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ABSTRACT: Larval recruitment in Antarctic krill is known to be episodic and regional. We con-
sider the importance of a range of recruitment factors using an environmentally driven model of
larval development from spawning to post-larvae. Our model examines the timing of spawning,
interaction with bathymetry, susceptibility to cold temperatures, temperature-driven development
and the seasonal cycle of sea ice to identify those factors with the greatest impact. The model pre-
dicts that the seasonal location of sea ice is the main limiting factor for successful larval recruit-
ment. Spawning in January leads to the greatest area of viable larval recruitment habitat. Dense
sea ice cover, which we assume that adult krill do not spawn under, prevents spawning in large
areas early in the breeding season (December). Nevertheless, later spawning in February, when
sea ice is at a minimum, means there is often insufficient time for the larvae to reach a viable
developmental stage before the sea ice advances. Meanwhile, although spawning is possible in
more northerly areas throughout the breeding season, these are generally remote from winter sea
ice, which is assumed to be necessary for larvae to overwinter. Interaction with bathymetry before
hatching further limits suitable habitat. Over a 12 yr period, the model predicted larval re-
cruitment from January spawning in all years in the Cooperation, Ross and Weddell Seas, with
episodic larval recruitment in the Bransfield Strait in 9 of the 12 years. Additional understanding
of the overwintering requirements of larvae, together with regional studies at higher spatial reso-
lution, particularly in shelf regions, will better constrain the uncertainties in the model.
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1. INTRODUCTION

The life cycle of a species is a major determinant of
its response to environmental variability and change
and is key to defining its overall distributional range.
In oceanic environments, early developmental stages
are often considered to be the most vulnerable to
environmental factors (Byrne 2011), and their ability
to develop and grow while withstanding the often
variable nature of their environment is the principal
driver of successful recruitment. In polar environ-
ments, extreme seasonality is a major limitation on
recruitment, since it constrains the period of spawn-
ing, development and growth to short windows of
time (Clarke 1988, Conover & Huntley 1991, Smeta-
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cek & Nicol 2005). Furthermore, distributional range
is often restricted by the development and decay of
seasonal sea ice, because although it can be a haven
to some species or specific life-cycle stages, it can be
a barrier to others (Thomas & Dieckmann 2002).
Antarctic krill Euphausia superba is a key species
in the Southern Ocean. The main prey of a number of
marine predators, it is also the target of a commercial
fishery and contributes to biogeochemical cycles
(Croxall et al. 1999, Murphy et al. 2007, Ratnarajah &
Bowie 2016, Schmidt et al. 2016, Tarling & Thorpe
2017). In an effort to understand the drivers of its
distribution, model studies of Antarctic krill are in-
creasingly concentrating on the circumpolar scale
and are considering critical periods of the krill life
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cycle (Thorpe et al. 2007, Melbourne-Thomas et al.
2016, Pinones & Fedorov 2016, Murphy et al. 2017,
Mori et al. 2019). Spatial heterogeneity in the ability
of krill to survive their first winter is considered one
of the major restrictions on successful recruitment to
the adult population (Loeb et al. 1997, Atkinson et al.
2004) and is therefore key to determining subsequent
population distribution.

The early life cycle of Antarctic krill comprises 5
embryonic development stages and 12 larval stages.
Peak spawning occurs in austral summer (December—
February; Quetin et al. 1994). Although gravid fe-
males have been observed at depth (Clarke & Tyler
2008), the prevailing theory is that eggs are spawned
at the ocean surface and then sink during embryonic
development to depths of several hundred metres,
taking around 5-8 d to hatch (Marr 1962, Marschall
1983, Quetin & Ross 1984, Ross et al. 1988, Jia et al.
2014). On hatching, the larvae swim to the surface
using their internal carbon reserves through 2 nau-
pliar and a metanaupliar stage until reaching the first
calyptopis stage and developing the capability to
feed. The later larval stages comprise 3 calyptope
and 6 furcilia stages and are generally found in the
upper 250 m of the water column (Fraser 1936). Rates
of development are principally temperature depend-
ent, and the transition from eggs to post-larvae can
take around 4 mo (Ikeda 1984). Several studies have
observed late-stage furcilia as the most common lar-
val stages in early winter (Fraser 1936, Daly 1990,
2004, Frazer et al. 2002), suggesting that younger
stages are not as viable at this time of the year.

Successful recruitment of larval krill can be limited
by several factors. Ovarian maturation to the point of
spawning requires good feeding conditions, bringing
into question the viability of the under-sea ice habitat
as a successful spawning ground (Cuzin-Roudy &
Labat 1992, Melnikov & Spiridonov 1996). Recent
observations of spent female krill in the Lazarev Sea
in areas of dense sea ice concentration suggest that
krill can spawn in the marginal ice zone, likely
fuelled by increased productivity associated with
polynyas (Kawaguchi et al. 2010, Siegel 2012). Once
spawned, it is assumed that embryo development
must be completed before contact with the sea floor
to avoid predation and damage to the embryo (Hof-
mann & Hisrevoglu 2003, Pinones & Fedorov 2016).
The depletion of carbon reserves during the ascent of
the non-feeding stages of larvae is inversely propor-
tional to in situ temperature. However, even in tem-
peratures of —-1°C, the depletion of initial carbon
reserves is well within the starvation threshold for
krill larvae and is therefore not considered to limit

successful development (Ross & Quetin 1989, Hof-
mann et al. 1992). Temperature can have a direct
impact on the survival of larval krill, with evidence
that exposure to very cold temperatures (-1°C) dur-
ing the early life stages can prevent development
beyond the calyptopis 1 stage (Ross et al. 1988).

Successful larval recruitment is further limited by
food availability for larval krill. The lipid reserves of
larval krill are insufficient to sustain the larvae for
long periods of starvation. The first feeding stages
have a starvation threshold (point of no return) of
10-14 d (Ross & Quetin 1989), with tolerance to star-
vation increasing with larval stage (Daly 2004). At
high latitudes in winter, when light levels are low,
sea ice-associated biota are believed to be vital for
larvae (Daly 1990, Meyer et al. 2002, 2017, Meyer
2012, Kohlbach et al. 2017). Older larval stages are
able to scrape sea ice algae from the underside of sea
ice (Frazer et al. 1997), but the earlier calyptope
stages lack feeding appendages to do this and so
must rely on food in the water column, either in the
open ocean or released from sea ice, which may
therefore determine successful larval recruitment.

Studies of habitat suitability for early larval stages
of krill have considered the development trajectory
from spawning of eggs to re-emergence in surface
waters of early-stage larvae south of 60° S (Hofmann
et al. 1992, Hofmann & Hisrevoglu 2003). In these
studies, successful completion of the developmental
descent-ascent cycle occurred in all waters deeper
than 1000 m, and in restricted regions of the conti-
nental shelf where warmer waters are present at
depth. Elsewhere on the shelf, the eggs reached the
seafloor before they hatched, deeming these regions
unsuccessful. Pinones & Fedorov (2016) extended
this work to consider the survival of the larvae
through to the first winter, introducing starvation-
based mortality during 3 periods of the early life
cycle: after surfacing as calyptope stages, during the
summer and autumn and during winter. This restric-
ted the regions of successful development to areas in
the Weddell Sea, East Antarctica, the Ross and
Bellingshausen Seas and parts of the western Ant-
arctic Peninsula (WAP).

