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INTRODUCTION

Antarctic krill Euphausia superba has long been
recognised as an integral component of many
Antarctic marine food webs (Marr 1962, Miller &
Hampton 1989, Hill et al. 2012) as a result of its high
levels of abundance globally (Everson 1977, Gulland
1983, Atkinson et al. 2009), its nutritional content
(Pond et al. 1995) and its tendency to form swarms
and thus concentrate biomass (Clarke 1984, El-Sayed
& McWhinnie 1979, Tarling et al. 2009). For these
same reasons, it is also a readily exploitable resource
(Miller and Agnew 2000) and it has now been com-
mercially harvested for almost 40 yr. The fishery is

managed under the Convention for the Conservation
of Antarctic Marine Living Recourses (CCAMLR),
which recognises the need to limit fishery impacts on
both the krill stock and the predator populations that
feed on it. The fishery is currently managed with an
interim catch limit and CCAMLR is actively develop-
ing a long-term management approach.

Effective fisheries management relies on a good
understanding of the population dynamics of the
exploited resource (Hilborn & Walters 1992, Quinn &
Deriso 1999). These dynamics are often represented
in models that assimilate data to assess stock status
(Kinzey et al. 2015) and project the consequences of
future fishing. Critical population parameters in such
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ABSTRACT: The ability of Antarctic krill Euphausia superba Dana to withstand the overwintering
period is critical to their success. Laboratory evidence suggests that krill may shrink in body
length during this time in response to the low availability of food. Nevertheless, verification that
krill can shrink in the natural environment is lacking because winter data are difficult to obtain.
One of the few sources of winter krill population data is from commercial vessels. We examined
length-frequency data of adult krill (>35 mm total body length) obtained from commercial vessels
in the Scotia-Weddell region and compared our results with those obtained from a combination of
science and commercial sampling operations carried out in this region at other times of the year.
Our analyses revealed body-length shrinkage in adult females but not males during winter, based
on both the tracking of modal size classes over seasons and sex-ratio patterns. Other explanatory
factors, such as differential mortality, immigration and emigration, could not explain the observed
differences. The same pattern was also observed at South Georgia and in the Western Antarctic
Peninsula. Fitted seasonally modulated von Bertalanffy growth functions predicted a pattern of
overwintering shrinkage in all body-length classes of females, but only stagnation in growth in
males. This shrinkage most likely reflects morphometric changes resulting from the contraction of
the ovaries and is not necessarily an outcome of winter hardship. The sex-dependent changes that
we observed need to be incorporated into life cycle and population dynamic models of this
 species, particularly those used in managing the fishery.
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models include rates of recruitment, mortality and
growth, total lifespan and maximum body size (Con-
stable & de la Mare 1996, Miller & Agnew 2000).
Nevertheless, estimation of some of these parameters
for Antarctic krill is far from straightforward and is
still subject to some controversy (Rosenberg et al.
1986, Siegel & Nicol 2000, Kawaguchi et al. 2006,
2007). In particular, growth rate has been shown to
be highly variable, both temporally (Kawaguchi et al.
2006) and spatially (Quetin et al. 2003, Atkinson et al.
2006), making the relationship between age and
body length a complex one (Nicol 2000).

One of the major factors affecting the population
dynamics of Antarctic krill is the extended winter pe-
riod, when food resources are limited. As well as
using lipid reserves and various alternative winter
food sources and feeding substrates (Quetin et al.
1994, Schmidt et al. 2011, Meyer 2012), krill also ap-
pear capable of utilising protein in somatic tissue and
shrinking in body size during periods of low food in-
take. This is clearly seen in field populations of larval
krill during their first overwintering period (Daly
2004, Meyer 2012). In adults, reports of shrinkage
have mainly come from laboratory incubation studies.
Ikeda & Dixon (1982) maintained adult Antarctic krill
in starved conditions for 211 d, during which time
their body mass decreased by 45%, equivalent to a
decrease in body length of 0.033 mm d−1. In a large
batch of adult krill maintained at Palmer station
(Antarctic Peninsula), McWhinnie et al. (1979) re-
ported shrinkage of 23% in body length in specimens
maintained during an overwintering period. Body-
length shrinkage has since been reported in both
short- and long-term incubation studies (Nicol et al.
1992, Kawaguchi et al. 2006). Candy & Kawaguchi
(2006) modelled a number of datasets generated from
incubation studies and concluded that maximum
body lengths were better predicted when allowing
individuals to shrink during over wintering periods.

Because the low-food conditions last for a large
fraction of the year, whether growth is positive, neg-
ative or zero during this time has a large influence on
our estimates of size at age and longevity. From ini-
tial estimates of a 2 to 3 yr life cycle in Antarctic krill
(Bargmann 1945, Marr 1962, Mackintosh 1972),
there is now a greater consensus that typical life
cycles last approximately 5 to 6 yr (Rosenberg et al.
1986, Nicol 2000), by which time adults have
spawned in 2 or 3 summer seasons (Cuzin-Roudy
2000) and reached body lengths of between 55 and
65 mm (Schmidt et al. 2014). However, there is still
uncertainty around whether the pattern of growth is
the same in males and females (Kawaguchi et al.

2006). Siegel & Loeb (1994), for instance, considered
that males took 1 yr more than females to attain
 sexual maturity. However, Kawaguchi et al. (2007)
posited that males matured earlier than females, and
were more likely to have a shorter life cycle, dying at
a younger age than females. Resolution of this issue
is critical to understanding patterns of sex-ratio bias
over the course of the year, with further implications
to recruitment and harvesting.

Another notable biological feature of both male
and female Antarctic krill is their ability to regress
secondary sexual characters. McWhinnie et al. (1979)
observed this phenomenon while incubating speci-
mens over winter. These individuals returned to pre-
vious maturity stages the following summer. Thomas
& Ikeda (1987) found the same pattern of regression
when exposing incubated specimens to sub-optimal
food conditions. These results provided support to
the earlier assertion by Makarov (1976) that sexual
regression must be taking place in field populations,
given his observation of a high incidence of sexually
immature specimens in August.

