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Abstract A long-term study on the maturity cycle of
Antarctic krill was conducted in a research aquarium.
Antarctic krill were either kept individually or in
groups for 8 months under different temperature and
food conditions, and the succession of female maturity
stages and intermoult periods were observed. In all
cases regression and re-maturation of external sexual
characteristics were observed, but there were differ-
ences in length of the cycle and intermoult periods
between the experimental conditions. Based on these
results, and information available from previous stud-
ies, we suggest a conceptual model describing seasonal
cycle of krill physiology which provides a framework
for future studies and highlight the importance of its
link to the timings of the environmental conditions.

Introduction

Antarctic krill (Euphausia superba) are known to be
more productive and occur at higher density in the
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Southwest Atlantic compared to other areas within
their distributional range (Marr 1962; Mackintosh
1973). Winter sea-ice extent is thought to provide win-
ter feeding habitat and subsequent spring bloom,
which could be the key determinants for annual krill
abundance and krill recruitment (Siegel and Loeb
1995). An extensive data analysis further suggested
that primary production may be the key parameter
determining krill abundance in Southwest Atlantic
(Atkinson et al. 2004). On the other hand Reid (2001)
hypothesized high krill abundance in this area is due to
warmer water temperatures, longer summers, as well
as higher annual primary production in the Southwest
Atlantic, however, the relationship is not simple and
there are both annual and regional exceptions (Consta-
ble et al. 2003; Smetacek and Nicol 2005).

The life history of Antarctic krill is thought to be
very flexible, and this is regarded as one of their main
strategies to make use of favorable conditions for their
growth and reproduction when ever they can. Crusta-
cean reproduction and growth (moulting) are generally
closely linked and scheduled by various cues from the
environment (Nelson 1991). To date, there is no unify-
ing concept of how these environmental features are
linked to Antarctic krill reproductive ecology.

A series of intensive experimental studies were done
on krill maturity in 1970s-1980s (e.g. Makarov 1975;
Denys and McWhinnie 1982; Poleck and Denys 1982;
Tkeda 1985; Thomas and Ikeda 1987). They observed
the maturity stages undergoing a cycle where external
sexual characteristics reduced from fully mature to juve-
nile, then once again developed to full maturity under
conditions of constant temperature and food in com-
plete darkness. They suggested that this cyclic event was
controlled by an endogenous rhythm rather than being
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cued by environmental factors (Thomas and Ikeda
1987). Later, Hirano et al. (2003) succeeded, for the first
time, in breeding krill in captivity and they implicated
exogenous environmental factors. They induced krill
reproduction by using photoperiod as a cue, and con-
cluded photoperiod is one of the most important factors
dictating the onset of krill maturity (Port of Nagoya
public aquarium 2002; Hirano et al. 2003). Krill appear
to shift their food from phytoplankton to grazing on ice
algae during winter (e.g. Marschall 1988), and therefore
dense winter sea-ice concentrations are also known to
promote early female gonadal development and spawn-
ing (Siegel and Loeb 1995). Cuzin-Roudy and Buchholz
(1999) proposed a conceptual model of ovarian matura-
tion and spawning in relation to the moult cycle for
Northern krill (Meganyctiphanes norvegica), which is
considered to be operating in a similar manner for Ant-
arctic krill (Cuzin-Roudy 2000).

The purpose of this current study was to examine
the possible effects of food, temperature, and photope-
riod on krill maturity by using a long-term experiment
and by revisiting experimental studies previously
reported. We further propose a new way of looking at
how seasonal maturity and reproduction are governed
in the natural environment.

Materials and methods

Live Antarctic krill were collected using a rectangular
midwater trawl net (Baker et al. 1973) near Davis sta-
tion on 5 February 2004 (65°23'S, 80°13'E) by RSV
Aurora Australis. Krill were evenly distributed in seven
200-2501 tanks in cold laboratories and seawater was
continuously supplied using the ship’s clean experimen-
tal seawater system whilst the vessel was south of polar
front. Once the seawater temperature exceeded 2.5°C,
the continuous water supply was closed and 50% of the
each tank water was manually replaced by chilled sea-
water (0.5°C) each day. Krill were kept in the dark until
their return to the Australian Government Antarctic
Division’s Kingston headquarters on 13 February 2004.

