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Vertical migration behaviour in the northern krill
Meganyctiphanes norvegica is influenced by moult

and reproductive processes
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ABSTRACT: A population of the northern krill Meganyctiphanes norvegica was sampled between 24
July and 3 August 1998 in the Alkor Deep, Kattegat, in order to investigate the influence of sexual and
developmental factors on the vertical distribution of adult krill. Depth-discrete samples of krill were
taken with a 1 m* MOCNESS net at the cardinal times of day (midnight, midday, sunrise and sunset).
Specimens were immediately measured and categorised for moulting and spawning status. Further
samples were preserved for detailed analysis in the home laboratory. Results showed that the popula-
tion concentrated in the deep (80 to 100 m) during day-time but segregated vertically during night-
time. Moulting occurred in the deep during night-time, away from the main part of the non-moulting
population, which was located between 80 and 50 m. Spawning females were most evident in the up-
permost depth interval {30 to 5 m). Moulting at night in the deepest layers may be viewed as a mecha-
nism to avoid cannibalism whilst in a vulnerable condition. Spawning in the warm upper layers accel-
erates reproductive processes and may also reduce the depth to which the eggs sink before hatching
into nauplii.
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Sexual behaviour

INTRODUCTION

Northern krill Meganyctiphanes norvegica, M. Sars
1857 has a wide geographic range and is found in
many areas of the North Atlantic and Mediterranean
(Boucher & Thiriot 1972, Lindley 1982). Northern krill
typically swarm (e.g. Simard et al. 1986, Buchholz et al.
1995, Tarling et al. 1999) and are strong vertical mi-
grators (Mauchline & Fisher 1969, Mauchline 1980),
exhibiting a normal diel vertical migration pattern of
ascent into the upper layers at dusk and descent at
dawn (see review by Longhurst 1976). The vertical dis-
tance travelled during these migrations varies between
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locations. In the Clyde Sea and the Kattegat, which are
both relatively shallow, krill will move a vertical dis-
tance of 70 m between their day- and night-time
depths (Mauchline 1960, Buchholz et al. 1995) whilst in
the deep Ligurian Sea, they travel over 500 m (Velsch
1997). Of particular interest is the indication that verti-
cal migration into the upper layers at night-time is
not performed by the entire population every night.
Greene et al. (1992), for instance, found that a popula-
tion of M. norvegica in the Gulf of Maine which
resided at depth (200 to 250 m) during day-time segre-
gated at night into 2 groups; one which performed a
synchronised migration to the surface (50 to 0 m) and
another which remained in the deep. Observations
made by Youngbluth et al. (1989) using a submersible
in the Gulf of Maine and canyons south of Georges
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Bank led them to believe that only a small part of the
population of M. norvegica migrated upwards.

The majority of literature devoted to vertical migra-
tion in Meganyctiphanes norvegica has dealt with its
relationship to feeding (e.g. Sameoto 1980, Simard et
al. 1986, Bamstedt & Karlson 1998, Onsrud & Kaartvedt
1998) and predator avoidance (e.g. Kaartvedt et al.
1996, Onsrud & Kaartvedt 1998). Although these
approaches are satisfactory in dealing with the basic
forces that induce krill to migrate vertically, such stud-
ies have not directly addressed the question of why
night-time segregation occurs. The possibility that
female spawning is influential in this respect is indi-
cated by Nicol (1984}, who found surface swarms of M.
norvegica in the Bay of Fundy that were dominated by
females in pre- or post-spawning condition together
with large numbers of krill eggs in the plankton. Fur-
thermore, the fact that moult and reproductive cycles
are interlinked in female krill (Cuzin-Roudy & Buch-
holz 1999) suggests that more than 1 adult develop-
mental process may influence vertical migration
behaviour.

The aim of the present study was to examine the
relationship between vertical migration and adult
developmental cycles by documenting the size, sex,
moult stage and state of maturity of female krill
throughout the water column over the day/night cycle.
The choice of the Alkor Deep (Kattegat) was particu-
larly crucial since the population was known to be sta-
ble and not subject to a significant degree of import
and export during the time of study (Buchholz & Boy-
sen-Ennen 1988), which may otherwise bias observed
patterns. The study fell within summer when the krill
were known to reproduce (April to October, Boysen &
Buchholz 1984, Cuzin-Roudy & Buchholz 1999). Sam-
ples from 7 full day/night cycles were obtained within
a 13 d period.