Despite laboratory evidence that krill are capable of
decreasing their body size and regressing their sexual
characters, there remains considerable debate over
whether such traits are common in adult field popula-
tions, particularly with regards to body-length fre-
quency distributions (Quetin et al. 1994). For instance,
Ettershank (1983) concluded that there was body-
length shrinkage during winter in samples taken by
Stepnik (1982) from the South Shetland Islands (West-
ern Antarctic Peninsula [WAP]). However, in a re-
analysis of this data, McClatchie (1988) found slow
positive growth. Quetin & Ross (1991) found negative
in situ growth in adult krill collected in the Bransfield
Strait (WAP) in August and September 1985.

Body-size distribution data are difficult to interpret
in situations where there may also be size-selective
mortality, immigration and emigration taking place
in the sampled population. This is compounded by
the fact that Antarctic krill populations are in a con-
stant state of flux through their interactions with the
strongly advective Southern Ocean currents (Thorpe
et al. 2004, 2007). Certain age classes may be missing
within a study area at any one particular sampling
period, and the situation may change dramatically
between sampling periods. A further difficulty is that
very few scientific sampling operations are carried
out during the winter period, necessitating a certain
level of inference on overwintering population dy -
namics. By contrast, commercial trawling for Ant -
arctic krill has been very active during the austral
winter. Body-length distributions, sex and develop-
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ment stage are measured by observers on krill
 fishing vessels and reported to CCAMLR. In total,
these measurements have been made on more than
180 000 krill over the winter period.

In this study, we combine thousands of net samples
on which size distribution, sex and maturity were
measured. Science-net samples collected over de -
cades of sampling have been collated within the
KRILLBASE database (Atkinson et al. 2009), whereas
data from fishery catches have been compiled by
CCAMLR (www.ccamlr.org). We focus this study on
the Scotia-Weddell region (from ice-edge to Polar
Front), where some of the highest concentrations of
krill biomass occur (Atkinson et al. 2008) and almost
all of the krill fishery operates (Croxall & Nicol 2004).
In carrying out analyses on large-scale, long-term
data sets, we overcome one of the main difficulties of
inferring more general patterns from relatively
small-scale surveys, which has beset many previous
studies of Antarctic krill population dynamics (Miller
& Hampton 1989). This study also makes a particular
focus of the overwintering period through utilisation
of data provided by the winter fishery, allowing
direct observations of how size-distribution patterns
change during this poorly observed period and how
this influences present interpretations of growth tra-
jectories and life-cycle duration. Finally, in line with
the recommendations of a recent study (Kawaguchi
et al. 2007), the population dynamics of females and
males were considered separately, to elucidate dif-
ferences in growth trajectories and the relative tim-
ing of sexual maturity in both sexes.

METHODS

Databases

Two main databases of individual krill measure-
ments were used to analyse the population dynamics
of Antarctic krill: one comprising data collected as
part of scientific surveys (KRILLBASE, Atkinson et al.
2009; see Supplement 1 at www.int-res.com/ articles/
suppl/m547p061_supp.pdf), the other comprising data
collected by observers on fishery operations as part
of CCAMLR, (www.ccamlr.org; see Supplement 2 at
www.int-res.com/articles/ suppl/ m547p061_ supp .pdf).
KRILLBASE contains measurements collected mainly
between October and April (summer) whereas the
CCAMLR data are more evenly spread between
summer and winter, although records were lacking
for certain periods of the summer. Population dy -
namic analyses were based on a combination of these

databases, where KRILLBASE data were used to
assess the summer  situation and CCAMLR data were
used to assess the situation during the overwintering
period. Differences in collection and measurement
methods, both within and between databases, neces-
sitated a number of comparisons to be made to iden-
tify the major biases. In particular, CCAMLR summer
records were compared with those of KRILLBASE to
identify methodological biases between the data-
bases. These comparisons led to the implementation
of a number of pre-treatments to minimise error and
bias when determining population structure. The
analyses were focused on the Scotia-Weddell region,
which we defined as being between the longitudes
60° W and 20° W and south of latitude 56° S. The deci-
sion to limit the analyses to this region was made to
minimise the impact of geographic factors on our
results, while encompassing the largest possible
body of population data. Comparisons to other geo-
graphic regions (South Georgia and WAP) were per-
formed subsequently to examine levels of spatial
coherence in patterns of population dynamics.

KRILLBASE

In KRILLBASE, there were 3402 net hauls in the
Scotia-Weddell region on which body-length fre-
quency measurements were made. They span from
the Discovery Investigations (1926−1939) through to
the modern era. The hauls were carried out in both a
targeted or untargeted manner and were thus a mix
of horizontal, oblique and vertical deployments. The
majority of hauls (98.6%) were taken between Octo-
ber and April, where a total of 317 335 individuals
were measured. Body-length measurements were
mostly made from the front of the eye to the tip of the
telson (AT; Morris et al. 1988). Maturity status was
specified to different degrees of resolution according
to several different schemes (see below).

CCAMLR database

This database has been compiled by the CCAMLR
data centre (www.ccamlr.org/) from submissions to
the Secretariat under rules adopted by the Twenty-
Second Meeting of the Commission (CCAMLR-XXII,
paragraphs 12.1 to 12.6). The database covers obser-
vations made on fishery operations between 2000
and 2013, which comprised a total of 7538 hauls
made from 134 separate fishing expeditions. Approx-
imately half (3290 hauls) were performed in the
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 Scotia-Weddell region, comprising 1334 hauls during
winter (May to September) and 1956 hauls in sum-
mer (October to April). This provided 184 931 and
184 161 individuals measured in winter and summer,
respectively, although it is to be noted that that there
were no recorded catches in November and April.
Total body length (mm), sex and sexual development
stage were recorded for each individual, following
CCAMLR protocols specified in www.ccamlr.org/en/
system/files/obsman.pdf. According to these proto-
cols, total body length measurements were made
from the front of the eye to the tip of the telson (AT;
Morris et al. 1988) to the nearest millimetre. Sex and
sexual development stage were classified according
to (1) the presence of a petasma: male; (2) the pres-
ence of a thelycum: female; or (3) the absence of
either external organ: juvenile. In the case of
females, those with swollen carapaces were further
classified as being gravid.

