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INTRODUCTION

Accurate characterisation and quantification of the
growth of Antarctic krill Euphausia superba in the wild
is an important research priority for this keystone spe-
cies of the Antarctic marine ecosystem. Growth models
that show the trajectory of total length (TL) with age
are required for assessing yield of fish stocks. The
growth model used in the present assessment of long-
term annual yield of Antarctic krill (CCAMLR 2000),
which uses the generalized yield model (GYM) and
software (Constable & de la Mare 1996, 2003), is the
punctuated-growth version of the von Bertalanffy (VB)
growth model described by Rosenberg et al. (1986).
This VB model and the seasonal VB model of Siegel
(1986) were calibrated using age-cohort modal lengths
estimated from length frequency data (LFD), where
LFD consists of numbers of individuals in length
classes sampled from catches obtained from research
survey cruises. There are a number of well-known dif-
ficulties associated with estimating population-level
growth from LFD, which are discussed later in this
study.

An alternative source of data on the growth of wild
krill has been the measurement of instantaneous
growth rate (IGR) as described in Kawaguchi et al.
(2006, this volume), which measures the increase in
uropod length at moulting for specimens collected in
the wild and individually maintained until they moult.
Growth is measured by comparing the length of the
uropod on the moulted exoskeleton to that on the
post-moult animal. IGR is expressed as a relative
value by dividing the length increment by the pre-
moult length. Therefore, strictly speaking, IGR is a
relative instantaneous growth rate. The growth in
total length of the animal is assumed to be in the same
proportion as the measured IGR for the uropods
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nient parametric approximations to these step trajec-
tories for use in population dynamic modelling
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based on an F-distribution or a seasonal-growth VB
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directly. Our models indicated that, when allowing
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(Nicol et al. 1992, Ross et al. 2000, Kawaguchi et al.
2006). Krill moult throughout their lifespan and can
increase or decrease in length, or stay the same size at
each moult (Ikeda & Dixon 1982, Buchholz 1991,
Quetin & Ross 1991, Nicol et al. 1992). Therefore,
growth rates (mm d–1) are the combination of the
growth increments at moulting and the moulting
frequency (Ross et al. 2000). 

To provide a time scale for our growth model we
used inter-moult period (IMP = I ), which is predicted
from seasonal sea-surface temperature (T) using mod-
els of T and I as described in Kawaguchi et al. (2006).
Our model of IGR uses the statistical model fitting
techniques described in Kawaguchi et al. (2006) but
with the model calibrated using a subset of their
data. This involved fitting a linear mixed model (LMM)
incorporating cubic smoothing splines to model
smooth trends in IGR with pre-moult length and with
season. Kawaguchi et al. (2006) presented IGR data for
2 regions of the Southern Ocean, the Indian Ocean
sector and the southwest Atlantic sector, but the
majority of data came from the former region with
mean IGR estimated with poor precision for the latter.
For this reason, we calibrated our model of IGR using
only data from the Indian Ocean sector (see Kawa-
guchi et al. 2006, their Fig. 1). In addition, Kawaguchi
et al. (2006) found significant differences between
larger males and females in mean IGR for krill col-
lected in January and February, which is after the peak
phytoplankton bloom that occurs in December in the
Indian Ocean sector. The decrease in growth for
females was inferred to be due to the diversion of
resources by females into reproductive processes at
the expense of somatic growth. To avoid this com-
plexity we modelled IGR only for juveniles and males,
and we discuss the implications of sex differences in
growth on the definition of ‘population-average’ with
respect to growth trajectories.

A starting mean length is required to project the
modelled length through time, and IMP was predicted
given a starting date of 1 May using the models for T
and I and a technique commonly used in predicting
insect emergence dates (Stinner et al. 1974, 1975, Dall-
witz & Higgins 1992). We then compared our step-
projection model with existing VB curves and esti-
mated both punctuated growth (Rosenberg et al. 1986)
and seasonal growth (Siegel 1986) versions of the VB
model using the IGR/IMP trajectory.

The aims of this study were therefore to (1) generate
a step growth trajectory model based on models of IGR
and IMP, (2) provide convenient parametric approxi-
mations to the step trajectory using either a punctu-
ated-growth model or a seasonal-growth VB model,
(3) compare this with the existing krill growth models,
(4) discuss the implications of our model for resource

management, and finally (5) recommend studies, both
in the field and in captive rearing conditions, that are
required to improve our model.

METHODS

IGR model. A subset of the data described by
Kawaguchi et al. (2006) was used whereby only males
and juveniles from the Indian Ocean sector were used
for model fitting. The statistical methods and models
used in this study, involving LMMs and cubic smooth-
ing splines (Verbyla et al. 1999, Butler et al. 2002),
were the same as those in Kawaguchi et al. (2006)
except where noted otherwise. The predicted means
for each combination of maturity (male, juvenile),
month of capture, and pre-moult total length class
(TLC) (classes were 4 mm wide between 16 and
52 mm, with first and last classes of 8 to 16 mm and
52 to 60 mm, respectively), adjusted for days from cap-
ture to moult using a smoothing spline in the variable
Dm1 (days from capture minus 1) as described in
Kawaguchi et al. (2006), were obtained from the LMM.

In order to predict a population-average krill growth
trajectory, a LMM incorporating 2 cubic smoothing
splines in addition to the spline in Dm1 was used. One
spline was used to model the trend in IGR with size.
In Kawaguchi et al. (2006), the cubic smoothing spline
for size used the mean pre-moult total length for each
TLC, termed TLCL; however, here we used the inverse
of these means (ITLCL = TLCL–1) since we could then
compare the spline model with a simpler model using
only linear terms in ITLCL. The other differences in
spline terms in the LMM, compared to those used by
Kawaguchi et al. (2006), were that (1) maturity (juve-
nile versus male) was not considered as a predictive
factor in the spline terms for either ITLCL or Dm1, but
that data for both males and juveniles were used in the
fit in order to provide IGR values for the maximum
range of size classes possible, and (2) in order to allow
prediction of IGR for any time point rather than only for
nominal months of sampling, a cubic smoothing spline
was used to model the trend in the slope of the IGR
to ITLCL relationship with month. To do this, months
were given nominal numeric values of M (IGR) = 1, ..., 5
for December to April, respectively. A simple linear
relationship between the regression intercepts for the
month-specific regressions and M (IGR) was also in-
cluded in the LMM. 