After their return, krill were transferred to 2,0001
tank and acclimated to the aquarium conditions (King
et al. 2003). This population was kept under dark con-
dition at 0.5°C and was used as the stock population
(SP) of the whole experiment.

Individual experiments
A sample of individual krill (n =26) were isolated in

flow-through 5-1 jars and were maintained in darkness.
Water was circulated between the jars and a 200 | sump
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which had bio-filters installed to clean the water. The
first series of experiments started on 1 April (I-1C-F
and I-3C-F), and were kept under two different tem-
perature conditions (1 and 3°C) for up to 288 days.
Each jar was fed with 30 ml of Phaeodactylum culture
per week. The second series of experiments started
from 28 April (I-4C-WF) or 24May (I-4C-S). All jars
in this series were kept in 4°C but under different feed-
ing regimes, with 30 ml of Phaeodactylum sp. three
times a week for [I-4C-WF, whereas series I-4C-S was
starved for the whole period. The water flow was
closed for 24 h on the days of feeding to maximize their
food intake. Each morning all jars were checked for
moults, and if moults were observed they were put in
10% formalin seawater for later analysis.

Group experiment

An experiment was set up with three groups of 80 indi-
viduals in 200-1 tanks with different feeding regimes.
Series G-0-AF were fed phytoplankton and animal
source food, series G-0-PF were fed only phytoplank-
ton, and series G-0-S were not fed. Although no food
was given to series G=0-S, the entire tank system was
set up in a single water circulation system, so we could
not establish a completely food-free environment, and
therefore they were exposed to a low level of food. The
groups were kept in the dark until 12 July and then
were changed to a 24 h light (1,000 lux) environment
from 13 July onwards.

The stock population (SP) was used to supply the
animals for each experimental series and this stock
population was continually kept in a single 2,000 | tank
following the animals’ transfer to the AAD aquarium
in February. The remaining animals were continuously
kept under conditions of complete darkness until the
end of all the experiments.

Maturity staging was undertaken following Bargmann
(1945). The reason of employing this system rather than
often used Makarov and Denys (1981) was because
Bargmann’s system allows a better description of the
regression of external sexual characteristics of female
krill. Table 2 summarizes the staging system in relation
to ovary status, and also the maturity scores that we used
to in this study to calculate average maturation for each
experimental series. Higher values represent greater
maturity, lower values indicate immaturity.

Results

Figure 1 shows mean maturity scores (+SE) of the
individual experiments plotted against the number of
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moulting events since the start of the experiment. The
individual experiments at 4°C (I-4C-WF and 1-4C-S)
were separated from the stock population (Series-SP)
later than those in individuals at lower temperatures
(I-1C-F and I-3C-F), so were likely to have been
through one (I-4C-WF) or two (I-4C-S) moulting
events whilst still in the stock population. Since the
other two jar experiments started on the 1st of April,
their moulting events are plotted from the 2nd or 3rd
moults, respectively.

Figure 2 shows the chronological succession of mean
maturity scores of each series of individual experi-
ments (Series-1), as well as the maturity progression of
krill held in groups (Series-G), and in the stock popula-
tion (Series-SP) which all the krill used in the experi-
ments were supplied from. The group series were light-

Fig. 2 Chronological succes-
sion of mean maturity scores
(£SD) of each experimental
series of individual experi-
ments (I series), krill held in
groups (G series), and the
stock population (SP series).
The G-series were light treat-
ed from the 13th of July. The
maturity stages of G and SP
series were observed from
August onwards

Light
Regime

Maturity Score

(

Number of moulting events elapsed since start of maturity regression
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treated from the 13th of July. The maturity stages of
the group and stock population series were only
reported from September onwards.

There was a general cyclic pattern in the maturity
succession for both experimental series. The mean
maturity scores were at the lowest during May (2nd-
4th moulting events), advancing from June until Sep-
tember (5th-7th moulting events), peaking in October
(8th—10th moulting events), then regressing thereafter.
For the individual experiments, the higher temperature
series (I-4C series especially I-4C-S) exhibited greater
thelycum regression and later recovery compared to
those in lower temperature regimes after once most
regressed (Fig. 1).

