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ABSTRACT: The abundance and distribution of Antarctic krill Euphausia superba over the western Antarctic Peninsula (wAP) continental shelf suggest that these populations are maintained by
inputs from upstream sources via advection of individuals that originated in the Bellingshausen
Sea, in addition to local spawning and retention. The objective of our study was to evaluate these
2 mechanisms (remote and local inputs) and the consequences for wAP Antarctic krill populations.
The relative effect of local versus remote connectivity was investigated using Lagrangian particle
tracking experiments. Particles released in the Bellingshausen Sea were transported to the wAP
shelf in 120 d, which is consistent with the time required for Antarctic krill eggs to develop into
late-stage larvae. An estimated 23% of the particles released along the shelf break crossed the
outer shelf and were transported to the mid and inner regions of the wAP shelf via 3 pathways that
provide conduits for onshore intrusions of Circumpolar Deep Water (CDW). Of the particles that
moved onto the wAP shelf, 54% were transported to inner shelf regions that are associated with
areas of enhanced biological production. Of the particles at the outer shelf ~33% continued transport northeastward with the Antarctic Circumpolar Current. Particles released in the mid and
inner shelf showed limited connectivity and low export from the shelf (< 20%). The Lagrangian
experiments indicate that Antarctic krill populations in the Marguerite Bay region of the wAP continental shelf are maintained by local and remote inputs of larvae. Regions influenced by intrusions of CDW are more dependent on remote inputs of Antarctic krill larvae.
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The western Antarctic Peninsula (wAP) region of
the Antarctic (Fig. 1) supports large and persistent
populations of Antarctic krill Euphausia superba
(Marr 1962, Atkinson et al. 2004, Deibel & Daly
2007), which undergo seasonal variations in distribution (Siegel 1988, Siegel et al. 1997, 1998, Lascara et al. 1999). During austral spring and summer
most gravid females of Antarctic krill migrate off-

shore to the outer shelf and shelf break to spawn
(Siegel 1988, 1992, Shaw 1997) (Fig. 2A). Immature
adult and juvenile stages remain in coastal and
shelf waters (Marr 1962, Hofmann et al. 1992, Lascara et al. 1999). Krill embryos released along the
outer shelf are potentially entrained in the Antarctic
Circumpolar Current (ACC), which flows along the
outer shelf of the wAP (Orsi et al. 1995), and are
transported downstream. The transport of krill larvae by the ACC provides a source of Antarctic krill
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Fig. 1. (A) Map of Antarctica. Dashed line: circulation model domain. Solid gray line: study area. (B) Study area indicating
the release locations for the Lagrangian particle experiments in the Bellingshausen Sea (d, across-shelf transects), along
the shelf break (800 to 2000 m depth, red area), Marguerite Trough (open black square), mid-shelf (green squares), inner
shelf (blue squares) and potential spawning grounds (squares with crosses). Thin gray lines: depth contours from 500 to
4500 m in 500 m intervals. AI: Anvers Island; RI: Renaud Island; CS: Crystal Sound; MT: Marguerite Trough; AdI: Adelaide
Island; MB: Marguerite Bay; AxI: Alexander Island; GVIIS: George VI Ice Shelf; AP: Antarctic Peninsula; BS: Bellingshausen Sea; CH: Charcot Island; BD: Bathymetric Depression off AxI

to regions downstream from the wAP (e.g. Hofmann
et al. 1998, Fach et al. 2002). During winter, the sea
ice communities provide food resources for larval
krill in coastal and shelf waters (Ross & Quetin
1991, Frazer et al. 2002). Adult krill occupy a different depth in the water column, away from the sea
ice surface (Fig. 2B) (Ross et al. 1996), and use different food resources and strategies to survive winter (Ikeda & Dixon 1982, Quetin & Ross 1991,
Siegel 2005). This active seasonal migration produces a spatial separation of adults, juveniles and
larvae (Quetin & Ross 1984a, Siegel 2005, Nicol
2006).
The wAP shelf also has regions of enhanced biological production and retention (Huntley & Brinton
1991, Costa et al. 2007, Piñones et al. 2011), which
favor local growth, development and spawning of
Antarctic krill (Brinton 1991, Quetin & Ross 2003,
Zhou et al. 2004). These regions, coupled with the