The present study advances these earlier studies
and uses an individual-based development model for
the early life stages of Antarctic krill from spawning
to the first winter. The model builds on the develop-
mental descent-ascent model of Hofmann et al.
(1992) to include temperature-driven development
for the later larval stages and key mortality events.
Furthermore, we consider the factors that may result
in successful overwintering, i.e. where larvae reach a
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Fig. 1. Overview of the Antarctic krill larval recruitment model and its mortality assumptions. Circles 1 to 4 outline the model
steps, and boxes M1 to M6 indicate the requirements (mortality rules) for successful larval recruitment (see Table 2 for further
details). Values on the time axis indicate the number of days from spawning to reach key developmental stages at a constant
temperature of 0°C. NI: nauplius I, i.e. hatching; CI: calyptopis [; FI: furcilia I; FIV: furcilia IV (Ikeda 1984, Hofmann et al. 1992)

sufficiently advanced developmental stage and are
under sea ice by early winter (Fig. 1). Our specific
objectives were to: (1) determine whether imple-
menting current mortality assumptions reproduces
areas of known larval krill recruitment in the circum-
polar Southern Ocean; (2) assess whether there is
intra-seasonal variability in the modelled regions of
larval recruitment; (3) investigate the drivers of re-
gional larval recruitment failure in the model; and (4)
examine interannual variability in the seasonal sea
ice cycle on the patterns of larval recruitment. The
model is targeted on large-scale patterns of habitat
suitability. Larvae will travel through these habitats
on advective trajectories (e.g. Mori et al. 2019), and
this aspect was not included in the present study.
However, within a large oceanic context, our aim was
to identify those areas on which trajectory-based
analyses should be focussed.

2. METHODS

To simulate larval recruitment of Antarctic krill, we
used a model that determines the development of
krill larvae from spawning to the following onset of
winter. Mortality rules were incorporated into the

model to assess the relative impact of potential sour-
ces of mortality. The model was run for 3 spawning
events in the peak spawning season (December,
January and February) to investigate the sensitivity
to timing of spawning.

2.1. Development of krill embryos and larvae

2.1.1. Developmental descent—ascent
of embryos and larvae

The early part of the krill life cycle was modelled in
2 parts, the descent of the embryo following spawn-
ing at the ocean surface until hatching, and the
ascent of the larva as it returns to the surface. The
depth and timing of hatching were modelled follow-
ing Hofmann et al. (1992). The rate of sinking of the
embryo depends on the diameter of the embryo, its
density relative to the surrounding water and the
development stage of the embryo, which is a function
of temperature (described in Section 2.1.2). Earlier
models of larval ascent that used a temperature-
dependent rate of ascent and assumed that the larvae
spend a fixed proportion of time swimming (Hof-
mann et al. 1992, Hofmann & Hiisrevoglu 2003,



80 Mar Ecol Prog Ser 613: 77-96, 2019

Pinones & Fedorov 2016) can result in earlier larval
stages reaching the ocean surface than are observed,
particularly in warmer waters. Here we assumed that
the larva reaches the surface on metamorphosis to
the first feeding stage, calyptopis 1 (CI), consistent
with observations that naupliar stages are generally
found at depth (Hempel 1985, Hempel & Hempel
1986). The overall result of applying our new method
is that the ascent rate is less sensitive to variation in
temperature with ascent rates of 3.5 x 107 to 4.0 x
10™* m s7! for a temperature range of -1 to +3°C.
These rates compare with values of 3.3 x 107 to0 6.7 x
10~ m s~! using the function of Hofmann et al. (1992)
assuming that the larvae spend 20% of the time
swimming. The largest difference between the 2
methods occurs at the warmest temperatures. Once
hatched, larval development is also a function of tem-
perature (also described in Section 2.1.2), and the
mean temperature of the water column from hatch-
ing depth to the surface is used to calculate the dura-
tion of the non-feeding stages of the larva, specifi-
cally the naupliar and metanaupliar stages. This then
determines the timing of the larva's ascent.

2.1.2. Stage-specific development functions

Our development model uses stage-specific tem-
perature-dependent development functions for the 5
embryo stages and 12 larval stages of krill develop-
ment. Embryo development was modelled following
Hofmann et al. (1992) determining the respective
durations of the stages single cell to early gastrula,
early gastrula to gastrula, gastrula to early limb bud,
early limb bud to late limb bud, and late limb bud to
hatching of naupliar I. Stage-specific temperature-
dependent development durations were calculated
for the 12 larval stages (NI, NII, metanauplius [MN],
CI-CIII, furcilia FI-FVI) based on the premise of
equiproportional development in Antarctic krill (Ross
et al. 1988), i.e. that relative durations of develop-
mental stages remain the same, independent of tem-
perature. Ross et al. (1988) also considered the effect
of temperature on the duration of single stages, de-
veloping both an exponential and Beélehradek model
(Bélehradek 1957) to predict stage duration as a
function of temperature. We used their exponential
model for the time taken for an embryo to hatch to
determine the influence of temperature on develop-
mental times, noting that their other functions were
broadly similar. This exponential model was extrapo-
lated to cover the temperature range -1 to +4°C. The
duration of each larval stage from NI to FVI at 0°C

was extracted from Ikeda (1984). Stage-specific
duration times at other temperatures were derived in
1°C increments as follows:

dye =20 g 1)
e,t
where d is development time (days), s is larval de-
velopmental stage (NI to FVI), tis temperature (°C),
and e is the embryo to hatch stage.

Interpolation between the 1°C increments to en-
able developmental time to be derived at intermedi-
ate temperatures was determined by fitting a 3-para-
meter exponential decay function of the form:

f=yo+ae™ (2)

where f is the stage-specific development time
(days), tis temperature (°C), and b was determined to
be 1.0479. The stage-specific values for y, and a are
provided in Table 1, together with stage-specific
development times for a range of temperatures. The
major sensitivity in the development relationship is at
extremely low temperatures (Table 1), and the de-
gree of uncertainty in extrapolating the development
relationship to 4°C as described above is therefore
small (+3 % between assuming no change and extra-
polated change between these 2 temperatures over
the entire larval development cycle).

2.2. Mortality assumptions

Six requirements for successful larval recruitment
based on mortality assumptions from the literature
were implemented in the larval recruitment model
(Table 2, Fig. 1). These 'mortality rules’ rely on sea
ice distribution and timing of advance, bathymetry
and temperature.

