at each site with a precision that depended on the scale
of the study. Larger scale studies were based on a simple
determination of moult phases (i.e. individuals were
classified as “moult” or “non-moult”’) while studies with
finer temporal resolution used a more sophisticated
staging system in which the moult cycle was divided into
seven stages (Buchholz 1991; Cuzin-Roudy and Buch-
holz 1999). Overall, our comparative approach provided
a powerful means with which to examine the role of
moulting in the life history of krill.

Materials and methods
Basis of data acquisition

An essential method applied to obtain the data for the
present publication was the determination of moult
stages. The detailed histological staging was done by
F. Buchholz, who adapted Drach’s moult staging sys-
tem for euphausiids (Buchholz 1982), expanded and
verified it through parallel determination of the moult
hormone titer (Buchholz 1991). The standard proce-
dure of moult staging starts with the observation of
cuticle soft- or hardness. With the experience of several
thousand detailed stagings the decision of ““flaccid”
meaning “moulting” = directly before or after ecdysis
and ‘“hard” meaning “not close to ecdysis” could
safely be ventured.

Only with this background could the simplified
method be validated: specimens were taken between the
first three fingers of the hand and gently squeezed. If the
cuticle was completely compressible and the animal’s
posture was “flaccid” it was categorised as “moulting”.

This flaccid phase corresponded to moult stages
D3, (phase of cuticle resorption prior to moult, soft
exoskeleton) and A (recently moulted, cuticle very soft)
combined. Further details are in Cuzin-Roudy and
Buchholz (1999).

The latter determination, being much faster than the
histological method, enabled examination of a far larger
number of krill. Therefore the other authors learned the
distinctions from F. Buchholz serving as standard on
several common research cruises. Cross calibration was
frequent and determinations in case of doubt verified by
histological reference.

Clyde Sea

Seven sampling campaigns were carried out at 2-
monthly intervals between June 1999 and May 2000
along a fixed transect NE of the island of Arran in the
Clyde sea, West Scotland (55.8°N, 5.2°W). A multi
opening and closing net with environmental sensing
system (MOCNESS, 1 m”? net opening, 2 mm mesh,
Wiebe et al. 1985) was deployed over the course of the
day and night during each of the campaigns. Further
details on the sampling protocols can be found in Tar-
ling and Cuzin-Roudy (2003). In the present study, we
pooled all of the net catches within a campaign to obtain
an estimate of the relative frequency of moulting indi-
viduals every other month over an annual cycle (June,
August, October, December 1999 and January, March,
May 2000).

Approximately 200 live krill per sample were sexed,
measured for total body length (front of the eye to the
tip of the telson) and staged in categories “‘moulting” or
“non-moulting” according to the rigidity of the
exoskeleton.



Kattegat

Net samples (MOCNESS, see above) were taken in the
Alkor deep, east of the Danish Island Lidsé in the
Northern Kattegat (57.3°N 11.4°E, further details in
Tarling et al. 1999). The net was deployed at cardinal
times of the day (05:00, 14:00, 22:00, 02:00) in a depth
discrete fashion (100-80, 8065, 65-50, 50-30 and 30—
5 m) between 24 July and 26 July 1998 and between 30
July and 3 August 1998. The freshly caught krill were
classified as either “moulting” or “non-moulting” using
the same protocol as above. Statistical analyses were
carried out on depth-integrated estimates of moult-fre-
quency (i.e. through pooling samples) and also on dis-
crete depth layers. In particular, the nature of the
sampling regime allowed us to examine the proportion
of moulting animals in the deep layers at night-time,
which previous studies have identified as being the main
habitat of krill during moulting (Lasker 1966; Fowler
et al. 1971; Tarling et al. 1999). Statistical analyses were
mainly focused on examining the differences in the
moult frequency between the 2 weeks of sampling.