deep shelf (400−500 m) and the presence of Circumpolar Deep Water (CDW), both of which are needed
for successful Antarctic krill reproduction (Hofmann
et al. 1992, Hofmann & Hüsrevo lu 2003), provide potential spawning sites on the wAP shelf (Fig. 2). Krill
embryos hatch at depth and the larvae return to the
surface to begin feeding (Marr 1962, Marschall 1983,
Quetin & Ross 1984b). Spawning in areas where
warm CDW is encountered shortens development
time, which allows larvae to hatch at shallower
depths, and have a shorter ascent to the surface.
The region of the wAP shelf around Marguerite Bay
(Fig. 1B) was the focus for the US Southern Ocean
Global Ocean Ecosystem Dynamics (SO GLOBEC)
field studies during the austral fall and winter of 2001
and 2002. Characterization of the distribution and
abundance of Antarctic krill was a primary focus for
the SO GLOBEC field studies. Multi-frequency
acoustic surveys (Lawson et al. 2008a) showed that
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fall−winter distributions of Antarctic krill were characterized by small, closely spaced aggregations, interspersed with large aggregations that accounted for
the majority of the biomass (Lawson et al. 2008b).
These aggregations were mostly located along the inner shelf (Lawson et al. 2008b), consistent with previous observations (Siegel 1989, Lascara et al. 1999).
Zooplankton distributions obtained from video plankton recorder measurements (Ashjian et al. 2008) and
net tows (Daly 2004, Ashjian et al. 2004, Wiebe et al.
2011) showed that larval krill were present over the
SO GLOBEC study region. However, an across-shelf
gradient in larval krill stage and relative abundance
was observed, with relatively high abundances (up to
132 ind. m−3) of early-stage (calyptopis, furcilia 1 to 3)
larval Antarctic krill occurring along the outer shelf
and lower densities (1 to 25 ind. m−3) of primarily
older furcilia (F4 to F6) stages occurring on the inner
shelf (Daly 2004, K.L.D. unpubl. data). The German
SO GLOBEC survey in the wAP region that occurred
during April 2001 just prior to the US field study also
showed higher abundances of krill larvae over the
shelf break and slope offshore of Marguerite Bay
(Pakhomov et al. 2004). These observations suggest
that krill populations along the wAP region could
have different source populations of larval krill.
Evidence for local spawning, recruitment and subsequent retention of krill on the wAP is suggested by
length−frequency analysis of the krill in diets of
Adélie penguins. Diet samples collected from wAP
Adélie penguins showed a systematic increase in
krill size that is consistent with the progression of distinct cohorts through the population with a 4 to 5 yr
periodicity (Fraser & Hofmann 2003). This led to a
hypothesis that the circulation gyres on the wAP
shelf described by Stein (1992) and Smith et al. (1999)
maintain a local krill population. Additional evidence
for retention on the shelf is provided by an analysis of
the size structure of the wAP Antarctic krill derived
from 11 yr of net observations (Quetin & Ross 2003),
which also identified distinct cohorts. Inputs of larvae
and juveniles from other regions that are then
retained on the shelf can contribute to these cohorts.
A sub-regional scale population genetic study for the
Marguerite Bay region (Batta-Lona et al. 2011)
showed small but significant differentiation among
Antarctic krill from different areas of the wAP shelf.
This genetic differentiation was interpreted as evidence of multiple sources of recruitment in the wAP
region, as would occur for advective inputs from various regions and retention in shelf habitats.
Marrari et al. (2008) suggested connectivity between krill in the upstream Bellingshausen Sea and
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Fig. 2. Vertical distribution of Antarctic krill life stages across
the Marguerite Trough region of the western Antarctic
Peninsula (wAP) continental shelf in (A) summer and (B)
winter. The relationship of the Antarctic krill descent−ascent
reproductive cycle, which occurs during summer, with intrusions of Upper Circumpolar Deep Water (UCDW) and Lower
Circumpolar Deep Water (LCDW) is indicated. The Antarctic
Circumpolar Current (ACC) flows along the wAP shelf break.
The circulation and hydrography distributions were modified
from Moffat et al. (2009). ?: current perpendicular to the
plane of projection. The distribution of the Antarctic krill life
stages was modified from Siegel (2005) and Nicol (2006)

the krill population over the wAP shelf. These
authors proposed that the high abundance (up to
132 ind. m−3) of krill larvae observed offshore of
Marguerite Bay in fall 2001 could be, in part, attributed to female krill spawning in a region of high
chlorophyll a (>10 mg chl a m−3) observed in the
Bellingshausen Sea during the summer of 2001.
Marrari et al. (2008) estimated that krill embryos
spawned in the high chlorophyll a region would
develop into larvae by the following fall (~3 mo).
Advective velocities of 0.1 m s−1 (characteristic of
ACC speeds) would result in the arrival of these
krill larvae at the wAP outer shelf by fall.
The objectives of our study were to investigate the
role of the circulation in providing local and remote
inputs of krill to the wAP continental shelf and to
determine the relative contribution of each to Antarctic krill populations of this region. To address these

500 m
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objectives, numerical Lagrangian particle tracking
experiments were carried out for the region that
extends from the western Bellingshausen Sea to the
area north of the Antarctic Peninsula (Fig. 1).