Those kept for prolonged period (I-1C-F, I-3C-F)
did not maintain their maturity but started to regress
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once they reached their peak of maturity. Not all of the
krill reached Stage-E, some only reached Stage D
before they started to regress (Figs. 1, 2).

For the group experiment, thelycum maturity was
examined for the period after they were given light
cues. The mean maturity scores fell within the range of
standard deviations (SD) obtained in the individual
experiments. No consistent patterns or differences in
trends were observed between different feeding
regimes amongst the group experiments. However, the
stock population, which was kept dark throughout the
experiment, showed the lowest maturity scores com-
pared to the group experiments (except on one occa-
sion) during the two-month period when maturity was
monitored for these series (Fig. 2).

Figure 3 shows the changes in the mean intermoult
period (IMP) against the number of moulting events.
There was a general trend for the IMP to be shorter at
the start of the experiment, to increase in the middle
of the experiment then to decline thereafter. Interest-
ingly the initial IMP increase depended on the temper-
ature; the I-1C-F series showed an increase in IMP
until the 6th moulting event, whereas the I-3C-F and
I-4C-WF series only increased for the initial three
moulting events. Higher temperature treatment
resulted in overall shorter IMPs throughout. The only
different pattern observed was for the starved series
(I-4C-S), which showed an IMP increase until the 6th
moulting event then showed a gradual decrease there-
after. The results of Thomas and Ikeda (1987) are also
plotted on the same chart with the x-axis adjusted to
make the comparison with our current study possible.
Their results show a similar pattern to ours but the
range of IMPs is smaller and their period of extended
IMPs is longer.

Fig. 3 Changes of mean

Discussion

The general progression of the seasonal maturity cycle
in our experiment agreed with that observed by Tho-
mas and Ikeda (1987) showing winter regression fol-
lowed by re-maturation, which also seems to be
occurring in the wild as well (Siegel et al. 2004). Our
results further indicated that the pattern and length for
completion of the maturity cycle are also affected by
the environmental conditions.

Although the sample size of our experiment was
small, starved animals seems to take longer to start
recovering their maturity compared to the better fed
animals under same temperature regime (4°C) but they
peak at around the same time (moult 8-9; Fig. 2). IMPs
were longer in lower temperatures and the overall
trend for the IMP was, short at the beginning, an
increase towards the middle of the cycle, and then
again a decrease towards the end of the cycle. A tem-
perature-dependent difference in the timing at which
the IMP started to decrease was observed; earlier in
the higher temperature and later in the lower.

Because of the variable Antarctic environment, the
temporal relationship between natural events such as
ice retreat, coupled with food availability and tempera-
ture changes with the timings in the maturity cycle is
likely to be very important for krill over-wintering and
reproductive success. To date, we only have patchy
information about the krill maturation cycles derived
from a small number of field surveys and experiments
(i.e. Makarov 1975; Poleck and Denys 1982; Thomas
and Ikeda 1987; Siegel et al. 2004), and therefore fur-
ther investigations are required to draw any firm con-
clusions about the entire krill maturation cycle. In the
following sections we examine the possible effect of
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environmental factors on the maturity cycle inferred
from our current study and previous studies, and finally
suggest a working hypothesis to provide a framework
for the future surveys, experiments, and modeling.

Maturity under controlled environments
Light condition

Our study generally matched the seasonal maturation
cycle observed by Thomas and Ikeda (1987) indicating
that light is not necessary for maturation in krill. This
runs counter to observations by Hirano et al. (2003)
who demonstrated that light can be an effective cue to
accelerate maturity in female krill.

Given the observation that the thelycum develop-
ment needs 5-6 moults from the most regressed form
(Stage-B) to be morphologically ready for mating, it
would not be possible for a regressed female (stage B)
to mature and mate within 1-2 months as demon-
strated in Hirano et al. (2003) assuming an IMP of 20—
30 days. Hirano’s result can be explained by assuming
that their krill which were matured by light cues were
in fact individuals close to maturation. Indeed, we
observed large error bars (SD) surrounding the sea-
sonal cycle of the mean maturity scores (Fig. 2) which
indicates that some krill in the population may always
be in relatively advanced maturity stages. These indi-
viduals can mature and reproduce within relatively
short period after appropriate cues. There are several
plateaus in ovarian maturity which need additional
resources or environmental cues for their further
development (Ross and Quetin 2000). The maturity
and spawning observed after light cues (Hirano et al.
2003) may have been of those individuals at advanced
maturity plateaus, and the light cue may have acceler-
ated further developments of their ovaries. However, it
is still unclear in which process the light cue was effec-
tive. Although 24 h light conditions is very often the
light regime of the peak spawning season, there is also
a possibility that the effect of light cues in Hirano et al.
(2003) is an irregular response due to an abrupt and
unnatural change to 24 h light from complete darkness
or an 8 h light period.