2.3. Model input fields

The larval recruitment model is forced with monthly
mean temperature and density fields from the 2005-
2007 solution of the Southern Ocean State Estimate
(SOSE; Mazloff et al. 2010) for the period December
2005 to May 2006. SOSE is an eddy-permitting gen-
eral circulation model of the Southern Ocean with a
horizontal resolution of 1/6° x 1/6° and 42 vertical
levels of varying thickness ranging from 10 m at the
surface to 142 m at 1000 m. SOSE is fitted by con-
strained least squares to in situ and remotely sensed
oceanographic data to provide a physically realistic
estimate of the ocean state. Although a surface-inten-
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Table 1. Parameters for Eq. (2) (see Section 2.1.2) to derive temperature-depen-

dent larval stage duration of Antarctic krill (days) and estimated larval stage du-

rations relative to temperature. N: nauplius, MN: metanauplius, C: calyptopis, F:

furcilia. Also given are embryo development time (days; Hofmann et al. 1992)
and total time to complete the larval phase (days)

Stage Exponential decay ——Developmental stage durations (d) ——
function values

Yo a -1°C 0°C* 1°C 2°C 3°C 4°C
NI 3.9446 1.0560 7.0 5.0 4.3 4.1 4.0 4.0
NII 5.5225 1.4784 9.7 7.0 6.0 5.7 5.6 5.6
MN 7.8892  2.1120 13.9 10.0 8.6 8.2 8.0 7.9
CI 11.0449  2.9568 19.5 140 121 114 112 111
CII 7.1003 1.9008 12.5 9.0 7.8 7.3 7.2 7.1
CIII 7.8892  2.1120 13.9 10.0 8.6 8.2 8.0 7.9
FI 9.4671 2.5344 16.7 120 104 9.8 9.6 9.5
FII 8.6871 2.3232 153 11.0 9.5 9.0 8.8 8.7
FIIL 10.2560  2.7456 181 130 11.2 106 104 10.3
FIV 10.2560  2.7456 18.1 130 112 10.6 104 10.3
FV 11.8338  3.1680 209 150 13.0 122 120 119
FVI 9.4671 2.5344 16.7 120 104 9.8 9.6 9.5
Embryo developmental time (d) 8.4 6.1 5.2 4.8 4.6 4.6
Total development time from 191 137 118 116 109 108
spawning to juvenile (d)
“Values from Ikeda (1984)

sified warm temperature anomaly is
present in SOSE in the southern
Weddell Sea (Mazloff et al. 2010),
the effects of this anomaly over the
upper 250 m in which the modelled
larvae spend the majority of their
time are small.

To calculate the development and
sinking rates of the descending
embryo, the descent-ascent model
uses in situ temperature and den-
sity at the nearest vertical level in
SOSE at the location of the embryo.
The depth-weight mean tempera-
ture from the depth of hatching to
the surface is calculated to deter-
mine the time required for the larva
to reach stage CI, and this is as-
sumed to be the time needed for the
larva to reach the surface. Develop-
ment through the later larval stages
is calculated from the mean
monthly in situ temperature fields

Table 2. Mortality rules implemented in the larval recruitment model for Antarctic krill

Mortality

Model rule

References

M1: Spawning in sea ice
concentrations >80 %

M2: Embryo contact
with sea floor before
hatching

Ma3: Cold sensitivity
of embryos and early
stage larvae

M4: Starvation
of calyptope stages

MS5: Overwintering
development stage

M6: Overwintering
habitat

Spawning can only occur in grid cells that have
sea ice concentration <80 % at the time of spawning,
i.e. in the open ocean or within the marginal ice zone

Embryos must hatch before reaching the sea floor

Embryo, nauplii and metanauplius stages that
experience an average water temperature of <-1°C
during either the developmental descent or ascent die

All calyptope stages spending 10 consecutive days

in sea ice concentrations >40 % starve. Above 40 %

sea ice concentration, restricted light penetration limits
phytoplankton development. Away from sea ice cover,
calyptope stages are assumed capable of finding
sufficient food resources to survive

Larvae must reach furcilia stage IV before the onset
of winter to successfully recruit. A date of 15 May
is used for the onset of winter

Larvae must be under sea ice at the onset of winter
to successfully recruit, as determined by sea ice
advance occurring before 15 May. Sea ice advance is
defined as sea ice concentration exceeding 15 %

for 5 consecutive days. The onset of winter is chosen
to represent the period when primary productivity

in the Southern Ocean approaches 0

Siegel (2012), Stroeve et al. (2016)

Hofmann et al. (1992),
Hofmann & Hiisrevoglu (2003),
Piflones & Fedorov (2016)

Ross et al. (1988)

Ross & Quetin (1989),
Lancelot et al. (1993)

Fraser (1936), Daly (1990, 2004),
Frazer et al. (2002)

Daly (1990), Moore & Abbott (2000),
Meyer et al. (2002, 2017),
Behrenfeld et al. (2005),
Stammerjohn et al. (2008),

Meyer (2012)
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linearly interpolated onto the model time step and
averaged over the upper 250 m of the water column
(upper 13 vertical levels of SOSE) to match the obser-
vations of the depth distribution of later larval stages
(Fraser 1936).

The concentration of sea ice and the timing of
its advance are critical in several of the mortality
rules of our model, and for this we used daily satellite-
derived fields of sea ice concentration from the
reanalysed and near real-time products of the Oper-
ational Sea Surface Temperature and Sea Ice Analy-
sis (OSTIA; Donlon et al. 2012), available at 1/20°
horizontal resolution. The OSTIA sea ice data are, in
general, in good agreement with the SOSE surface
fields, but there are some areas of mismatch between
surface temperature and sea ice cover, particularly as
the high frequency variability in the sea ice fields is
not captured when interpolating the mean monthly
temperature fields onto the larval recruitment model
time step. However, the areas of mismatch have min-
imal impact on the modelled larval development due
to the rapid descent of the krill eggs from the surface
layer after spawning and the use of the mean upper
water column temperature for the development of
the larvae once they return to the surface.

2.4. Model implementation and initialisation

To simulate the descent—ascent cycle and develop-
ment of the krill embryos and larvae, the model uses
a 1 h time step at which the descent of the embryo
and the stage-specific development time are calcu-
lated. The proportion of the development of the cur-
rent stage achieved during each time step is summed
to derive a cumulative fractional development. Once
fractional development of the development stage is
complete, the embryo/larva progresses to the next
developmental stage (Hofmann & Hiuisrevoglu 2003).

We used an initial embryo diameter of 622 pm,
which is in the range of observed sizes (Quetin & Ross
1984, Jia et al. 2014). Our model results were robust to
varying initial embryo diameter within the range re-
ported to produce realistic descent profiles in the de-
scent-ascent model (622-625 pm; Hofmann & Hiis-
revoglu 2003). To investigate intra-seasonal variability
in larval recruitment success, spawning took place on
1 December 2005, 1 January 2006 and 1 February
2006. The mean position of the Polar Front (Moore et
al. 1999) was assumed to form the northern boundary
of the distribution of Antarctic krill (Marr 1962), and
we allowed spawning to occur throughout the region
south of the front, deliberately assuming no additional

advance knowledge of krill spawning grounds to
avoid predetermining the model outcome. Because
the northernmost parts of the model domain are too
remote from the autumn sea ice extent to allow suc-
cessful larval recruitment to occur (mortality rule M6;
Fig. 1, Table 2), using the climatological mean position
of the Polar Front, rather than defining the Polar Front
at the time of spawning in the model, provides an ade-
quate northern limit to the model domain. The model
simulations were run on a 1° spatial grid for all grid
cells with available sea ice data, with 1 egg released
per grid cell. A small number of locations where the
local water column properties were such that the egg
did not sink during development, for example in
dense water close to the Antarctic continent, were ex-
cluded from the analyses. The number of larvae mod-
elled varied by month because of the changing envi-
ronmental conditions (N = 5251 for December, N =
5264 for January and N = 5263 for February). Sensitiv-
ity to the date used in the overwintering mortality
rules M5 and M6 (Table 2) was tested by considering
the onset of winter to occur 2 and 4 wk later.