The winter population structure in the Scotia-Wed-
dell region was compared with that found at South
Georgia and the WAP during the same period. The
South Georgia region was defined as being within
the limits of 56° S and 50° S, and 40° W and 34° W,
whereas the limits of the WAP were defined as 65° S
to 62° S, and 64° W to 60° W. Between May and
 September, the CCAMLR database for the South
Georgia region contained a total of 435 separate net
hauls, amounting to 23 378 individuals. For the WAP
region, the database contained 860 separate net
hauls and 58 134 individuals.

Pre-treatment of data

Pooling of data

Most net-sample catches reported measurements
of between 30 and 200 individuals per haul and all
individual measurements of krill body length, sex
and maturity status were considered as discrete
data points. In KRILLBASE, the maturity status of
individuals was classified according to a number of
different schemes, whereas in the CCAMLR data-
base, 4 different categories were distinguished:
juveniles, adult males, non-gravid adult females and
gravid adult females. The lack of a universal
scheme across all databases, plus the variance
between scientists and observers in how these were
applied, introduces  further error in comparative
analyses. Therefore, all maturity information was
simplified into the following 3 categories: juvenile,
male and female.

Smoothing algorithm

Body-length measurements in certain datasets
were made in increments of 2 mm or, very infre-
quently, 3 mm, rather than the more commonly
measured 1 mm intervals. This was mitigated
through applying the following ‘moving-average’
algorithm:

(1)

where n’ is the smoothed frequency of individuals,
n is the original frequency of individuals and x is
body length in increments of 1 mm. For the first
and last body-length increments, n’ was determined
as the average of that increment and the one adja-
cent to it.

Component-fitting analysis

Antarctic krill have a multi-year life cycle, so
analysis of body-length frequency data necessitates
the application of statistical methods to separate year
classes into size-distribution modes. For this purpose,
we applied the mixdist package (Ichthus data sys-
tems, www.math.mcmaster.ca/peter/mix/mix.html) in
R (version 3.1.1) to body-length frequency data from
both the KRILLBASE and CCAMLR databases.
mixdist fits finite mixture distributions to population
data, and is an update of the MIX programme, devel-
oped by Macdonald & Pitcher (1979), with improved
numerical methods based on a combi nation of the
expectation-maximization algorithm (Dempster et al.
1977) and a Newton-type method (Du 2002). To apply
the software, the user must  identify the expected
number of age components within the distribution
before initialising the fitting procedure. The initial
hypothesis, based on other observations (Rosenberg
et al. 1986, Tarling et al. 2007), was that there were 3
log-normal components in the post-larval population
of Antarctic krill, with modal peaks at 35, 45 and
55 mm. Further runs with 2 and 4 modes at various
assumed modal peaks were also performed to con-
sider whether better fits could be achieved with alter-
native assumptions. As a  starting point for the fitting
procedure, the initial  proportions in each component
were assumed to be equal and there were no con-
straints put on the  proportions, mean body lengths
and variances in each component. Further fits were
attempted by reducing or increasing the number of
components and also assuming that components
were normally distributed.

n
n n n

x
x x x= + + +'
4 2 4

–1 1
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Before applying the mixdist fitting procedure, the
databases were divided into 3 periods of the year:
early productive period (October to December), late
productive period (January to April) and overwinter-
ing (May to September). KRILLBASE was used in the
early and late productive period datasets, whereas
CCAMLR data were used for the overwintering data-
set. The CCAMLR summer dataset was not included
in certain analyses, particularly those considering
growth, because of the absence of records in 2 out of
the 7 months. Nevertheless, the dataset was used to
consider seasonally integrated patterns in body-
length frequency and length-specific sex ratio. The
CCAMLR summer dataset was also used in analyses
to identify biases between the CCAMLR and KRILL-
BASE datasets.

In each period, 3 subsets were generated: (1) all
length frequency data (sexes combined), (2) female
data only and (3) male data only. Fits by mixdist to
the body-length frequency distributions of each
 subset were ranked according to their chi-squared
goodness-of-fit values. In some instances, some
high-ranking fits contained components with un -
realistic levels of variance or very small inter-
 component  distances, and these were subsequently
rejected.

Sexual regression

Antarctic krill can lose their secondary sexual
 characteristics during winter and take on a juvenile
external appearance (Ikeda & Thomas 1987, Siegel
2012). Therefore, a potential explanation for any sea-
sonal changes in the proportion of males and females
is that one sex regresses to a juvenile state more than
another (regression bias). An associated problem is
the misclassification of maturity status and sex by
observers when secondary sexual characters are
either still developing or in a state of regression. This
could have an influence similar to that of real regres-
sion bias if misclassifications are more common for
one sex than the other (misclassification bias). We
considered how regression bias and misclassification
bias could alter sex ratio through a series of sens -
itivity analyses.

In simulations, it was assumed that all juveniles in
the CCAMLR winter population had developed sec-
ondary sexual characteristics during the previous
summer and had since regressed to a juvenile state
(termed henceforth as ex-females and ex-males). For
the purpose of the analysis, ex-females and ex-males
represent individuals that have either genuinely

regressed or have otherwise been misclassified as
having regressed. The proportion of ex-females to
ex-males was then varied such that, at one extreme,
there was 10% ex-females to 90% ex-males and, at
the other, 90% ex-females to 10% ex-males. The ex-
female and ex-male populations were added to the
overwintering adult population and the proportion of
males (PM) per body-length interval was deter-
mined. These simulated PM to body-length distribu-
tions were compared with those observed in the
 summer to consider whether any differences could be
explained by sex-related skew in sexual-regression.

Growth trajectories

Seasonally modulated von Bertalanffy functions
(sVBFs; Pitcher & MacDonald, 1973) were fitted to
the modal peaks identified above (for a full descrip-
tion of this method, see Supplement 3 at www.int-
res.com/articles/ suppl/ m547p061_ supp .pdf). Pitcher
& MacDonald (1973) developed 2 sVBFs: one in
which the population switched be tween a period of
positive growth and a period of zero growth (the
switched-growth model) and another where the sea-
sonal change in growth rate occurred more smoothly
and allowed for negative growth (the sine-wave
growth model). Attempts were made to fit both
growth models with a distance minimisation algo-
rithm (Microsoft Excel 2007 Solver: Generalised
Reduced Gradient [GRG2] nonlinear optimisation),
using initial estimates of the growth constant K from
Siegel (1987) and setting the upper body-length size
limit (Linf) at 65 mm and solving for all other sVBF
parameters. A single set of parameter values did not
fit both the smaller and larger body-length modes
equally well, so further fits were attempted by split-
ting the observed data set into smaller and larger
body lengths and fitting the sVBF to each dataset
separately. The split point was made at 1 of 4 differ-
ent points in the life cycle (1st week in November or
July in years 2+ or 3+), representing the points at
which growth was, respectively, highest and lowest
within the annual cycle. The preferred sVBF param-
eter values and split-points were those that achieved
the minimum squared-difference.