Once the external maturity of krill starts to regress,
they then go through a complete cycle before re-matur-
ing. The period from the start of regression until their
re-maturation up to Stage-E (the stage ready to start
previtellogenesis and vitellogenesis) requires at least
10 consecutive moulting events, and maybe more
depending on their condition.

Overall, the contribution of light is unclear at this
stage and to develop further understanding on environ-

mental influences on krill reproduction it will be
important to understand which process may be regu-
lated by light conditions.

Food condition

The individual experiments showed that the well fed
group (I-4C-WF) exhibited earlier recovery of matu-
rity stage compared to the starved group (I-4C-S) at
the same temperature setting (Fig. 1). This agrees with
the findings of Thomas and Ikeda (1987), although sim-
ilar results were not clearly seen in our group experi-
ments due to the short period of maturity observation
in these groups.

So far, no study has examined effect of quality and
quantity of food on krill maturation and fecundity. In
our experimental setup, the range of food quality was
limited and therefore it is difficult to infer what the
implications of seasonal and regional variation of food
quality and quality are on the trends in the natural mat-
uration cycle. Further detailed study dedicated to the
effect of food quality on the process of the maturation
is necessary.

Temperature

Temperature differences between the series of the indi-
vidual experiments exhibited effects on both IMP
trends across the period and the degree of maturity
regression. The most striking difference in patterns of
IMP between different temperature treatments was in
the timing when the IMP reduces (Fig. 3). The IMP at
1°C started to decrease in September—October (from
7th moult) when the mean maturity score reached D-
stage (4 in score), whereas animals maintained at
higher temperatures (3 and 4°C) began to decrease in
June (after 4th moults) which coincides with the time
when they were starting to re-mature from the
regressed stages. Since most of the mature females
were spent when they were brought back to the labora-
tory in February, and they were kept at 0.5°C until the
start of experiment in early April, they should have
gone through 2-3 moulting events after they originally
started to regress before the start of our experiment
(Table 1). Therefore we can assume that they were in
their 9-10th moult for 1°C, and 6-7th moult for 3 and
4°C when the decrease of their IMP occurred (Table 2).

Thomas and Ikeda (1987) showed a longer IMP dur-
ing regression and this shortened from November to
January (after 11-12th moulting events) after they
externally matured and the ovaries started to develop
prior to spawning. From our current study, it seems as
if the timing of the increase and decrease in the IMP
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Dark, 24 h light from 13 July
Dark, 24 h light from 13 July
Dark, 24 h light from 13 July
Dark

Photoperiod

Dark
Dark
Dark

Three times a week Dark

Feeding
frequency
Twice a week
Twice a week
Starved
Starved
Twice a week

Minced clam  Daily
Daily

food

Phaeodactylum Additional

3.0 x 10* ml~!
3.0 x 10*ml™!
3.0 x 10*ml!
2.5 x 10*ml™!
25 x 10*ml!
2.5 x 10*ml™!

Average
temp

0.9

2.7

3.9

3.9

0.5

0.5

0.5

Approx 1,500 0.5

Number of
inds at start

80
80

events elapsed

*Moulting
before start

2
2

Start date
1-Apr-04
1-Apr-04
28-Apr-04 3
24-May-04 4
31-May-04
31-May-04
31-May-04
Feb-04

Individual jars
Individual jars
2001 Tank
200 1 Tank
200 1 Tank

I-4C-WF Individual jars

1-4C-S

Individual jars
2,000 1 Tank

—-3C-F

Table 1 Experimental conditions of each series
Series ID  Vessel type

I-1C-F
I
G-0-S
SP

original population

# Estimated assuming intermoult period of 25 days, and regression started late February

does not necessary coincide with the ovarian develop-
ment but is affected by the temperature. Although tem-
perature and feeding condition are known to affect the
length and the pattern of the IMPs (Buchholz 1991;
Kawaguchi et al. 2006), at this stage, we cannot explain
why the IMP changes within a maturity cycle under
constant temperature. Other than the seasonal temper-
ature cycle in the environment, seasonal change of
behaviour, especially the preference of krill for deeper
water layers during winter (Jackowski 2002; Siegel
2005; Taki et al. 2005) may affect the environmental
temperatures they experience.

