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Estimates of productivity of Antarctic krill, Euphausia superba, are dependent on accurate models of growth and reproduction. Incorrect growth
models, specifically those giving unrealistically high production, could lead to over-exploitation of the krill population if those models are used in
setting catch limits. Here we review available approaches to modelling productivity and note that existing models do not account for the interac-
tions between growth and reproduction and variable environmental conditions. We develop a new energetics moult-cycle (EMC) model which
combines energetics and the constraints on growth of the moult-cycle. This model flexibly accounts for regional, inter- and intra-annual variation
in temperature, food supply, and day length. The EMC model provides results consistent with the general expectations for krill growth in length
and mass, including having thin krill, as well as providing insights into the effects that increasing temperature may have on growth and reproduc-
tion. We recommend that this new model be incorporated into assessments of catch limits for Antarctic krill.
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Introduction
Antarctic krill, Euphausia superba, (hereafter “krill”) is a keystone

prey species of the Antarctic marine ecosystem. Its productivity is

central to the success of the ecosystem but its prognosis is not

well understood (Nymand-Larson et al., 2014); recent studies

suggest a vulnerability to the effects of climate change (Murphy

et al., 2017). Krill are also the target of the largest fishery, by

mass, in the Southern Ocean and could become one of the largest

fisheries in the world if the catch limits become fully exploited

(Nicol et al., 2012). The abundance of krill varies regionally

(Nicol et al., 2000), has great inter-annual variability, and has

been postulated to be declining (Constable et al., 2014). This vari-

ability and change could have consequent impacts on krill preda-

tors and the magnitude of ecologically sustainable catch limits for

the krill fishery (Constable et al., 2000, Constable, 2011, Nymand

Larson et al., 2014, Constable et al., 2014). The ecological

sustainability of catch limits is dependent on the variability and

magnitude of the productivity of krill, along with the require-

ments for predators (Constable and de la Mare, 1996). Here, we

focus on methods for evaluating and modelling the productivity

of krill.

The earliest models of krill growth assumed that krill mature

and reproduce once in their lifetime; length frequency distribu-

tions (LFDs) typically show two modes, giving the appearance of

a 2-year life span (e.g. Rudd, 1932). Fifty years later, the current

view was established that krill are likely to live for 5-6 years, grow-

ing to a maximum of �60 mm (Aseev, 1984; Ikeda et al., 1985).

For krill stock assessments, productivity is currently fixed

through a seasonally adjusted, von Bertalanffy (vB) length-at-age

function, and reproduction modelled using a mean and variabil-

ity of recruitment (Constable and de la Mare, 1996). Although

this may have been suitable for setting catch limits in the early
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phase of the krill fishery, it is likely to be no longer appropriate given

the long-term and regionally-specific changes occurring in the

Antarctic marine ecosystem (Constable et al., 2014). Hill et al. (2013)

used outputs from an Earth-system model to explore how krill

growth might respond to change in ocean temperatures in the South

Atlantic under emission scenarios from the Intergovernmental Panel

on Climate Change (IPCC). They applied the temperature-sensitive

krill growth model of Atkinson et al. (2006, 2008) to spatially-

resolved time series of temperature and determined change in the

location and abundance of krill habitat that yields positive growth

in length. However this model is not designed to address the effects

of climate change on physiology, energetics, and fecundity of krill,

which are the primary factors governing productivity.

Over the last decade, the interaction between food, tempera-

ture and the moult cycle is being shown to be important in de-

termining growth and reproduction in Antarctic krill

(Kawaguchi et al., 2007b; Wiedenmann et al., 2008, Brown

et al., 2010). A great challenge for establishing realistic models

of growth and reproduction is to reconcile different limiting

processes in krill and their interactions, including the exoskele-

ton, the body and gonadal masses, and the seasonal cycle in the

physiology of krill (Kawaguchi et al., 2007b; Meyer and Teschke,

2016). The moult cycle of krill imposes physical limits to rates

of shrinkage and growth in length. Krill can gain and lose weight

within its exoskeleton, through the deposition of lipids and go-

nads, which, in turn, can be used as storage to meet the require-

ments of metabolism in periods of starvation. Last, the extreme

seasonality of the polar environment, particularly day length,

means that reproduction is not only dependent on food supply

but also on whether the gonads are active after a period of win-

ter regression. At present, available models do not fully account

for these factors.

In this article, we first review current approaches to model

growth and reproduction in krill. We then develop a coupled en-

ergetics and moult-cycle (EMC) model sensitive to variability in

food and temperature. The EMC model combines energetics, in-

cluding the potential for reproduction to compete for resources

with growth, and empirical data on the moult-cycle, growth rates

and reproductive output. Last, we discuss the implications of this

new model, which aims to facilitate easier adaptation of produc-

tion models to changing environments, regionally and over years,

as well as providing a balanced carbon model in order to be able

to investigate the role of krill in the carbon cycle.

