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ABSTRACT: Antarctic krill Euphausia superba spawned on the outer continental shelf of the west
Antarctic Peninsula can be entrained into the Southern Front of the Antarctic Circumpolar Current
and transported across the Scotia Sea to South Georgia. A time-dependent, size-structured, physio-
logically based krill growth model was used to assess the food resources that are needed to sustain
Antarctic krill during transport across the Scotia Sea and to allow them to grow to a size observed at
South Georgia. Initial Lagrangian simulations provide trajectories that are followed by particles re-
leased on the west Antarctic Peninsula shelf. Pelagic phytoplankton concentrations along these tra-
jectories are extracted from historical Coastal Zone Color Scanner measurements from the Antarctic
Peninsula-Scotia Sea region and are input to the growth model. The results of these simulations show
that pelagic phytoplankton concentrations are not sufficient to support continuous growth of Antarctic
krill during the 140 to 160 d needed for transport to South Georgia. The inclusion of a supplemental
food source during part of the transport time, such as sea ice algae (up to 80 mg chl am~%), does not sig-
nificantly alter this result. Survival and growth of larval krill during modeled transport is, however,
enhanced by encounters with mesoscale patches of high chlorophyll concentrations (1 mg m~%), while
subadults and adults benefit less from these conditions. Further simulations show the importance of an
additional food source, such as heterotrophic food, for the survival of subadult and adult Antarctic krill.
For all planktonic food scenarios tested, krill that begin transport at the Antarctic Peninsula did not
reach the smallest age group often observed at South Georgia, the 2+ group, during the 140 to 160 d of
transport. Including the effect of increasing temperature across the Scotia Sea on krill growth rate does
not significantly alter these results, since the maximum increase in growth due to increased tempera-
ture obtained in the simulations was 1.0 mm for both 2 and 22 mm Antarcic krill. These simulations
suggest the possibility of alternative transport scenarios, such as Antarctic krill beginning transport at
the Antarctic Peninsula in austral summer and overwintering under the sea ice that extends northward
from the Weddell Sea into the Scotia Sea. Such an interrupted transport would allow the Antarctic krill
to overwinter in a potentially better food environment and begin transport again the following year,
growing to a size that is within the range observed for Antarctic krill populations at South Georgia.
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INTRODUCTION
The waters around South Georgia, to the east of the
Scotia Sea (Fig. 1), contain large populations of Antarc-
tic krill Euphausia superba, the primary food for many
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of the marine mammals and seabirds that inhabit the
area (Croxall et al. 1988) and the target of a commer-
cial fishery (Murphy et al. 1997). Early analyses of the
length frequency distribution of Antarctic krill popula-
tions around South Georgia led to the conclusion that
the local population is not self-sustaining (Marr 1962,
Mackintosh 1972). The apparent lack of a local popula-
tion that undergoes reproduction with subsequent
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Fig. 1. Base map showing the study region, the locations of
the Subantarctic Front (SAF), the Polar Front (PF) the
Southern Antarctic Circumpolar Current Front (SACCEF),
and southern boundary of the Antarctic Circumpolar Current
(ACC) (dashed line; Boundry). Front locations determined
from historical hydrographic data (Orsi et al. 1995). Thin line
represents the 2000 m isobath. SOI: South Orkney Islands;
SSI: South Shetland Islands; EI: Elephant Island

recruitment is surprising considering the large top
predator populations that depend on Antarctic krill
(Everson 1984). More recent analyses of length fre-
quency distributions suggest that the youngest domi-
nant year class around South Georgia in mid-summer
is the 2+ (3 yr old) year class (Murphy et al. 1998,
Watkins et al. 1999). Also, Watkins et al. (1999) showed
that krill at the eastern end of South Georgia tend to be
smaller or lack larger year classes relative to the krill
populations at the western end of the Island.

Because there is a persistent krill population at South
Georgia, the inference is that the source of this popula-
tion is elsewhere. The nearest dependable supply of
krill (Siegel 1992) is from populations along the west-
ern Antarctic Peninsula. Transport of krill from this
region to South Georgia is accomplished by the large-
scale ocean currents (Priddle et al. 1988, Witek et al.
1988). Another potential krill source region is the Wed-
dell Sea (Marr 1962). Atkinson et al. (2001) provide a
review of the South Georgia ecosystem and possible
krill source populations for this region.

There are few direct observations of krill transport
from another region to South Georgia. Distributions
of Antarctic krill larval stages between the Antarctic
Peninsula and South Georgia (Marr 1962) suggest a
spatial separation of stages, with older stages being
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further eastward. Brinton (1985) used length frequency
analyses of krill collected from net samples at locations
across the Scotia Sea to show that krill size increases
towards South Georgia. This has been supported by
Siegel (1992), who found evidence that krill are ex-
ported from the Antarctic Peninsula region.

More recently, the issue of krill transport to South
Georgia from an upstream source has been tested with
modeling studies (Hofmann et al. 1998, Murphy et
al. 1998). These studies show that the currents associ-
ated with the Antarctic Circumpolar Current (ACC)
can transport particles from the Antarctic Peninsula to
South Georgia in 140 to 160 d. The currents associated
with the Southern ACC Front and southern boundary
of the ACC, which flow along the outer continental
shelf of the west Antarctic Peninsula, appear to be the
primary transport pathways (Hofmann et al. 1998).

Krill of all sizes can potentially be transported by
ocean currents. However, passive transport of larval
and juvenile krill is most likely because older krill are
strong swimmers, with swimming speeds up to 8 times
their body length per second (Kils 1982). For 40 mm
krill, this swimming speed is similar to the average
speed (30 cm s7') of currents at the Southern ACC
Front (Orsi et al. 1995). Modeling studies (Hofmann et
al. 1998, Hofmann & Lascara 2000) suggest that krill
with initial sizes of 2 mm and 10 mm can develop to
10-12 mm and 20-30 mm, respectively, in 140 to 160 d.