To examine interannual variability in larval recruit-
ment success due to variability in the timing and
extent of sea ice, we focussed on mid-summer spaw-
ning. We used the development rates from the Janu-
ary 2006 spawning event and applied the mortality
rules using sea ice data from 2007-2018. Variability in
the seasonal sea ice cycle affects larval recruitment
success through mortality rules M1, M4 and M6
(Table 2).

3. RESULTS

Larval recruitment of Antarctic krill was modelled
across a December to February spawning window to
investigate intra-seasonal variability. In the follow-
ing, we focus on the scenario of January spawning as
the mid-summer situation and consider the effects of
seasonality from December and February spawning
in later sections. We then present the results of the
investigation into interannual variability.

3.1. Larval recruitment from mid-summer spawning

Considering the individual sources of mortality in
the larval recruitment model identifies those that
place the greatest restriction on successful larval
recruitment. Mortality from several of the mortality
assumptions implemented in the model was low
when spawning occurs in January (Fig. 2). We as-
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sumed that sea ice concentration determines viable
spawning habitat (Table 1; mortality rule M1). In
January, little pack ice remains from the winter and
much of the Southern Ocean is considered suitable
for spawning (Fig. 2a). Only limited areas of dense
sea ice persist, prohibiting spawning in small regions
close to the Antarctic continent including the south-
western Weddell Sea and the Bellingshausen and
Amundsen Seas.

The developmental descent—ascent cycle has 2 as-
sociated sources of mortality: contact of the eggs with
the sea floor before hatching (rule M2) and cold sen-
sitivity of the embryos and early larval stages (rule
M3). Hatching in the model takes place after approx-
imately 5 d (Table 3) at depths of 530-1000 m, with
shallowest hatching depths and fastest development
in the northern latitudes of the model domain where
temperatures are warmest. Only eggs spawned on
the continental shelves around Antarctica and the
sub-Antarctic islands reach the sea floor before hat-
ching (Fig. 2b), but within these regions are localised
areas where the temperature profile and water depth
permit embryos to hatch. These areas include parts
of the Lazarev Sea and the northern tip of the Ant-
arctic Peninsula. All eggs spawned in deep waters off
the continental shelf successfully hatch (cf. Hofmann
& Hiisrevoglu 2003, Pifiones & Fedorov 2016). With
the current model parameterisation, cold sensitivity
of the early larval stages only affects a small number
of larvae along the southern margins of the model
domain and in the western Weddell Sea (Fig. 2c).
These are areas where the krill eggs reach the sea-
floor before hatching.

Calyptopes are the only larval stages that can
starve in the model (rule M4; Fig. 2d). Development
time to reach stage CI, and hence the ocean surface
in the model, varies according to location, with larvae
at 55°S taking approximately 23 d and larvae further
south at 65°S taking 26 d on average (Table 3). These
development times mean that, for larvae spawned in
January, their arrival at the surface coincides with
minimum sea ice extent and there are only limited
areas where the larvae starve. These reflect the areas

of pack ice at the time of spawning and comprise the
western Weddell Sea, areas close to the Antarctic
continent between 90 and 170°E, and the Bellings-
hausen and Amundsen Seas. Elsewhere, there is suf-
ficient time for the larvae to develop to furcilia stages
before the advance of sea ice.

To overwinter successfully requires 2 conditions to be
met. Firstly the larvae must be at a minimum develop-
ment stage of FIV at the onset of winter (rule M5). Lar-
vae that were spawned in January range in develop-
ment stage from FI to post-larvae in mid-May (Fig. 2e,
Table 3), with the distribution of the development
stages closely mapping the temperature field. Larvae
that were spawned close to the Antarctic continent,
where temperatures are lowest and hence development
is slowest, have not progressed beyond FI at the onset of
winter. In the Weddell Gyre, the larvae range from early
furcilia stages (<FIII) in the western and southern parts
of the region to FVI stages in the east. Early furcilia
stages are also found in the Ross Sea. In contrast, krill
that have developed from eggs spawned in the warmer
waters of the Antarctic Circumpolar Current have all
reached the post-larval stage.

The second requirement is that larvae must be
under sea ice at the onset of winter to ensure suffi-
cient food for the larvae to overwinter successfully
(rule M6). By the start of winter, sea ice has advanced
to cover much of the southern part of the study region
(Fig. 2f), and larvae that have reached the FIV stage
in these areas are considered to have successfully
recruited. However, much of the northern regions
are ice-free at the onset of winter, including the WAP
and the northeastern Weddell Sea. The later sea ice
advance in these regions prevents successful larval
recruitment in the model.

The model suggests that the main drivers deter-
mining viable habitat for successful larval recruit-
ment from spawning in January are those related to
sea ice, i.e. the requirement for spawning to take
place away from the pack ice zone and for larvae to
be under sea ice at the onset of winter (Fig. 3). Hatch-
ing above the sea floor has a small impact, but the
remaining mortality assumptions only affect sites

Table 3. Mean developmental times for Antarctic krill larvae at 2 latitudes. Mean (SD) of cumulative time to reach specified developmental
stages (days) for all simulated larvae spawned in January at latitudes of 55.375° S and 65.375°S. n: number of grid cells at specified latitude,
N: nauplius, C: calyptopis, F: furcilia, PL: post-larva. No mortality rules have been applied in these calculations

Lati- n Time to reach specified developmental stage from spawning (d)
tude NI CI Cl CIII FI FII FIII FIV FV FVI PL
55°S 167 5.0(0.2) 23.4(1.0) 35.5(1.7) 43.2(2.1 51.7(2.5) 61.9(3.0) 71.2(3.4) 822(3.9) 932(44) 1059(5.0) 116.0(5.5)

65°S 355 5.6(0.6) 26.0(2.5) 40.6 (4.4) 49.8 (5.8) 60.0 (7.1) 72.2 (8.8) 83.3 (10.3) 96.5 (12.2) 109.9 (14.1) 125.4 (16.4) 138.1 (18.3)
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where an earlier source of mortality has prevented
successful larval recruitment.

Geographically, successful larval recruitment fol-
lowing spawning in January is predicted to occur in a
broad band at high latitude around the Antarctic
continent from the tip of the Antarctic Peninsula and
the northwestern Weddell Sea to the Amundsen Sea
(Fig. 4a). The mortality assumptions prevent larval
recruitment occurring along the WAP and in areas
north of the sea ice extent in early winter. The great-
est area of habitat for successful larval recruitment is
predicted for the South Pacific sector of the Southern
Ocean (180-270°E; Fig. 5), followed by the South
Atlantic sector (270-0°E).