Validation: simulations of overwintering population

Simulations were performed to consider the level
of agreement between population size-structure in
the late productive-season and overwinter, once the
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fitted sVBF functions had been factored in. The total
body length of each individual measured in the late
productive season dataset (Lt,ls) was altered by a
growth factor Rt to predict a mid-overwintering total
body length, Lt,ow’, as follows:

(2)

Rt was a randomised variable with a mean equal to
the difference in Lt between late productive season
and overwintering according to the fitted sVBF
 function. Growth in body length between these 2
periods derives a positive value, and shrinkage
derives a negative value. A randomised
amount within the range of ±1.5 mm was
integrated within the Rt value applied to
each individual to represent individual
variance in growth and shrinkage. Rt was
derived separately for each year class.
The predicted and observed overwinter-
ing size structures were subsequently
compared.

RESULTS

Comparison of KRILLBASE and
CCAMLR datasets

A comparison was made between the
summer (October to April) records of
KRILLBASE and CCAMLR databases to
identify any major differences in their
respective body-length distributions.
Both databases showed a concentration
of sampling effort towards the tip of the
Antarctic Peninsula and around the
South Orkneys (Fig. 1). The least inten-
sively sampled areas were towards the
eastern and southern parts of the Scotia-
Weddell region. The geographic extent of
the CCAMLR database was more limited
compared with that of KRILLBASE,
 particularly in the northwestern sector of
the Scotia-Weddell region. By compari-
son, 61% of all krill and 63% of all
catches within the KRILLBASE database
occurred within the main CCAMLR
 fishing areas.

During summer, a peak in body-
length distributions occurred between
45 and 47 mm in both the KRILLBASE
and CCAMLR databases (Fig. 2). Fur-
thermore, comparative proportions were

very similar between 40 and 53 mm. At body
lengths greater than this, there was a slight
increase in the cumulative proportion of krill in the
CCAMLR database. Below 40 mm, and particularly
below 35 mm, the cumulative proportion in the
CCAMLR database decreased from around 75% to
less than 1% of the KRILLBASE dataset. When
restricting KRILLBASE to the main CCAMLR fish-
ing areas, the proportion of individuals in the
smaller body-length classes was also depleted com-
pared with the full KRILLBASE dataset (Fig. 2).
Nevertheless, the pattern of this decrease was dif-

L L Rt,ow' t,ls t= +

66

Fig. 1. Euphausia superba. Distribution of net hauls in the Scotia-Weddell
region within KRILLBASE summer records (main map) and within the
winter period of the CCAMLR dataset (inset) that were used for the
 analysis in this study. Key refers to number of hauls within a 2×2° grid cell



ferent to the CCAMLR dataset, given that the com-
parative proportion of krill <35 mm remained
around 75% of that observed in the full KRILLBASE
dataset.

These comparisons show that there are differences
in the body-length distributions of the KRILLBASE
and CCAMLR datasets, which are a combination of
both geographic and methodological factors. Never-
theless, it was only at body lengths smaller than
35 mm that differences were severe enough to affect
component-fitting analysis. This is most likely due to
the coarser mesh size of the commercial trawls.
Therefore, modal classes below 35 mm identified in
the CCAMLR winter dataset were not considered in
any further interpretation of overwintering popula-
tion structure.

Population structure

General population structure

Juveniles with body lengths of between 17 and
30 mm were a major contributor to the population
during the early productive season (Fig. 3). These are
probably a combination of individuals that have
overwintered either once or twice. This pulse of new
recruits was less evident in the late productive sea-
son, where the population was dominated by adults
between 40 and 50 mm in body length. The adult
population structure changed little moving into the
overwintering period, but juvenile structure changed
considerably, with a large fraction being evident
between 40 and 50 mm.

Adult population components

Component-fitting analysis consistently found 3
log-normal components to be the best fit to the adult
population structure in all 3 seasons. In the early pro-
ductive season, the 3 female components peaked at
32 mm (mode 1), 42 mm (mode 2) and 49 mm (mode
3), although the latter mode contained only a small
proportion of the population (11%; Fig. 4, Table 1). In
the males, peaks were at larger body lengths: 33, 44
and 50 mm, respectively.

In the late productive season, females in mode 3
increased substantially both in terms of peak body
length (51 mm) and proportion (21%). Growth was
also seen in the earlier modes, which now peaked at
40 mm (mode 1) and 46 mm (mode 2). In males, there
was growth in mode 1 (peak at 36 mm), but modes 2
and 3 peaked at approximately the same body
lengths as observed in the early productive season
(44 and 50 mm, respectively).

During the overwintering period, although there
were 3 clearly defined components in both the male
and female populations, mode 1 was not considered
further given the potential sampling bias in the
CCAMLR dataset. In females, mode 2 peaked at
43 mm and mode 3 peaked at 47 mm, which are 3
and 4 mm smaller, respectively, than these modes in
the late productive season. In males, both mode 2
(44 mm) and mode 3 (50 mm) peaked at approxi-
mately the same body lengths as observed at other
times of year.

At a mean length of between 31 and 38 mm, it is
most likely that mode 1 within the productive season
is equivalent to the 1+ cohort, following Siegel
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(1987). Accordingly, mode 2 contains 2+ individuals
and mode 3, 3+ individuals. Although older krill (4+
and 5+) probably occur within the population, their
contribution could not be distinguished through the
present component-fitting analysis.

Comparative structure of males and females

There was a clear difference in the body-length
frequencies of the female and male populations over
the seasonal cycle (Fig. 5). In the early and late
 productive seasons, females were more numerous
than males in most of the comparable size classes at
>35 mm. However, the frequencies of both sexes
were similar in all size-class intervals above 50 mm.
Over the winter, the distribution above 50 mm was
strikingly different to other seasons, with males
being consistently more abundant than females.