MATERIALS AND METHODS

Meganyctiphanes norvegica was sampled in the
Alkor Deep (bottom depth: 134 m) over 7 full
day/night cycles between 24 July and 26 July 1998
and between 30 July and 3 August 1998. Samples
were taken at the cardinal times of day, which are
noon (solar time), dusk, midnight (solar time) and
dawn, and were equivalent to the local times (univer-
sal time coordinated +2) of 14:00, 22:00, 02:00 and
05:00 h respectively. Net samples were obtained with
a 1 m?> MOCNESS net (multiple opening net with
environmental sensing system, Wiebe et al. 1976,
1985) on which a total of six 2 mm mesh nets were
used (Nets 2 to 7). These nets were opened and closed
whilst the gear was being haunled in such that the

water column was sampled in the following discrete
depth intervals: 100-80, 80-65, 65-50, 50-30 and
30-5 m. Temperature and salinity was measured by
sensors attached to the MOCNESS frame and also by
CTD casts carried out at 12:00 and 00:00 h each day.
Fluorescence profiles were obtained during the
12:00 h deployments.

The krill from net catches were rapidly sorted
according to sex and measured to the nearest millime-
tre from the anterior limit of the eyes to the end of the
telson. Those specimens with a soft cuticle and a flac-
cid body were classified as 'moulting’, i.e. in moult
stages (MS) Dj; (Day 3) (resorption of old cuticle), E
(ecdysis) or A (recently moulted with a new cuticle
that is still soft) as described for Meganyctiphanes nor-
vegica in former studies (Buchholz 1991, Cuzin-Roudy
& Buchholz 1999). Females with a blue-grey appear-
ance of the ovary were classified as 'ready to spawn’,
1.e. ready for either the first (sexual development stage
[SDS] 4) or second (SDS 5;) spawning event of a
spawning moult cycle following Cuzin-Roudy (1993)
and Cuzin-Roudy & Buchholz (1999). The total number
of krill measured and classified during the sampling
period was over 13000 specimens from a total of 96
MOCNESS deployments.

Krill samples from 2 MOCNESS deployments were
preserved in 10 % formalin for more detailed staging of
ovarian development and moult. One sample was
taken from 80 m on 25 July at 14:00 h, which was
within a dense krill swarm, and another set of samples
from 3 depth intervals (100 to 80 m, 65 to 50 m and 20
to 10 m) on 1 August at 02:00 h. SDSs were assessed
from the structure of the ovary and the degree of
oocyte development following Cuzin-Roudy (1993)
and Cuzin-Roudy & Buchholz (1999). The females
were all in reproductive state (full thelycum) and were
classified as ‘vitellogenic' (SDS 3), 'spawning’ (SDS 4
and SDS 5;) or 'postspawn’' (SDS 5, and SDS 6). The
moult staging of preserved krill was adapted from
Buchholz (1991) and Cuzin-Roudy & Buchholz (1999),
and simplified because of the disturbance caused by
formalin to knll tissues, especially at apolysis and Dy.
Knll were simply classified as 'moulting’ if they were at
MS D3/E and A, 'postmoult’ if at MS B, C and Dy or
‘premoult’ if at MS D, D, and early Ds.

A chi-square test for the comparison of medians (Zar
1996) was used to check for differences in the size dis-
tribution of krill at different depth intervals. A single
factor analysis of variance test (ANOVA) was used to
examine differences in krill concentration between
days at discrete times and depth intervals. A 2-sample
t-test (assuming unequal variance) was used to test the
null hypothesis that there was no difference between
the numbers of moulting males and females at discrete
depths and times.
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RESULTS
Hydrographic conditions