3.2. Seasonal variability in
larval recruitment success

The timing of spawning affects the relative impact
of the mortality rules. Spawning earlier in the season
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Fig. 4. Temporal and spatial distri-
bution of successful larval recruit-
ment. Spawning sites are shaded ac-
cording to larval development stage
at mid-winter for spawning in (a)
December 2005, (b) January 2006
and (c) February 2006. F: furcilia,
PL: post-larva. Successful larval re-
cruitment (the ‘recruit’ category) re-
quires a minimum development
stage of furcilia IV (FIV) and sea ice
to have advanced by the onset of
winter (15 May). Additional white
shading in panels a-c indicates ar-
eas under pack ice at time of
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ing to frequency of successful larval
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Fig. 5. Predicted larval recruitment success for the circumpo-
lar Southern Ocean and by sector for spawning in December,
January and February 2005/2006

in December results in the fewest viable spawning
sites due to the increased pack ice coverage (rule
M1; Fig. 3) and, as a result, the smallest area of habi-
tat where successful larval recruitment occurs
(Fig. 5). Mortality due to contact with the sea floor
(rule M2) is similar to January, with very little addi-
tional habitat loss from cold sensitivity (rule M3). The
earlier spawning means that some larvae develop to
calyptopes in areas where the sea ice has not yet
retreated, leading to starvation under the sea ice for
those larvae (rule M4). There is sufficient time for the
remaining larvae to develop to FIV (rule M5) but, as
for January, the requirement for the larvae to be
under sea ice as winter sets in (rule M6) governs suc-
cessful larval recruitment habitat. Successful larval
recruitment from spawning in December is patchily
distributed, occurring in the northwestern and south-
eastern Weddell Sea, Prydz Bay, east Antarctica and
from the eastern side of the Ross Sea through to the
Amundsen Sea (Fig. 4a). The greatest area of suc-
cessful larval recruitment habitat is again found in
the South Pacific sector (Fig. 5).

In February, later in the summer, Antarctic sea ice
cover is typically at its minimum and there is the
smallest reduction in viable spawning habitat due to
dense sea ice (rule M1; Fig. 3). Loss of habitat due to
embryos reaching the sea floor before hatching (rule
M2) is similar to the other months. However, there
are more sites where calyptope stages starve under

sea ice (rule M3) from the February spawning com-
pared with December and January, as the later
spawning leads to a greater number of larvae still at
calyptope stages when the sea ice advances. There is
also increased mortality depending on the develop-
ment stage in winter (rule MJ5). The shorter time
period between spawning and the onset of winter
means that the larvae are at earlier stages at the
onset of winter compared with those spawned earlier
in the season. As with the December and January
spawning events, the largest decrease in larval
recruitment habitat occurs due to winter sea ice cov-
erage (rule M6). Overall, there are fewer viable lar-
val recruitment sites from the February spawning
than January, despite greater spawning habitat, be-
cause of the shorter time for the larvae to develop
before the sea ice advances (Figs. 4 & 5). Successful
larval recruitment occurs in the eastern Weddell
Gyre, from Prydz Bay to 170°E, and from the Ross
Sea to the Amundsen Sea (Fig. 4c).

3.3. Regions of larval recruitment success
and failure

The model suggests that there are a number of re-
gions where larval recruitment is successful through
the peak breeding season. Successful larval recruit-
ment occurs for eggs spawned in December, January
and February in the Lazarev Sea, north of Prydz Bay
and along the margins of eastern Antarctica, and
from the Ross Sea to the Bellingshausen Sea along
~70°S. There is also a more restricted area of suc-
cessful larval recruitment in the northwest Weddell
Sea (Fig. 4d). Larval recruitment along the South
Scotia Ridge and the southern parts of the Amundsen
Sea is predicted to be successful following spawning
in both December and January, but not February.

In contrast, there are areas where larval recruit-
ment is not predicted to be successful from spawning
in any of the 3 months with the current set of mortal-
ity conditions in the peak breeding season. In the
Scotia Sea, although there is sufficient time for the
larvae to develop to FIV stage by the onset of winter
from each of the spawning events, the current set of
mortality rules dictate that larvae cannot survive in
this region because sea ice advance occurs too late in
the season, if at all (rule M6). Along the continental
shelf of the northern WAP, sea ice cover does not
limit spawning in any of the months of our analysis.
However, many of the larvae do not survive because
the embryos reach the sea floor before hatching (rule
M2). In the deeper areas of the continental shelf
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where hatching can take place above the sea floor
(Fig. 2b), all larvae spawned in December and Janu-
ary, and a large proportion of those spawned in Feb-
ruary, develop to FIV stage before winter (rule M5;
Fig. 4). However, larval recruitment cannot take
place because sea ice does not advance until later in
the season (rule M6; Figs. 2f & 4).

3.4. Sensitivity to timing of the
overwintering mortality rules

Modifying the date used for the mortality rules
associated with the onset of winter (rules M5 and M6)
demonstrates the sensitivity in the model to the over-
wintering assumptions. A later date for the onset of
winter provides a longer period of time for the larvae
to complete development to a viable overwintering
stage (rule M5) and allows larvae to survive for an
increased period before needing to be under sea ice
(rule M6). As a result, additional areas of successful
larval recruitment and increased frequency of suc-
cess over the productive season are predicted (Fig. 6).
Applying a 2 wk delay to the cut-off date (31 May)
enables larvae spawned in the central Weddell Sea
in February to reach stage FIV for overwintering
(Fig. 6a). By this date, sea ice has advanced further
north, thereby extending the northern boundary of
viable habitat in the Weddell, Cooperation and Ross
Seas. The model predicts that, with this later date,
larval recruitment is consistently successful in large
parts of the Weddell Sea, including the northwest
Weddell Sea and along the Greenwich Meridian.
Delaying the date used for the onset of winter by a

Fig. 6. Impact on larval recruit-
ment of varying the date used
for mid-winter mortality rules
M5 and M6 (see Table 2 for de-
tails): (a) 31 May, (b) 15 June.
Grid cells are shaded accord-
ing to the number of months of
successful larval recruitment
from spawning events in De-
cember, January and February
2005/2006

further 2 wk, using a cut-off date of 15 June, permits
successful larval recruitment in the Bransfield Strait
at the northern tip of the Antarctic Peninsula and off-
shelf along the southwestern Antarctic Peninsula
(Fig. 6b). The limiting factor on successful larval re-
cruitment in open-ocean areas with winter sea ice
coverage now becomes sea ice concentration at
spawning.