Gullmarsfjord

The moult activity of M. norvegica was analysed in
Gullmarsfjord (58.3°N, 11.5°E) between August 15th
and 30th, 2000. The duration of the study was set such
that it covered the likely length of a complete intermoult
period (IMP) which, according to Cuzin-Roudy and
Buchholz (1999), is around 13 days at an average tem-
perature of 7°C. Samples were taken with an Isaacs
Kidd Midwater Trawl (0.6 m> net opening, 1.5 mm
mesh) every week day around noon from August 16 to
September 1, 2000, concentrating at a depth of 80—
100 m where krill were found to reside. Three further
deployments were made around midnight, at the start,
the middle and the end of the sampling campaign in
which samples were taken from two depth-layers: 0—40
and 60-100 m.

A randomly taken sub-section of the live krill, 60 krill
per sample (total N = 840 krill), were subjected to de-
tailed analysis: they were sexed, length measured and
staged for moult (MS) and sexual development stages
(SDS according to Cuzin-Roudy and Buchholz 1999,
data not shown). The remainder of the krill were clas-
sified as either “moulting” or “non-moulting”, using
“touch” analysis in a similar fashion to that carried out
in the Clyde Sea and Kattegat.

Detailed moult stages were determined by viewing
the uropod integument under a light microscope and
categorising it into one of the seven main moult stages
A to D3. These are listed below along with their ex-
pected proportions in a random population, which has
been refined from the values in Cuzin-Roudy and
Buchholz (1999) based on additional data acquired
since by the same authors (unpublished data). These
proportions are equivalent to the relative amount of

time it takes an individual to pass through this stage in
the moult cycle:

e Postmoult:

A (2.0 % duration of IMP), B (7.4%), C (21.1%),
e Premoult:

DO (15.6%), D1 (23.4%), D2 (18.2%), D3 (12.7%).

Direct observations at a water temperature of 10°C re-
vealed the complete IMP as being 13 days (Cuzin-
Roudy and Buchholz 1999). There is a physiological
necessity to proceed through the stages directly adjoin-
ing ecdysis (D3, A) in a fast, perfectly scheduled manner
in order to reduce the dangers of hampered swimming
ability lacking rigid muscle attachments or hardening of
the shell before its shedding is completed. The duration
of moult stages D3 and A (12.7 + 2%) is therefore
considered fixed, meaning that M. norvegica spend
1.9 days “moulting” or “moult active.”

According to Cuzin-Roudy and Buchholz (1999), the
duration of the IMP, (days) of an unknown field
population can be assessed using the formula:

1.9
T %D3+4 ()

where 1.9 is the number of days individuals remain
within a temporally fixed “moult active” stage (updated
value) and %D3 + A is the percentage of individuals
encountered in moult stage D3 or A.

However, in the Gullmarsfjord campaign it was
necessary to make some modifications to the classifica-
tion because there was a time delay of 812 h between
capture and moult-analysis that did not occur at the
other study sites. The animals were maintained in the
dark in cooled and aerated seawater during this time. As
a result, cuticle hardening occurred in freshly moulted
animals while others preparing for moult started to be-
come flaccid. We adapted the “moulting” category to
include flaccid krill along with those that were hardening
(A and B) or softening specimens (D3c,,1y). Each of these
states could still be identified by finger touch taking the
rigidity of the anterior rim of carapace and its frontal
spines as criteria.

Accommodating stage B in the assessment, because
of the time delays in analysis described above, a new
value of 2.9 days was defined as the duration of the
“moult active” stage comprising D3, A and B. The new
assessment of IMP was accordingly:

B 2.9
T %D3+A+B

IMP(d) x 100,

IMP(d) x 100. (2)

Results

Taken over the three locations, a total of 18,783 krill
were analysed for moult stage. Additional determination



of SDS on females confirmed reproductive activity in all
three populations (Tarling et al. 1999; Tarling and
Cuzin-Roudy 2003; C.M. Buchholz and F. Buchholz,
unpublished). To maximise the resolution of the moult
patterns, Table 1 focuses on the moulting krill encoun-
tered at night in the deep in summer. Failures in the
depth-discrete sampling system in the Clyde Sea during
summer meant that only depth integrated samples were
collected in this location at that time. This probably
underestimates the relative proportion of krill in moult,
because most of the non-moulting fraction can be ex-
pected in the higher strata of the water column (Tarling
et al. 1999). Nevertheless, we found that the proportion
of female moulters was about three times that of males
in each of the three locations (Table 1). Depth-discrete
samples taken in the deeper layers during the night
consistently contained more males than females, with
female:male sex ratios ranging from 1:2 to 1:10.