Most krill spawning in the Antarctic Peninsula
region occurs between December and February (Ross
& Quetin 1986). Chlorophyll concentrations in the Sco-
tia Sea are typically low (<0.6 mg m™3, Comiso et
al. 1993) and transport during and subsequent to the
spawning season will place larval and juvenile krill in
a low food environment during a time when their
potential food supply is declining even further. Thus,
while transport of krill across the Scotia Sea to South
Georgia is feasible, sufficient food supply during trans-
port or delivery of viable krill to South Georgia is not
guaranteed. However, krill are omnivores and exploi-
tation of food sources other than pelagic phytoplank-
ton, such as zooplankton, is possible (Kawaguchi 1986,
Daly 1990, Nordhausen et al. 1992), as is feeding on
sea ice algae (Marschall 1988, Daly & Macaulay 1991),
which has been observed for larval and juvenile krill.
Also, the temperature gradient that krill experience
while moving across the Scotia Sea may affect meta-
bolic processes and thus growth (Quetin et al. 1994).

The objective of this paper is to evaluate the food
that is required to sustain larval and juvenile Antarctic
krill during transport from the Antarctic Peninsula
across the Scotia Sea to South Georgia and to suggest
potential sources of this food. This is done using a
physiologically based model for the growth and devel-
opment of Antarctic krill (Hofmann & Lascara 2000) to
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assess the contribution of pelagic
phytoplankton, sea ice algae and other
potential food sources (e.g. heterotro-
phic food) to larval growth and devel-
opment during transport. The role of
mesoscale eddies, with associated
enhanced levels of chlorophyll, is
examined, as is the influence of tem-
perature on the survival of krill during
transport. The results of these model-
ing studies are then used to make
inferences about possible source popu-
lations for krill and the transport of
these to South Georgia.

The model and data sets used in this
study are described in the following
section, ‘Materials and methods'. Sim-
ulations of krill growth that are
obtained using a range of potential
food sources are given in the ‘Results’.
The 'Discussion’ then provides an
assessment of the effects of food
resources, temperature, and en-
vironmental variability on krill trans-
port across the Scotia Sea. The impli-
cations of these for krill transport
patterns are also considered.

MATERIALS AND METHODS

Krill growth model. Simulations of
Antarctic krill growth and develop-
ment are obtained using the model
described in Hofmann & Lascara
(2000). This size-structured, physio-

logically based model gives the time-dependent (f)
change in the number of krill individuals (IN) in a given

size class, j, as:

dN;
dt

Table 1. Length (L, mm) to wet weight (W, mg), wet weight to dry weight (DW,
mg), and dry weight to carbon (C, mg) relationships used in the krill growth
model. The krill size range over which the relationships apply and the source for
each is indicated. A spline interpolation was used to estimate wet weight for krill
sizes between 5 and 10 mm. The end points for the spline interpolation are
determined from the first 2 length to wet weight relationships

Equation Size range Source
(mm)
W =0.0470 L>1?! 2to5 Tkeda (1984b)
W=0.0072 L3%?!  10t040 Hofmann & Lascara (2000)
W=0.0016 L3*?®  40to60 Hofmann & Lascara (2000)
DW=0.216 W 2 to 60 Ikeda & Mitchell (1982)
C=0.366 DW"%7 2 +t0 60 Ikeda & Mitchell (1982), Ikeda & Bruce (1986),

Ikeda & Kirkwood (1989), Ishii et al. (1987),
Ikeda & Dixon (1982), Ikeda (1984b)

Table 2. Relationship for compression filtration (F;, m*® d*!), sea ice biota graz-
ing F'9, m*® d™'), and standard respiration rate (R%, pl h™') used in the krill growth
model. The krill size range over which the relationships apply and the source for
each is indicated. A spline interpolation was used to obtain compression filtra-
tion rates for krill sizes between 25 and 37 mm. The end points for the spline
interpolation are determined by the 2 compression filtration relationships. A
similar approach was used to obtain the standard respiration rate for krill sizes
between 10 and 16 mm

Equation Size range Source
(mm)

F“j =0.00085 DW%825 2to025 Morris (1984), Daly (1990)
Fef; =0.00343 DW14 >37 Schnack (1985), Quetin et al. (1994),

‘ Morris (1984), Quetin & Ross (1985)
F'9; =0.05 FCf]- 2t060 Hofmann & Lascara (2000)
R =0.686 Dw031 <10 Tkeda (1981), Quetin & Ross (1989)
R =0.847 DWwW?0:850 >16 Tkeda (1984b)

= —o;N; =B;N; +a;4Njq HB;juNju (1)

For NP; < 0, the loss in krill biomass (shrinkage) is rep-
resented by the transfer of individuals to the next
smaller size class (a; = 0 and 3; > 0). These transfers are
affected by using conversions between length and bio-
mass given in Table 1.

Assimilated ingestion (Al;) for each size class is
determined from the product of assimilation efficiency

where each size class is defined by a length and asso-
ciated carbon weight, as determined by the relation-
ships in Table 1. The rate of transfer between size
classes is given by the coefficients a and 3, which are
determined by changes in net production based on
carbon weight as described below.

Net production of any given size class, NP; is
assumed to be the difference between assimilated
ingestion (Al}) and respiration (R)):

NP; = AL -R; (2)
When NP; > 0, the gain in krill biomass (growth) affects
a transfer to the next larger size class (0;> 0 and 3; = 0).

(Y), krill filtration rate (Fj), and ambient food concentra-
tion (food(t)) as:

Al = YF; food(t) (3)

where the assimilation efficiency is set to 80 % for all
size classes.

Filtration rate is given by relationships for compres-
sion filtration that represent grazing on pelagic phyto-
plankton concentrations and grazing on sea ice algae
(Table 2). Ambient food is input by time series speci-
fied externally and is composed of different types and
concentrations of food as described below.