The random effects were as described in Kawaguchi
et al. (2006). All predictions of IGR were obtained by
back-transforming predictions from the LMMs: log
transformed values of IGR (with adjustment for nega-
tive values) were fitted by the LMMs as described by
Kawaguchi et al. (2006).
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Prediction of a population-average krill growth
trajectory. To predict the growth trajectory, the model
of IGR was combined with the models described in
Kawaguchi et al. (2006) for IMP and average sea sur-
face temperature seasonal trend in the Indian Ocean
sector. To predict IMP under fluctuating temperatures
in the natural environment, we applied a technique
commonly used to predict insect development times
in the field (Stinner et al. 1974) that employs de-
velopment rate models calibrated from constant-
temperature rearing studies. The steps involved in
projecting growth in TL from an assumed starting pre-
moult TL value, to provide a predicted growth trajec-
tory from models of IGR and IMP, were given by the
following growth projection algorithm:

Step 1. Assuming a starting date of 1 May, IMP (I )
was predicted using predicted temperatures from the
model of sea surface temperature given by Kawaguchi
et al. (2006):

(1)

(2)

where T is sea surface temperature (°C), M is month
number (i.e. May = 1, June = 2, …, April = 12), and
parameter estimates obtained from Kawaguchi et al.
(2006) were β0 = 3.5371, β1 = –0.5358, α0 = –0.3609, α1 =
–8.4089, and α2 = 0.0512. To implement Eq. (2), day of
the year (i.e. 1 to 365 from 1 May) for each of 5 yr was
generated and converted to a value of Mi between 1
and 13 (i.e. 1 = 1 May, 13 = 30 April) for day i = 1, ...,
1825 and then used to predict Ti. For each day from 1
to 1825, the fractional development, Di (Stinner et al.
1974) up to that day was obtained by the formula: 

where the days on which moults were predicted to
occur were taken to be days when Di was closest to the
set of integers j = 1, 2, 3, ..., N. The largest integer value
of Di, N, was taken to be the total number of moults
over the 5 yr period, and corresponding IMPs were
obtained as the difference in days between consecu-
tive moult dates (dj) where these dates were expressed
in days from 1 to 1825 and given by:

where the δ is an indicator function which takes the
value 1 if the argument is true and 0 if false, and the
addition of 0.0001 to Di is used to overcome finite com-
puter numerical precision.

Step 2. The moult dates (dj; j = 1,..., N) were con-
verted to a month and fraction of month of the year
between 1 and 13, ignoring the year for the purposes of
predicting IGR at moult date. These values of Mj ( j =

1, ..., N) were translated from the 1 May to 31 April
scale to the relevant date scale for IGR from 1 Decem-
ber to 31 November, to give Mj

(IGR) ( j = 1, ..., N). The
IGR model only covered the period from December to
April and, since spline models cannot be extrapolated
to any great degree, other strategies were adopted to
compute an estimated IGR for the winter and spring
period from May to November. These strategies called
‘scenarios’ are given in the results section. Given the
short observation period from December to April, even
a cyclical model such as Eq. (2) was not useful for this
purpose; furthermore, a nonlinear model such as this
does not fit into the LMM framework.

Step 3. Given the values Mj
(IGR) ( j = 1, ..., N) the

population-average TL was calculated by starting with
an assumed mean TL of 28 mm for 1 yr old krill as of
1 May in Year 1 of the projection (we also investigated
the effect of using 26 and 30 mm starting mean
lengths). The IGR was predicted from the LMM using
the ‘predict’ function from the SAMM (Spatial Analysis
Mixed Models with S-plus) suite of functions (Butler et
al. 2002) given this value of TL and the value of Mj

(IGR).
The predicted IGR was multiplied by TL to give a
growth increment which was then added to the (pre-
moult) TL. This incremented value of TL was used in
the next growth period between first and second
moults, and this process was repeated for the full 5 yr
period. So that the arbitrary starting date of 1 of May
would not overly influence the predicted trajectory, the
IGR prediction for moult j was not in fact the value
given Mj

(IGR) but rather the average value of the set of
predicted IGRs for all days, converted to months,
between moults j – 1 and j; however, updates of TL
were not carried out in daily steps but only at the moult
dates. The trajectory for TL, assuming growth incre-
ments to be instantaneous pulses of growth at moult
times, is therefore a step function rather than a smooth
curve such as the VB growth curve.

Calibrating a VB growth model from IGR and IMP
models. Various VB based growth curves have been
used in the past to model the growth trajectory of krill
(Pauly & Gaschutz 1979, Rosenberg et al. 1986, Siegel
1986). The VB growth model for TL (L) and age (A) is
given by:

(3)

where the parameters of the VB model are the upper
asymptote L∞, location parameter t0, and the rate
parameter κ. The relative IGR derived from Eq. (3) is
given by:

If we assume that IGR is equivalent to L–1· dL�dA it is
tempting to think that if we also assume t0 to be 0, as in

1 1
L

L
A

L
L

d
d

= − + ∞κ κ

L L A t= − − −( )[ ]{ }∞ exp1 0κ
d D jj ii

.= +( ) ≤[ ]
=∑ δ 0 0001
1

1825

D Ti ii

i
exp ln ’’

= + +( )[ ]{ }
=

−∑ β β0 11
12

ln sin /T M+( ) = + −( )[ ]2
2

2 120
1

2α α
π

π α

I T= + +( )[ ]exp lnβ β0 1 2

19



Mar Ecol Prog Ser 306: 17–30, 2006

Rosenberg et al. (1986), then we can estimate the VB
parameters directly from the IGR data by fitting a
linear regression of IGR on inverse of length: 

and recovering the VB parameters by the relations κ =
–β0 and L∞ = β1�–β0. However, it is well known—as was
demonstrated by Kawaguchi et al. (2006)—that IGR is
not only highly dependent on length but is also highly
dependent on season, which Eq. (3) does not take into
account.