Other possible explanations

An alternative approach to analyzing these results is to
focus on the timings at the start of each of the individ-
ual experimental series. There appear to be time lags in
the cycle depending on the timing of the start of the
experiment i.e., the time at which the animals were
subdivided from the stock population. The later they
were subdivided, the more moulting events were
needed to recover their maturity. Although there were
variations in feeding conditions, because stock popula-
tion was given essentially the same rations as individu-
als in the fed experiments [[-IC-F and I-3C-F
(roughly twothird of [-4C-WF)] this may not be a real-
istic explanation. Temperature may have had some
effect; however, given the fact that a similar pattern
was observed for the jar series at 1 and 3°C, we would
not expect much difference with 0.5°C in the stock pop-
ulation.

A further explanation may be the difference in
energy expenditures between the individuals kept in
small jars and those in the large holding tanks. Krill in
large tanks would be expected to consume more
energy by swimming around in a larger space, whereas
krill kept in jars are observed to be relatively immobile
most of the time. The phytoplankton food concentra-
tions in our experiments were within the range of 0.25—
0.3 ug Cml™! (assuming 10 pug C/10° cells; Tkeda and
Thomas 1987) or 5-6 ug Chl 17! (assuming C/Chl = 50),
which was higher than the threshold requirement for
juveniles to grow (0.02-0.10 ug C ml~!) (Ikeda and
Thomas 1987) but certainly not as dense as has been
described in some blooms (>8 pug Chla 17!; Tréguer and
Jacques 1992). Since laboratory kept krill require a far
higher food concentrations in the laboratory than has
been observed in the natural condition to attain equiv-
alent growth rate to the field (Ikeda and Thomas 1987),
the food environment in our study was not at saturat-
ing level. In our study, krill kept in the large tank may
expend more energy leaving less to be diverted to drive
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Table 2 Definitions of female krill maturity stages and their scores used
“Maturity stage *Thelycum desctiption ‘Ovary status Maturity
Score
A Thelycum either not visible or Opvary small, only oogonia, 1
represented only by a straight no young oocytes
band across sternum
B Two small coxal outgrowth at each Opvary small, oogonia developed 2
end of sternal band into young oocytes
C Thelycum half-developed: coxal part Opvary small, oogonia developed 3
larger than sternal part but not into young oocytes
heavily chitinized
D Thelycum similar to adult shape except Opvary small, oogonia developed 4
smaller and not well chitinized; into young oocytes
some pigmentation
E Thelycum large and firm (well chitinized); Previtellogenesis and vitellogenesis 5
usually coloured bright red
G Thelycum swollen and red in colour; Vitellogenesis 6

male spermatophores attached but empty

# Based on Bargmann (1945)
° After Bargmann (1945), modified by Thomas and Ikeda (1987)
¢ Ross and Quetin (2000)

the maturation cycle resulting as their later maturity
recovery compared to those kept in small jars.

Furthermore, while the female maturity stage was
maintained at Stage-E once they re-matured under
excess food conditions, starved krill started regressing
as soon as they re-matured (Thomas and Ikeda 1987),
or in some cases they even started regressing before
they reached stage-E (this study). These results suggest
that female krill need a certain amount of food at the
time when they re-mature, otherwise they once again
regress. This underscores the critical role of food avail-
ability, whether from sea-ice algae or the spring phyto-
plankton bloom, in the natural environment in the
period leading up to the reproductive season.