190 Mar Ecol Prog Ser 231: 187-203, 2002

Respiration rate for each size class (R)) is composed
of a standard metabolic rate (R%) which increases due
to active feeding (Rf]-) and decreases due to reduced
activity levels (R%) in the winter as:

R} = RS] (1 + RfJ + Raj) (4)

The relationships used for R% are given in Table 2.
Those used to describe the effects of active feeding
and activity levels are based on field and experimental
studies and are described in Hofmann & Lascara
(2000).

The model given by Eq. (1) was configured with 232
size classes representing krill from 2 mm (Calyptopis I,
first feeding stage) to 60 mm (maximum adult size),
with a resolution of 0.25 mm. The size class model was
solved numerically using a 3rd order Adams-Bashforth
method (Canuto et al. 1988) with a time step of 0.1 d,
which ensured that krill biomass and number of indi-
viduals were conserved over the duration of the simu-
lation.

The simulated krill growth rate is limited to 0.25 mm
per time step to ensure that krill do not grow more
than 1 size class per day. This maximum rate is in
excess of observed summer krill growth rates, which
range between 0.105 and 0.179 mm d~! (Rosenberg et
al. 1986), as well as overall krill growth rates (Siegel &
Kalinowski 1994) and maximum summer growth rates
(Ross et al. 2000). However, it is less than the krill
growth rate of 0.33 mm d! estimated by Clarke &
Morris (1983).

Krill shrink when they do not encounter enough food
to meet their metabolic needs and they are starving
(Ikeda & Dixon 1982, Nicol et al. 1992). Ikeda & Dixon
(1982) show that the decrease in body wet weight of
krill starved over 211 d ranged from 32.1 to 52.2 % with
a mean decrease of 45%. Thus, for the krill growth
model, a loss of krill body wet weight of 45% is as-
sumed to be equivalent to the death of the animal and
the simulations are ended at this point. Larval krill of
the Calyptopis I stage have less tolerance to starvation
(Ikeda 1984a,b). Therefore, Calyptopis I krill are as-
sumed to die after 6 d without feeding. Additional mor-
tality due to predation is not included in the krill
growth model because the model is designed to repre-
sent individual animals.

Particle displacement. The Lagrangian model results
presented in Hofmann et al. (1998) show that particles
entrained in the current associated with the Southern
ACC Front along the western Antarctic Peninsula con-
tinental shelf coalesce to a narrow region as they move
across the Scotia Sea. For this study, 4 of these particle
trajectories, which represent a range of initial posi-
tions, were extracted from the many calculated with
the Lagrangian model (Fig. 2). The trajectories provide
particle locations across the Scotia Sea, which are then
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Fig. 2. Particle trajectories obtained from a Lagrangian model
that used a circulation field which included the surface
Ekman and large-scale climatological flows (Hofmann et al.
1998). Four of the simulated particle trajectories, which repre-
sent a range of initial positions, are shown. Thin solid lines
encompass the region through which the simulated particles
moved

matched with other data sets described in the next sec-
tion to obtain a time series of available food along a
specific transport pathway. To look at the effect of dif-
ferent times of particle release, the trajectories were
assumed to apply in January and February. The time
required for the 4 surface drifters chosen for this study
to move from release sites along the Antarctic Penin-
sula to South Georgia is 190, 160, 180 and 130 d for
Drifter 1, 2, 3 and 4, respectively. These values bracket
the average transport time of 140 to 160 d calculated
for all the surface drifter trajectories (Hofmann et
al. 1998).

Food availability. Phytoplankton: Time series of
food concentration are needed as input to the krill
growth model. Ship-based observations sufficient to
construct pelagic phytoplankton distributions across
the Scotia Sea do not exist. Therefore, phytoplankton
concentrations along the particle trajectories were
extracted from monthly chlorophyll distributions that
were constructed from 8 yr composites (1978 to 1986)
of Coastal Zone Color Scanner (CZCS) observations
from the Scotia Sea (Feldman et al. 1989), which are
the only large-scale views of chlorophyll concentration
for this region. Ocean color measurements from the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) are
not yet adequate for describing the chlorophyll distrib-
ution of this region because the extensive cloud cover,
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long periods of darkness and seasonal sea ice cover
result in considerable gaps in the spatial and temporal
coverage. This will become less of an issue as the Sea-
WIFS time series in this region becomes longer and
data can be combined to fill in areas where cloud and
sea ice cover is frequent.

The CZCS composites for January and February
(Fig. 3A,B) show regions of high chlorophyll concen-
tration (10 mg m™%) along the coast of South America,
at isolated locations across the Scotia Sea and along
the west Antarctic Peninsula. Chlorophyll concentra-
tions for January are generally higher than those in
February, with more regions of high concentration
along the west Antarctic Peninsula in the pathways of
the drifters. The chlorophyll concentration time series
input to the krill growth model were extracted from
consecutive monthly CZCS composites, not just from
the January and February images shown in Fig. 3. The
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minimum concentration for CZCS-derived chlorophyll
is 0.039 mg m=3, which is the threshold concentra-
tion for the sensor. This value is used in low chloro-
phyll periods such as that between Days 140 and 181
(Fig. 3C), and provides a low-level background chloro-
phyll value.

The CZCS sensor underestimates chlorophyll con-
centrations below 1.0 mg m™ and tends to overesti-
mate concentrations above this value when the global
processing algorithm is used (Balch et al. 1992). Also,
most of the chlorophyll signal detected by the satellite
is from the upper 20 to 25 % of the euphotic zone (Gor-
don & McCluney 1975), which is defined as the 1%
light level. Thus, chlorophyll deeper than this could
not be detected by the CZCS. However, the mean sum-
mer pigment (chlorophyll a and phaeopigment) con-
centration computed with the Southern Ocean algo-
rithm, which was used to construct the chlorophyll
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Fig. 3. CZCS-derived 8 yr (1978 to 1986) composite of pigment concentration (mg m™?) for the months: (A) January, and (B) Febru-
ary. Time series of pigment concentration (mg m™2) along the particle trajectories extracted from the CZCS images starting in
(C) January (Day 1) and (D) February (Day 32)
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distributions used in this study, is within 5% of in situ
data (Sullivan et al. 1993).