A VB model incorporating seasonal growth (SVB) is
given by (Siegel 1986):

(4)

where θ0 and θ1 are extra parameters to be estimated
simultaneously with the usual VB parameters.

There is no simple equivalent expression for
L–1· dL�dA from Eq. (4) that is a function only of L and
VB parameters as there is for Eq. (3). Therefore, in
order to fit Eq. (4) using the IGR data and since we can-
not use IGR directly, we fitted Eq. (4) to the growth tra-
jectory obtained from the growth projection algorithm,
where predicted values of TL immediately after moult
were used as ‘pseudo-data’ for L, and age at moult was
used to give A where A is years from hatch assuming
hatch date to be 1 December.

An alternative to Eq. (4), which incorporates a period
of zero growth within the year (i.e. late autumn/winter/
spring) combined with a VB growth curve for the part
of the year when growth is positive (summer/early
autumn), is more complex to calibrate than Eq. (4).
Rosenberg et al. (1986) fitted such a model using
monthly LF data and derived a step function for the
length trajectory with a punctuated-growth VB (PVB)
model. Given an assumed fraction of the year g, for
which growth is assumed to occur, they specified a
PVB model derived from Eq. (3) where κ’ = κ̂ /g to give
the following step function: 

(5)

where n is the number of winters that krill have sur-
vived. Rosenberg et al. (1986) used a value for g of
0.25, assuming the year starts at 1 December. The pre-
sent assessment of long-term annual yield of Antarctic
krill (CCAMLR 2000) uses Eq. (5) with parameter val-
ues L∞ = 60, κ = 0.45, t0 � 0 from Rosenberg et al.
(1986). We found that the PVB model, calibrated to the
length trajectory ‘pseudo-data’, could not adequately
reproduce this trajectory. For this reason, we described
a periodic growth model using final or asymptotic
lengths for each no-growth period and length in the
growth-period, predicted using a scaled cumulative

F-distribution as described by the following equation:

(6)

where we define A as age in years (starting from
1 December); MF = M* + δ – g0, where M* = A – int (A)
and int (A) is the integer value of age; g1 = M*30Apr =
0.4137; g0 = M*30Sep = 0.8329 (i.e. sum of days across
months from 1 December divided by 365); δ = 1; A ≥
2 ∩ M* < g0 (= 0, otherwise); g* = (1 + g1 – g0)�2;
F50, 50(x) as the cumulative density of the F-distribution
with 50 numerator and 50 denominator degrees of
freedom for an ordinate value of x; β as a scale para-
meter to be estimated; and asymptotes L∞,n obtained
by noting the mean length from the trajectory after n
winters from hatch. 

RESULTS

IGR model

Fig. 1 shows mean IGR and SE estimated from the
LMM for combinations of maturity (juveniles versus
males), month, and TLC. Fig. 1 also shows 3 sets of
cubic spline models (a,b,c) for each of 5 mo from
December to April and corresponding to the following
LMMs: LMM_a: month-specific slopes for the linear
term in ITLCL combined with a smoothing spline term
in ITLCL, with intercepts a linear function of M (IGR);
LMM_b: as for LMM_a except that month-specific
slopes were replaced by a smoothing spline in M (IGR);
and LMM_c: as for LMM_a except that the smoothing
spline term in ITLCL was dropped. Fig. 1 also shows
approximate 95% confidence bands for predictions
from LMM_a.

Fig. 2 shows daily growth rates (mm d–1) obtained
from means and predictions of IGR and their SEs.
Means and predictions from LMM_a, LMM_b, and
LMM_c for IGR were scaled to give daily growth rates
over a period of the predicted IMP for the month
obtained by multiplying IGR values by TLC mean pre-
moult length, and dividing by the predicted IMP for
the month (see Kawaguchi et al. 2006, Table 1). In
effect, this spreads the ‘instantaneous’ growth quanti-
fied by IGR uniformly across the period from the time
of moult to which the IGR relates until the time just
prior to the next moult, i.e. the relevant IMP.

It can be seen in Fig. 1 that the simple hyperbolic
relationship between IGR and pre-moult TL corre-
sponding to LMM_c is inadequate for the months
January and February where the trend in means
appears to involve a hyperbolic relationship with pre-
moult TL for low and high TLCs, but an approximately
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linear relationship for intermediate TLCs. This combi-
nation of hyperbolic and linear segments is better mod-
elled using LMM_a and LMM_b, which involve cubic
smoothing spline terms in ITLCL. The lack of fit of
LMM_c for these 2 months is more dramatically
demonstrated in Fig. 2. LMM_a and LMM_b give very
similar fits as demonstrated in both Figs. 1 & 2. This is
confirmed in Fig. 3, which shows monthly estimates of
mean IGR, where month is represented by M (IGR),
obtained by multiplying the month-specific slope esti-
mates from LMM_a by mean pre-moult TL for the TLC
of 28 to 32 mm, and the line represents the fitted cubic
smoothing spline in M (IGR) from LMM_b. It can be seen
from Fig. 3 that the correspondence of the line to the
points is good, with the exception of December where
the spline model over-predicts IGR. A number of dif-
ferent models were tried as alternatives to the spline,
including a section of a sine curve and a 2nd-degree
polynomial, but without significant improvement. Note
that in Fig. 3 the SE bar for December is considerably
larger than those for other months, which could ex-
plain the poorer fit to the point estimate for December.