Review of models of krill productivity
vB growth
vB growth models [Table 1, Equation (1.1); Figure 1] (see review

by Siegel and Nicol 2000) are a widespread class of growth models

for Antarctic krill. Rosenberg et al. (1986) applied the first vB

model to krill from 8 years (1928–1938) of data from the

Discovery expeditions; growth rates were consistently high and

modulated with a strong seasonal pattern. These patterns were

described by a seasonally punctuated vB (PvB) model, concluding

krill take 6–7 years to reach 60 mm which is the upper range of

their size [Table 1, Equation (1.2); Figure 1]. Siegel (1987) dis-

criminated the size of age classes from LFDs from different sea-

sons and locations of the Antarctic Peninsula area. He fitted a vB

model to a 5–6 year life span for krill. He further used a modified

vB equation which considers seasonal growth oscillations (SvB)

[Table 1, Equation (1.3); Figure 1].

Growth based on moult cycles
Following the model formulation of Wiedenmann et al. (2008),

the class of growth models based on the moult cycle has no

growth in length during the intermoult period (IMP) and then

adding a growth increment at the time of moulting [Table 1,

Equation (1.4)]. This model allows exploration of growth under

different environmental conditions (seasonally and spatially vary-

ing food and temperature).

A meta-analysis of published data, using log-linear regression,

has shown the IMP of krill is significantly related to sea-surface

temperature, T [Table 1, Equation (1.5)] (Kawaguchi et al., 2006).

Without considering the effects of food on growth rates, this rela-

tionship creates a seasonal cycle in mean daily growth rates with

slower growth in winter compared with summer. Tarling et al.

(2006) report a binary logistic regression model relating IMP in

summer to temperature, body length and sex/maturity stage; food

was not a significant factor. Broader application of this model will

need observations from other areas and seasons.

Instantaneous growth rates (IGRs) enable empirical models of

growth in length of krill, dL; they vary with sex, length, season

and region. IGR is a method for measuring the change in size of

living krill at the time of moulting (Quetin and Ross, 1991; see

Kawaguchi et al., 2006 for review). Crustaceans grow or shrink in

size as they moult (Hartnoll, 2001). The length of a discarded

moult represents the length of animals before the moulting event.

The growth increment at the time of moult is, therefore, the

length of animal after moult less the length of a discarded moult.

IGR is defined as the growth increment expressed as a proportion

of pre-moult total length but is often reported in units of length.

In turn, daily growth rates are the IGR divided by the IMP

(Kawaguchi et al., 2006). These measurements can then be related

to ambient environmental conditions during the previous IMP

(Ross et al., 2000).

Candy and Kawaguchi (2006) and Kawaguchi et al. (2006)

model IGR using a Linear Mixed Model with 10 years of IGR

measurements covering most of the growing season (November

to April). The seasonal factor in IGR is a mixed effect factor in

this model, incorporating both seasonal and food effects. The

results provide a general indication of seasonal trends but are

difficult to use as a means of determining change in IGR with

food supply. Candy and Kawaguchi (2006) examined how the

modified vB models (PvB and SvB) trace the actual growth pat-

tern measured through their IGR experiments. They showed

that neither the seasonal PvB model nor the seasonal oscillated

SvB model can trace the rapid seasonal growth derived from

those experiments. Instead they used a simple empirical model

based on the cumulative F-distribution [Table 1, Equation (1.6);

Figure 1]

Atkinson et al. (2006) also used an IGR model to estimate in-

stantaneous krill growth given temperature and the concentration

of food, both of which were measured in the field locations where

the IGR experiments were undertaken. In their study the IGR ex-

periments were undertaken during mid- summer (January and

February) over two consecutive years (2002 and 2003). The au-

thors noted that this model is difficult to apply outside of the

summer experimental conditions because it does not fully ac-

count for the interaction between food, temperature and growth.

Wiedenmann et al. (2008) used this IGR model combined with

the IMP model of Kawaguchi et al. (2006). They attempted to use

satellite Chlorophyll a data as surrogates for food concentration
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but could not obtain growth trajectories that replicated observa-

tions. We corrected length in the equation to metre units and

found the trajectories comparable with other models when using

the Chlorophyll a time series described below [Table 1, Equation

(1.7); Figure 1].

IGR models have not yet accounted for the density of krill

when estimating the respective parameters. IGR is a function of

the amount of food consumed, which in turn is affected by spatial

and seasonal variation in food availability combined with density

of krill and feeding efficiency under different conditions. Ideally,

these factors will need to be considered in future development of

IGR growth models.