The seasonal shift in the relative proportions of
males and females is further illustrated when consid-
ering sex ratio (PM) per size interval (Fig. 6). Both the
KRILLBASE summer and CCAMLR summer data-
bases show that PM is at or below 0.5, with the lowest
values found above 55 mm. Notable is the offset of
around 0.1 between these 2 databases, illustrating a
10% shift in sex ratio in favour of females in the
CCAMLR summer dataset, most likely a result of a
summer bias towards females in the commercial
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body length

Oct−Dec Jan−Apr May−Sep

Female
Mode 1 32.26 (4.61) 39.58 (5.00) 35.34 (3.72)

51.70% 53.30% 30.60%
Mode 2 41.85 (4.26) 46.12 (2.88) 42.80 (3.95)

36.90% 25.60% 46.60%
Mode 3 48.54 (3.29) 51.08 (3.49) 47.28 (3.15)

11.40% 21.10% 22.90%

Male
Mode 1 32.91 (4.68) 36.35 (4.73) 36.27 (3.93)

54.50% 23.00% 21.20%
Mode 2 44.08 (4.13) 44.02 (3.82) 44.11 (3.82)

37.70% 35.70% 50.00%
Mode 3 50.47 (2.90) 49.53 (2.78) 50.01 (3.35)

7.70% 41.40% 28.80%

Table 1. Euphausia superba. The best-fitting components
within adult female and adult male body-length frequency
distributions in the early productive season (Oct−Dec), late
productive season (Jan−Apr) and overwintering (May−Sep)
in the Scotia-Weddell region. Values represent the point of
the modal peak (SD) and % of the population. Note that the
distributions are log-normal. Italics denotes that the value
was not used when fitting seasonally modulated von 

Bertalanffy functions
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 fishery. Females were similarly dominant in the
CCAMLR winter dataset below 50 mm, but, above
this body length, the sex ratio became increasingly
male dominated to the extent that more than 80% of
all krill above 55 mm were males. Median PM across
all body-length classes was 0.44 in the early produc-

tive season, 0.46 in the late productive season and
0.41 in the overwintering period. The increase in the
PM of large adults during winter can therefore not be
ex plained by greater wintertime mortality in females,
which, in fact, increased as a proportion of the popu-
lation during that time.
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Sexual regression

During winter, individuals with an external juve-
nile appearance occurred at almost all body-length
intervals (Fig. 3). This indicates a regression of some
adults to a juvenile state during the overwintering
period (Siegel 2012), although it must also be noted
that the level of expertise of fishery observers most

likely varied between cruises and there is the poten-
tial for some misclassification of such regression.
Sensitivity analyses showed that sex-related skew in
the proportion of adult regression to a juvenile exter-
nal appearance (either through genuine or misclassi-
fied sexual-regression) had the potential to explain
the relatively low PM values observed in the smaller
size classes (Fig. 7). In a scenario where all the juve-
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niles between 35 and 40 mm consisted of 10 to 25%
ex-females and 75 to 90% ex-males, the overwinter-
ing PM values (0.26 to 0.33) would be equivalent to
those observed during summer. However, no sce-
nario could explain the difference between late pro-
ductive season and winter PM values in size classes
above 50 mm. The sensitivity analysis therefore indi-
cates that the skew towards males in these larger size
classes during the overwintering period was not a
result of the greater level of genuine or misclassified
regression to a juvenile state in females.

Inter-regional comparison

As well as the Scotia-Weddell region, the fishery
for Antarctic krill also operates at South Georgia and
the WAP. During overwintering in both of those
 locations there was an offset between the size distri-
bution of females and males that resembled that
observed in the Scotia-Weddell region (Fig. 8). In
particular, a much higher proportion of males than
females were found in size classes above 50 mm. This
was also reflected in the comparison of PM distribu-
tions, where there was a continual increase in PM
with increasing body length, particularly above
50 mm (Fig. 9). In the WAP, the maximum PM was
around 0.6, whereas at South Georgia, as well as in
the Scotia-Weddell region, PM reached a maximum
of 0.9 in the largest size classes.

Growth trajectories

In both sexes, sVBFs were found to obtain better
fits to the observed data when fitted to the smaller
and larger body lengths separately (Table 2), which
suggests that the characteristic oscillations in growth
alter over the course of adult life. Furthermore, the
nature of these oscillations in growth differed be -
tween the sexes. Male body-length growth was rapid
in the early productive season and then stagnated for
the remainder of the year, while female body-length
growth occurred later in the year and was followed
by a period of shrinkage. We found that male growth
was best simulated by a switched-growth sVBF,
whereas female growth was better represented by a
sine-wave growth sVBF (Fig. 10). Despite the differ-
ences in growth characteristics, both males and
females reach the same average 4-yr-old adult size of
~50 mm. However, whereas the male modal peak
remains at 50 mm during overwintering, the female
modal peak decreases to 47 mm before returning to
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growth during the late overwintering period and the
early productive season.

According to the fitted growth rate trajectories,
average adult growth rates during the early produc-
tive season varied between +0.020 and +0.103 mm
d−1, with higher rates occurring in younger adults
(Table 3). During the late productive season, growth

rates had already become comparatively reduced,
with the maximum rate being +0.044 mm d−1 in mode
1 males. Older male year classes had already entered
the period of growth stagnation during this period. In
females, this period may also include some body-
length shrinkage (minimum growth rates of between
−0.031 and −0.046 mm d−1). Growth resumed by the
end of winter, such that average growth rates for this
period were mainly positive in both males and
females.

The seasonal shape of the fitted curves indicated
that the highest growth rates occurred in the early
productive season and growth recommenced even
within the latter part of the overwintering period.
This was especially true of males, which had average
growth rates of between 0.01 and 0.03 mm d−1 during
overwintering, mainly as a result of growth during
the latter part of this period. By the early productive
period, average growth rates reached up to 0.05 mm
d−1. Females showed little growth during overwinter-
ing, but had higher average growth rates than males
during the early productive period, ranging between
0.05 and 0.1 mm d−1.