Seasonal patterns in moulting activity

Overall, a greater proportion of the population in the
Clyde Sea were found to be in moulting condition
during the spring and summer months (March/May
and June/August) compared with the winter (Fig. 1),
which infers that individuals moulted more frequently
during the productive season. However, there was a
marked difference in the seasonal patterns exhibited by
females compared with that of males. In the former,
between 15 and 23% of the population were in mo-
ulting condition during the summer months, whereas
only 6-11% were moulting in the latter. By contrast,
there was little difference in the proportion of female
and male moulters observed during the autumn and
winter (October; December/January), since both drop-
ped to low levels (< 6%) in this period. A one-way
ANOVA found there was a significant difference in the
proportion of female moulters between seasons
(Kruskall-Wallis: H, = 6.675, P = 0.036) but not in

Table 1 The proportion of female and male moulting individuals in
the populations sampled between dusk and dawn in the Clyde Sea,
Kattegat and Gullmarsfjord

Clyde*  Kattegat® Gullmarn®

Jun/Aug Jul/Aug Aug

1999 1998 2000
No. of females 321 408 19
Moulting females 76 258 11
% Moulting fem. 23.7 63.2 57.9
No. of males 816 680 161
Moulting males 66 144 27
% Moulting males 8.1 21.2 16.8
Sex ratio f/m 0.4 0.6 0.1
Proportion
% Moult. fem/% moult. male 2.9 3.0 3.5
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Fig. 1 Daily percentage of male and female Meganyctiphanes
norvegica in moulting condition over an annual cycle (June 1999—
May 2000) in the Clyde Sea. The dotted area above the abscissa
indicates the period of a phytoplankton bloom. Moulting condition
was scored by touching the freshly caught animals (N = 1,137) for
cuticle softness

males (F35, = 0.680, P = 0.513), which reflects the
fact that the proportion of male moulters increased
only marginally during the productive months. Differ-
ent statistical tests were used for males and females
because of the different distributions of the data. The
female data failed a normality test, so it was necessary
to use a non-parametric test (Kruskall-Wallis). The
male data passed a normality test, so it was more
appropriate to use a parametric test (which is statisti-
cally more powerful). The fact that the less powerful
non-parametric test still found a significant difference
in the females indicates that the differences in these
data was large. In males, the situation is converse.

Weekly to daily patterns in moulting activity

A similar pattern is seen at a weekly timescale in the
Kattegat. As with the Clyde Sea seasonal study, the
overall proportion of female moulters was greater than
that of males, indicating that females moulted more
frequently. However, statistical analysis of all data
showed significant variation in the observed proportion
of female moulters between weeks (#1216 = 2.515,
P = 0.018, N = 7,518), with proportions reaching
around 23% (SD 13%) in week 1 compared with just
13% (SD 8%) in week 3. The percentage difference
between male moulters in weeks 1 and 3 was less, being
17% (SD 7%) in week 1 and 11% (SD 6%) in week 3,
and  non-significant  (f516 = 2.047, P = 0.051,
N = 5,492). The pattern is more pronounced in the
deep samples during night-time (Fig. 2; Table 1) given
that this is the most common habitat for moulters
according to previous studies. In the midnight sample
(Fig. 2), 87% (SD 8%) of female M. norvegica were
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Fig. 2 Weekly percentage of male and female M. norvegica in
moulting condition from deep (80-100 m), mid-night (02:00)
catches in the Kattegat. Week 1 comprised three nights of data
(24th to 26th July), week 3 four nights of data (31st July to 3rd
August). Moulting condition was scored by touching the freshly
caught animals (N = 402) for cuticle softness

found moulting in week 1 and 57% (SD 35%) in week
3, while only 20% of males were moulting in each of
the weeks. The data suggest that females can be syn-
chronised and moult in pulses while males seem to
moult in a more random manner relative to each other.