The chlorophyll concentrations that are encountered
along the 4 trajectories by a particle released near the
west Antarctic Peninsula on the first day of January
(Day 1), which assumes a December krill spawning,
are between 3 and 5 mg chl a m™3, with occasional
higher values (Fig. 3C). The chlorophyll time series for
particles released the first day of February (Day 32)
along the same trajectory (Fig. 3D), which assumes a
January spawning, show persistent but lower chloro-
phyll concentrations until about early April (Day 92),
after which values decrease. The extracted chlorophyll
time series illustrate the large mesoscale variability
in food supply that is encountered along trajectories
which are not largely separated in space (Fig. 2). Also,
considerable temporal variability occurs in chlorophyll
depending on the time a particle leaves the west Ant-
arctic Peninsula.

The contribution of transient features to the overall
food supply is not included in the chlorophyll time
series derived from the CZCS observations because of
the 8 yr average that was used to obtain the monthly
composites. Thus, the CZCS-derived chlorophyll con-
centrations are best regarded as a background food
supply, as they provide only a static picture. The Scotia
Sea region, however, is known to have considerable
mesoscale variability in physical and biological distrib-
utions (Murphy et al. 1998). This mesoscale variability
was introduced in the food time series constructed
from the CZCS composites by superimposing, in an ad
hoc manner, occasional high chlorophyll events. These
events are intended to represent chlorophyll concen-
trations associated with mesoscale eddies that move
across the Scotia Sea. The frequency and duration of
the imposed events is based on the occurrence of
mesoscale eddies observed in World Ocean Circula-
tion Experiment (WOCE) surface drifter trajectories
(Fig. 4A), which suggest that, on average, 4 to 5 eddies,
with a drifter entrainment time of 14 to 17 d, can be
present in the Scotia Sea. Based on these charac-
teristics, a time series with elevated chlorophyll a con-
centrations and different duration times was created
(Fig. 4B). The concentration of chlorophyll in the
eddies is scaled to the average chlorophyll concentra-
tion seen in the CZCS images from the Scotia Sea
(see Fig. 3).

Sea ice algae: Sea ice algae provides an additional
food source for krill (Marschall 1988, Daly & Mac-
aulay 1991). Therefore, sea ice concentrations along
the 4 particle trajectories were extracted from Special
Sensor Microwave Radiometer (SSMR) measurements
during a low-ice year, 1985 (Fig. 5), and Special Sen-
sor Microwave/Imager (SSM/I) measurements during
a high-ice year, 1988 (Fig. 6) for start times of 1 Janu-
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Fig. 4. (A) Trajectories of selected WOCE/TOGA surface

drifters released in the Scotia Sea region 1989/90 and

1991/92. (B) Time series of chlorophyll concentrations con-

structed based on characteristics of the mesoscale features
seen in the drifter trajectories

ary and 1 February. For both years the June (Figs. 5A
& 6A) and July (Figs. 5B & 6B) images are shown,
since this is the time when sea ice coverage is poten-
tially important in krill development (Siegel & Loeb
1995). The percentage of sea ice coverage was then
used as a proxy for sea ice biota concentrations and
was scaled to a sea ice algae concentration using the
sea ice algae time series given in Hofmann & Lascara
(2000).

Sea ice concentrations are generated using bright-
ness temperatures derived from passive microwave
data. Comparisons of sea ice concentrations and sea
ice edges, obtained from the satellite sensors, with in
situ and other satellite data show good agreement
(Comiso & Sullivan 1986). In areas of polynya and lead
formation and at the sea ice edge, large errors can
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Fig. 5. SSMR-derived sea ice concentration (% coverage) for (A) June 1985 and (B) July 1985. Time series of sea ice concentration
(% coverage) and pigment concentration (mg m~%) along the particle trajectories extracted from the SSMR images starting in
(C) January (Day 1) and (D) February (Day 32)

occur because the emissivity of new sea ice varies
continuously with thickness up to several centimeters
(Comiso et al. 1989). However, these errors do not
affect this analysis because the satellite-derived sea
ice distributions are used to obtain general patterns
and trends.

The trajectory of Drifter 1 encounters the most sea
ice, and hence sea ice algae food, during transit to
South Georgia. Thus, the food concentrations encoun-
tered along this trajectory were used as the basic
phytoplankton and sea ice algae time series input to
the model, although Drifter 1 does not necessarily
encounter the highest phytoplankton concentrations
along its trajectory. The sea ice-derived food time
series available to krill along the Drifter 1 trajectory
differs between the years 1985 and 1988 (Fig. 7 A,B).

The combined CZCS-derived phytoplankton and
the eddy-associated phytoplankton time series for
Drifter 1 released in January (Fig. 7A, solid line) and
in February (Fig. 7B, solid line) are shown for com-
parison.

Sea ice-derived food is assumed to be an alterna-
tive food source that krill can exploit if they
encounter sea ice during transport. This is imple-
mented in the model by allowing krill to feed only on
sea ice-derived food when sea ice is encountered
along a trajectory.