Reproduction
Kawaguchi et al. (2007b) developed a conceptual model of the

synchronization of reproduction and growth in krill to the sea-

sonal cycle of light, food, sea ice, and temperature. This cycle pri-

marily relates to female krill in terms of gonadal investment

because male gonad size makes little difference to the overall dry

mass of male krill (Morris et al., 1988). For our EMC model be-

low, we formalized this conceptual model into a sequence of three

phases in the annual reproductive cycle of female adult krill.

The post-regression phase is a fixed period after regression of

approximately five moult cycles to enable the body to mature in

readiness for gonadal development.

The reproductive phase is when gonads increase in size and eggs

mature over at least two moults, giving rise to spawning after two

moults if a critical gonad mass is achieved. If the critical gonad

mass is not achieved then the investment may continue to be ac-

cumulated in subsequent IMPs to be spawned at a later moult

once the critical mass is achieved. Multiple spawnings may occur

in one season if sufficient energy is invested in the gonads after a

spawning.

The regression phase begins as a result of either insufficient re-

sources invested in the gonad later in the season (more than two

moults since the last spawning) or insufficient day length causes

rapid regression to occur (Brown et al., 2010). The regression pe-

riod is expected to end no later than three moult cycles after the

critical day length occurs in the austral autumn but will be no

longer than five moult cycles after it begins (Brown et al., 2011).

Energetics
Energetic models differentiate the amount of food consumed into

metabolism, growth and reproduction (e.g. Hofman and Lascara,

2000; Alonzo and Mangel, 2001). Laboratory experiments are used

to derive the necessary energetic and physiological parameters.

These models often convert mass to length or length to mass.

The model of Hofman and Lascara (2000) is a time-

dependent, size-structured, physiological krill growth model used

to explore the consistency of experimental and laboratory mea-

surements of krill metabolic processes and to evaluate the pro-

cesses by which krill over-winter. Fach et al. (2006) used a

modified version coupled to a circulation model for the Scotia

Sea to test whether krill could be sustained while being trans-

ported from the Antarctic Peninsula to South Georgia. Although

these models provide flexibility in understanding growth trajecto-

ries, they have, to date, not accounted for moult cycles and the

phases in the annual reproductive cycle.

Dynamic energy budget theory (DEB) has been used to model

Antarctic krill growth to investigate how spatio-temporal sea ice

dynamics, food availability and chronobiology may affect krill

distribution and its population dynamics (Groeneveld et al.,

2015; Jager and Ravagnan, 2015). DEB relies on a set of parame-

ters to characterize the specifics of metabolic organization and

physiology, and life history, based on thermodynamic principles.

These parameters cannot be measured directly but are estimated

from experimental data. As with other energetic models, its cur-

rent formulation tightly couples length and mass of krill. The ap-

proach also does not include other important aspects of species

biology and ecology (Galic and Forbes 2017), which could be lim-

iting for general applications given the synchronicity of krill to

the annual cycle.

In a similar way, a bioenergetics life history model for krill has

been developed to explore the effects of environmental factors on

the population dynamics of krill (Ryabov et al. 2017). In this

case, a primary source of variation in the krill population was due

to intraspecific competition for food. Their krill model assumes

growth, maturity, and fecundity of krill depend on the food level

and their size and stage. The model was formulated to partition

resources between growth and reproduction using a size-

dependent logistic function, which is set to divert 100% of the re-

sources to reproduction at 70 mm and thereby not allowing krill

to grow beyond that size. The body length and mass were also

tightly coupled; the model is not able to represent thinning or fat-

tening of the body which are indicative of the health of the

animal.

A moult cycle model based on energetics
The coupled EMC model for krill combines an energetics model

for the IMP with the requirements of the moult cycle, the con-

straints of the annual cycle, and the role that the size of the exo-

skeleton plays in determining feeding rates, limiting growth in

length (both positive and negative) and fecundity.

Energetics during the IMP
Typically, the energetics model is based on units of mass and parti-

tions ingested food into metabolism and reserves for body growth

and reproduction [Table 2, Equation (2.1)]. During the IMP, the

size of the exoskeleton is fixed from the previous moult, thereby

setting the feeding rate and the constraints on growth and

Figure 1. Length (mm) versus age (years) for different historical
growth models for Antarctic krill, as detailed in Table 1. Different
lines represent: vB (thin solid) and PvB (thin dash) of Rosenberg
et al. (1986); SvB (thin solid wave) of Siegel (1987); moult-cycle
models of Candy and Kawaguchi (2006) (KC, thick solid) and
Atkinson et al. (2006) (A, thick dash).
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reproduction. The energetics algorithm is illustrated in Figure 2

and the equations and definitions are elaborated in Table 2.