METHODS
Circulation model
Lagrangian tracking experiments (Table 1) were
used to simulate the passive transport of Antarctic
krill larvae in the vicinity of the wAP. The Rutgers/
UCLA Regional Ocean Modeling System (ROMS)
version 3.0 (Dinniman et al. 2011, Piñones et al. 2011)
implemented for the wAP region (Fig. 1B) provided
the circulation distributions for the Lagrangian tracking simulations. This model is a free-surface, terrainfollowing, primitive equations ocean circulation
model (Haidvogel et al. 2008, Shchepetkin & Mc
Williams 2009). The model domain extends along the
western side of the Antarctic Peninsula from 72° S to
just past the tip of the Antarctic Peninsula, covers the
entire continental shelf and extends ~500 km offshore from the shelf break (Fig. 1B). The model
domain covers the continental shelf region in and
around Marguerite Bay, has a 4 km horizontal resolution, and is composed of 24 vertical sigma-layers that
concentrate toward the surface and the bottom. The
model is forced by surface fluxes such as heat,
momentum (wind stress) and freshwater (imposed as
a salt flux), and is dynamically forced by the ACC,
the southern boundary of which flows along the wAP
shelf break. The circulation model includes a dynamic sea-ice model (Budgell 2005) and thermodynamically active ice shelves (Dinniman et al. 2007).
The model bathymetry grid was constructed from
sources that include Woods Hole Oceanographic

Institution SO GLOBEC bathymetry data (Bolmer
2008), ETOPO2v2 (2 minute gridded bathymetry;
Smith & Sandwell 1997), BEDMAP data including
bathymetry beneath ice shelves and ice thickness
(Lythe et al. 2001), a bathymetry developed for simulation of tidal flow under ice shelves (Padman et al.
2002), and thickness and bedrock depth below sea
level for the George VI Ice Shelf (Maslanyj 1987).
Monthly climatologies derived from the Simple
Ocean Data Assimilation (SODA) reanalysis (Carton
& Giese 2008) were used to specify temperature,
salinity and depth-averaged velocities at the model
boundaries (Dinniman & Klinck 2004). The model
was forced with daily wind stress and wind speed
calculated from 12 h winds obtained from the Antarctic Mesoscale Prediction System (AMPS) (Powers
et al. 2003), and were applied as a surface stress. The
wind forcing was for 15 September 2003 to 15 September 2005. Freshwater and air−sea fluxes were
computed using clouds from the International Satellite Cloud Climatology Project (ISCCP) and daily
winds and monthly climatologies of precipitation,
surface pressure, air temperature and humidity were
obtained from AMPS. More details of the wAP circulation model are given in Dinniman et al. (2011).

Lagrangian particle tracking
The ocean circulation model provided current
fields (u, v and w components of the flow) that were
used
 to simulate the trajectory followed by a particle
(X ) in space (x, y, z) and time (t), described as:

 
dX
= U ( X,t ) + Wvw Zˆ + WbZˆ
dt

(1)


dX
where
is the change of the location of the
dt

Table 1. Experimental set, regions, number, depths, and time and frequency at which particles were released for the
Lagrangian particle tracking simulations
Set

Release region

Number of
release points

Depth of release (m)

Time and frequency of release

1

Bellingshausen
Sea

70

0, 25, 50, 100, 125, 150, 175,
200, 250, 300, 350

24 December to 12 February; every 10 d

1

Shelf break

2358

50, 150, 300

24 December, 29 December, 18 January,
2 February, 27 February; every day

2

Marguerite Trough

120

25, 100, 200, 300, 500

3

Mid-shelf

624

50, 100, 150, 300

24 December; one day

3

Inner-shelf

360

25, 50, 100, 300

15 November, 24 December, 13 January;
every day

24 December to 24 January; every day
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particle in the 3-dimensional field with time. The
location
is modified by the advective velocity field
 