This is the reason for the over-prediction of mean IGR
in December using LMM_b compared to LMM_a, as
seen in Figs. 1 & 2. Given the uncertainty of the
December estimate in Fig. 3, and the necessity of
smoothing across months, predicted IGRs from
LMM_b were used in Step 3 of the growth projection
algorithm.

Fig. 4 shows the seasonal sea surface temperature
profile from Kawaguchi et al. (2006) (Indian Ocean
sector) and predicted moult dates and IMP obtained
from Step 2 of the algorithm for the first year of the
growth trajectory (Age 1 at 1 May to Age 2 at 1
May). Since the sum of IMPs shown in Fig. 4 does
not add up exactly to 365 d, but instead to a sum of
371 d, this means that moult dates and correspond-
ing IMPs will be slightly but progressively shifted
later in each subsequent year of the 5 yr projection
period.

Under ideal circumstances, year round coverage of
growth rate measurements would be available to gen-
erate the growth trajectory. However, given logistical
restrictions for operations in the Southern Ocean, data
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coverage in the Indian Ocean sector was restricted to
the period between December and April. Therefore,
we had to extrapolate predictions from LMM_b outside
these months and/or assume IGR values for the May to
November period. Although cubic smoothing spline
sub-models in LMM_b can be used for interpolation,
they cannot in general be used for extrapolation. We
used a number of strategies or ‘scenarios’ to predict
IGR from May to November: 4 scenarios (labelled
Scenario I to Scenario IV) were used along with sub-
scenarios a, b, and c. Sub-scenarios dealt with how
predictions of negative IGR were handled for all
months. These were: (a) set negative predicted values
of IGR to 0 (i.e. do not allow negative growth), (b) allow
negative predictions of IGR as obtained from LMM_b,
and (c) set predictions of IGR for moult dates from May
to November to –0.01. For all 4 scenarios and all moult
dates in the December to April period, we predicted
IGR from LMM_b by calculating moult dates as month
plus fraction of the month, which in effect interpolates
between integer values of M (IGR). For example, the
fourth moult occurred in Year 1 of the projection on

Day 216 (Fig. 4), which fell on 2 Dec; therefore, M (IGR) =
1 + 2�31. However, it should be noted that for the
projection algorithm, nominal dates of 1 May and 1
December could be translated to any day within each
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calendar month (e.g. 15 May and 15 December) with-
out affecting the results to any degree of practical sig-
nificance (i.e. only the difference in days per calendar
month would cause any variation in the results). The
4 scenarios determined how prediction of IGR for
moult dates in the May to November period were
calculated before the sub-scenario restrictions were
imposed. The scenarios were:
• Scenario I: apply LMM_b prediction for April to all

moult dates in the May to November period
• Scenario II: as for Scenario I, except apply LMM_b

predictions as a ‘mirror image’ about 15 December
for moult dates in November; e.g. if moult date is 15
November, use a value for M (IGR) = 2 + 15�30 corre-
sponding closely to the LMM_b prediction for 15
January

• Scenario III: as for Scenario II, except extend the
‘mirror image’ to October (i.e. apply LMM_b predic-
tions from February to October)

• Scenario IV: as for Scenario III except, extend the
‘mirror image’ to September (i.e. apply LMM_b pre-
dictions from March to September)
Therefore Scenarios I to IV progressively incorporate

positive growth backwards from early summer to early
spring, in a way that reflects the modelled trend in IGR
throughout summer to the early autumn months.

Fig. 5 demonstrates the growth projection algorithm
for Scenarios I to IV and sub-scenario a, and compares
the resultant step function trajectory to the baseline
VB model of Rosenberg et al. (1986) given by the VB
model:

L =  60[1 – exp(–0.45A)]

where A is age in years, the ‘birth-date’ of all
krill is assumed to be 1 December, and t0 is
assumed 0.

From these results, it can be seen that
without assigning any significant positive
growth before December (Scenario Ia using
predicted IGRs for April), we obtained a
growth trajectory which matched the demo-
graphy obtained from field surveys in the
Indian Ocean sector (e.g. Pakhomov 1995).
Assigning stronger positive growth to spring
and early summer months via Scenarios IIa
to IVa resulted in trajectories that gave mean
lengths much higher than is realistic, with
the Age 5+ yr over the summer growth sea-
son between 58 and 64 mm. Scenarios II to IV
will therefore not be considered further.

Fig. 6 shows the growth projection algo-
rithm for Scenario I with sub-scenarios a, b
and c, and compares the resultant step func-
tion trajectory to the baseline VB model of
Rosenberg et al. (1986).

Scenario Ib and Ic both showed decreases in TL from
April to November. Winter shrinkage was less pro-
nounced in Scenario Ib compared to Ic for ages below
4, whereas the reverse was true for ages above 5.
This was because IGR was not fixed at –0.01 for the
winter/spring months in sub-scenario b. For example,
LMM_b predictions of IGR for 50 mm krill was as low
as –0.02 but growth was never <0 for krill less than
40 mm (Fig. 1) in contrast to Scenario Ic. For this rea-
son, Scenario Ic will not be considered further. Mean
lengths produced by Scenario Ia and Ib trajectories by
the winter of the Age 5+ yr were 57.5 and 53 mm,
respectively, a difference of 4.5 mm. This difference
was not greatly affected by starting mean length; Fig. 7
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shows the Scenario Ia trajectory for starting lengths of
26, 28, and 30 mm. Interestingly, but not surprisingly,
Fig. 7 shows that the 4 mm range in these starting
mean lengths was gradually reduced each growth sea-
son so that by the winter of the Age 5+ yr the range
was only a little over 1 mm. The same trend was
obtained for Scenario Ib (not shown). Table 1 shows
ranges in mean length from Ages 1+ to 5+ yr for pub-
lished field data from the Indian Ocean sector, along
with corresponding ranges in means from Scenarios Ia
and Ib at the start of winter for each year using 26, 28,
and 30 mm starting mean lengths. Table 1 shows that
these 2 scenarios were in good agreement with, or had
slightly higher mean lengths (particularly Scenario Ia)
than, many field data from the same area.