Body length to age relationships

The differences between males and females in
growth trajectories also mean that there were differ-
ences between sexes with respect to the relationship
between body length and age. Component-fitting
analyses identified modes that peaked at different
body lengths in females compared with males. In
particular, during the late productive season, females
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C sw t0 K s Linf (mm) Split time point

Females
Younger modes 0.157042 − −74.048 0.005976 −6.96 65 1st week of July, year 2+
Older modes 0.162127 − −101.398 0.005296 −10.73 65

Males
Younger modes − −0.100 −24.2307 0.010499 −10.00 65 1st week of July, year 3+
Older modes − 0.100 −5.9820 0.013420 −16.00 65

Table 2. Optimal parameter fits of seasonally modulated von Bertalanffy functions (sVBF) fitted to modal peaks identified
within seasonally resolved body-length frequency distributions of female and male Antarctic krill in the Scotia-Weddell

Sea region. Female growth was fitted by a sine-wave sVBF function, Lt = Linf(1–e–K), where . 

Male growth was fitted by a switched-growth sVBF function, Lt = Linf(1–e–K(tg–t0)), where when . 

The split point (week/month/year after spawn) refers to the point at which the observed dataset was split into a younger and
older  section. The sVBF was fitted to each of the 2 sections separately. C is a constant, sw: time spent growing each year,
t0: time from which the growth-curve starts, K: the rate parameter, s: time at which zero growth begins and ends (switched-
growth function) or starting point for the sine (sine-wave growth function), Linf, maximum total body length (mm). Supplement 3 

contains a more detailed explanation of the functions and the split points
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were longer than males by 3 mm in mode 1 and 2 mm
in mode 2. By the overwintering period, these differ-
ences reduced to approximately 1 mm. The pattern
was different in mode 3, where, although the modal
peaks in the productive season were the same, those
during overwintering were 3 mm shorter in females
than in males. Furthermore, the overwintering modal
peak was 4 mm shorter than that in the late produc-
tive season in females, whereas that in the males was
0.5 mm longer.

Validation: simulation of overwintering population

Simulations of overwintering size structure focused
on females given that total body length of males was
found to remain relatively constant during this
period. In accordance with the fitted sVBF, the Rt

growth factor was set at −4 mm for mode 1 females,
−3.5 mm for mode 2 females and −4 mm for mode 3
females. The simulated size structure closely resem-
bled that observed during the overwintering period,
particularly between 41 and 60 mm total body length
(Fig. 11). Peak female size class was estimated to be
45 mm in both the simulated and observed overwin-
tering size distributions. Nevertheless, the simulation
overestimated the proportion of females observed
between 35 and 40 mm by up to 3% per size class,
suggesting that estimated growth and shrinkage fac-
tors were less robust in these body-length classes.

DISCUSSION

The present study performed population dynamic
analyses on the 2 most comprehensive Antarctic
krill body-length datasets yet amassed, covering the
 Scotia-Weddell region, the WAP and South Georgia,

with more than 686 000 measured individuals over
49 yr. A distinguishing feature of this study is the
inclusion of a substantial body of CCAMLR fishery
data from winter, a period that has been poorly sam-
pled by scientific surveys. The outcomes of the analy-
ses are complex to interpret, which is, in part, the
consequence of methodological issues within each
database. Nevertheless, a clear dominance of males
in the upper body-length range of overwintering krill
stands out as a robust and widespread pattern across
all analyses. This reflects a consistent reduction in
body length of all the female cohorts by mid-winter,
while the body lengths of male cohorts appear to
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Maximum growth rate Minimum growth rate Mean (SD) growth rate
Female Male Female Male Female Male

Mode 1, Early productive season 0.1167 0.0499 0.0764 0.0440 0.1033 (0.0142) 0.0469 (0.0019)
Mode 1, Late productive season 0.0684 0.0436 −0.0457 0.0000 0.0052 (0.0374) 0.0076 (0.0169)
Mode 1, Overwintering 0.0750 0.0539 −0.0509 0.0000 −0.0020 (0.0449) 0.0252 (0.0259)
Mode 2, Early productive season 0.0855 0.0465 0.0560 0.0000 0.0765 (0.0097) 0.0305 (0.0212)
Mode 2, Late productive season 0.0501 0.0000 −0.0413 0.0000 −0.0082 (0.0342) 0.0000 (0.0000)
Mode 2, Overwintering 0.0640 0.0412 −0.0386 0.0000 0.0161 (0.0365) 0.0284 (0.0164)
Mode 3, Early productive season 0.0642 0.0332 0.0191 0.0000 0.0461 (0.0153) 0.0203 (0.0157)
Mode 3, Late productive season 0.0143 0.0000 −0.0314 0.0000 −0.0155 (0.0155) 0.0000 (0.0000)
Mode 3, Overwintering 0.0487 0.0294 −0.0293 0.0000 0.0139 (0.0281) 0.0205 (0.0115)

Table 3. Euphausia superba. Rates of growth in body length (mm d−1) over the adult life cycle in the Scotia-Weddell region, as
estimated by seasonally adjusted von Bertalanffy functions fitted to modal peaks identified in body-length frequency
 distributions. Negative values denote shrinkage in body length. Early productive season: October to December; late 

productive season: January to April; overwintering: May to September
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Fig. 11. Euphausia superba. Comparison of simulated and
observed female body-length frequency distributions
(≥35 mm total body length) between the late productive
 season and overwintering in the Scotia-Weddell region.
Simulated overwintering data were derived through
 applying a growth/shrinkage factor (derived from the fitted
seasonally adjusted von Bertalanffy growth function) to
observed late productive season data. Late productive
 season observations are based on KRILLBASE data, over-
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remain the same during this time. We conclude that
the most likely scenario is an autumn−winter con-
traction in body length of the mature females. In sub-
sequent sections, we will discuss a number of other
candidate explanations for these results, and de -
scribe how each fails as an alternative explanation.