3.5. Interannual variability in
larval recruitment success

The larval recruitment model was parameterised
for the year 2005/2006 for the standard run. This
showed that sea ice is the main controlling factor for
successful larval recruitment, determining spawning
habitat, early larval starvation and, subsequently,
overwintering habitat (Fig. 3). Given that interannual
variability in the seasonal sea ice cycle in the South-
ern Ocean is large, we re-ran the model using sea ice
data for the years 2007-2018 to investigate the im-
pact of this variability on larval recruitment success.
The model runs demonstrate that variability in the
timing and extent of sea ice generates substantial
interannual variability in larval recruitment (Fig. 7).
Considering spawning in mid-summer (January) and
using a date of 15 May for the onset of winter, our
model predicts that there are regions where sea ice
conditions permit successful recruitment in all years
examined. These areas include the Cooperation Sea,
Dumont D'Urville Sea (~140°E), Ross Sea and
smaller areas of the Weddell Sea. Although not suc-
cessful in each year, the model suggests that larval
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Fig. 7. Frequency (number of years) of successful larval re-

cruitment during the period 2007-2018. Data shown are for

January spawning events only, assuming mortality rules as
per Table 2

recruitment could occur with high frequency in the
Lazarev Sea and northwest Weddell Sea. In the
Bransfield Strait, at the northern tip of the Antarctic
Peninsula, the ice distribution permits spawning in
all 12 years of the model run, and successful larval
recruitment from mid-summer spawning depends on
the early winter sea ice conditions, that is the north-
ward extent of the sea ice and timing of advance.
There is sufficient sea ice in the Bransfield Strait in
early winter to allow successful larval recruitment in
9 years of the 12 yr time period, suggesting episodic
larval recruitment in the Bransfield Strait. Elsewhere
on the Antarctic Peninsula, the model suggests that
most areas do not regularly support successful larval
recruitment.

4. DISCUSSION
4.1. Seaice

The biggest restriction to the available habitat for
successful larval recruitment was the requirement for
krill larvae to be under sea ice at the onset of winter.
Irrespective of the timing of spawning, this rule pre-
vents successful larval recruitment in much of the
northern latitudes of the Southern Ocean, including
the Scotia Sea and South Georgia, as well as parts of
the WAP.

To better parameterise the habitat requirements for
overwintering in the model requires further knowl-

edge of the overwintering capability of larvae in the
open ocean, away from sea ice. At high latitudes,
larvae under sea ice may be more abundant and in
better condition than larvae in the open ocean in the
same region (Ross & Quetin 1991, Daly 2004, Meyer
et al. 2009, Siegel 2012). However, larvae have flexi-
ble overwintering strategies that include reducing
their metabolic demands and using internal lipid
reserves in low food conditions, and the capability to
use both autotrophic and heterotrophic diets (e.g.
Daly 1990, Frazer 1996, Meyer et al. 2009, Meyer
2012, Schmidt et al. 2014). Furthermore, larvae can
tolerate periods of starvation of increasing length as
their development stage advances, with stages FIV—
FVI able to survive a lack of food for up to a month
(Daly 1990). As such, it may be possible for larval krill
to sustain their metabolism either until sea ice ad-
vances later in the season or by finding other food
sources during the winter. At lower latitudes, where
winter light levels are not prohibitive, primary pro-
duction can continue throughout the year provid-
ing sufficient resources to enable growth (Moore &
Abbott 2000, Murphy et al. 2017). Regional differ-
ences in feeding strategies, not incorporated in our
model, are likely to be important (Schmidt et al.
2014). For example, Meyer et al. (2017) observed
larval krill in the northern Scotia Sea in September
with greater stomach fullness than larvae caught
under sea ice in the same season. Such flexibility in
the overwintering requirements of larval krill could
greatly impact the available habitat for successful
larval recruitment.

Spawning in the model was restricted to areas
within the marginal ice zone and open ocean and
was not allowed to occur under dense sea ice. The
ability of krill to reach spawning condition depends
on finding sufficient high-quality food (Cuzin-Roudy
& Labat 1992, Spiridonov 1995, Schmidt et al. 2012),
and in ice-covered regions, these opportunities can
be limited. However, in addition to phytoplankton
blooms at the sea ice edge, phytoplankton blooms in
polynyas may provide sufficient food for krill to reach
spawning condition (Melnikov & Spiridonov 1996,
Kawaguchi et al. 2010, Siegel 2012). Siegel (2012)
observed spent female krill and early larval stages in
sea ice cover of up to 70% in the Lazarev Sea and
noted that the spawning event may have been linked
to increased local productivity in a polynya. It there-
fore appears that it is possible for females to reach
spawning condition in ice regions but it may depend
on local factors where productivity is enhanced, such
as is found in polynyas. Thus we assumed that krill in
the marginal ice zone may be able to reach spawning



Thorpe et al.: Modelling larval recruitment of Antarctic krill 89

condition and allowed krill to spawn everywhere
with sea ice concentration <80 %. This showed that,
should spawning occur, much of the marginal ice
zone can lead to larvae reaching an overwintering
stage at a suitable time of year and in a region where
the larvae will be able to find sea ice for overwinter-
ing. Placing greater restriction on spawning under
ice by allowing krill to spawn only in open water
would lead to greater areas of unsuitable habitat for
spawning and larval recruitment, particularly for a
December spawning event when sea ice is at a
greater extent than later in the summer period.

The third ice-related mortality assumption in the
model assessed the likelihood of starvation of calyp-
tope larvae. The point of no return, i.e. the period of
starvation after which an organism cannot recover, is
10-14 d for calyptope-stage larval krill (Ross &
Quetin 1989). Because calyptopes do not have feed-
ing appendages with which they can scrape food
from the under-surface of sea ice, these larval stages
must rely on food in the water column. At 40% sea
ice cover, light transmission through the sea ice is
insufficient to support phytoplankton productivity in
the water column (Lancelot et al. 1993). Therefore, as
a first attempt at assessing this mortality on a circum-
polar scale, the model excluded areas where calyp-
topes spent more than 10 consecutive days under sea
ice with concentration >40 %. It is possible, however,
that calyptopes may be able to make use of other
under-ice food sources including organic material
released by sea ice (Meyer et al. 2017), and our mor-
tality assumption may therefore be too strict. Never-
theless, our results suggest that relaxing this rule
would not have a large impact on the total available
habitat for larval recruitment, as the areas where
calyptopes are predicted to starve are generally
those where pack ice has prevented spawning (cf.
Fig. 2a,d). The main area to benefit would be the
Ross Sea region in later spawnings, where the calyp-
topes encounter dense sea ice during their early
development.

4.2. Overwintering stage

The model excluded regions where larvae have not
reached FIV by late autumn. An initial cut-off date of
mid-May was decided upon, since, at a circumpolar
scale, this represents the date by which primary pro-
ductivity in the Southern Ocean has declined to win-
ter-time levels (Moore & Abbott 2000, Behrenfeld et
al. 2005). Larval growth and development is driven
by a combination of food and temperature (Kawa-

guchi 2016), and the lack of available phytoplankton
at this time of year will most likely halt developmen-
tal progression. Given that the majority of surveys
conducted in winter did not find earlier-stage larvae
(Quetin et al. 2003, Ross et al. 2004, Flores et al. 2012,
Meyer 2012, Schaafsma et al. 2016), we assumed that
it is necessary to reach a stage of FIV or beyond in
order to overwinter successfully. This is consistent
with Daly (2004), who concluded that, at least along
the WAP, larvae that had not reached FIV by June
will probably not survive. This later date of June is
less restrictive than the mid-May deadline set within
our model, and it is possible that alternative food
sources such as microzooplankton and detritus may
be found at this time of year that may still drive
growth and development into the early winter. The
model results are sensitive to the overwintering
requirements stipulated for the larvae, and we sug-
gest that these should be an area of priority research.
As winter progresses, the larvae become increas-
ingly food limited such that growth ceases, inter-
moult periods lengthen, and the size, weight and ele-
mental content decrease (Daly 2004, Meyer 2012).
Starvation tolerance becomes a major selective pres-
sure on the larval population, with only those larvae
with the greatest levels of internal reserves, particu-
larly lipids, capable of surviving the winter (Daly
2004). In the Bellingshausen Sea, Stubing et al.
(2003) measured a total lipid content in FIII-FIV lar-
vae to be about 12% dry weight (DW) during early
April 2001, while FIV-FVI larvae had a mean lipid
content at that time of about 20 % DW. Nevertheless,
lipid levels were more moderate in autumn in late
furcilia in the Weddell Sea (18% DW, Hagen et al.
2001) and the Lazarev Sea (15% DW, Meyer et al.
2002), meaning that there may be some further re-
gional variability in the viability of overwintering fur-
cilia stages. Inter-regional variability in body condi-
tion is difficult to parameterise in the present model
without a better understanding of potential alternative
food sources in winter and levels of lipid content and
starvation tolerance in furcilia of different stages.