(U ( X,t ) ), obtained from the circulation model, and
vertical diffusivity, which was included by adding a
vertical random walk to the particle location, and
diurnal vertical migration. The random vertical displacement (Wvw) and diurnal vertical migration of
Antarctic krill larval stages (Wb) were added to the
vertical (Ẑ) particle location at each time step
(Hunter et al. 1993, Visser 1997).
The numerical integration for the Lagrangian circulation was performed using a fourth-order Milne
predictor (Abramowitz & Stegun 1964) and a
fourth-order Hamming corrector scheme (Hamming
1973). A forward difference scheme was used when
vertical displacement resulting from vertical walk
parametrization was estimated. The vertical displacement has a Gaussian probability distribution
and there is a correction for the vertical gradient in
the diffusion coefficient. A 4 min integration time
was used for the Lagrangian particles, which is the
same as the baroclinic integration time, and the
location of each particle was obtained at 12 h intervals. This time interval was smaller than the temporal decorrelation scales for the circulation on the
wAP continental shelf (Piñones et al. 2011). At
4 km horizontal resolution, the model has difficulty
resolving small mesoscale eddies (~10 km scale)
that can be created on the wAP shelf and lead to
some unresolved horizontal dispersion of the parti-
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cles. The mesoscale eddies that have been observed
within troughs on the wAP shelf (where much of
the shelf particle transport is occurring) are 6 to
10 km in diameter and occur with a frequency of
~4 events per month (Moffat et al. 2009, Martinson
& McKee 2012). However, these eddies have low
cross-stream velocities (1−5 cm s−1; Moffat et al.
2009) compared with the modeled and observed
mean advective currents (~10−20 cm s−1) and thus
they are not a significant missing source of particle
dispersion.

Diurnal vertical migration
Fraser (1936) described the vertical distribution
and migration for early life stages of Antarctic krill,
which showed that larvae reached 1000 m but the
highest abundances were found between the surface
and 250 m (Fig. 3). Observations based on net tows
made south of Elephant Island at the northern tip of
the Antarctic Peninsula showed an increase in vertical displacement with advancing larval development
(Nast 1978). At night, krill larvae (calytopis 3 to furcillia 6) were concentrated near the surface (~70 m)
and were near 180 m during the day (Fig. 3). To
assess the sensitivity of the Lagrangian simulations to
vertical displacements that result from biological
behaviors, a vertical velocity of the larvae was added
to Eq. (1). The diurnal vertical displacement of the
larvae (Zw) is described by a sinusoidal function of
the form:
Zw = Acos(ωT )

(2)

where A is the amplitude of the displacement in
meters (Fig. 3), ω is the frequency of the diurnal cycle
(s−1) and T is the integration time used for the
Lagrangian calculation.

Antarctic krill larval development time

Fig. 3. Mean depth−time distribution of Antarctic krill larvae
(stages calyptopis 2 to furcilia 6) obtained from net-based
observations given in Fraser (1936) and Nast (1978). The
vertical distribution obtained from Eq. (2), which was used
with the Lagrangian particle tracking experiments, is shown
for comparison

Antarctic krill develop from an egg through 12 larvae stages that include nauplius (2 stages), metanauplius, calyptosis (3 stages) and furcilia (6 stages)
(Fraser 1936). Development times obtained from
modeling studies (Hofmann et al. 1992, Hofmann &
Lascara 2000), laboratory experiments (Ikeda 1984)
and field observations (Witek et al. 1980, Ross et al.
1988, Daly 1990) were used to define a time interval
for each larval stage and the median of these was
used to set the time span for the Lagrangian simulations (Table 2).
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Table 2. Cumulative developmental time (d) for krill larvae obtained from laboratory experiments (Ikeda 1984), field data analysis
(Witek et al. 1980, Ross et al. 1988, Daly 1990) and modeling studies (Hofmann et al. 1992, Hofmann & Lascara 2000). The modelderived development times are representative of average conditions. The range of days and the median time associated with each
developmental stage is given in the last 2 rows. Krill life stages: N = nauplius (stages 1 to 2); MN = metanauplius; C = calyptopis (stages
1−3); F = furcilia (stages 1−6)

N1

N2

–
–
8
13
–
14−24
–
–
5−8
–
–
–
5−8 13−24
7
19

MN

C1

–
30
20
30
22−41
38
–
–
10−16 18−33
–
32
10−41 18−38
26
28

C2

C3

Larval stage
F1
F2

45−60 60−75
44
52−55
52
–
–
–
33−45
–
44
50
33−60 50−75
47
63

70−90
63−64
–
–
–
58
58−90
74

Source
F3

F4

F5

F6

75−105 90−120 105−135 120−180 135−240
75
85−87 98−102 111−114 124−131
–
–
–
–
–
–
90−121 95−135 118−164 114−193
–
–
–
–
–
70
100
117
163
258
70−105 85−121 95−135 111−180 114−258
88
103
115
146
186