Assimilated mass is governed by the ingestion of food, which is

primarily a product of filtration rate and food concentration, and

the assimilation efficiency. The latter may also be affected by the

rate of ingestion; greater ingestion rates may result in decreased

efficiency. Egestion (faeces) is the food value left over after assim-

ilation. In the absence of appropriately calibrated assimilation ef-

ficiencies, the model has a post-hoc adjustment of egestion which

is the assimilated mass in excess of that required for metabolism

and the maxima in positive growth and gonad size (Figure 2).

Metabolism is an energetic cost of activity and maintenance of

the animal. It is determined by the mass of the krill and the level

of activity and movement. Metabolism is positively correlated

with temperature of the water. Excretion of nitrogenous waste is

a product of metabolism.

We use the gonads as a dynamic energy reserve when the go-

nadal phase permits investment in the gonad. The body also has a

dynamic reserve but its weight, relative to length, will determine

the health of the animal, which is a threshold requirement for posi-

tive growth and reproduction. The total reserves available at the

end of an IMP will be determined by the combined initial body

and gonad mass less the minimum mass needed to have a healthy

body, less the cost of the discarded moult, in addition to the

assimilated energy less the amount expended in metabolism. If the

total reserves are calculated to be less than zero then the krill is

starving, cannot reproduce, and the exoskeleton will shrink at the

moult.

If the body mass has met the threshold for health, three factors

will govern the total investment in each of positive growth and re-

production—the maximum possible growth in the exoskeleton, the

maximum possible size of the gonads and the proportional alloca-

tion of the excess reserves between growth and reproduction. The

roles of each of these quantities are shown in Figure 2 and Table 2.

They are further described in the Methods section.

Moult cycle governing growth and reproduction
The moult cycle results in punctuated growth governed by the

length of the IMP. The IMP model [Table 1, Equation (1.5)] of

Kawaguchi et al. (2006) is used in the EMC model. At the time of

moulting, the body reserve is converted to a change in length

[Table 3, Equation (3.1)]. Here, the body reserve is relative to the

body mass considered to be the minimum required for the pre-

moult krill to be healthy. If the body reserve is less than the

healthy mass, i.e. thin krill, then the animal will shrink. If it is

greater than the healthy mass, i.e. fat krill, then the animal will

have positive growth. As per the limits on positive growth above,

Table 2. Equations and parameters for energetics over an IMP used in the EMC model of productivity in Antarctic krill.

Name No. Equation Parameters

Basic energetics model 2.1 A ¼ Mþ dBþ G A, assimilated energy; M, metabolism and
maintenance; dB, investment in body mass;
G, investment in gonads

Assimilated energy (A) 2.2 A ¼ fðL; I; �Þ Function. L, body length (mm); I, amount
ingested; �, assimilation efficiency, given
amount ingested.

Food Ingestion (I) 2.3 I ¼ fðL; FA; BÞ Function. FA, food available; B, Body mass at
start of IMP

Metabolism (M) 2.4 M ¼ fðB; T; aÞ Function. T, Temperature (�C); a, activity.
Body outputs 2.5 F ¼ I� A

N ¼ fðMÞ

F, egestion (faeces); N, excretion (nitrogenous
waste).

Total reserves (A’) 2.6 A
0 ¼ ðBþ G� ~B�mÞ þ ðA�MÞ G, Gonad mass at IMP start; ~B, Healthy body

mass able to grow and reproduce; m, cost of
discarded moult at end of IMP.

Maxima of reserves for positive
growth (dB̂p) and
reproduction (Ĝ)

2.7 dB̂p ¼ fðL; ~BÞ

Ĝ ¼ fðLÞ
Total reserves adjusted (A’’) 2.8 A

00 ¼ A
0

if ½A0 � ðdB̂p þ ĜÞ�

A
00 ¼ ðdB̂p þ ĜÞ if ½A0 > ðdB̂p þ ĜÞ�

Proportion reserves allocated
to reproduction (P)

2.9, 16 P ¼ fðsex;maturity; L; ~B;GphaseÞ Gphase, phase in the gonadal cycle.