The variation in the proportion of moulters over time
was examined at a much higher temporal frequency in
Gullmarsfjord. The period of study covered more than
the duration of a typical IMP in this species so that any
pulses in moulting at the population level would be
resolved. At a random distribution of moult stages 22%
of the krill would be expected moulting (D3, A and B).
Yet in the females, two peaks in moulting were observed
at the start and end of the study period, in which up to
30 and 40% of the population located in the deeper
layers at night were moulting (Fig. 3). Between these
two periods, there was a trough in moulting activity
where the proportion was between 5 and 12%. A one-
way ANOVA found a significant difference in the
proportion of female moulters between these periods
(period 1 = 15-18 Aug; period 2 = 21-25 Aug; period
3 =12830 Aug; Kruskall-Wallis: H, = 5.628,
P = 0.047). In contrast to the females, a relatively low
proportion of male moulters was observed during the
start of the study and this continued through the middle
period. However, as with the females, the proportion of
male moulters rose above 22% towards the end of the
study reaching levels in excess of 30% of the deep
population. This proportion of moulters was signifi-
cantly different to the levels observed in the previous
periods (Fg, = 12.178, P = 0.004). It can be surmised
that males as well as females are capable of pulses in
moulting, although such pulses occur less frequently in
the former compared with the latter. The pattern also
suggests that the IMP of males is longer than that of
females.

50
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Fig. 3 Daily percentage of male and female M. norvegica in
moulting condition in Gullmarsfjord. Moulting animals were those
that were either soft in “touch” analysis or were classified as being
in stages D3, A, B in detailed analyses (N analysed in “touch”
analysis = 882, N in detailed histological analysis = 840)

Intermoult period and growth

The detailed analyses of moult stages carried out on the
Gullmarsfjord population presented further insights into
IMP and its corresponding influence on growth. The
data allowed us to ask three further questions: (1) what
is the predicted IMP for males and females; (2) is there
any difference in the relative duration of the seven dis-
tinct phases of the moult cycle between males and fe-
males; (3) is the difference in the IMP between females
and males reflected in somatic growth and does it result
in the sexes having different body sizes.

Our calculations using Eq. 2 found that there was a
6-day difference in the IMP of males and females, with
females taking around 12.5 days to complete their moult
cycle and males 18.4 days (Table 2). This finding agrees
with the apparent trends in the other two locations,
where the proportion of female moulters was consis-
tently higher than that of males. The relative lengthening
of the IMP is not the product of the increase in the
relative length of any one particular moult stage (Fig. 4).
Both males and females spent the majority of their
respective IMPs in either stage C (intermoult) or stage
D2 (premoult). The largest differences between the sexes
appeared to be in stages A and B, which were relatively

Table 2 Calculation of the intermoult period (IMP) of female and
male krill in Gullmarsfjord using information from detailed moult
stages and applying Eq. 2

Detailed Number % IMP
MS of N in MS in MS (days)
D3+A+B D3+A+B
Females 245 57 23 12.5
Males 595 94 16 18.4
All 840 151 39 16.1
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Fig. 4 Percentage of female and male krill in different moult stages
at Gullmarsfjord between 15th and 30th August 2000. Value of the
columns indicates the average % of the population in that moult
stage over all samples within this time period. Error bars indicate 1
SD

longer in females and D1, which was longer in males.
However, neither of these moult stage durations were
significantly different between females and males.

The length—frequency distributions of both females
and males sampled in Gullmarsfjord were unimodal
and had modal lengths of 38.1 and 38.0 mm, respec-
tively (Fig. 5). It is highly probable that the female
and male fractions are the same age class and that
they were spawned in the previous year (1999). The
distributions were not significantly different at the
P < 0.05 levels. Similarly, there was no significant
difference in the average size of female and male krill
in each of the individual catches, although there was a
pattern in several catches of females being around
1 mm longer than males. This lack of difference in
mean body lengths implies that there is no difference
in the somatic growth rates of females and males. It
also means that, given that males have longer IMPs
than females, their growth increment per moult must
be relatively larger.