Heterotrophic food: Studies (e.g. Hopkins et al.
1993, Pakhomov et al. 1997) show that Antarctic krill
can feed on zooplankton outside of phytoplankton
bloom periods. Thus, a final modification to the food
time series consisted of adding a heterotrophic food
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Fig. 6. SSM/I-derived sea ice concentration (% coverage) for (A) June 1988 and (B) July 1988. Time series of sea ice concentration
(% coverage) and pigment concentration (mg m~3%) along the particle trajectories extracted from the SSM/I images starting in
(C) January (Day 1) and (D) February (Day 32)

source. Again there are no continuous measurements
of copepod concentrations across the Scotia Sea. There-
fore, this time series (Fig. 7C,D) was constructed using
estimates of mean mesozooplankton biomass in the
greater South Georgia region (Atkinson & Snyder
1997). Adding this food source to the combined back-
ground and eddy-associated food time series gives a
total available food time series for January and Febru-
ary release times (Figs. 7E,F). Larval krill are probably
not capable of feeding on the large copepods on which
the heterotrophic food source is based, due to their
small body size. Thus, feeding on the heterotrophic
food source is done only by krill greater than 18 mm in
size. Juvenile krill of this size have been observed
feeding on copepods (Granéli et al. 1993, Huntley et al.
1994).

Temperature influence. The range in temperature
(-1.8 to 4°C) that Antarctic krill encounter across the
Scotia Sea is large enough to potentially affect meta-
bolic processes associated with growth (Clarke & Mor-
ris 1983, Quetin et al. 1994). Therefore, the influence
of temperature on krill growth rate was included
through a Q relationship. Laboratory measurements
of temperature effects on the metabolic processes of
euphausiids provide Qq values of 2 (Torres & Chil-
dress 1983) and values calculated for Antarctic krill
are as high as 3.5 (Quetin et al. 1994). There are few
experimental observations from which a temperature
dependent growth rate for Antarctic krill can be
derived (e.g. Poleck & Denys 1982, Morris & Keck
1984, Buchholz 1985, Tkeda et al. 1985) and the limited
data represent different experimental designs, differ-
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Fig. 7. Time series of food input to the krill growth model for Drifter 1 released along the west Antarctic Peninsula in January
(A, C, E) and February (B, D, F). Individual food time series are defined in each panel

ent-sized krill, and different feeding frequencies,
which are not compatible. Therefore, the maximum
value reported, a Qy of 3.5, was used with this model
since this represents the maximum effect that can be
expected from temperature.

Temperature values along the drifter trajectories,
which represent the upper 20 m, were obtained from
the National Oceanographic Data Center (NODC) cli-
matology (Boyer & Levitus 1994). These values and the
Qo of 3.5 were used to scale the Antarctic krill growth
rates obtained from the model.

RESULTS

Simulations were done with the krill model to test
the effect of the different food availability time series
on krill growth and development. The simulations are
summarized in Table 3 and the results of each are dis-
cussed in the following section.

Different food sources

Krill exposed to the food time series of pelagic phyto-
plankton extracted along Drifter 1 (Fig. 3C), starting in

Table 3. Summary of the simulation results obtained using
different food availability time series for krill released in Jan-
uary and February. Food time series are designated as—
PP: pelagic phytoplankton; SIF: sea ice-derived food; EF:
eddy-associated food; and HF: heterotrophic food

Food assumption Food time January February
series release release
results results
PP Fig. 3C,D Fig. 8A Fig. 8B
PP + SIF Fig. 3C,D, 6C,D  Fig. 8A Fig. 8B
PP + EF Fig. 7A,.B Fig. 9A Fig. 9B
PP + EF + SIF Fig. 7A.B Fig. 9A Fig. 9B
PP + EF + HF Fig. 7E,F Fig. 10A  Fig. 10B
PP + EF + HF + SIF  Fig. 7E,F Fig. 10A  Fig. 10B
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Fig. 8. Simulated growth of 2 mm krill (lower curves), 22 mm

krill (middle curves), and 45 mm krill (upper curves) using

phytoplankton food only (solid lines). Simulated growth ob-

tained when sea ice food becomes available in June, July and

August is also shown (dashed lines). Simulations began
(A) January (Day 1) and (B) February (Day 32)

January (Day 1), developed as shown in Fig. 8A (solid
lines). Larval krill, with an initial size of 2 mm, repre-
sent the result of the current season's spawn, and in
this simulation the 2 mm krill do not grow for the first
90 d. The subsequent presence and absence of food
produced periods of decreasing and increasing size.
After 140 to 160 d, the transport time from previous
modeling studies (Hofmann et al. 1998), the 2 mm krill
grew to 6 to 7 mm.

The simulated growth of 22 mm krill, which corre-
sponds to the 1+ age class (subadult), did not increase

significantly over the total time of simulation. After 140
to 160 d, the 22 mm krill shrank to ca. 20 mm. The pat-
tern of growing and shrinking for the adult krill
(45 mm) is similar to that for the 22 mm krill, except
that periods of shrinking are more pronounced.

The simulated growth (Fig. 8B, solid lines) of the
same 3 krill size classes starting in February (Day 32)
shows that all size classes shrank rapidly throughout
the simulation due to insufficient food supply (see
Fig. 3D) and reached the criteria for dying. The 22 mm
krill died after 142 d of simulation, the 22 mm krill after
135 d, and the 45 mm krill after 167 d.

The effect of sea ice-derived food and the timing of
the availability of this food on krill growth was tested
by providing the food in June, July, and August. Prior
to availability of the sea ice-derived food, krill growth
is supported by the background pelagic phytoplank-
ton. For a high ice year (1988), krill exposed to this
combined time series have the same growth pattern as
obtained by feeding on pelagic phytoplankton only
until the sea ice food is available at the beginning of
June and July. The available sea ice food is low and
is not sufficient to support krill growth; thus, shrink-
ing continues until krill meet the criteria for death
(Fig. 8A). Delaying the availability of sea ice-derived
food until August results in continued shrinkage of all
krill size classes because of insufficient food. For krill
released in February, none of the krill live to encounter
sea ice (Fig. 8B) and death occurs.