Comparison of data sources

Our use of datasets from CCAMLR has allowed us
to resolve the Antarctic krill life cycle across the com-
plete annual cycle. It is nevertheless a set of data that
has been collected in a different way to that obtained
through the scientific survey methods within KRILL-
BASE. Fishery nets have a coarser mesh so are un-
likely to sample smaller size classes in a representa-
tive manner. We found that the population structure
in the CCAMLR and KRILLBASE databases diverged
at around 35 mm, with specimens smaller than this
size being under-represented in the CCAMLR data-
set. Fishery nets are also comparatively large and are
sampled at faster speeds, which probably results in
less avoidance by larger, more mobile krill (Jones &
Ramm 2004). This may be a factor explaining the
slightly greater proportion of larger krill in CCAMLR
summer catches compared with those in the KRILL-
BASE datasets. There is also a potential bias in the
way fishery trawls are targeted, which reflects a his-
torical preference for catches containing gravid fe-
males (Kawaguchi et al. 2005, Kawaguchi & Nicol
2007). We found that the CCAMLR summer data, on
average, contained 10% more females than KRILL-
BASE. Fishing industry sources suggest that some
vessels avoid green krill (i.e. those that contain undi-
gested phytoplankton) and high-density aggrega-
tions of krill, although the implications this has to the
sampled population structure is difficult to ascertain.

With prior knowledge of potential biases, our
analyses were performed to accommodate these
issues when comparing between KRILLBASE and
CCAMLR datasets. For instance, the first component
in the winter population structure was not considered
when fitting growth curves, given that this part of
the population was under-sampled in the CCAMLR
datasets. Furthermore, our conclusion of female body-
length shrinkage was based on several different lines
of evidence, so as to reduce the reliance on any sin-
gle perspective. Particularly useful in this regard was
the comparison of the growth characteristics of males
and females. Whereas the female modal peaks all
occurred at smaller body lengths in winter compared
with summer, the male peaks all remained approxi-

mately the same. This allowed the males to act as a
control for sampling error between seasons. Further-
more, we repeatedly cross-referenced body-length
 frequency and sex-ratio patterns obtained from the
KRILLBASE datasets with those from the summer
CCAMLR datasets to check for  consistency and iden-
tify any methodological biases.

Trajectories of growth and shrinkage in body length

In fitting the sVBFs to the Scotia-Weddell data, we
found that male growth was best characterised by the
switch-growth function because it captured alternat-
ing periods of positive growth and then zero growth
apparent from the component-fitting analysis. The
period during which growth stagnated started within
the late production season, especially in the older
modes. Female growth was better described by a
sine-wave growth function, because component-
 fitting analysis identified periods of alternating growth
and shrinkage in body length. During the winter
 period, females shrank by up to 75% of the body
length they had gained the previous summer. In
mode 2, this meant that overwintering females were
approximately the same body length as males (43 to
44 mm), whereas, in mode 3, overwintering  females
were, on average, 3 mm shorter than males.

Using the instantaneous growth rate (IGR) ap -
proach, Kawaguchi et al. (2006) found a similar pat-
tern of highest growth in body length earlier in the
productive season. In the SW Atlantic sector (an area
encompassing both the Scotia-Weddell and South
Georgia sectors in the present study), they found that
growth rates in November and December were
mainly between 0.20 and 0.30 mm d−1, whereas later
in the year they were between 0.05 and 0.15 mm d−1.
From body-length frequency distributions within fur-
seal stomachs at South Georgia, Reid (2001) pro-
posed that the main period of growth in body length
was from September to December, and that little
growth occurred beyond January. Other studies have
shown that rapid growth phases appear to occur later
in the season in the WAP (Siegel 1986) and in the
Indian sector (Kawaguchi et al. 2006), which is likely
to reflect the later start to the bloom periods in those
regions (Kawaguchi et al. 2006). For instance, using
kernel-density analysis, Shelton et al. (2013) found
that the most common growth rates at Elephant
Island (within the Scotia-Weddell region) in January
and February were between 0.05 and 0.1 mm d−1,
equivalent to the rates we observed  earlier in the
year in the Scotia-Weddell region.
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In females, the fitted sVBF curve predicted a period
of body-length shrinkage just before and into the
winter period. Maximum shrinkage rates (minimum
growth rates) varied between −0.051 and −0.031 mm
d−1 between modes, with mode 1 females exhibiting
the greatest rates of shrinkage (Table 3). Candy &
Kawaguchi (2006) fitted a number of different types
of sVBFs to an extensive set of IGR data. There were
no IGR data available for the overwintering period,
so growth rates over that time were inferred. They
found that a scenario that allowed for an overwinter-
ing shrinkage rate of 1.5% per moult (−0.034 to
−0.011 mm d−1, assuming an intermoult period of
between 20 and 60 d for a 45 mm adult) produced the
best fit to observed body lengths. In the only over-
wintering Antarctic krill IGR study yet carried out,
Quetin & Ross (1991) calculated body-length shrink-
age rates of krill in the WAP of between 0.16 and
2.03% per moult, and intermoult periods of 30 to
60 d, giving a range of −0.001 to −0.030 mm d−1 (for a
45 mm adult). Our fitted shrinkage rates are there-
fore towards, but not outside of, the upper range of
those estimated by other studies.

Influences on sex-ratio patterns

Our undertaking to analyse patterns over large
spatial and temporal scales was in part motivated by
a need to minimise the influence of immigration and
emigration in our analyses. Analysing datasets at
these spatial and temporal scales also overcomes the
further issue of identifying each major cohort despite
interannual variations in levels of recruitment. Varia-
tion in both migration and recruitment may result in
a modal class being absent, leading to the erroneous
assessment of growth and development. For similar
reasons, we also undertook a comparison with the
situation found in 2 other large-scale regions, the
WAP and South Georgia. In all 3 regions, we found
that females comprised a considerably smaller por-
tion of the overwinter population greater than 50 mm
body length compared with males.

One explanation for this skew in sex ratio during
overwintering is that there is a sexual difference in
the relationship between body length and mortality,
with males suffering higher mortality at smaller body
lengths (i.e. younger ages) and females at larger body
lengths (i.e. at an older age). However, there are 2
lines of evidence against this interpretation. Firstly,
the sex-ratio trajectory (represented as the proportion
of males, PM, per body-length increment) was com-
paratively flat during the productive season, with the

majority of body-length increments exhibiting PM
values between 0.4 and 0.6. This contrasts with the
overwintering situation of an upward trajectory in
PM, reaching 0.9 above 50 mm. The lack of sex-ratio
bias in summer appears contrary to an explanation
that relies on a severe depletion in numbers of one
sex. Secondly, median PM values across all length
classes were 0.41, 0.44 and 0.46 during overwintering,
early and late productive seasons, respectively.
Therefore, if anything, females made up a greater
proportion of the population during overwintering.