Hydrographic data obtained during this cruise are
examined in greater detail in Matthews et al. (1999)
and only a brief synopsis is given here. Temperature,
salinity and chlorophyll a (chl a) conditions during the
sampling campaign were exemplified by profiles
taken on 30 July 1998 (Fig. 1). Surface temperatures
were approximately 16°C and bottom water below
80 m was about 6.5°C. A distinct thermocline was
apparent at 30 m, with a temperature step of around
5°C. Salinity increased steadily from 20 PSU
in the surface layers to 34 PSU at 30 m. There

was little further increase in salinity through w0
the lower part of the water column. The chl a
maximum was found at 10 m, where values 2000 ¢
reached 0.5 mg chl a m=3. Chl a values at all
other depths were approximately half of the c::' 1500 ~
Chl @ maximum. ]
8 1000 -
w
Size distribution
500 +
Fig. 2 shows the overall size distribution of
krill from all the net catches taken in the 0

Alkor Deep from 24 July to 3 August 1998.
The distribution was unimodal and the domi-
nant size class of 31 to 32 mm corresponded
to 1 yr old individuals (Group I) when com-
pared with growth curves provided by Boy-
sen & Buchholz (1984) for Meganyctiphanes

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

norvegica in the Kattegat. The size distribution found
during the present study was therefore considered to
be typical for a summer situation in the Kattegat.

Vertical distribution patterns in abundance

Fig. 3 and Table 1 present the concentration of indi-
viduals at 5 depth intervals during the 4 cardinal times
of the day/night cycle, averaged over the study period.
At 14:00 h, almost the entire sampled population
resided in the deepest depth interval (100 to 80 m) at
an average concentration of 10.91 ind. m™* (Table 1).

N=9883

Median 31.838 mm

P

——y
39 40 41 42 43

Size class (mm)

Fig. 2. Size frequency of the Meganyctiphanes norvegica population in
the Alkor Deep established from all samples taken between 24 July and
3 August 1998 (size bins are labelled in relation to the minimum size

within the category)
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Fig. 1. Temperature, salinity and chlorophyll a profiles taken on 30 July 1998 in the Alkor Deep, Kattegat
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Fig. 3. Concentration of Meganyctiphanes norvegica (ind, m™>) in the Alkor Deep averaged over 7 full day/night cycles within the
period 24 August to 3 August 1998 (with 95 % confidence intervals)

By 22:00 h, there was a clear pattern of vertical migra-
tion into the upper depth intervals. Concentrations
increased significantly in every depth interval above
80 m whilst the concentration between 100 and 80 m
correspondingly decreased by a half. Nevertheless,
concentrations in the uppermost depth interval (30 to
5 m) were relatively low (0.09 ind. m~%) compared with
other depth intervals. At 02:00 h, the concentration
between 30 and 5 m increased to 0.23 ind. m™ whilst
concentrations at all other depth intervals decreased
from the levels observed at 22:00 h. The relative pro-
portion of krill in each depth interval was nevertheless
similar to the one at 22:00 h with the majority of krill
being located between 80 and 50 m. At 05:00 h, a sig-
nificant decrease in concentrations above 65 m and a
corresponding 2- to 3-fold increase below 65 m indi-
cated a descent to the deepest layers.

Table 2 shows the depth-integrated abundance of
krill at each of the 4 cardinal times, averaged over the

Table 1. Concentration of Meganyctiphanes norvegica {ind. m™%) in the
Alkor Deep at the 4 cardinal times averaged over the study period (paren-

theses denote 95% confidence interval)

study period. It is evident from the 95% confidence
intervals that the wvariation in krill concentrations
between days is large. Furthermore, a single factor
ANOVA found krill concentrations at 02:00 h to be
significantly different between days (p = 0.05). For this
reason, subsequent results use the relative proportion
rather than the absolute concentration of krill cate-
gories in each MOCNESS deployment.

Male and female vertical distribution patterns

Fig. 4 presents the ratio of females to males in each
depth interval at the 4 cardinal times averaged over
the study period. As indicated in Fig. 3, the population
concentrated in the deep every day, which makes the
100 to 80 m sample at 14:00 h a suitable one for ex-
amining the sex ratio of the population. Data from
this sample showed that females were, on average,
more abundant than males by a ratio of
2:1. During the night-time period, signifi-
cant departures from this overall ratio
occurred in different parts of the water
column. At both 22:00 and 02:00 h, in the

F 3 100 to 80 m depth interval, the abundance
Depth (m) Ind. m™ )

1400 h 2900 h 02:00 h 05:00 h of females was slightly smaller than that of

males. However, the ratio consecutively

30-5 0.01 (0.01) 0.09 (0.08) 0.23 (0.09) 0.02 (0.01) increased in favour of females moving up