The addition of the mesoscale eddy-associated food
results in improved growth of the same 3 krill size
classes relative to the previous simulations (Fig. 9A,B).
After 140 to 160 d, the larval krill starting in January
reached a size of ca. 10 mm, considerably larger than
in the simulation that used only pelagic phytoplankton
food (Fig. 8A). This size increase in this amount of time
is consistent with observations (Siegel & Kalinowski
1994). Juvenile and adult krill showed similar growth
patterns over the simulation, initially decreasing in
size and then undergoing periods of growth and
shrinkage. At the end of the simulation, the 22 mm krill
had reached 31 mm, and the 45 mm krill had increased
to 49 mm.

Even when starting in February (Day 32), the larval
krill slowly increased over time, reaching 6 to 7 mm
after 140 to 160 d and 9 mm by the end of the simula-
tion (Fig. 9B). The 22 mm and 45 mm krill shrank and
showed minimal growth during the simulation. The
22 mm krill died after 235 d of simulation.

Including sea ice-derived food had a negative effect
on the growth of krill (Fig. 9A,B), no matter when in
winter krill switched to feeding on this food source.
This is expected because the previous simulations
(Fig. 8A) showed that sea ice-derived food by itself is
not sufficient to sustain krill.
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Fig. 9. Simulated growth of 2 mm krill (lower curves), 22 mm
krill (middle curves), and 45 mm krill (upper curves) using
combined phytoplankton food and eddy-associated food. Sim-
ulated growth obtained when sea ice food becomes available
in June, July and August is also shown (dashed lines). Sim-
ulations began (A) January (Day 1) and (B) February (Day 32)

The final set of simulations consider krill growth that
results from the addition of a heterotrophic food
source. For a January (Fig. 10A) and a February
(Fig. 10B) release, the 22 mm and 45 mm krill grow
throughout the simulation. The initial growth is slow,
with the krill starting in February growing less than
those released in January. For a January release, the
22 mm krill grow to 42 mm and 45 mm krill grow to
59 mm by the end of the simulation, which is consistent
with observations (Siegel 1987). The 2 mm krill feed
only on pelagic phytoplankton and as a result do not

get larger than 18 mm over the course of the simula-
tion. Again, encountering sea ice-derived food late in
the simulation and exclusive feeding on this food
source has a negative effect on the growth of all krill
size classes (Fig. 10A,B).

Growth rates

Daily growth rates associated with 2 mm krill feeding
on combined food (see Fig. 7E,F) for a January (Fig. 11A)
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Fig. 10. Simulated growth of 2 mm krill (lower curves), 22 mm

krill (middle curves), and 45 mm krill (upper curves) using

combined phytoplankton, eddy-associated food, and hetero-

trophic food (solid lines). Simulated growth obtained when

sea ice food becomes available in June, July and August is

also shown (dashed lines). Simulations began (A) January
(Day 1) and (B) February (Day 32)
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and a February (Fig. 11B) release range between —0.09
t00.271 mm d! and —0.069 to 0.193 mm d ™!, respectively.
Growth rates in the January simulation are generally
higher, due to better food availability. Periods of shrink-
ing occur in both simulations, but more so in February
due to less food available.

Growth rates for the 22 mm krill feeding on the food
supply starting in January (Fig. 11C) and February
(Fig. 11D) range between —0.14 to 0.303 mm d~! and
-0.14 t0 0.275 mm d~!, respectively. Release in January
gives longer periods of high growth rates relative to
those for a February release due to greater food avail-
ability in January. Growth and shrink rates for the
22 mm krill are bigger than those for the 2 mm krill,
reflecting the higher metabolic rates of the larger ani-
mals. The simulated growth rates are within the range
of observed growth rates, which are 0.105 to 0.179 mm
d! (Rosenberg et al. 1986) and 0.33 mm d! (Clarke &
Morris 1983).

Temperature

The effect of varying temperature on krill growth is
estimated by taking the time series of simulated daily
growth rates (Fig. 11), which are calculated relative to
0°C, and rescaling these using the temperature time
series extracted along the drifter trajectories from the
NODC temperature climatologies and a Qo value of

3.5. The resulting differences between these growth
rates and the original growth rates are plotted as per-
cent growth rate change (Figs. 12 & 13) and indicate
the relative effect of temperature and food on krill
growth rate.

For the 2 mm krill starting transport in January and
feeding on the combined food time series, the temper-
ature effect is greatest at the maxima and minima of
the growth rate time series, which reflect changes in
food availability (Fig. 12A). The effect of temperature
is most pronounced when high food concentrations
coincide with increased temperature, such as the
peaks in temperature near Day 100 and Day 200. The
coincidence of increased food with elevated tempera-
tures increases the growth rate by a maximum of
3.78% over the constant temperature simulation. The
increased growth rates are of short duration, but are
sufficient to have an effect on the final size of the krill.
Maintaining the growth rate scaled to a Qo value of
3.5 would result in krill growing an additional 1 mm
over the size reached in the constant temperature
simulation.

Larval krill starting transport in February encounter
lower temperatures and food during transit (Fig. 12B).
As a result, the constant and temperature-dependent
growth rates are similar, with the maximum difference
between the 2 being only 1.19 %, which over the time
of the simulation would result in an additional 0.5 mm
in growth.