Reserves for growth (dB) 2.10 dB ¼ A
00 ð1� PÞ þ G’ if ½ðA00 ð1� PÞ þ G’Þ � dB̂p�

dB ¼ dB̂p if ½ðA00 ð1� PÞ þ G’Þ > dB̂p�
Reproduction reserves (G) 2.11 G ¼ A

00
Pþ dB’ if ½ðA00Pþ dB’Þ � Ĝ�

G ¼ Ĝ if ½ðA00Pþ dB’Þ > Ĝ�
Excess growth reserves (dB’) 2.12 dB’ ¼ A

00 ð1� PÞ � dB̂p if ½A00 ð1� PÞ < dB̂p�

dB’ ¼ 0 otherwise

The algorithm does not allow dB’ to be greater
than [Ĝ-A’’P].

Excess reproduction reserves (G’) 2.13 G’ ¼ A
00
P� Ĝ if ½A00P < Ĝ�

G’ ¼ 0 otherwise

Algorithm does not allow G’ to be greater than
[dB̂p-A’’(1-P)].

Units are mgC unless otherwise indicated. The equations relate to the algorithm illustrated in Figure 2.
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the maximum body reserve can be no more than what is needed

to achieve the maximum possible growth increment for that pre-

moult length.

Starving krill can shrink the exoskeleton but only up to a maxi-

mum proportion of length per day. If maximum shrinkage has

occurred and the new body mass is less than for a healthy krill

then thin krill will be the outcome. In this model, thin krill must

recover to a healthy mass before positive growth and/or repro-

duction can occur. Body mass relative to the size of the exoskele-

ton may continue to decline under low food scenarios and result

in mortality from starvation.

If the gonad is in the reproductive phase and the moult is after

two IMPs then it will be converted to reproductive output as eggs

and the gonad reserve is reset to zero [Table 3, Equation (3.2)]. If

only after one IMP then the gonad remains as a reserve. If the re-

serve has not been expended when the reproductive cycle moves

to the regression phase then the remaining gonad reserve can be

used, if needed, to supplement metabolism and growth.

Methods
Derivation of parameters
The model developed here uses carbon (mgC) as the unit of mass

for the energetics model, as this is the measure most readily

available for all components of the model. We use morphometric

equations to derive dry mass at length and maximum dry mass of

a gonad at length for a healthy krill [Table 4, Equations (4.1) and

(4.2)] and convert these to carbon mass [Table 4, Equations (4.3)

and (4.4)].

Ingested carbon for a given length of krill [Table 2, Equation

(2.3)] is determined from the filtration rate, the available con-

centration of carbon in the water being filtered, and the length

of time filtering the water [Table 4, Equations (4.5 and 4.6)].

We use the filtration rate model of Hofmann and Lascara

(2000), which relates filtration rate to dry body weight. Here, we

determine the dry weight from length using Equation (4.1), as-

suming thin krill and healthy krill have approximately the same

filtration rates. We acknowledge that the filtration rate may de-

cline with very high densities of food (Quetin and Ross, 1985)

but do not include that here or any selectivity for a range of par-

ticle types.

The proportion of ingested resources assimilated (assimilation

efficiency) is fixed at 0.8 [Table 4, Equation (4.7)]. We have not

modelled the potential decline in assimilation efficiency with in-

creasing ingestion, which may occur because of an increased rate

of passage of material through the gut.

Metabolism per day [Table 2, Equation (2.4)] is determined

by, first, calculating respiration using the function of Ikeda

Figure 2. Flow chart showing the partitioning of ingested food between metabolism, growth and reproduction during the IMP in the EMC
model for Antarctic krill. Symbols are defined in Tables 2 and 3.
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(1974), which accounts for the relationship with temperature,

and then using the conversion to mgC of Hofmann and Lascara

(2000) [Table 4, Equation (4.8)]. Here the actual weight of the

krill is used rather than inferring dry weight from its length, i.e.

thin krill will have a lower metabolic requirement than healthy

krill. The results of Ikeda and Thomas (1987) for growth in juve-

nile krill were examined to see if they could be used to estimate

the conversion ratio. However, the results presented in their pa-

per were insufficient to derive the necessary data for these

calculations.

The maximum growth increment at length [Table 4, Equation

(4.10)] used in the implementation of our model was determined

from two least-square regressions—positive growth and negative

growth. The positive growth regression was estimated from IGRs

for krill juveniles, males and females measured in the Indian

Sector of the Southern Ocean in December (Kawaguchi et al.,

2006). For animals that shrink, a regression of the maximum

daily shrinkage in length against length was estimated from the

limited data available in Figure 1 from Ikeda and Dixon (1982),

which were from an experiment where animals were not fed over

the life of the experiment. The new lengths are converted to a

maximum change in mass using the morphometric equation for

healthy krill.

At the time of the moult, the new length is determined as the

length that corresponds to the post-moult healthy carbon mass of

the krill [Table 3, Equation (3.1)]. For shrinking animals, the new

length cannot be less than the maximum shrinkage possible, even

though the body mass may then be less than the healthy mass.