4.3. Temperature

The larval development rates in the model are
driven by temperature, with warmer temperatures
leading to faster development times. There is a trade-
off for successful larval recruitment between larvae
occupying regions closer to the sea ice where cold
temperatures reduce the development rates and may
prevent the larvae reaching a sufficiently developed
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overwintering stage versus lower latitudes where
warmer temperatures result in faster development
rates but with the risk of not encountering sea ice
for overwintering. The model suggests that larvae
spawned in early and mid-summer have enough time
to reach FIV by winter almost everywhere in the
Southern Ocean, but there are greater restrictions for
the later, February, spawning. However, years with
warmer temperatures than usual in, for example, the
Weddell Sea and western Ross Sea, may be able to
advance development enough to reach FIV by winter.

The cold sensitivity mortality rule (M3) has little
impact in its current implementation in the model.
Further information on the cold sensitivity of em-
bryos and early-stage larvae (Ross et al. 1988), in par-
ticular how long a period of exposure to cold temper-
ature is harmful, will enable better parameterisation
of this potential source of mortality.

4.4. Sea floor hatching

The model excluded regions where eggs reached
the seafloor before hatching. This ruled out most of
the regions where krill spawned over continental
shelves, such as the WAP, Weddell Sea shelf and sub-
Antarctic islands. Although the warming of the water
column in the late season accelerated the rate of
embryonic development, this was not sufficient to
avoid hitting the sea bed before hatching could take
place in these shelf regions.

The descent and ascent of the early life cycle stages
was first posited by Marr (1962), who reported that,
in the open ocean, eggs and early nauplii were found
at depths in the range of 1000 m. These observations
were subsequently supported by Hempel (1979,
1985), although with notable spatial variability. The
prevailing paradigm has therefore been that, to com-
plete a descent-ascent cycle, spawning must occur
offshore to allow eggs to hatch before encountering
the seabed (Siegel 1988, Hofmann & Hiisrevoglu
2003). Nevertheless, the impact of reaching the sea-
bed may not necessarily be fatal for krill eggs.
Numerous egg-hatch experiments have been con-
ducted in laboratories where contact with container
walls and bottoms are inevitable (Harrington & Ikeda
1986, Kawaguchi et al. 2013), which indicates that
they must be relatively robust. Furthermore, a num-
ber of other euphausiid species have negatively
buoyant eggs and maintain populations in shelf re-
gions, including Meganyctiphanes norvegica, Eu-
phausia pacifica and Thysanoessa spinifera (Tarling
& Cuzin-Roudy 2003, Ju et al. 2006), so some toler-

ance of interactions with benthic environments must
be possible. In continental shelf regions, our model
found that the sea bed was often reached just 1 or 2d
before eventual hatching, and this may be tolerable
for successful hatching. It is also possible that
smaller-scale processes not included in this version of
the model, such as turbulence and local upwelling,
could act to reduce sinking velocities and delay eggs
from hitting the sea floor or bring early-stage larvae
back onto the shelf. Local circulation features may
also transport eggs spawned on the outer continental
shelf to deeper offshore regions where there is in-
creased probability of successful development (e.g.
Pinones et al. 2013b). Even when mortality on hitting
the seabed was relaxed, however, much of the WAP
would still not be viable habitat for larval recruitment
because the advance of sea ice was too late in the
season in those regions.

4.5. Timing of spawning

Our model demonstrates that successful larval re-
cruitment habitats are a function of both spatial and
temporal limitations. Furthermore, it shows that cer-
tain regions only become viable for limited windows
of time when eggs can be laid, development proceeds
sufficiently and a suitable overwinter habitat can be
found. Physiological trade-offs mean that earlier
spawning may not coincide with the period of maxi-
mum egg production. Early-stage oocytes are par-
tially developed over the late winter and early spring,
but the energy-intensive maturation of these oocytes
often relies on the availability of food resources (Ross
& Quetin 2000). A major source of this food are the
blooms generated by the receding ice edge, which
are particularly intense through December and Janu-
ary (Comiso et al. 1990, Cuzin-Roudy & Labat 1992).
Krill that spawn in December may have not yet assim-
ilated as many resources into their ovaries as those
that spawn later in the year, meaning that the number
of eggs produced will be sub-maximal. This sets up
an offset between the optimal time of spawning,
which can be earlier in the year for certain regions,
and the optimal time to spawn, which will often be
later with regards maximal egg production. This type
of offset has been referred to as the ‘parent-offspring
conflict' (Trivers 1974) and may be common to a num-
ber of Antarctic pelagic organisms.

These theoretical offsets are nevertheless subject to
a great deal of interannual variability, particularly re-
garding sea ice conditions. Physiological flexibility
may allow krill to maintain their reproductive success
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despite such environmental variability. For instance,
they have the capacity to spawn multiple times during
a productive season. Furthermore, they can reabsorb
the lipid-rich developing brood should conditions turn
unfavourable, thereby increasing the overwintering
reserves of the adult (Cuzin-Roudy 2000). Capturing
the effects of such interannual variability is a desired
further development of the present model.

4.6. Successful regional larval recruitment habitat

In terms of intra-seasonal variability, areas that
consistently provide successful recruitment through
the 2005/2006 breeding season considered in this set
of simulations are predicted to be the Lazarev Sea,
Prydz Bay and Cooperation Sea, east Antarctica, the
northern Ross Sea, and the Amundsen and Bellings-
hausen Seas. Additionally, a small area of the north-
ern Weddell Sea permits successful larval recruit-
ment from December to February. A broader region
along the South Scotia Ridge and in the northern
Weddell Sea affords successful larval recruitment
from the December and January spawning events. In
these regions, the sea ice cycle is such that the areas
are open for spawning in the summer, yet covered by
ice early enough in the winter to provide the re-
quired overwintering habitat. Added to this, the pre-
vailing temperatures permit development to the FIV
stage in time for the winter sea ice advance. The
longer model run investigating larval recruitment
from spawning in January indicates that larval re-
cruitment is consistently successful from mid-summer
spawning in a number of these regions, namely the
Cooperation, Dumont D'Urville and Ross Seas and
smaller areas of the Weddell Sea. The Lazarev Sea
and the northwest Weddell Sea are viable habitats
for the majority of the time series. Data on larval dis-
tribution in early winter are scarce, but observations
of early furcilia stages (FI-FIII) in March—April show
the northern Antarctic Peninsula, Scotia Sea and the
northeastern limb of the Weddell Gyre to be areas of
greatest abundance in autumn (Marr 1962). Addi-
tional distribution data will inform a more detailed
validation of our results.