Discussion

In this study, we found that moulting frequencies in
Northern krill alter dramatically with season, reaching
their peak during the summer months and falling to
considerably lower levels during the winter period. This
pattern was most pronounced in the females with males
never achieving equivalently high moulting levels during
the summer. The proportion of female moulters observed
in samples was also more variable than that of males,
suggesting that females were more likely to exhibit syn-
chronised moulting behaviour. Even so, there were
indications that such behaviour may also occur in males.
In all three study sites, the average proportion of female
moulters was consistently higher than that of males,
indicating that females had a shorter IMP. Calculations
based on moult stage analysis estimated that the differ-
ence could be as much as 6 days, with females moulting
every 12.5 days and males every 18.4 days. Despite this
difference, the body lengths of males and females were
similar indicating that variations in IMP did not affect
their respective growth rates. However, such variations
may be a contributory factor in the apparent difference in
the respective mortality rates, since males were more
abundant than females in all three study sites.

Seasonal patterns in moulting activity

Our observations on the decrease of moulting frequency
during the winter months agree with those of Buchholz
(1985) who found rates in M. norvegica in the Kattegat
were greatly reduced between September and November.
Ikeda and Thomas (1987) found a similar situation in
E. superba, where females extended their IMP after the
final spawn of the season. As reviewed by Conan (1985),
it has long been known that crustaceans display a certain
“periodicity and phasing” in their patterns of moulting
and growth. Regional as well as seasonal differences
have been observed between and within species. The
variations are directly or indirectly influenced by tem-
perature regimes and other environmental conditions
like photoperiod or food availability (Conan 1985).
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Crustacean physiological processes are adapted to spe-
cific temperature windows, in which rising temperatures
generally result in shortened IMP and minimum tem-
peratures (thresholds) must be exceeded before egg
production can commence (Hartnoll 1982, 2001). The
relatively small seasonal difference in temperatures (3—
4°C) in the Clyde Sea may well account for the limited
changes in moulting frequency of males, but is unlikely
to be the only factor affecting female IMPs, which
changed more dramatically over the course of the sea-
sons. Hormonal cascades triggered by other seasonally
changing parameters such as food availability and light
periodicity are potential mechanisms for facilitating such
changes to moulting frequencies.

Weekly to daily patterns in moulting activity

Our results from both the Kattegat and Gullmarsfjord
studies indicate that there is a moult synchrony in the
populations and that this is more likely to be evident in
the females than in the males. This pattern was also ob-
served by Anderson et al. (1985) for the free spawning,
penaeoid shrimp Sicyonia ingentis with the moult syn-
chrony of the females being more pronounced and longer
lasting than that of males. The low number of moulting
M. norvegica on the 16 August were probably caused by a
“fishing effect”, the net missing the deep area where
moulters concentrate. It has long been known that
swarms are not homogenous in all parts (Buchholz et al.
1996). Statistical analysis nevertheless ascertained sig-
nificant differences between the three periods compared.

Tarling and Cuzin-Roudy (2003) demonstrated that
synchronised moult and reproductive cycles of female
M. norvegica can be initiated by spring phytoplankton
blooms. A similar induction of synchronous moulting
clearly triggered by a food pulse had formerly been re-
ported for the anomuran Emerita analoga (Siegel 1984).
Synchronous moulting has also been observed in the
larvae of M. norvegica (Schmidt et al. 2004) although the
processes that initiated the pattern were not investigated.

Concerning daily patterns, moulting at night-time is a
frequent behaviour not only in euphausiids (Lasker
1966; Fowler et al. 1971) but also other crustaceans
(Conan 1985). A depth discrete study on M. norvegica
showed that the majority of moulting krill remains in the
deep layers of the water column during the night-time
while the rest of the population migrate to the surface
layers (Tarling et al. 1999). Therefore differential
moulting behaviour can best be elucidated by examining
deep night samples.