Alternatively, the overwintering skew in PM could
be the result of a seasonal spatial or vertical segre -
gation of male and females. Spatially, Siegel (1987,
2000) suggested that adults move offshore in order to
spawn during summer. Even if this tendency was
more likely to occur in females than in males,
the CCAMLR and KRILLBASE databases contain
catches from both onshore and offshore environ-
ments. Whether one sex is more likely to migrate be-
neath the sea-ice is unknown, and cannot be directly
addressed with current technology, although net sur-
veys have suggested that juveniles and sub-adults
are more likely to inhabit under-ice environments
than adults (Cuzin-Roudy & Schalk 1988). Vertically,
krill are known to make deep migrations to the sea
bed (Clarke & Tyler 2008), a behaviour that may po-
tentially be more prevalent in one sex than the other.
However, observations to date have shown that such
deep migrations are undertaken by both sexes with
little indication of any sex bias (Schmidt et al. 2011).

Another potential influence on PM is the regression
of sexual characteristics during overwintering, which
results in individuals that have already bred and sub-
sequently regressed being recorded as juveniles. Ju-
veniles occurred at almost all body-length increments
during overwintering, which is a strong indication
that a proportion of even the larger adults had re-
gressed. What is not known is whether one sex is
more likely to regress than the other. Our results did
not provide any further direct evidence of this, so in-
stead we carried out a sensitivity analysis to determine
whether the observed skews in PM could be explained
by a sex-based bias in genuine or misclassified sexual
regression. We found that regression could account
for PM skew in the smaller body-length classes, but
could not explain the strong skew towards males
above 50 mm. There is no possibility that adults may
change sex between seasons, given observations of
germinal zones (oogonia and spermatogonia) being
present year-round (Cuzin-Roudy 1987).

Overall, in explaining our observation of the
 relative lack of females in size classes above 50 mm
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during winter, we have ruled out the following major
influences: (1) the migration of stocks, given the
 comprehensive spatial scale of our datasets; (2) sex-
selective mortality, as males do not make up a higher
proportion of the overall adult population during
overwintering; (3) sexually differentiated seasonal
vertical migration, given that sex bias has not been
reported in records of deep stocks; and (4) sex-based
bias in the regression of secondary sexual character-
istics because our sensitivity analyses show that this
cannot account for the observed dramatic changes in
sex ratio. This leaves differential growth and shrink-
age in body length between sexes as the remaining
explanation for this skew. We validated this explana-
tion through successfully simulating overwinter size
structure from late-productive size structure using
the shrinkage factor derived by this study. The simu-
lations involved applying cohort-specific shrinkage
factors, derived from sVBFs, that were between 3
and 4 mm, depending on the mode. Our ability to
achieve a close congruence between predicted and
observed overwinter population structures by this
means indicates that shrinkage in female body
length is an adequate and sufficient explanation for
the skew in sex ratio in the older size classes of the
population during overwintering.

Significance of body-length shrinkage

Seasonal changes in the length of krill are impor-
tant in terms of both krill ecophysiology and inter-
preting stock structure for fisheries management. In
the present analysis, we found that shrinkage in body
length during winter was most likely to occur in
females. Male and female Antarctic krill show a clear
dimorphism in body shape (Farber-Lorda 1990),
which is most notable in the relative sizes of the
cephalothorax. In females, this body section contains
the ovaries and the ‘fat body’, which can make up to
40% of total individual wet mass in fully gravid
 individuals (Tarling et al. 2007). Accordingly, the
cephalothorax can be more than 30% longer in
females compared with males of similar total body
length (Goebel et al. 2007). The ovaries and the fat-
body regress at the end of the productive season
(Cuzin-Roudy & Amsler 1991, Cuzin-Roudy 1993).
Without the need to contain this large mass, the
cephalothorax itself reduces in size, with a corre-
sponding reduction in total body length. A useful test
of this hypothesis would be to compare carapace with
total body-length measurements in females from pro-
ductive and overwintering seasons, which can be

achieved through minor modifications to the fishery
observer krill measurement protocol.

Our finding that Antarctic krill are capable of
decreasing in body length is consistent with labora-
tory studies on a number of euphausiid species
(Euphausia pacifica, Lasker 1966; E. superba, Ikeda
& Dixon 1982; Meganyctiphanes norvegica, Buch-
holz 1985; Thysanoessa inermis, Dalpadado & Ikeda
1989; and Nyctiphanes australis, Hosie & Ritz 1989).
These studies mainly incubated individuals in sub-
optimal conditions, particularly with regards to the
availability of food. The question that has remained
is how frequently (if ever) krill field populations
encounter food shortage sufficient to engender body-
length shrinkage and do they do so for sufficient
periods to affect the size structure of the population
(Nicol 2000)?

In a study of stomach contents and body reserves,
Schmidt et al. (2014) contended that krill experi-
enced varying levels of overwintering hardship, with
those in the WAP and Scotia-Weddell region faring
better as a result of longer phytoplankton blooms and
access to benthic food compared with those in the
deep, seasonally ice-covered Lazarev Sea. It follows
that our observations of female body-length shrink-
age occurs even in some of the best overwintering
conditions for Antarctic krill. This suggests that
body-length shrinkage alone may not necessarily
signify winter hardship. Instead, a summer increase
and winter contraction in body length in female krill
may reflect stages in their sexual development: from
pre-spawn vitellogenesis for egg production during
spring and summer to post-spawn ovary and fat-body
regression in the overwintering period (Cuzin-Roudy
& Amsler 1991, Cuzin-Roudy 1993). The fact that
non-regressed males do not shrink during winter also
argues against body-length shrinkage being solely
the result of starvation in  natural populations.

Implications for future management

Future management of the Antarctic krill fishery
makes use of population projections to evaluate
potential management options (Miller & Agnew
2000). CCAMLR is working to improve this manage-
ment system and it is likely that assessment and pro-
jection models will play central roles in the future
management of the fishery (Hill & Cannon 2013,
Kinzey et al. 2015). Any such model may produce
erroneous results if assumptions about growth are
incorrect. The models developed on behalf of
CCAMLR have generally been careful to account
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for uncertainties, including variability in plausible
growth rates. Our finding of body-length shrinkage
in field populations of Antarctic krill implies a need
to extend this consideration to incorporate negative
rates of growth in body length.
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