22‘28 88; Eggi; 1222 (1(3 jg; ;32 Eg ég; 8?2 {8 88; through the water column such that 85%

80-65 014 (0.11) 1156 (9.42) 541 (3.75) 525 (6.48) of all individuals caught between 30 and

100-80 1091 (7.84) 542 (4.97) 3.36 (2.20) 11.24 (18.67) 5 m at 02:00 h were female. The overall

picture therefore indicated that a larger
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Table 2. Depth-integrated abundance (ind. m™?} of Meganyctiphanes nor-
vegica in the Alkor Deep at the 4 cardinal times averaged over the study
period showing 95 % confidence limits and p-value for single factor ANOVA

testing for the difterence between days

chi-square test. The size distributions of
krill caught in the uppermost depth
interval (30 to 5 m) were compared to
those in the lowermost depth interval

Ind. m~?

14:00 h 22:00 h 02:00 h
Mean 220.85 540.15 232.34
95 % confidence +157.69 +344.12 +126.61
limits
ANOVA between p=0.78 p=0.16 p=0.05
days n=6 n=6 n==06

df =5 df =5 df =6

(100 to 80 m) at 02:00 h, when the verti-

cal segregation in the population was

05:00 b seen to be at its maximum. The size of

306.96 both males and females in the uppermost

samples were not significantly different

+233.99 to those in the deepermost samples. This

indicates that migration behaviour in

krill was not influenced by size in either

pn::OA734 sex (females: n = 1392, x* = 0.947, 0.25 <

di = 6 p < 0.5; males n = 1000 % = 0.845, 0.25 <
p <0.5).

proportion of females than males vertically migrated
during night-time and that females were more likely to
migrate into the surface layers.

This general pattern matched well with the female:
male ratios observed in the samples preserved in for-
malin for detailed development staging. In the sample
taken at 80 m on 25 July 1998 at 14:00 h, the female:
male ratio was approximately 2:1 (0.7:0.3) whilst in the
samples taken at 3 different depths on the 1 August
1998 at 02:00 h, the krill were almost exclusively
female in the surface layer, mostly male in the deepest
depth interval and present in equal proportions at
mid-depth (20 to 10 m 0.9:0.1 female:male; 60 to 50 m
0.5:0.5; 100 to 80 m 0.3:0.7).

Size differences between migrating and non-migra-
ting krill were examined using a sample median

14:00 22:00

30-5

50-30

i.
|

65-50

80-65

Depth interval (m)

100-80

Vertical distribution of moulting krill

Fig. 5 presents the proportion of moulting and non-
moulting males and females in each depth interval at
02:00 h, averaged over the study period. Moulting
males and females showed very similar vertical distri-
bution patterns, with almost 90% of moulting krill
being found below 65 m and the majority of these
being in the deepest depth interval (100 to 80 m). The
vertical distribution of non-moulting krill differed sig-
nificantly between males and females. The majority of
non-moulting females were found in the upper depth
intervals at night (65 % above 65 m) whilst non-moult-
ing males were more evenly distributed through the
water column (38 % above 65 m). Non-moulting males

5:00

2:00

Female (left) to Male (right) ratio

Fig. 4. Female to male ratio at discrete time and depth intervals averaged over 7 full day/night cycles within the period 24 July
to 3 August 1998 (with 95% confidence intervals)
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Fig. 5. Vertical distribution of moulting and non-moulting females and males at 02:00 h. Proportions were calculated for each indi-

vidual day by dividing the number of individuals within a category (e.g. non-moulting males) at a particular depth interval by the

total number of individuals within that category throughout the entire water column. The average and 95% confidence intervals
were calculated for 7 full day/night cycles within the period 24 July to 3 August 1998

were significantly more abundant than non-moulting
females in the deepest depth interval (p = 0.001).
Table 3 presents the data obtained from the staging
of moult and reproductive cycles of preserved samples.
The percentages were calculated relative to the total
number of individuals sampled within the depth inter-
val. Virtually no moulting krill were found in the day-
time (14:00 h) sample. Moulting krill were found dur-
ing night-time (02:00 h) samples although they were
less abundant than non-moulting individuals. As with
previous results, the greatest percentages were found
in the deeper layers, with 25% (12% female, 13%
male) moulting in the 100 to 80 m sample on 1 August
at 02:00 h. The uppermost samples were dominated by
non-moulting krill such that only 3% of individuals
between 60 and 50 m and no individuals between 20
and 10 m were found to be moulting. The numbers of

non-moulting females found to be at either postmoult
or premoult were approximately equal (46 and 56 %
respectively). By contrast, non-moulting females in the
100 to 80 m sample were dominated by krill in the
postmoult rather than premoult phase (70 % postmoult;
30 % premoult), which suggests that females reside in
the deep for more than 1 day/night cycle after under-
taking a moult.