The cost of replacing the exoskeleton after a moult [Table 2,

Equation (2.6)] was determined as the expected carbon content

of the lost exoskeleton, which is determined as the proportion of

body dry weight of a healthy animal that is the exoskeleton (Nicol

et al., 1995) and then converting this to carbon (Ikeda, 1984)

[Table 4, Equation (4.9)].

Thin krill may eventually die from starvation if their body con-

dition relative to the length of krill declines below a threshold

level. At present, krill die when the body mass reduces to zero.

The transitions between the three different phases of the repro-

ductive cycle described earlier were implemented as follows.

During the reproductive phase, spawning occurs every second

moult if the gonad reserves are greater than the critical mass of

10% of the maximum possible (Nicol et al., 1995). If the critical

gonad mass is not achieved then the gonad reserves are carried

over into the next IMP. The regression phase begins if (i) there

have been more than four moults since the last spawning,

(ii) there has been two moults since the last spawning and the day

length is shorter than 5 h, or (iii) the day length has become

shorter than the critical day length of 2 hours. In the last case, the

regression period will end three moult cycles after the critical day

length occurs in the austral autumn. In the first two cases, it will

end after five moult cycles (Brown et al., 2011). The post-

regression phase is a fixed period after regression of five moult cy-

cles, after which the reproductive phase occurs.

For implementing reproduction, we assume the proportion to

reproduction is zero in both juveniles and males at all times and

in females during the regression period over winter (Kawaguchi

et al., 2007b) [Table 2, Equation (2.9)]. For females in the repro-

ductive period, the proportion allocated to reproduction, if un-

known, can be used as a tuning parameter. We do not know what

this proportion should be and set the allocation to reproduction

to 0.95.

Maximum investment in the gonad for a given length [Table 2,

Equation (2.7)] is determined by combining Equations (4.2) and

(4.4) based on the morphometrics of Morris et al. (1988). For

spawning, gonads greater than the critical mass [Table 3,

Equation (3.2)] are converted to eggs by transforming the gonad

to energy and dividing by the energy contained within an egg

(Nicol et al., 1995) [Table 4, Equation (4.11)]. We use this ap-

proach in order to take account of investment in gonad mass,

compared with other approaches which have developed regres-

sions of eggs against female body length. We have not yet factored

in the energetic cost of producing eggs due to the absence of such

estimates. This will be useful in the future to improve the accu-

racy of the model.

Evaluating the EMC model
The EMC model was implemented using the statistical program-

ming language, R Development Core Team (2017). Two experi-

ments were undertaken to evaluate whether the model performed

according to expectations.

Modelling experiment 1
The performance of the EMC model was evaluated, first, using

temperature and food conditions from the west of South Georgia,

where much of the expectations for growth in krill have been

Table 3. Equations and parameters for growth, reproduction, and designation of phases in the annual cycle that occur at the time of
moulting in the EMC model for Antarctic krill.

Name No. Equation or component Parameters

Change in length and mass 3.1
Liþ1 ¼

"
Lð~Bþ dBÞ dB̂s � dB � dB̂p

Li � dL̂s dB < dB̂s

Biþ1 ¼ ~Bþ dB

Lð~Bþ dBÞ is length for a healthy krill given a mass
dL̂s and dB̂s are the maximum shrinkage
that can occur and the corresponding change
in mass to retain health respectively.

Reproductive output 3.2 R ¼ G
Ĝ

� �
R̂

Gonadal Phase (Gphase) Males P ¼ 0
Immature females P ¼ 0
Mature females

Ovarian cycle Onset: P ¼ 0.8
Regression Onset: P ¼ 0
Post-regression Onset: P ¼ 0
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derived. We use satellite data for the area bounded by the west

South Georgia small-scale management unit of CCAMLR (SC-

CAMLR, 2002).

SeaWiFS ocean colour data (SeaWiFS Chlorophyll a, SeaWiFS,

2005) for the period September 1997 to December 2004 were used

to derive monthly means of sea surface Chlorophyll a density as a

proxy for the density of phytoplankton available for consumption.

Sea surface temperature (NOAA OIv2 SST, Reynolds et al., 2002)

for the period December 1981 to May 2006 were used to derive

monthly means of temperature. These two parameters along with

the cycle of day length for the area provide average annual cycles of

sea-surface temperature (�C), carbon density derived from

Chlorophyll a density (mg.m�3), and day length, which are all im-

portant in the application of the EMC model (Figure 3).

Using the annual cycles of temperature, food and day length,

the EMC growth model was projected from ages 1 to 9 years with

a starting length at Age 1 of 20 mm and a corresponding healthy

dry weight for males and females, respectively.