Empirical models of the IGR/IMP trajectory

Fig. 8 shows the fit of the SVB model (Eq. 4) to the
Scenario Ib trajectory in addition to the model of
Siegel (1986), while Fig. 9 shows the fit of Eq. (6) to
the Scenario Ia trajectory, denoted PF(Ia), along with

the PVB model (Eq. 5) of Rosenberg et al. (1986).
The parameter estimates for the SVB model (Eq. 4)
were (with SE in brackets) L̂∞ = 53.89 (0.45), t̂0 = 0.43
(0.09), κ̂ = 0.6792 (0.0441), θ̂0 = 2.519 (0.263), and θ̂1 =
0.094 (0.013), while the residual mean square (RMS)
was 1.0416 with 44 degrees of freedom. The estimate
of β for Eq. (6) was 1.239 (95% confidence limits of
1.222 and 1.257) and the RMS was 0.0557 with 48
degrees of freedom; values of L∞,n in Eq. (6) were
taken directly from the Scenario Ia trajectory with
values of 28.0, 41.77, 48.95, 53.55, 57.53 and
61.06 mm for Ages 1+ to 6+ yr, respectively. Since
Eq. (6) fitted the Scenario Ia trajectory so well, we
attempted to find a similar simple parametric model
to describe the Scenario Ib trajectory; however, due
to the variable-length periods of decline in length a
simple model was not forthcoming. As an alternative
to using predictions from Eq. (4) or Eq. (6), a table of
values for Scenario Ib and Scenario Ia trajectories
using 26, 28, and 30 mm starting mean lengths is
provided (Table 2). Values of mean TL for any age
within the range in this table can be obtained from
the given values of mean length and age using linear
or nonlinear interpolation.
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Fig. 7. Euphausia superba. Step-function growth trajectory for
TL predicted from growth projection algorithm that combines
predictions of inter-moult period with instantaneous growth
rate for Scenario Ia and starting lengths 26, 28, and 30 mm

Table 1. Euphausia superba. Mean length-at-age (mm) data in the Indian Ocean sector of the Southern Ocean

Season Age yr Source
1+ 2+ 3+ 4+ 5+

Dec–Mar 29.6–32.2 37.4–38.3 43.4–44.8 47.8–50.7 52.4–55.4 Aseev (1984)
Dec–Feb 19.0–30.8 34.2–40.9 41.2–48.8 51.0–54.9 Hosie et al. (1988)
Jan–Feb 22.3–28.4 39.0–41.8 44.2–46.4 49.2–55.0 54.8 Wang et al. (1995)
Mar–Apr 25.7–30.6 32.8–40.7 40.3–48.3 49.2–55.0 Pakhomov (1995)
Mar–Apr 28.4 41.8 46.4 50.3 54.8 Lu & Wang (1996)
Dec–Mar 26.0–30.0 40.0–43.0 48.0–49.5 53.0–54.0 57.0–58.0 This study (Scenario Ia)
Dec–Mar 26.0–30.0 40.0–43.0 48.0–49.5 51.0–52.0 53.0–54.0 This study (Scenario Ib)
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DISCUSSION

IGR generated growth trajectories

Allowing little or no growth in November as in Sce-
nario Ia is probably realistic: it reflects the fact that,
although mature krill are usually observed throughout
December to February and therefore should have
already started intensive energy accumulation before
this time, the net result of the energetic budget has not
allowed significant somatic growth to occur. In support
of this conclusion, krill are thought to be dependent on
sea ice algae for food when they do not have enough
food available in the water column during spring, so

that the method of feeding, abundance, and calorific
value of this food source may only allow maintenance
of those basic body functions required for survival. It is
questionable whether the spring phytoplankton bloom
occurs in November in the Indian Ocean sector
(Jacques & Fukuchi 1994); however, Grose & McMinn
(2003) observed reasonable density of the under-ice
algal community in the winter season, which rapidly
increases from November. This could potentially be a
major food source for krill in early spring in the pack
ice zone in the eastern Antarctic.

Fig. 6 demonstrates that when negative predictions of
IGR were allowed in sub-scenarios b and c by the end
of summer for Age 5+ yr krill, mean length was 4 to 5
mm shorter than if negative predictions of growth were
set to 0. An assumption of May to November IGR of
–0.01 for all size classes was probably unrealistic be-
cause it gave negative growth for krill less than 45 mm
in length, which was not supported by means or spline
curves shown in Figs. 1 & 2. There is an ongoing debate
as to whether krill generally shrink in size during
winter when food is scarce under natural conditions.
Long-term laboratory experiments have proven that
krill do shrink in size when starved and can live for over
200 d without feeding, and shrinkage was suggested to
be one possible over-wintering strategy (Ikeda & Dixon
1982). Quetin & Ross (1991) demonstrated evidence of
shrinkage of up to 2% per moult during winter through
field IGR measurements. Our IGR prediction for April
also showed as much as 1.5% shrinkage at 50 mm size,
which strongly supported the idea that shrinkage at this
level is a general phenomena that occurs in the winter
season (Kawaguchi et al. 2006).

Allowing for this general level of winter shrinkage
(Senario Ib) gave a trajectory for mean length that
showed reasonable agreement with field demography
reported in the past (Table 1), whereas the trajectory
generated without any winter shrinkage (Scenario Ia)
followed the higher end of the range of field observa-
tions of size ranges at each age.