Growth Rate Change (%)

Fach et al.: Modeling studies of antarctic krill 199

Growth Rate Change (%)

6 T T T T T T
4 A
2F E
0: /\,\ /\/\A/\ AA
r~r~ vV VA2 1
_2:_ _
-4F 7
-6F | | 1 1 L L :
- - Temperature 2 —_ %0
----- Comblnelc‘i Food N _ ; 8 4007
\ 1y E ) E
1 E
o 5 1300 g’
i \ [ ER "6 =
~. 'l 1 E c
j ) ' g 200_8
B AR 4 -1 g E
\ © 41008
L 1 i-2 0
6 T T T T i '
af B
2F E
0: /\/\/\ ’_/\
r A\ v ]
_2:_ _
-4F 7
6f ! ! I L - L 2 500
- - Temperature ~
J Combined Food ; %3 400 ¢
- ’ E -~
o o~ {1 ¢ 300 @
- A =7 N 1 >
L N 132 -
N T 5
\\,\\,\_/I \‘ II g 8_ 200_8
L e 175 Ji0 &
A R T T o o

100 150 20 250 300 350
Time (Day)

Fig. 12. Time series of the change in growth rate of 2 mm krill
for simulations that begin in (A) January (Day 1) and (B) Feb-
ruary (Day 32). Percent change is the difference between the
growth rate at a constant temperature of 0°C and that ob-
tained with a variable temperature and a Qy, of 3.5. The time
series of temperature and food availability used in the
simulations are shown

The growth rate time series for the 22 mm krill is
more variable (Fig. 13A,B), and shows more periods of
shrinking, relative to that for the 2 mm krill. The simu-
lation shows that a varying temperature environment
has the most influence during times when food is
abundant. The maximum effect of temperature for the
January simulation occurs near Day 200 when the
maximum difference between the constant and tem-
perature-varying growth rates is 3.83% (Fig. 13A).
However, over the entirety of the simulation, tempera-
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Fig. 13. Time series of the change in growth rate of 22 mm
krill for simulations that begin in (A) January (Day 1) and (B)
February (Day 32). Percent change is the difference between
the growth rate at a constant temperature of 0°C and that ob-
tained with a variable temperature and a Qy of 3.5. The time
series of temperature and food availability used in the
simulations are shown

ture effects on krill growth are somewhat lessened and
the final size of the krill would be 43.37 mm, which is
1 mm larger than that obtained in the constant temper-
ature simulations.

The growth rates for the simulation beginning in
February (Fig. 13B) again show frequent temperature
influence when food is abundant at Days 50, 150 and
270 with a maximum difference of 2.52 %. These result
in an increase in krill size of 1 mm over the constant
temperature simulation.

Carbon (mg m-3)

Carbon (mg m-3)
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DISCUSSION
Effect of food

Spawning in either January or February places krill
in an environment in the Scotia Sea in which the back-
ground chlorophyll concentrations are not always suf-
ficient to support growth during the 140 to 160 d
needed for transport to South Georgia. Larval krill
feeding on phytoplankton only reach a size of 6 to
7 mm or less over that time span. Sea ice concentra-
tions do not provide a good alternative to the pelagic
food source since sea ice tends to be low in the Scotia
Sea during the austral fall and early austral winter.
High concentrations of pelagic phytoplankton entrained
in eddies can enhance food concentrations such that
larval krill can develop adequately during transport.
Larval krill feeding on this enhanced food grow to a
size of 10 mm after 140 to 160 d.

Spawning in January, and therefore an early start to
transport, results in more successful krill growth than
does spawning later in the season because of higher
food availability in the Scotia Sea during the austral
summer prior to the rapid decline in phytoplankton
concentration during fall. The high simulated growth
rates of 0.271 mm d! obtained for 2 mm krill (Fig. 12A)
exposed to the combined food sources time series are
less than the maximum rate of 0.33 mm d™! estimated
from repeat sampling of 1 aggregation (Clarke & Mor-
ris 1983). However, this estimate was made for juvenile
krill of ca. 30 mm length and is not likely to be sus-
tained for long periods of time. The high rates for the
2 mm krill suggest that the parameterization of feed-
ing for these animals may result in an overestimate of
ingestion and krill growth. The feeding parameteri-
zation for small, 2 mm size krill is extrapolated from
observations for larger krill (Hofmann & Lascara 2000).
Thus, this result points to the need to obtain measure-
ments of metabolic processes for smaller krill.

For larger krill sizes (22 and 45 mm), it is apparent
that food consisting solely of pelagic phytoplankton is
not adequate to support krill maintenance and growth
during transport across the Scotia Sea. Krill can barely
sustain their initial size when feeding on this as a sole
food source. Even the addition of occasional mesoscale
patches of high chlorophyll concentration are not com-
pletely sufficient to support the growth of these larger
animals, which have actually been observed in nature
(Siegel 1987). The implication of these simulations is
that larger krill need additional food sources during
transport across the Scotia Sea. Such a food source can
be provided by copepods, dinoflagellates, and ciliates
(Atkinson & Snyder 1997, Pakhomov et al. 1997), which
have been shown to dominate the carbon intake of krill
even in phytoplankton carbon dominated water. How-

ever, these studies included older krill of the size 25 to
40 mm, or krill as small as 18 mm (Granéli et al. 1993,
Huntley et al. 1994). Alternate food sources for larval
krill may be different since feeding on copepods is not
an option for these smaller animals. The large-scale
distribution of zooplankton and other possible alter-
nate food sources across the Scotia Sea is not known
(Smith & Schnack-Schiel 1990). Atkinson & Sinclair
(2000) and Atkinson et al. (2001) show that total cope-
pod abundance in the Scotia Sea area has a prominent
peak in the vicinity of the Polar Front compared to all
other regions. The potential importance of this for
Antarctic krill survival suggests that measurements of
these distributions are needed.

Effect of temperature

Poleck & Denys (1982) showed that the growth rate
of krill is influenced by temperature in that intermoult
periods decreased with increasing temperature, indi-
cating that increased temperature might result in a
higher growth rate. Additional experimental work by
Ikeda & Dixon (1982), Morris & Keck (1984) and Buch-
holz (1985, 1991) support this finding. Thus, tempera-
ture effects on krill growth rates potentially influence
survival and viability of the krill transported across
the Scotia Sea. The upper water column temperature
across the Scotia Sea ranges from -1.8°C in winter, up
to 4°C in summer at the northern limits around South
Georgia (Boyer & Levitus 1994). The proposed trans-
port of krill from the western Antarctic Peninsula
across the Scotia Sea to South Georgia will therefore
expose krill to this wide range of temperatures.