Modelling experiment 2
A second modelling experiment was undertaken to examine how

krill growth and reproduction varied using the EMC model under

specific temperature and food conditions. Four lengths of krill

(30, 40, 50, 60 mm) were projected for 1 year under constant con-

ditions. Temperature conditions were in 0.1 �C intervals from �1

to 5 �C. Food conditions were at 0.05 (low food), 0.5 (medium

food), and 1.0 (high food) times a food density (mgC.m�3) that

was just limiting for the 30 mm length class. Projections were un-

dertaken separately for males and females.

Results
Modelling experiment 1
The results (length at age) for a male growth model (no repro-

duction) and a female growth model (reproduction for ages >2)

are shown in Figure 4, along with the average length at age. This

result is achieved by scaling the feeding efficiency to 0.063 of the

food in the cycle in Figure 3 and for the allocation of resources to

reproduction to be set at 0.95. Dry weights (mg) for males and fe-

males are also shown, along with the number of eggs produced in

each batch spawned over the life of the krill.

The mean length at age shows the typical expectation for krill at

South Georgia, with a punctuated growth form similar to that of

Rosenberg et al. (1986) and Candy and Kawaguchi (2006). It also

shows that shrinkage can occur in the exoskeleton but not as much

as may be expected by the fluctuation in body mass, which mirror

the food cycle for the area. These fluctuations show the potential

for observing thin krill during the austral winter and early spring.

The number of batches and number of eggs per batch for

the different age classes are also indicative for krill in this area;

younger females may produce up to five batches in a season

with approximately two thousand eggs in some batches, which is

consistent with field observations in the region (Tarling et al.,

2007).

Figure 5 presents the trajectories for length, body dry weight, and

gonad dry weight for Age 5 krill over one year. This figure shows the

overall behaviour of the model with respect to changes in the exo-

skeleton and energetics in relation to the moult and reproductive cy-

cles impacted by the variations in food, temperature and light.

Modelling experiment 2
The results for the second modelling experiment are illustrated as

the proportional change in length over one year in Figure 6 and

the total number of eggs produced by females over the year in

Figure 7.

Close inspection of the low (0.05) food scenario in Figure 6 shows

that all krill shrank at this food level. Although not illustrated here,

the ratio of dry weight after 1 year to the dry weight at the beginning

for all krill steadily declined with increasing temperature. The tem-

perature at which the body condition at the end of the year became

zero is when the proportional change in length became zero. This

Figure 3. Average annual cycles over a calendar year for mean monthly sea surface temperature (�C) (solid line), mean monthly Chlorophyll a
concentration (mg.m�3) as available food (dashed line) and day length (hours of sunlight) (dotted line) for the West South Georgia Small Scale
Management Unit of CCAMLR. Vertical lines at the top show the timing of moults through the year according to the IMP model of Kawaguchi
et al. (2006). Longer lines show the IMPs when gonad size is greater than zero for Age 5 krill in the projections shown in Figures 4 and 5.
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decrease in body condition with temperature was faster in larger krill

than with smaller krill, indicating that larger krill were more vulnera-

ble to starvation with increasing temperatures than smaller krill, be-

cause of their greater relative metabolic demand.

For the two greater food levels, the proportional changes in

length differ between males and females because of the invest-

ment in reproduction by females. At the 0.5 food level, the 50 and

60 mm krill were unable to grow or reproduce while the smaller

reproductive krill performed much better, maintaining some pos-

itive annual growth even at higher temperatures. Annual egg pro-

duction tended to decline in 40 mm krill compared with 30 mm

krill, also as a result of increased metabolic cost. The results for

the 0.5 food level show that reproductive output is maintained at

the expense of growth.

Figure 4. Results of the first simulation experiment projecting 1-year old Antarctic krill for 6 years using the EMC model, based on the
annual cycle of temperature, food and day length given in Figure 3, with the efficiency of food acquisition the same for all ages. The
trajectories of three attributes of the krill relative to age are shown: lengths (mm) (four lines at top); body dry weight (mg) (two lines at
centre), and eggs (line at bottom). Results are separated for males (dot-dash line) and females (dotted line) for length and dry weight. At top,
the average length combining males and females is shown with a thick solid line to compare with the vB model from Figure 1 (thin solid line).