Another factor to be considered is the relationship
between IMP and feeding conditions. It is well known
that IMP is not only a function of temperature but can
be prolonged by starvation (Buchholz 1991). Data cov-
erage of IGR during winter, in addition to a further
understanding of IMP, is crucial to the improvement
of model predictions of winter growth. This study is
the first attempt to see the actual effect of the level
of shrinkage observed from field IGR on the mean
growth trajectory. Since Scenario Ib is the scenario
consistent with observed IGR, and is also consistent
with winter information from previous studies (Quetin
& Ross 1991, Quetin et al. 1994) and provides reason-
able length-at-age estimation, we believe this to be the
best model among all scenarios.
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Comparisons to existing models

Many attempts have been made to model seasonal
krill growth patterns (e.g. Bargmann 1945, Mackintosh
1972). In the earlier days, growth patterns were based
on assumptions of 2 to 3 yr life cycles; therefore, here

we mainly compare our results with 2 fre-
quently cited seasonal growth models that used
a modified VB growth curve. Siegel (1986)
applied a modified VB formula described by
Pauly & Gaschutz (1979) and estimated para-
meters to fit seasonally oscillating length-at-
age data derived from length frequency distri-
bution mixture analysis, and suggested a 6 yr
life span reaching a population-average length
of approximately 57 mm at Age 6 (Fig. 8).

We fitted their model as Eq. (4) to ‘pseudo-
data’ extracted from the growth trajectory
obtained by projecting from an average length
of 28 mm at 1 December in the second summer
of the lifecycle using IGR and IMP models,
allowing for negative predictions of IGR. The
fit of this model shown in Fig. 8 was reasonably
good apart from high amplitude sinusoidal
components in the spring and following winter
of 1+ and 2+ yr old krill, which poorly pre-
dicted zero growth of the IGR/IMP based tra-
jectory for these periods. For Age 5+ yr krill 
at the end of the summer growth period, the
Scenario Ib trajectory and model SVB(Ib) gave
an average length close to 53 mm.

Rosenberg et al. (1986) used their PVB
model, described in this study by Eq. (5), to
demonstrate that it takes at least 6 to 7 yr to
reach 60 mm (Fig. 9). However, the PVB
growth model was not used to model the Sce-
nario Ia trajectory because it could not ade-
quately capture the rapid increase in length
over the summer growth period. Instead, we
used a simple empirical model based on the
cumulative F-distribution that does capture
this fast growth, as seen in Fig. 9. Fig. 9 shows
that the Rosenberg et al. (1986) model does
not provide a smoothed trend that follows the
Scenario Ia trajectory. In winter, the length of
the Age 1+ yr old krill predicted by the PVB
model was as much as 6 to 8 mm above our
expected starting value of 28 mm, whereas by
Age 5+ yr the PVB model predicted a mean
length lower than the Scenario Ia value by
about 1.5 mm. If the Scenario Ib IGR/IMP
generated trajectory best reflects average
growth for the Indian Ocean sector, then the
smaller mean length predicted at Age 5+ yr of
about 53 mm, compared to Siegel (1986) and

Rosenberg et al.’s (1986) predictions for this age (close
to 56 mm), could be explained by different levels of
food availability and quality between the Indian
Ocean and southwest Atlantic sectors. It is generally
thought that the Antarctic Peninsula area is more pro-
ductive than the Indian Ocean sector (e.g. Constable

26

Table 2. Euphausia superba. Predictions of mean total length (TL) using 
Scenarios Ia and Ib for initial TL 26, 28 and 30 mm

Projection Age Scenario Ia Scenario Ib
Perioda from
(d) birthb (yr) 26 mm 28 mm 30 mm 26 mm 28 mm 30 mm

66 1.59 26.16 28.24 30.28 26.16 28.24 30.28
142 1.80 26.20 28.35 30.43 26.19 28.34 30.43
187 1.93 26.27 28.48 30.60 26.24 28.48 30.60
216 2.01 28.58 30.86 32.97 28.54 30.86 32.97
239 2.07 33.14 35.30 37.18 33.11 35.30 37.18
260 2.13 36.24 38.24 39.96 36.21 38.24 39.96
281 2.18 38.30 40.18 41.74 38.27 40.17 41.74
303 2.24 39.54 41.28 42.73 39.52 41.28 42.73
331 2.32 40.08 41.72 43.07 40.05 41.72 43.07
371 2.43 40.21 41.77 43.08 40.18 41.77 43.04
441 2.62 40.21 41.77 43.08 40.14 41.65 42.85
514 2.82 40.21 41.77 43.08 39.93 41.38 42.51
556 2.94 40.21 41.77 43.08 39.80 41.18 42.26
584 3.01 41.85 43.27 44.44 41.47 42.73 43.71
607 3.08 44.82 46.02 47.01 44.49 45.56 46.38
628 3.13 46.62 47.67 48.54 46.33 47.27 48.00
648 3.19 47.65 48.60 49.39 47.39 48.24 48.89
671 3.25 48.07 48.94 49.68 47.84 48.61 49.21
700 3.33 48.09 48.95 49.68 47.74 48.46 49.02
742 3.45 48.09 48.95 49.68 47.33 48.00 48.52
815 3.65 48.09 48.95 49.68 46.76 47.40 47.89
885 3.84 48.09 48.95 49.68 46.31 46.91 47.37
925 3.95 48.09 48.95 49.68 45.98 46.54 46.97
952 4.02 48.92 49.71 50.41 46.96 47.46 47.84
974 4.08 50.77 51.51 52.20 49.08 49.51 49.84
995 4.14 51.98 52.70 53.37 50.33 50.73 51.06
1016 4.20 52.65 53.37 54.03 51.03 51.43 51.75
1039 4.26 52.84 53.55 54.20 51.23 51.63 51.95
1068 4.34 52.84 53.55 54.20 50.97 51.36 51.67
1113 4.46 52.84 53.55 54.20 50.37 50.76 51.07
1190 4.67 52.84 53.55 54.20 49.78 50.17 50.47
1255 4.85 52.84 53.55 54.20 49.28 49.66 49.97
1293 4.96 52.84 53.55 54.20 48.71 49.08 49.38
1320 5.03 53.48 54.18 54.83 49.35 49.69 49.97
1342 5.09 55.12 55.81 56.44 51.08 51.41 51.68
1362 5.15 56.19 56.86 57.49 52.21 52.54 52.81
1383 5.20 56.76 57.42 58.04 52.84 53.16 53.43
1407 5.27 56.87 57.53 58.14 52.97 53.29 53.55
1437 5.35 56.87 57.53 58.14 52.63 52.94 53.20
1485 5.48 56.87 57.53 58.14 51.93 52.24 52.50
1564 5.70 56.87 57.53 58.14 51.22 51.52 51.78
1625 5.87 56.87 57.53 58.14 50.60 50.90 51.15
1661 5.96 56.87 57.53 58.14 49.95 50.25 50.50
1687 6.04 57.43 58.09 58.69 50.48 50.77 51.02
1709 6.10 58.94 59.58 60.18 52.13 52.41 52.65
1729 6.15 59.90 60.53 61.12 53.19 53.48 53.71
1750 6.21 60.38 61.00 61.58 53.76 54.04 54.27
1775 6.28 60.44 61.06 61.63 53.84 54.11 54.34
1806 6.36 60.44 61.06 61.63 53.84 54.11 54.34