Vertical distribution of spawning krill

The vertical distribution of the ready to spawn (blue-
grey) females is presented in Fig. 6 for the 02:00 h
samples, since it.is the period of maximum vertical dis-
persion of the population (see Fig. 3). The percentage
values in Fig. 6 were calculated by dividing the num-

Table 3. Number of individuals and percentage (in parentheses) of moulting and non-moulting krill in preserved samples taken
at 14:00 h (25 July 1998) at 80 m and at 02:00 h {1 August 1998) at 3 depth intervals in the Alkor Deep

Time/depth interval Female Female
moult non-moult

25 July 1998

14:00 h/80 m 2(0.5%) 258 (68%)

1 August 1998

02:00 h/20-10 m 0 (0%) 67 (94 %)

02:00 h/60-50 m 12 (2%) 340 (52 %)

02:00 h/100-80 m 34 {12%) 53 (19%)

Male Male Total
moult non-moult individuals
2 {0.5%) 119 (31 %) 381
0(0%) 4 (69) 71
4 (1%) 296 (45%) 652

37 (13%) 151 (55%) 275
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Fig. 6. The number of ready to spawn female Meganyc-

tiphanes norvegica divided by the total number of female M.

norvegica (as a percentage) in each depth interval at 02:00 h,

averaged over 4 full day/night cycles between 31 July and 3
August 1998 (with 95 % confidence intervals)

ber of ready to spawn females by the total number of
females in each depth layer and subsequently averag-
ing over the period of 4 day/night cycles from 31 July
to 3 August. The percentage of ready to spawn females
was significantly higher in the uppermost depth inter-
vals (between 50 and 5 m) than in the deeper depth
intervals, where ready to spawn females made up, on
average, less than 4 % of the total catch.

Table 4 presents the data obtained from the detailed
analysis on the SDS of female krill in the preserved
sample from 1 August at 02:00 h. Percentages were
calculated relative to the total number of females
caught within each depth interval. The data show the

Table 4. Number of individuals and percentage (in parentheses) of vitel-
logenic, ready to spawn and postspawn female krill in preserved samples

from 3 depth intervals at 02:00 h on 1 August 1998

259

same trend as observed in the 7 day/night series of
samples (Fig. 6). The percentage of ready to spawn
females (i.e. with ovaries containing mature oocytes,
SDS 4 and SDS 5,) was the highest in the uppermost
depth interval (66%). Of the other categories, vitel-
logenic females were more than twice as abundant as
postspawn females in the uppermost depth interval. In
the lower depth intervals, however, vitellogenic and
postspawn krill showed similar proportions, which was
taken as an indication that female krill do not come
into the surface layers after spawning has been com-
pleted.

Examination of female sexual development in the
preserved samples taken at 14:00 h on 25 July re-
vealed that 45% of females were ready to spawn the
following night (late SDS 3, SDS 4 and SDS 5,). Given
that this sample was taken at 80 m, where the maxi-
mum concentration of krill resided at this time of day,
these results indicate that a relatively large percentage
of the female population moves into the upper layers to
spawn at night. However, the average concentration of
krill caught in the upper depth intervals is relatively
small (see Fig. 3). Therefore, it is likely that after the
ready to spawn females have migrated upwards, they
spread over a much wider geographic area, which
lowers their apparent concentration above the Alkor
Deep.

Overall, these results indicate that there is a reverse
trend between a vertical migration of females into the
upper layers at night for spawning and residency of both
males and females in the deeper layers for moulting.