Figure 5. An 1-year projection of attributes of female Age 5 Antarctic krill from Figure 4. Length (mm) (solid) and body dry weight (mg) (dotted)
are the same. Gonad dry weight (mg) (dashed) is shown in place of the eggs. Vertical lines at the top are the same as in Figure 3, showing the timing
of the moults. Letters above those lines represent the start of the different phases of the reproductive cycle—G is for the gonadal development
during the reproductive phase, R is the start of regression, P is the start of the post-regression phase, and s indicates spawning at moult.
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In high food (just limiting for 30 mm krill) conditions, the in-

creasing growth with temperature of the four lengths of males is a

result of the shortening of the IMP at higher temperatures. The

stepwise nature of this relationship occurs because of the addition

of a moult into the annual cycle, resulting in a greater size, greater

food acquisition, and larger egg production. Although this is true

for the females at lower temperatures, the lower growth at higher

temperatures and the declining egg production after the addition

of each moult to the annual cycle demonstrates the effects of in-

creasing metabolism with temperature. In this experiment,

growth for females is greatest in the temperature range of �0.5

and 1 �C, suggesting this temperature range may be the ideal hab-

itat for Antarctic krill, consistent with field observation by

Atkinson et al. (2006). Egg production follows expected trends as-

sociated with temperature and food, with recent estimates of

�12 000 eggs per year per individual at South Georgia, where

food would be expected to be limiting (compared with the food

level here) and would only be available for a summer growth pe-

riod (Tarling et al., 2007).

Discussion
Models of krill growth are expected to show an annual cycle of

rapid growth in spring and summer and little growth in winter

with the overall annual increment reducing as reproduction be-

comes a priority. The expectation is that krill will have a maxi-

mum size between 50 and 60 mm in length. Our EMC model

performs well against these expectations. It provides the flexibility

for use outside of the domain in which the IGR data were ob-

tained by being able to utilize food and temperature data in the

model and successfully return plausible life history responses (e.g.

growth, fecundity). It also means that growth and reproduction

can more realistically respond to changes in the density of the

population as well as changes in the environment. This flexibility

in growth is supported by recent estimates of the variability in

length at age from eye-stalk annual growth bands, which indicate

that krill, in the field, are very plastic in their growth (Kilada

et al., 2017).

Figure 6. Proportional changes in length of Antarctic krill in the second simulation experiment. Four different lengths of mature female and
male krill were projected for one year in different combinations of constant food and temperature. Initial lengths were 30 mm (solid line), 40 mm
(dashed), 50 mm (dotted) and 60 mm (dot-dash). Proportional changes are the lengths at the end of one year as a proportion of the starting
length. Proportional changes are plotted against temperature (�C). Columns of panels show results for males (left) and females (right) with three
rows of relative food availability: top—very low (0.05 of maximum), mid—medium (0.5), and bottom—high (1.0).

Figure 7. Total eggs produced by mature females over one year in
the second simulation experiment. Explanation of the experiment
are in Figure 6. Total eggs plotted against temperature (�C). Results
only shown for females with two levels of food availability: top—
medium (0.5) and bottom—high (1.0). No eggs were produced in
the treatments with low (0.05) food availability.
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The difference between male and female length at age in the

EMC model reflect observations and expectations from life his-

tory theory. The male growth trajectory is very similar to that re-

corded from field observations by Kawaguchi et al. (2007a). Also,

investment in male gonads is only small, which would result in

more energy for growth. The asymptote for males is governed by

the metabolic requirements for large bodies. For females, the di-

version of energy to reproduction will slow the growth rate. In

large females, the size of the gonad is also very large, requiring a

large diversion of resources from growth. Thus, mature females

are expected to be smaller in length at age than males.

vB-class growth models are comparatively inflexible and are

not likely to be suitable for population assessments on the scale of

whole krill populations due to large regional variability in tem-

perature and food. Continued use of these types of models would

require a re-estimation of the parameters for different regions

and periods.

Empirical models of growth rate based on IGR methods are

better than the vB class at larger spatial and temporal scales.

Current models will require further empirical evidence and more

detail in the models to address the probable interactions between

temperature, food, environmental conditions, density of krill and

maturity stage.

The EMC model presented here utilizes field observations of

growth and takes account of important factors varying in space

and time, notably temperature and food. The potential for inges-

tion rates to differ between areas or times because of changes in

phytoplankton size and/or availability will be important to con-

sider for the model to appropriately represent the responses of

krill under the respective circumstances. Intra-specific competi-

tion will also be an important factor to consider in calculating in-

gestion rates. Other useful additions to this model in future will

be to account for the energetic cost of movement of krill, how in-

gestion and assimilation may be impacted by different densities

of food, and the energetic cost of producing body mass and eggs.

Overall, the parameterization for the EMC model provides re-

sults consistent with expectations, with flexibility for application to

spatially and temporally varying conditions as will be experienced

in the future. We recommend that this new model be incorporated

into assessments of precautionary yield for Antarctic krill.
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