The simulated larval and juvenile krill growth rates
increase in response to increases in temperature, espe-
cially when these coincide with increased food supply
(Figs. 12 & 13). However, for the 2 and 22 mm Kkrill,
changes in growth rate due to temperature alone are
small relative to those produced by changes in food
availability. Therefore, enhancements of growth rate
due to increased temperature are not sufficient to com-
pensate for a low food environment. The simulations
suggest that the interaction between temperature, food
and krill growth are complex. Additional experimental
and observational studies are needed in this area,
especially for larval and small juvenile krill, in order
for it to be understood and explicitly parameterized in
growth models.

Role of variability

The simulation results presented in this study are
based on food availability time series derived from
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composite CZCS and sea ice images, which are then
combined with idealized representations of food asso-
ciated with mesoscale eddies and heterotrophic food
sources. Thus, the food availability time series repre-
sent specific assumptions about how food is distributed
across the Scotia Sea. Also once defined, the food
availability does not evolve along a given trajectory.

The Scotia Sea is a variable environment. The
chlorophyll concentration extracted from the CZCS
image for drifter trajectories that are both widely sepa-
rated in time or space show marked differences
(see Fig. 3). Similarly, the sea ice images (Figs. 5 & 6)
and WOCE drifter trajectories (Fig. 4) suggest en-
vironmental variability occurring at a large number of
scales. Thus, it may be that variability is what makes it
possible for krill to survive transport across the Scotia
Sea. Investigation of the potential effects of variable
food supply on krill growth requires development of
lower trophic level models that allow autotrophic and
heterotrophic food distributions to evolve in space and
time in response to environmental conditions.

The circulation across the Scotia Sea and in the envi-
rons around South Georgia is affected by variability in
the location of the ACC fronts and is characterized by
mesoscale eddies (Brandon et al. 1999). Some evidence
suggests that flow may be coherent over the region.
Oscillations in krill biomass at Elephant Island (see
Fig. 1) have been shown to coincide with oscillations
in krill biomass at South Georgia (Brierly et al. 1999).
However, the degree of coherence in circulation over
this region remains to be determined, as does its effect
on krill transit times and pathways.

Connections among Antarctic krill populations in the
west Antarctic Peninsula, the Weddell Sea, across the
Scotia Sea, and at South Georgia are likely to be com-
plex. Circulation variability may produce multiple
transport pathways, which may have different effects
on different sized krill. Further evaluation of transport
of Antarctic krill across the Scotia Sea needs to be done
within the framework of a general ocean circulation
model that is coupled with a krill growth model.

Implications for transport to South Georgia

It is feasible that krill spawned along the western
Antarctic Peninsula provide the source for the krill
population at South Georgia. Observations suggest
that 1+ (14 to 36 mm) and, in much higher numbers, 2+
(26 to 45 mm) size class krill enter the South Georgia
region mainly from the east (Murphy et al. 1998,
Watkins et al. 1999). Krill found on the eastern end of
the island are often smaller or lack the presence of
older year classes, which are found on the west end
of the island (Watkins et al. 1999). At the same time

the biomass of krill is higher on the eastern end. The
Southern ACC Front bounds the east of South Georgia
(Fig. 1), which could deposit young krill on the east
end of the island. This scenario is consistent with the
simulated growth rates along the drifter trajectories.

However, the details of how this transport mecha-
nism operates, especially in regard to the food sources
for krill, are only now being investigated (Atkinson et
al. 2001). The simulations show that subadult (22 mm)
and larger krill (45 mm) do not grow well on planktonic
food alone over the time of transport. Larval krill,
however, do manage to grow utilizing planktonic food,
suggesting that the food that is available is sufficient to
sustain only the smaller size classes of krill.

The lack of growth of subadult and older krill during
transport may result from either incorrect parameteri-
zation of krill growth processes in the model or from
incorrect specification of the food sources. The first
seems unlikely since the krill growth model has been
tested and calibrated against a range of data sets (Hof-
mann & Lascara 2000), the majority of which were
obtained for subadult and older krill. The latter is the
more likely cause and this can only be addressed by
studies that are directed at determining potential food
sources in the Scotia Sea. Thus, future studies of krill
across the Scotia Sea should also include measure-
ments of the food environment. Mesoscale features
with high concentrations of pelagic phytoplankton are
potentially an important mechanism for enhancing
food encountered by krill as they drift across the Scotia
Sea, especially for the older krill. The role of these
features remains to be quantified.

An interesting result of the simulations is that the
subadult and larger krill do not grow to the expected
size encountered at South Georgia during the 140 to
160 d of transport, except when they feed on copepods
in addition to phytoplankton. To grow krill to the 2+
size observed at South Georgia requires a continuous
high food environment, which is not likely to occur in
the Scotia Sea (Fig. 3), where phytoplankton concen-
trations tend to be low and copepods seem to be less
abundant (Atkinson & Sinclair 2000). However, the
krill sizes around South Georgia used for comparison
in this study are primarily from summer surveys. The
transport scenarios proposed in this study would result
in krill arriving at South Georgia in winter, which
would give an additional 6 mo for the krill to grow to
the observed sizes.

Another possible explanation is that krill that begin
transport at the Antarctic Peninsula in austral summer
overwinter under the sea ice that extends out to the
Scotia Sea from the Weddell Sea (Figs. 5 & 6 this study;
Murphy et al. 1998). These krill then begin transport
again the following spring when the sea ice recedes.
This scenario of an interrupted transport provides the
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krill a refuge from a low food environment in the win-
ter, presumably utilizing food associated with sea ice,
and therefore an opportunity for survival during win-
ter. The dynamics of this transport process are likely to
be complex since they depend on the northward extent
of the winter sea ice and the location of the Southern
ACC Front and Boundary, which are potentially tied to
larger scale climatic effects.
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