DISCUSSION

Data on vertical distribution of northern krill showed
that there was a consistent pattern of segregation dur-
ing the upward vertical migration phase at night-time.
Although the largest part of the krill population was
seen between 80 and 50 m during night-time, a certain
fraction was always evident in the deepest (100 to
80 m) and shallowest (30 to 5 m) depth intervals. The
comparison of the size frequency distribution of krill in
the top and bottom depth intervals failed to show
any significant differences in total body-
length. However, significant differences
between the deepest and shallowest
depth intervals were evident in the sex
ratio, moulting and spawning states of

Depth (m) No. female krill (% in sample)
Vitellogenic Ready to spawn  Postspawn
20-10 16 (24) 44 (66) 7 (10)
60-50 120 (34) 116 (32) 120 (34)
100-80 36 (41) 5 (6) 46 (53)

Total females

the krill. Therefore, night-time segrega-
tion of the population does not appear
to be a passive process resulting from

36576 differential swimming or sinking rates
87 which vary according to size (Worthing-

ton 1931, Hardy & Gunther 1935, Mauch-
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line 1980, Kils 1981) but an active behavioural re-
sponse to internal physiological processes and external
intra-specific stimuli (sensu Watkins et al. 1992).

Cuzin-Roudy & Buchholz (1999) illustrated that
moulting and spawning in female krill are interlinked
processes. Eggs are released during the early premoult
phase of the developmental cycle in 1, 2 or 3 spawning
events. Then, moulting occurs several days after
spawning has been completed (3 d in July 1996, Katte-
gat; Cuzin-Roudy & Buchholz 1999). During moulting,
female krill lose the sperm mass because the process
involves the exuviation of the thelycum. Directly after
moulting, krill are flaccid and the females are ready to
be newly mated.

The moulting of Antarctic krill at night has been
observed in a number of previous studies where krill
were maintained in laboratory conditions (Murano et
al. 1979, Morris & Keck 1984, Nicol 1989, Buchholz
1991), and also for northern krill (Cuzin-Roudy &
Buchholz 1999). However, the further observation that
this moulting takes place in the deepest layers has
not been previously reported for euphausiid species
that vertically migrate, such as Meganyctiphanes nor-
vegica. There may be a number of possible explana-
tions for this phenomenon. Firstly, although krill con-
tinue to be able to swim during ecdysis through
maintaining muscle attachments to both the old and
the new cuticle (Buchholz & Buchholz 1989), it is
unlikely that they are able to achieve a high perfor-
mance potential. This is because the changes in water
balance and structure of the cuticle are likely to
increase basal metabolism (Buchholz 1991). Therefore,
there may not be enough surplus energy to perform
vertical migration during this period of the develop-
mental cycle. Secondly, given that moulting krill can-
not feed because of the exuviation of the stomach lin-
ing, the high food densities at the surface (J. B. L.
Matthews unpubl. data)} are no longer relevant and
energy may be saved in not migrating. Thirdly, the
lack of a hard exoskeleton may make krill more vul-
nerable to predation by other carnivorous zooplankton
including their own species. Cannibalism was fre-
quently observed during maintenance experiments
carried out on the present and previous sampling mis-
stons, and the presence of euphausiid compound eyes
in krill stomachs led Fisher & Goldie (1959) to conclude
that cannibalism was a common phenomenon at cer-
tain times of the year Moulting in the deep during
night-time would be a suitable strategy for avoiding
cannibalism since a large fraction of non-moulting
individuals have migrated into the upper strata at this
time.

Apart from moulting individuals, a large proportion
of krill residing in the deep during night-time were
non-moulting males. Given that females are ready to

be remated once newly moulted, the potential to mate
may induce a certain fraction of non-moult males to
remain in the deep at night. This may result from the
release of a pheromone by females which attracts
males and overcomes those factors that would ordinar-
ily induce them to migrate vertically. This mechanism
has been previously suggested by Buchholz et al.
(1996), who found certain swarms of Euphausia
superba were made up of reproducing adult males and
females, and recently moulted females were always
rapldly mated. Work on krill sex pheromones has not
yet been carried out but it is known that E. superba
does respond to chemical cues in relation to feeding
activity (Hamner et al. 1983).