While the conditions in the 2005/2006 season did
not lead to viable larval recruitment along the Ant-
arctic Peninsula, the model suggests that there is
likely to be at least episodic recruitment from the
Bransfield Strait, at the northern tip of the peninsula,
in agreement with observations (Hempel 1985). Fur-
ther south along the Antarctic Peninsula, a number of
studies have found the WAP to contain high concen-

trations of adult krill (Lascara et al. 1999, Lawson et
al. 2008, Siegel et al. 2013). However, our model pre-
dicted limited successful larval recruitment due pri-
marily to the shallow bathymetry and the timing of
sea ice advance. The former is consistent with the
findings of the larval development models of Hof-
mann & Hisrevoglu (2003) and Pifiones et al. (2013a),
where areas of the continental shelf region were too
shallow to allow the full descent—ascent cycle to take
place without encountering the sea bed. Neverthe-
less, both these studies did find limited areas in the
WAP where completion of this cycle was possible,
and it is likely that higher-resolution studies of this
region would show additional deeper regions where
the descent-ascent cycle could be successfully com-
pleted. In reporting on the results of the Discovery
Investigations, Marr (1962) found very few larvae in
inshore areas of the WAP but did note that krill
embryos were consistently found offshore of Mar-
guerite Bay (southern Antarctic Peninsula), as sub-
sequently confirmed by Siegel et al. (2013). Other
regions of repeatedly high concentrations of larvae in
the vicinity of the WAP have been found by further
surveys, including the northern Bellingshausen Sea
and areas around Bransfield Strait: north of Liv-
ingston Island, northwest of Elephant Island and the
Antarctic Sound region (e.g. Witek et al. 1980, Maka-
rov et al. 1990, Siegel et al. 2013). Within our model,
conditions for successful larval recruitment were
found to be particularly favourable in the Bellings-
hausen Sea, which agrees with the above observa-
tions. This region may be a major remote source of
larval recruitment into the WAP region (Marrari et al.
2008, Siegel et al. 2013), with advection modelling
indicating connectivity between these regions on
timescales that would bring furcilia into the region by
autumn (Pinones et al. 2013b). For instance, Mori et
al. (2019) found that juvenile krill, assumed to be
weak swimmers and therefore to move passively
with ocean currents, were advected over distances of
~50-100 km by mid-January when released from the
ice edge between October and December. Successful
larval recruitment could occur in the WAP region if
embryos are able to hatch on the seafloor and the lar-
vae can find alternative food sources until the sea ice
advances. Regional model studies at higher resolu-
tion will better define the local bathymetry and sea
ice dynamics.

Successful larval recruitment does not occur in the
model in the western Weddell Sea or the Scotia Sea.
Sea ice coverage in the western Weddell Sea pre-
vents spawning in each of the summer months in this
simulation. Net samples have found krill furcilia in
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the Scotia Sea and around South Georgia (Marr 1962,
Siegel & Watkins 2016), and our model predicts that
larvae from each of the summer spawnings will suc-
cessfully develop to a minimum of FIV by the onset of
winter. According to our parameterisations, however,
these areas may not be ultimately successful larval
recruitment habitats, as sea ice advance does not
occur sufficiently early for the larvae to survive to
later developmental stages.

4.7. Temporal variability

In Fig. 8 we synthesise the factors affecting larval
recruitment discussed thus far. Included in this fig-
ure is also the influence of temporal variability.
What is emphasised in this figure is the prime
importance of sea ice in influencing the spatial and
temporal distribution of larval recruitment. Large
interannual variability exists in sea ice concentra-
tion, extent and the timing of sea ice advance and
retreat, linked to atmospheric signals including El
Nino and the Southern Annular Mode (SAM,; Liu et
al. 2004, Stammerjohn et al. 2008, Turner et al. 2015).
For example, a positive phase of the SAM sees in-
creased sea ice in the eastern Ross and Amundsen
Seas and decreased sea ice in the Bellingshausen
and northern Weddell Seas (Liu et al. 2004). Timing
in the advance and retreat of sea ice, and changes
in the spatial extent and distribution of sea ice, are
critical for determining the spatial distribution of
successful larval recruitment from one year to the
next. A year of reduced sea ice cover opens up new
areas for spawning, particularly early in the sum-
mer, but may reduce overwintering success. Earlier
advance of sea ice may increase larval recruitment
success, provided that larvae have reached a suffi-
ciently advanced development stage. Good larval
recruitment may be expected where a low ice year
is followed by a large ice year, since a greater spa-
tial spread of spawning would occur and a larger
subsequent ice cover would follow increasing over-
wintering survival. The pulsing of recruitment that
has been observed to occur in the Antarctic Penin-
sula region has been related to sea ice conditions in
a number of studies (Siegel & Loeb 1995, Quetin &
Ross 2003, Loeb et al. 2009), in agreement with our
model results that suggest episodic recruitment in
the Bransfield Strait region due to variability in the
timing of advance and the extent of winter sea ice.
The model results add further weight to the need to
determine this relationship better, including how it
varies regionally.

Timing of spawning

Earlier spawning:

More time to develop
to later stages before
winter (M5)

Later spawning:

Less time to develop
to later stages before
winter (M5)

Summer sea ice conditions

Less seaice cover:

More spawning
habitat (M1)

More seaice cover:

Less spawning
habitat (M1)

Timing of sea ice retreat

Earlier retreat:

Reduced risk of
calyptope starvation
under seaice (M4)

Later retreat:

Increased risk of
calyptope starvation
under seaice (M4)

Timing of sea ice advance

Earlier advance:

Increased risk of
calyptope starvation
under seaice (M4)

More overwintering
habitat (M6)

Later advance:

Reduced risk of
calyptope starvation
under seaice (M4)

Less overwintering
habitat (M6)

Winter seaice conditions

Less seaice cover:

Less overwintering
habitat (M6)

More seaice cover:

More overwintering
habitat (M6)

Fig. 8. Synthesis of the impacts of variability in the timing of
spawning and the seasonal sea ice cycle on larval recruit-
ment. Coloured boxes show the prime drivers of mortality in
the larval recruitment model. Grey shading and red text in-
dicate decreased mortality in response to the listed changes
(leading to potentially greater larval recruitment) and blue
text indicates increased mortality (leading to potentially re-
duced larval recruitment). M1-M6 are the mortality rules
applied in the larval recruitment model; see Table 2 for details
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The temperature-driven model of larval develop-
ment is also particularly sensitive to long-term change.
Increasing ocean temperature (Meredith & King
2005) would lead to more rapid development of the
larvae and could potentially increase the viability of
later spawning further south. Conversely, warming of
the northern Southern Ocean, at the northern distrib-
utional limit of Antarctic krill, could mean that these
areas are no longer suitable for larval development. A
next step in our research is to include interannually
varying temperature fields to drive the development
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