Witek et al. (1980)a
Ikeda (1984)b
Ross et al. (1988)a,b
Daly (1990)a,b
Hofmann et al. (1992)c
Hofmann & Lascara (2000)c
Range
Median

a

Field data analysis; bLaboratory experiment; cModeling study

Lagrangian simulations
Three sets of numerical Lagrangian experiments
were conducted to determine the role of ocean circulation on the connectivity of Antarctic krill populations along the wAP (Fig. 1B, Table 1). The first
set was designed to test the potential for krill
embryos spawned in the Bellingshausen Sea and
along the shelf break to reach the wAP continental
shelf. This set included 2 series of releases. The first
examined connection with the Bellingshausen Sea,
and particles were released along 4 transects (83° W,
85° W, 89° W and 92° W) that extended seaward
across the shelf break (Fig. 1B). The release locations coincided with observed high chlorophyll a
concentrations (Marrari et al. 2008), and included
the region suggested as a source area for the krill
larvae observed offshore of Marguerite Bay (Daly
2004). The contribution from the Bellingshausen
Sea was estimated using the percentage of particles
entrained in the continental shelf (800 m isobath as
boundary) of the wAP.
Particles were released at 25 to 50 m intervals between 0 and 350 m at 10 d intervals between 24 December and 12 February (Table 1), which corresponds to the period of peak krill spawning in this
region of the Antarctic (Spiridonov 1995). Trajectories of particles that moved onto the wAP in the vicinity of Alexander Island and Marguerite Bay provided
estimates of potential connectivity of the wAP and
upstream regions. All these 2 sitesintrusions of CDW
occur (e.g. Fig. 11 in Dinniman & Klinck 2004) and
have persistent onshelf flow. Transport times were
mapped to development times for several larval
stages, assuming normal development (Table 2), and
this was used to identify possible origination regions

or krill spawning grounds. Particles were also
released along the shelf break at every circulation
model grid point (every 4 km) west of 65° W between
the 800 and 2000 m isobaths (Fig. 1B) at 50, 150 and
300 m at 5 times between 24 December and 27 February (Table 1). The contribution of the shelf break
release to the Marguerite Bay region was determined using the percentage of the particles that
entered the Marguerite Bay region.
The second set of numerical Lagrangian experiments was designed to examine the role of Marguerite Trough as a conduit for onshelf transport of
particles. A high-resolution array of particles was released at the intersection of the trough with the shelf
break (Fig. 1B). Particles were released at 1 d intervals for 32 d between 25 and 500 m (Table 1). The
number of particles following particular pathways
was calculated and used to determine dominant
transport pathways.
The third set of experiments was designed to
explore local retention and export of krill larvae, and
included mid- and inner-shelf releases (Table 1). Particles were released between 0 and 300 m over the
mid-shelf west of Charcot Island, the western entrance of Marguerite Bay along the trough, and north
of Renaud Island (Fig. 1B). These areas correspond to
regions where high krill abundance has been observed. Export from the shelf was defined as the
number of particles that crossed the 800 m isobath,
which is the outer shelf edge (Bolmer 2008).
Connectivity along the inner shelf was investigated
by releasing particles at several depths (Table 1) close
to shore near Charcot Island, Adelaide Island, Renaud
Island and Anvers Island (Fig. 1B) on 15 November, 24
December and 13 January. These times correspond to
peak spawning periods over the wAP continental shelf
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(Ross & Quetin 1986, Spiridonov 1995). The surface
distribution of furcilia 6 larvae was determined and the
number of these larvae in regions of the wAP with
equal surface area (e.g. 40 km2) was calculated. The
particle counts provided a measure of the connectivity
and export from the 4 sites to other parts of the shelf.

RESULTS
Diurnal vertical migration
The effect of diurnal vertical migration on particle
trajectories and transport pathways was assessed by
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comparing simulation results obtained with and
without active migration (Fig. 4). The trajectories
from the Marguerite Trough simulations were used
for the comparison and are representative of the
results obtained from the other numerical experiments. The percentage difference (Fig. 4) in the trajectories followed by the particles with and without
vertical migration was <10% along the dominant
transport pathways for all release depths. For particles released below 100 m the difference is < 5%. The
monthly mean of the percentage of particles with and
without vertical migration that followed various
pathways was estimated and compared using a ttest, which indicated that the means were statistically