Intermoult period and growth

Intermoult period of females and males

We identified conspicuous sex dependent differences in
moulting at all three locations and at different time

scales. Not only did sexual maturation result in a syn-
chronisation of moulting in females, it also increased
their moult frequency compared to that of males, at least
temporarily. The dissimilarities between the sexes can be
seen in the seasonal study of the Clyde Sea (Fig. 1), on
the weekly scale of the Kattegat study (Fig. 2) and in the
daily data of the study at Gullmarsfjord (Tables 1, 2),
the latter in terms of both the ratios of moulting females/
moulting males and the estimated IMP. Buchholz et al.
(1996) found that E. superba continued moulting during
the breeding period, with gravid females having a longer
IMP (13 days) than mature males (8 days) of a similar
body length. Females moulted more frequently again
after the production and spawning of eggs had ceased.
Tarling et al. (2006), by contrast, concluded that
immature and mature female E. superba moult more
often than equivalently sized mature males. The poten-
tial bias resulting from the levels of synchronisation in
the swarms may account for the difference between the
studies. Tarling et al. (2006) were able to eliminate this
bias of synchronisation through applying logistic
regressions to the combined dataset of ~50 swarms.

We calculated that IMP was 12.5 days for females
and 18.4 days for males during the Gullmarsfjord study.
The IMP model of Cuzin-Roudy and Buchholz (1999)
predicts an IMP of ~13 days at the temperatures that
prevailed during the present study, which is closer to the
female rate. By contrast, Cuzin-Roudy et al. (2004) used
an incubation method to determine the IMP of krill in
the same location at the same time of year, and came to
a value of between 16 and 18 days. Cuzin-Roudy et al.
(2004) did not differentiate between males and females in
their IMP calculation, although some of their other data
show that males dominated the population (= 2:1). The
fact that their IMP estimate of a male dominated pop-
ulation is close to our prediction of male IMP illustrates
the robustness of the various methods of estimating this
parameter.

The body length of males and females

Our observation that males and females do not differ
significantly in body length indicates that males achieve
the same growth rate as females despite their lower
moulting frequency. We are confident that both sexes
are the same age, since they were the same size as in the
population study of Boysen and Buchholz (1984) and in
the Clyde Sea study of Tarling (2003) when cohorts were
followed over a complete annual cycle. This means that
growth increments (GIs) at moult must be different be-
tween sexes. Laboratory experiments on M. norvegica,
aimed at the determination of growth increments have,
up to now, yielded very ambiguous results with incre-
ments varying between positive and negative values and
means being close to zero (Cuzin-Roudy et al. 2004 and
own observations). Unluckily, M. norvegica are much
more sensitive to maintenance in the laboratory than
other euphausiids.
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Increasing body size has distinct advantages for krill.
There is a well documented positive correlation between
body size and brood size (Mauchline and Fischer 1969;
Mauchline 1980; Cuzin-Roudy 2000) enhancing the
overall reproductive success. Furthermore, larger krill
are able to generate a larger momentum (Thomasson
et al. 2003) and so cover greater distances when foraging
for food, which is notoriously patchy. This greater
swimming capacity also allows the krill to migrate ver-
tically at greater speeds. In the case of females, vertical
migration into the warm surface waters at night may not
only allow foraging in the most food-rich layers but may
also enable the brood of eggs to develop at a greater rate
(Tarling et al. 1999). Females appear to spend more time
than males in the upper layers (Tarling 2003 and own
observations). It may be through this means that they
obtain enough food to avoid the allocation conflict be-
tween growth and reproduction that could affect the
relative growth rates of males and females in crustaceans
(Hartnoll 1985; Conan 1985). However, high feeding
rates are achieved at the cost of greater exposure to
predation risk (Tarling 2003). This may explain why, as
a rule, numbers of females are smaller than those of
males. This trend was not found in the Kattegat data of
the present study. However, Boysen and Buchholz
(1984), who carried out an annual study of the Kattegat
population, found a majority of males in 9 out of 11
samples, showing that our Kattegat data is very much an
exception to the general rule.