aDays from 1 May at Age 1+; b1 December
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et al. 2003). However, if the Scenario Ia IGR/IMP gen-
erated trajectory best reflects average growth for the
Indian Ocean sector, then this provided a similar and
even slightly higher mean length-at-Age 5+ yr of
about 57.5 mm compared to predictions for the south-
west Atlantic sector.

Rosenberg et al. (1986) and Siegel (1986) calibrated
their VB models using age-cohort modal lengths esti-
mated from length frequency data (LFD). The shift in
age-cohort modal length between consecutive LFD
samples for a sequence of sampling times was used to
infer the growth of this cohort over the time period
between samples, and was modelled as a function of its
estimated age using the VB growth model. The esti-
mated age corresponding to each modal length was
inferred from the number of modes extracted from the
LFD. Controversy underlies these approaches because
they require an assumption that the series of length
data used originate from the same homogeneous
population. However, for many open-ocean or shelf
species, there is no certainty that the same population
is being sampled from one survey to the next; in the
Antarctic, the prevailing theory is that Antarctic krill
are subject to flux and are moved quite rapidly from
one area to another (Nicol 2000). When a particular
age class is missing or poorly represented, then mis-
classification of a complete length class or unknown
age components of a length class make accurate esti-
mation of age class modal lengths from LFD fraught
with difficulty (Reid 2001). Estimation of seasonal pat-
terns of growth represents an extra challenge for LFD
analysis (Rosenberg et al. 1986, Reid 2001).

An advantage of our growth model is that the growth
trajectory was generated using actual observations of
individual animal growth in the field (i.e. the IGR data)
and observations on IMP (albeit in controlled environ-
ments in this last case). Therefore, our growth model
was not subject to between-sample variance and po-
tential bias from inferring growth from the shifts in
modal length from LFD. In addition, seasonal variation
in growth can be directly quantified using IGR data.

Hoffman & Lascara (2000) developed a time-de-
pendent, size-structured, bioenergetically-based krill
growth model. This model allows simulation of the
time-dependent growth of krill that are exposed to
a range of environmental conditions. Energetically-
based growth models are a powerful tool for testing
various hypotheses on metabolic processes, and allow
evaluation of the processes by which krill over-winter
(Hoffman & Lascara 2000). Hoffman & Lascara (2000)
demonstrated winter shrinkage dependent on differ-
ent food conditions and also rapid growth during the
spring bloom season, which agrees with our growth
trajectory including winter shrinkage generated in this
study.

Generalization of IGR growth model

The growth trajectory Scenario Ib (see Fig. 8), we
believe, is a reasonably accurate representation of
population-average length both across and within
years. This could be used as a specified length-at-age
vector in krill assessments using the GYM (Constable
& de la Mare 1996, 2003), which would be the pre-
ferred form of implementing these results. The model
based on the F-distribution given by Eq. (6) satisfacto-
rily expressed the seasonal growth trajectory when
negative growth did not occur (Scenario Ia) as seen in
Fig. 9, and either the length-at-age vector or Eq. (6)
could be used directly in management software with-
out any appreciable loss of accuracy in the latter case.

The major problem with Rosenberg et al.’s (1986)
model is that it shows unrealistically large size for
Age 1+ yr krill (35.5 mm) and 2+ yr krill (44.5 mm),
compared to the size-at-age derived from various field
surveys (Table 1). Another point worth noting here is
that, as explained in the introduction, trajectories were
generated using only juvenile and male growth esti-
mates. Since mature females were observed to show
lower growth rates in late summer (Kawaguchi et al.
2006), if female growth were to be taken into account,
then the growth trajectory in the late summer could be
slightly moderated for the population as a whole,
compared to that currently modelled.

Implications for krill resource management

Krill growth is an important parameter in estimating
precautionary catch limits for krill by the Com-
mission for the Conservation of Antarctic Marine
Living Resources (CCAMLR). Currently, the GYM
(Constable & de la Mare 1996, 2003) is used to imple-
ment these assessments. The GYM numerically inte-
grates a set of differential equations that incorporate
functions that specify growth, mortality, and recruit-
ment. The primary output of the GYM is an estimate of
gamma, which is the proportion of exploitable biomass
to unexploited biomass (B0). The reason why a growth
model (especially its seasonal pattern) is so important
for management is because the timing of the biomass
survey in relation to seasonal growth phases affects the
estimate of gamma. For example, if the biomass survey
was conducted at the end of the growing period, the
estimate of gamma would be smaller than if the same
biomass was estimated from a survey earlier in the
growth period, since this krill population would
increase its biomass towards the end of the growth
period.