Fig. 4. Percent difference between simulated particle trajectories (following the 3 dominant pathways) that included diurnal
vertical migration and simulations without diurnal vertical migration (DVM) for releases at 25, 100, 200, 300 and 500 m depth.
The simulations used for the comparisons are from particles released at the outer end of Marguerite Trough (MT) at 100 m
depth (see Fig. 9). The percentage of particles that followed no pathway is also shown
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Fig. 5. Transport pathways of particles released at 25 m depth in the Bellingshausen Sea after (A) 47 d, (B) 88 d, (C) 115 d and
(D) 186 d. Transport time was mapped to development time to show the distribution of the calyptopis 2 (C2; A), furcilia 2 (F2;
B), furcilia 4 (F4; C) and furcilia 6 (F6; D) larval stages. The individual trajectories show the developmental progression for the
particular stage. The US SO GLOBEC study region is shown in A (dashed rectangle). See Fig. 1 for geographic locations. Early
life stages of krill are abbreviated as: Em = embryo; MN = metanauplius

equal at a 95% significance level. Differences in the
horizontal dispersion of the vertically migrating particles were small, as demonstrated in a later section.
Overall, vertical migration does not significantly
influence the vertical and horizontal particle dispersion or general transport patterns because flow
velocities on the wAP shelf are typically < 0.05 m s−1
and vertical gradients are weak (Dinniman & Klinck
2004, Piñones et al. 2011). Thus, the results presented
in the following sections are based on the particle
trajectories without diurnal vertical migration.

Bellingshausen Sea and shelf break inputs
Particles released near the surface (Fig. 5) and at
depth (Fig. 6) in the Bellingshausen Sea were transported to the northeast with the prevailing flow of the

ACC or moved further off-shelf and retained in the
region. The trajectories showed considerable meandering, especially in the off-shelf region.
The trajectories associated with the calyptopis 2
stage (Fig. 5A) reached the outer portion of the wAP
towards the end of its developmental time. On-shelf
movement of this developmental stage occurred
upstream of the US SO GLOBEC study region. Similarly, the furcilia 2 stage (Fig. 5B) was transported
onto the shelf upstream of this area. Particle trajectories associated with furcilia 4 (Fig. 5C) and furcilia 6
(Fig. 5D), however, moved onto the wAP in the region of Marguerite Trough and off of Alexander Island. The furcilia 6 trajectories reached the inner
wAP shelf just off of Adelaide Island (Fig. 5D). The
trajectories for the particles released at 125 m
showed transport patterns that were similar to those
of the surface particles (Fig. 6). The older furcilia
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Fig. 6. Transport pathways of particles released at 125 m depth in the Bellingshausen Sea after (A) 47 d, (B) 88 d, (C) 115 d, and
(D) 186 d. Transport time was mapped to development time to show the distribution of the calyptopis 2 (C2; A), furcilia 2 (F2;
B), furcilia 4 (F4; C) and furcilia 6 (F6; D) larval stages. The individual trajectories show the developmental progression for the
particular stage. The US SO GLOBEC study region is shown in A (dashed rectangle). Early life stages of krill are abbreviated
as: Em = embryo; MN = metanauplius

stages were transported onto the wAP continental
shelf in the Marguerite Bay region.
The percentage of furcilia 4 and 6 larvae released
in the upper 25 m that was transported onto the continental shelf was 4 to 7% (Fig. 5C,D, Table 3). The
percentage of older larvae provided to the shelf
increased with depth (Fig. 6). Also, the releases at
depths greater than 100 m resulted in more of the
younger larval stages (younger than calyptopis 2)
moving onto the continental shelf. The maximum
percentage of larvae that moved onto the shelf
occurred between 150 and 200 m for all larval stages
(Table 3).
Embryos spawned in the Bellingshausen Sea potentially reach the continental shelf along the wAP as
different stages of development (Table 3). Of these
embryos, ~15 to 25% reach the Marguerite Bay area
as 1-yr-old krill. The input of larvae at any develop-

Table 3. Percentage of different krill larvae developmental
stages that originated in the Bellingshausen Sea that were
transported onto the western Antarctic Peninsula continental shelf at different depths. The mean for all depths is
shown. See Table 2 for larval stage abbreviations
Depth
(m)