Moult stage durations

The shortened IMP of female krill could have been a
result of particular abbreviated moult stages in com-
parison to those in male krill of the same population.
Statistical pairwise comparisons of the data in Fig. 4 do
not support such a contention, the frequency of moult
stages differing little between males and females. This
means that all moult stages are equally abbreviated in
female krill and so reproductive activity does not sub-
stantially alter the course of the normal moult cycle.
We identified moult stages C and D2 as having the
longest durations, as is common in other crustaceans
(e.g. Nelson 1991; Cuzin-Roudy and Buchholz 1999).
Differences in the length of the moult cycle in other
crustaceans most commonly occur through altering the
duration of these stages, particularly when entering a
resting or anecdysic period. Both stages mark the end of
important phases. In C, the postmoult phase comes to
an end when the new cuticle is completed and body re-
serves have been re-plenished; the next premoult phase
can then be triggered. In D2, cuticle resorption has
ended and the new cuticle underneath the old one is
ready for initiation of the next actual moult. The fact
that the relative duration of these moult stages is
invariant in Northern krill indicates that the species
never enters a true resting stage, as already demon-
strated for Antarctic krill by Buchholz (1985). Please

note that the difference in proportions of krill occurring
in the respective moult stages (Fig. 4) to those given in
material and methods for a random distribution results
from the Gullmarn population being synchronised as
discussed before.

Selective advantages of moulting

Our studies show that female moult intervals are ~30%
shorter than those of males but that their net increase in
body length is the same. The difference indicates that the
rate of moulting must be dictated by other selective
pressures in addition to that of the requirement to grow.
One possibility is that there is a pressure to remate
regularly to ensure the efficient fertilization of eggs. Krill
mate by attaching their spermatophores to the female
thelycum, thereby facilitating fertilization by placing a
sperm plug at the aperture that eggs must pass through
during spawning (Mauchline and Fisher 1969). Females
lose their spermatophores at each moult and new sper-
matophores are attached by neighbouring males imme-
diately after moulting. Spawning takes place just after
reaching moult stage DO, which is around 2/3 of the way
through the moult cycle (Cuzin-Roudy and Buchholz
1999). If the moult cycle is too long, the delay between
spermatophore attachment and spawn may be too long
for fertilization to be efficient. The female may be under
a selective pressure to moult more frequently to mini-
mise this time interval. Alternatively, the linkage be-
tween the moult and spawn cycles may mean that
speeding up the moult cycle allows more mating and
spawning events and thus, more genetic combinations to
be achieved per season. The males would not be affected
by such selective pressures and so will have a longer IMP
that is energetically less costly and results in the animal
being flaccid and vulnerable less often.

Although selective pressures associated to reproduc-
tion can account for the differences between the rate of
moulting in males and females, it remains difficult to
explain why moulting continues to take place at all
outside the reproductive season, when somatic growth is
also negligible. The selective pressure here may be to
minimise the level of parasitism. Recent observations on
endoparasitic ciliates in euphausiids report devastating
mortality that could impact whole swarms (Gomez-
Gutierrez et al. 2003; see also Capriulo et al. 1991).
Epibionts could also impose non-lethal effects on krill
through imposing additional drag on these fast swim-
ming animals. One such parasite, the ellobiopsid Thal-
assomyces fagei, both creates drag and may inhibit
processes such as moulting and reproduction through
castrating its host (Mauchline 1980). Another group of
epibionts, ciliates of the genus Ephelota, attach to the
filtering basket of E. superba and impair its proper
function (Lindley 1978; Nicol 1984; Stankovic et al.
2002). Regular shedding of the cuticle reduces the
problem through removing these ectoparasites. Infesta-
tion of larger euphausiids with longer IMPs has been



found to be higher (Nicol 1984; Rakusa-Suszczewski
and Filcek 1988).

If the effect of these ectoparasites is to reduce
swimming efficiency substantially, one may expect a
trade-off between moulting and non-moulting. Indi-
viduals that moult frequently increase their vulnera-
bility through being flaccid for almost 2 days and being
less capable of swimming (Thomasson et al. 2003), but
benefit from enduring less drag from ectoparasites.
Individuals that moult less frequently endure greater
drag but have a proportionally greater time in an active
swimming state. For females, swimming efficiency may
be the priority since they make more extensive vertical
migrations and also must locate a greater number of
food patches to provision their energy-rich ovaries
(Tarling et al. 2003). Males may otherwise benefit from
remaining active for as long as possible so that they
miss less opportunities to mate with the females. Fu-
ture studies comparing levels of ectoparasite counts on
males and females should be one means of testing this
hypothesis.
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