A conceptual model for the seasonal krill maturity
cycle

Euphausiids are obligate moulters and they are known
to regularly moult for their entire lifespan. This sug-
gests that the moulting event is an excellent unit for
conceptualising krill life history. The advantage of a
moulting-based lifetime model would be its capacity of
incorporating environmental factors such as tempera-
ture trends and effect of food environment as we gather
further information. For Kkrill, there are several recent
attempts to use this approach to conceptualise specific
aspects of the krill life history (e.g. Cuzin-Roudy and
Buchholz 1999; Candy and Kawaguchi 2006). There is
of course still a long way to go to establish a compre-
hensive krill lifetime model, however, here we describe
an initial conceptual model for seasonal krill maturity.

General progression of seasonal cycle of external sexual
characteristics

The female external sexual characteristics, thelycum,
undergoes a cycle starting from a fully developed spent
female at the end of its reproductive season, regressing
to an immature form, then re-maturing to a fully devel-
oped form regardless of food and light condition (Tho-
mas and Ikeda 1987). This “regression cycle” is the
period that krill need to restore and re-organise their
ovary following a reproductive season (Makarov 1975;
Cuzin-Roudy 2000). This makes ecological sense since
it is unlikely that krill encounter feeding conditions to
satisfy their reproductive needs during the winter
period anyway.

The duration of the cycle (the total number of
moulting events) may be affected by external factors
such as food condition and temperature (Buchholz
1991; Kawaguchi et al. 2006). The pattern of the IMP
within this cycle also varies, with relatively short IMPs
at the start of regression, an increase as they regress,
then they shorten again towards the end of this cycle
(Thomas and Ikeda 1987; this study). The IMP is
longer under lower temperature regime. Food limita-
tion also prolongs IMPs (e.g. Buchholz 1991; Kawagu-
chi et al. 2006).

Factors affecting growth pattern
Increased temperature almost universally increases the

growth rates of crustaceans without any evidence of an
optimum temperature (Hartnoll 2001). However, opti-
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mal temperatures have been demonstrated for Thysa-
noessa longipes (Iguchi and Ikeda 2005) and Antarctic
krill (Atkinson et al. 2006) and FEuphausia pacifica
shows a simple positive relation between growth and
temperature (Iguchi and Ikeda 1995). Further accumu-
lation of experimental and survey data with wider sea-
sonal and geographical coverage are needed to
correctly understand this problem in euphausiids.

The seasonal endogenous physiological cycle of krill
also affects their growth. Antarctic krill females lower
their growth rates during the reproductive season as
they divert energy into reproduction (Kawaguchi et al.
2006). Females undergoing regression following the
reproductive season have also been observed shrinking
regardless of their feeding conditions in laboratory
experiments (Thomas and Ikeda 1987).

Concept of ovarian cycle during the reproductive season

During the reproductive season, Northern krill are
engaged in cyclical egg production tightly linked with
their moult cycle, and Antarctic krill are also thought to
have a similar progression. During the reproductive
season, female krill recycles the ovary multiple times as
long as the environment allows (Cuzin-Roudy and
Buchholz 1999). There are two moult cycles within an
ovarian cycle for northern krill. One of those is “spawn-
ing moult cycle” during which eggs are released during
the pre-moult phase and the other is “vitellogenic moult
cycle” during which yolk accumulation for the next egg
batch is completed. These two cycles alternates one
after another until the end of the spawning season
(Cuzin-Roudy and Buchholz 1999). Although it is still
unclear how many moult cycles are involved in a single
ovarian cycle for Antarctic krill, it is likely to last more
than one moult cycle with alternative vitellogenic moult
cycles for lipid yolk accumulation (Cuzin-Roudy 2000).
The important factors affecting the overall fecundity
during a single season are not only food during the
reproductive season but also energy accumulation in
the period leading up to the reproductive season, i.e.
spring (Siegel and Loeb 1995). Since krill exhaust most
of lipid storage during winter (Hagen et al. 1996), the
substantial amounts of energy required for gonad matu-
ration and egg production are probably provided by ice
biota during early spring and by phytoplankton blooms
during late spring and throughout summer (Falk-Peter-
sen et al. 2000). The ultimate size of the egg-batch is an
exponential function of body size (Cuzin-Roudy 2000).
Antarctic krill begin previtellogenesis at the ice edge
(Cuzin-Roudy and Labat 1992) which signals the start
of the “reproductive season”, although whether the
actual ice melt is the direct cue to initiate the ovarian
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cycle or some other indirect effects (e.g. increase of
light penetration due to the clearance of ice, a decrease
in salinity due to ice melt, the boost of food availability
due to ice-edge bloom, or the cumulative food intake)
are responsible is unknown. Neither are the cues that
signal the end of the reproductive season known. How-
ever, since reproductive season has been demonstrated
to extend up to 9 months under optimal laboratory
conditions (Hirano et al. 2003), it would be reasonable
to assume that the termination of the natural reproduc-
tive season is due to a shortage of energy accumulation
to sustain the vitellogenic cycle.