C2

F2

0
25
50
100
125
150
175
200
250
300
350
Mean

0.6
3.2
4.7
7.0
7.9
8.8
10.50
9.1
8.5
6.4
4.1
6.4

2.3
5.3
6.7
10.2
11.4
12.9
13.7
13.5
10.8
7.6
7.9
9.3

Larval stage
F4
F6
3.5
6.1
7.6
13.2
12.9
15.2
15.5
15.8
13.1
9.9
9.6
11.1

6.4
7.3
11.1
16.7
16.1
18.4
18.4
18.4
17.5
12.6
13.7
14.2

1 yr old
11.4
12.3
16.1
21.1
21.9
26.6
26.3
24.9
22.5
20.5
19.3
20.3
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Fig. 7. Origination regions (inset) and simulated trajectories for particles released along the shelf break. The origination
regions represent particles that entered the Marguerite Bay shelf region as calyptopis 1 (C1; green circles and trajectories),
furcilia 3 (F3; blue circles and trajectories) and furcilia 6 (F6; black circles and trajectories). The developmental stage was
determined by mapping particle transit time to larval stage using the developmental times given in Table 2

mental stage occurs between 0 and 350 m, but is at a
maximum between 150 and 200 m (Table 3).
Particles released along the shelf break showed
that all depths (50, 150 and 300 m) provided krill larvae to the continental shelf around Marguerite Bay
(Fig. 7, Table 4). Of the krill embryos spawned along
the wAP shelf break, ~7 to 10% entered the Marguerite Bay shelf region as early calyptopis (Fig. 7),
and between 18 and 26% reached the shelf as furcilia 6 (Fig. 7). Late furcilia source regions were farther west of the Marguerite Bay region (~90° W) and
had input percentages that were similar to those
obtained from the Bellingshausen Sea simulations.
The particle transport pathways (Fig. 7) showed 2
preferred sites for intrusions onto the shelf independent of the depth or date of release: the depression off
Alexander Island and the intersection of Marguerite
Trough with the shelf break. These are areas where
CDW intrusions occur (Dinniman & Klinck 2004,
Klinck et al. 2004).

The particles that moved onto the shelf at these
sites were tracked back to their source regions and
the transport time was converted to developmental
time for the calyptopis 2 and furcilia stages (Fig. 8).
The 3 larval stages that arrived at the Alexander
Island location originated mostly along the shelf
break, either near the bathymetric depression, for the
calyptopis 2 stage, or further west (~90°), for the late
furcilia stages (Fig. 8A). Some of the calyptopis and
furcilia 2 and 3 larvae originated offshore of the
Alexander Island depression. The origination regions
for the larvae observed in the Marguerite Trough
area were more widely distributed (Fig. 8B). Some of
the particles originated along the shelf break, but a
large portion also came from the region off the shelf
offshore of Marguerite Bay. Most of the calyptopis 2
and early furcilia larvae observed in the Marguerite
Trough intersection derived from the region along
and across the shelf break in an area east of 80° W
(Fig. 8B). In contrast, most of the late furcilia stages
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came from the area west of 80° W along the shelf
break and offshore between 3000 and 4000 m.
The depth distribution of the larvae arriving on the
shelf via either the Alexander Island depression or
the Marguerite Trough intersection differed for the 2
regions. At the Alexander Island depression, the
highest percentage (~40%) of the larvae was observed at 400 m (Fig. 8C). The percentage of particles
arriving at the combined depths of 100 and 200 m
was higher (~46%), and a small percentage of particles moved onshore above 50 m (< 5%). At the Marguerite Trough intersection, > 50% of the particles
moved onto the shelf at 100 m (25%) and 200 m
(30%) (Fig. 8D). These particles were derived mostly
from the shelf break, the open ocean off Marguerite
Bay, or from the outer shelf west of Marguerite Bay
(Fig. 8B).

Table 4. Percentage of different krill larvae developmental
stages that originated along the shelf break that were transported onto the western Antarctic Peninsula shelf near Marguerite Bay at different depths for releases between 29 December 2003 and 2 February 2004. The mean for all depths
is shown. See Table 2 for larval stage abbreviations
Release day
29 December
29 December
29 December
13 January
13 January
13 January
2 February
2 February
2 February
Mean

A

Depth
(m)

C1

Larval stage
F3

F6

50
150
300
50
150
300
50
150
300
all

7.7
7.0
7.4
10.0
10.9
10.6
8.7
8.4
9.3
8.9

14.1
13.7
14.4
14.7
18.2
17.4
12.6
14.9
16.8
15.2

20.5
21.1
22.0
22.2
24.8
23.7
17.8
25.1
25.7
22.5

B

C2

66°

C2

66°

F2 - F3

F2 - F3

F6

F6

68°

68°

70°

70°

72°S
90°W

85°

80°

75°

70°

45

Particles (%)

40

C

72°S
65°
45
40

35

35

30

30

25

25

20

20

15

15

10

10

5

5
0

50
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100

200

400

600

Depth (m)