Currently, the PVB model of Rosenburg et al. (1986)
(Fig. 9) is that used in the assessment of yield. The

27



Mar Ecol Prog Ser 306: 17–30, 2006

growth model derived in this study is based on actual
growth measurements of individual krill from the
Indian Ocean sector of the Southern Ocean, and
reflects the seasonal growth pattern in the field. We
strongly believe that using the IGR based growth
model implemented as a length-at-age vector in the
assessment will contribute to improved estimation of
the potential yield of the krill stock, which will in turn
lead to improved management of the Antarctic marine
ecosystem.

Siegel (1986) cited that the main growth period in
the Antarctic Peninsula region (southwest Atlantic sec-
tor) occurs between October and early January, and
that from January onwards he could not detect any fur-
ther increase in mean length-at-age, not even in the
fast growing juvenile Age 1+ yr class. Reid (2001) gen-
erated a krill growth trajectory by using seasonal
change of length frequency of krill in the fur seal diet
at South Georgia, and suggested that while the rapid
growth period of krill is between September and
December, they grow very little in size from January
onwards. Although these studies were based on sea-
sonal LFD analyses, they are in agreement with the
seasonal IGR trend for the southwest Atlantic sector
provided by Kawaguchi et al. (2006), which showed
very little growth in January and February. Given that
the period December to January is likely to be the
rapid growth period in the Indian Ocean sector, the
timing of the growth period appears to be a few
months earlier in the southwest Atlantic sector. This
inference is supported by the idea that the spring
phytoplankton bloom shifts with respect to the ice-
edge position (Lancelot et al. 1993) so that the timing of
the spring ice-edge phytoplankton bloom in lower lati-
tudinal areas such as the southwest Atlantic occurs
earlier compared to the Indian Ocean sector where the
latitude is higher. Therefore, it is also important that
the application of this seasonal growth model to differ-
ent areas should be accompanied by phase adjust-
ments according to corresponding periods of rapid
growth.

Future model refinements

As mentioned earlier, the IGR database used to
develop this model did not have complete seasonal
coverage: data were not available for the early spring
and winter periods. In order to generate a year-round
pattern in growth, we had to make some assumptions
about the beginning of the growth period. In addition,
we had to make assumptions about winter and early
spring IGR, and our predictions of IMP for this period
involved an extrapolation of the IMP model to lower
temperatures than those used in the published studies

that were used for model fitting. Therefore, in order to
be confident that the growth trajectories we have gen-
erated are realistic—particularly with respect to the
prevalence and degree of shrinkage—it is necessary
to increase the seasonal coverage of IGR sampling to
encompass winter and spring. Increasing the areal
coverage is also essential, especially the coverage of
the southwest Atlantic sector where most krill fishing
is conducted.

Both food and temperature conditions change with
season. Therefore, seasonal trends in IGR and IMP in
the current model were influenced by the combined
effect of these 2 factors. Delineation of the effects of
these 2 factors on IGR and IMP would allow us to sim-
ulate growth patterns for krill under different environ-
mental conditions. Also, we do not know if there is any
trade off between IMP and IGR in krill. It is generally
known for crustaceans that frequent moulting is
accompanied by reduced IGR (Hartnoll 2001); how-
ever, this has not yet been studied for krill. Solving
each of these questions through experiments under
controlled environments will contribute to further
improvements in the model. In addition, conducting
these studies of growth and IMP for temperature
ranges relevant to all seasons for each of the major sec-
tors of the krill fishery is a high priority.

The current model does not include female IGR as
their growth pattern during the summer season is
physiologically complex, possibly due to resource
distribution into reproductive rather than somatic
growth (Kawaguchi et al. 2006). Interestingly, under
experimental conditions, females were shown to
shrink in size once they finish their reproductive sea-
son and began to regress their external sexual charac-
teristics, regardless of feeding condition (Thomas &
Ikeda 1987). Incorporation of the effects of sexual
maturity and breeding condition on growth should also
be considered in the future.

Finally, our model only provides a growth trajectory for
population-average length-at-age, and at present we are
unable to predict the distribution of lengths about these
averages. We can estimate the variance in IGR given
pre-moult TL and season, but the generation of realistic
distributions for length-at-age requires models cali-
brated from data that are currently unavailable. These
data include measurements of IGR for consecutive
moults for individual animals, which requires non-
destructive experiments on captive krill and joint
measurement of IMP and IGR for these experimental an-
imals. When we assumed that consecutive IGRs are in-
dependent of each other and independent of IMP, the
predicted 95% population limits of the length-at-age
distribution we obtained gave unrealistically large krill
at Age 5+ yr for the upper limit and rather small krill at
this age for the lower limit. Therefore, obtaining this type
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of data from non-destructive captive rearing experi-
ments using a range of temperature and feeding regimes
would be an important advance in our understanding
and ability to model the growth of Antarctic krill.

CONCLUSIONS

For the first time, the growth trajectory for length of
Antarctic krill was generated using a model based on
IGR data accumulated over a period of more than 10 yr.
Our new approach allowed us to incorporate winter
shrinkage into the model and also successfully gener-
alized the seasonal growth pattern by fitting a seasonal
VB growth model (Pauly & Gaschutz 1979, Siegel
1987). Our models indicated that, allowing for shrink-
age, the Age 5+ yr mean length at the end of the sum-
mer growth period for the Indian Ocean sector was
close to 53 mm, compared to 56 mm obtained from
studies for the southwest Atlantic sector. A growth sce-
nario that did not include winter shrinkage predicted a
mean length at this age of 57.5 mm. Both of the pro-
posed generalized IGR models reproduced the pattern
of rapid summer growth that is likely to occur in the
natural environment. We believe that application of
these growth models to the current krill management
model will contribute to further improvement of the
krill ecosystem-based management system.
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