The age structure of the spawning population is also
suggested to influence the start of reproductive season
since the second or third time spawners mate and
mature earlier than the first time spawners (Cuzin-
Roudy and Labat 1992; Spiridonov 1995). The readiness
of the first time spawners are likely to be heavily depen-
dent on the environmental conditions (food availability,
temperature, etc.) leading up to the reproductive season.

The effect of light conditions remains uncertain,
although if light is not a primary factor governing krill
maturation (Hirano et al. 2003), then it certainly may
have an indirect effect through regulating the seasonal
pattern of primary production.

The seasonal conceptual model (Fig. 4)

Moulting events can be categorized into two types: one
is the regression cycle during the resting (winter) sea-
son and the other is the ovarian cycles in the reproduc-
tive (summer) season. There are at least 10 moulting
events during the regression cycle. The length of this
period is governed by the magnitude of stage incre-
ments per moulting event, and the length and number
of the intermoult periods, which are all primarily dic-
tated by temperature and food conditions. After recov-
ering its external maturity to stage-E, the females are
ready to start the reproductive season and recycle their
ovaries whenever the environment allows. The first
time spawners reach this stage later than the older
ones, and its timing depends on the environment. Here
we assume ovarian cycles are alternate repetitions of a
vitellogenic moult cycle and a spawning cycle. The
model assumes that the reproductive season generally
starts at the ice edge in spring. The duration of the
reproductive season is dictated by the total energy
intake (accumulation) from the spring until the dimin-
ishing of the food supply at the end of summer season
(i.e. end of phytoplankton bloom). The availability of
food is principally regulated by the natural cycle of the
photoperiod, but is also affected by nutrient conditions,
temperature trends, oceanography etc. The growth
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trajectory of krill can also be directly linked and
related to the seasonal maturity cycle.

As an example we describe the seasonal status of
Scotia Sea krill using this model. Because of the rela-
tively high temperature in this area and due to the
abundance of sea-ice with ice algae as a food source
during the winter, the overall IMP is short. During this
preparatory period females are accumulating energy
for reproduction through feeding on ice algae. Once
the environment allows (the start of the ice retreat),
the ovarian cycle starts.

Since the length of the summer is longer compared to
higher latitudes, this gives a wide seasonal window avail-
able for reproduction and enables krill to sustain the
ovarian cycle for prolonged period and as a consequence
it contributes to overall high level of fecundity. Assum-
ing krill follow temperature—growth relation generally
known in crustaceans (Hartnoll 2001), then increased
temperature may increase the growth rates. Also, larger
females produce more eggs per female biomass (Cuzin-
Roudy 2000). Thus, in the Scotia Sea where there is a
long period of high phytoplankton abundance there
would be a prolonged period of krill reproduction,
higher growth rates resulting in larger females which in
turn, because of their larger size, exhibit higher fecun-
dity than female krill in the rest of their habitat which
resides in higher latitudes. However at the same time,
the known large inter-annual variability of sea-ice exten-
sion in the Scotia Sea underscores the highly variable
nature of krill reproduction success in this area.

Conclusions

The model suggested through our current study
emphasizes the importance of the winter environment

which affects the duration of the regression cycle and
the preparedness for reproduction. It further highlights
the importance of the amount of sea ice algae available
in the lead up to the reproductive season, and the tim-
ing of sea ice retreat in relation to the period when krill
become physiologically ready to start their ovarian
cycle. The overall length of the primary production
season dictates the length of the period during which
the ovarian cycles are sustained.

The model captures likely mechanisms of how the
seasonality of the Antarctic environment may be
linked to the endogenous physiological cycle of krill.
We believe this conceptual model provides a useful
framework to test various hypotheses regarding inter-
actions between krill biology and the environment.
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