Contrary to the vertical distribution of moulting krill,
the largest proportion of ready to spawn female krill
was found in the uppermost part of the water col-
umn (30 to 5 m) during night-time. The swarming of
Meganyctiphanes norvegica at the surface has been
reported previously by Nicol (1984) in the Bay of
Fundy. The majority of surface swarms were domi-
nated by females in pre- and post-spawning condition
and the simultaneous occurrence of large numbers of
krill eggs in the surface plankton indicated that these
swarms were engaged in reproductive behaviour. Fur-
thermore, swarms were principally made up of larger
krill from the Group II (2 yr old) cohort so it was con-
cluded that the behaviour was an ontogenic migration
by a particular age group (Nicol 1984). In the present
investigation, the trend for spawning in the surface
layers was principally linked to normal diel vertical
migration behaviour and there was no significant size
differences between those females spawning at the
surface and those found in the deepest depth intervals
at night. In this instance therefore, it seems that there
is a functional relationship between the ovarian cycle
for egg production and the diel cycle of vertical migra-
tion to enable the release of eggs in the surface water.

Ready to spawn females are loaded with lipid-rich
oocytes (Cuzin-Roudy et al. 1999) which may decrease
body density and enhance buoyancy. This is likely to
reduce the energetic cost of vertical migration for ready
to spawn females and makes their migration into the
upper layers less energetically expensive than for
males and non-spawning females which do not possess
the equivalent lipid reserves. Migration to the surface
may benefit ready to spawn females because the higher
temperature (up to 16°C) will accelerate oocyte matura-
tion in the ovary through speeding up final mejosis. It
will also accelerate the corresponding moult stages (D
and D,) that are interlinked with the spawning events
(Cuzin-Roudy & Buchholz 1999). What results is a faster
maturation and more rapid release of eggs, allowing
the krill to immediately enter another cycle of egg
preparation (l.e. a vitellogenic moult cycle).
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Releasing eggs in the higher temperatures near the
surface also accelerates embryonic development and
reduces the time to the hatching of the nauplii. The fact
that the surface waters are relatively brackish (20 to
25 PSU) means that the osmotic potential would act
to increase the water content of the eggs. Marschall
(1983) showed that transferring eggs from 33 to 30 PSU
made the inner diameter of the egg swell, thus slowing
the sinking speed. Marschall (1982, 1983} further de-
scribed the descent of embryos, hatching and the re-
ascent of the nauplii of Meganyctiphanes norvegica in
the Kattegat during August 1981, when environmental
conditions were similar to those present during this
study. The embryos were found to be abundant at a
depth of 25 m but they hatched into the non-feeding
nauplii stage no deeper than 60 m. From experiments
carried out by Marschall (1983) the duration of the em-
bryonic period was found to be 2.5 d at 10°C, by which
time the embryo would have sunk between 190 and
290 m in still waters. This means that if the eggs had
been released below the thermocline at 40 m, they
would have arrived at the bottom before hatching and
consequently perished. Spawning above the thermo-
cline, close to the surface, means that the eggs are re-
leased into water temperatures close to 16°C, which
would result in the embryonic developmental time be-
ing half of that observed at 10°C (Marschall 1983). Both
the higher temperature and lower salinity at the surface
act to decrease the depth to which the egg sinks before
hatching. Given that Marschall (1982) found the feed-
ing nauplii stages within the chlorophyll maximum at
20 m, the potential success of eggs would increase the
higher in the water column they are released. This is
because the distance that newly hatched larvae must
swim during their ascent to the layer of maximum food
abundance is reduced. Therefore, egg release by fe-
males in the upper level of the water column can be
viewed as a strategy to optimise embryonic develop-
ment and bring larvae into the right feeding environ-
ment at the appropriate time for further development.

Diel vertical migration of euphausiids is a complex
behaviour influenced by a number of factors including
the physical environment (Greene et al. 1992, Tarling
et al. 1998), feeding (Simard et al. 1986), light and
predators (Onsrud & Kaartvedt 1998). Here we have
demonstrated that, during the reproductive season, the
physiological processes of reproduction and moulting
affect krill vertical migration behaviour. Normal diel
vertical migration may be inhibited so that individual
krill remain in the deep to moult and mate, or other-
wise altered so that females leave the main swarm and
enter the surface layers for spawning. The conse-
quence is a night-time vertical segregation of krill
according to both sex and the stage they have reached
in the moulting and reproductive cycles.
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