800

900

90°W

85°

80°

75°

70°

65°

D

0

50

100

200

400

600

800

900

Depth (m)

Fig. 8. Distribution of the origination regions for simulated particles that arrived at (A) Alexander Island and (B) Marguerite
Trough as calyptopis 2 (C2), furcilia 2 and 3 (F2−F3) and furcilia 6 (F6) larval stages. The particle transit time was converted to
larval age or stage using the developmental times given in Table 2. The percentage of particles at different depths that were
transported to the (C) Alexander Island and (D) Marguerite Trough intersections is also shown. The depth intervals used to
apportion the particles correspond to those used for net tows made during the US SO GLOBEC field studies
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Fig. 9. (A) Horizontal distribution of the 3 dominant transport pathways obtained for particles released at the outer end of
Marguerite Trough at 100 m. The difference in the transport pathways that resulted from inclusion of diurnal vertical migration is indicated by the yellow shading. (B−I) Release sites of particles at daily intervals for 8 d. The 3 transport pathways are
designated as downstream (blue), on-shelf (red) and Marguerite Trough (green)

Role of Marguerite Trough
The shelf break and slope off Marguerite Bay has
been suggested as a region with local recruitment of
Antarctic krill (Daly 2004, Pakhomov et al. 2004).
Inputs to this region were investigated by releasing a
grid of particles at the intersection of Marguerite
Trough and the shelf break (Fig. 9). The larval krill
originating in the Bellingshausen Sea were transported to the shelf primarily from depths of 100 to 200
m. Therefore, the time sequence of the horizontal
distribution of the transport pathways is shown for
particles released at 100 m. Once released, the particles were apportioned into specific pathways determined by the origination point and subsequent transport showed 3 dominant pathways (Fig. 9A). The
addition of diurnal vertical migration to the particles
did not alter these dominant pathways (Fig. 9A).
The downstream pathway flows along the shelf
break to the northeast away from Marguerite Bay

and the shelf. The second pathway extends along the
Adelaide Island depression and reaches the inner
shelf north of Marguerite Bay towards Crystal Sound.
The third pathway was along Marguerite Trough
towards Marguerite Bay (Fig. 9A). The downstream
pathway dominated the west side of the Marguerite
Trough region (Fig. 9B−F) and with time also dominated the offshore east side (Fig. 9G−I).
The particles that entered the wAP continental
shelf north of Marguerite Bay were mostly from the
region east of Marguerite Trough. These particles
continued along the depression off Adelaide Island
into the mid-shelf region heading towards Crystal
Sound, or perhaps continued to the northeast on the
shelf. Particles entering Marguerite Bay moved along
the east flank of the trough from the center side of the
release region (Fig. 9).
The depth distribution of the percentage of particles associated with the 3 dominant pathways differed. The highest percentage of particles followed
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the Marguerite Trough pathway, and the second
highest percentage was associated with the on-shelf
pathway (Fig. 10). Particles released shallower than
25 m tended to follow the downstream pathway and
be transported to the northeast with the prevailing
flow of the ACC. This tendency decreased with
depth, especially below 200 m, where only < 20% of
the larvae were transported away from Marguerite
Bay (Fig. 10). At 100 m, the percentage of particles
that followed any of the 3 dominant pathways was
approximately the same. However, only 2 of the 3
pathways provided sources of potential larvae to
shelf sites in Marguerite Bay and Crystal Sound
(Fig. 9). Below 200 m there was a tendency for the
particles to follow the Marguerite Trough pathway,
especially at 300 m, where ~40% of the total entered
the shelf via this pathway (Fig. 10). The percentage
of particles that did not follow one of the dominant
pathways (Fig. 10) was <15% for all depths.
The temporal variability of the transport pathways
was determined by releasing particles at daily intervals for 1 mo (Fig. 11). At 25 m the particles tended to
follow the downstream pathway (Fig. 11A), accounting for > 40% of the particles for 22 of the 32 d. During the other 10 d, including 6 d at the start of the
time series and 4 d around Day 20, there was a preference for the particles to continue on-shelf along the
Adelaide Island depression. During the first 10 d of
the month at 100 m (Fig. 11B), the particles were as
likely to continue along the downstream or on-shelf
pathway. However, around Day 12 and at the end of
the time series, the downstream pathway dominated
(Fig. 11B), similar to that for 200 m after Day 24

Fig. 10. Depth distribution of the percentage of total particles released along the outer end of Marguerite Trough
(MT) that followed the 3 dominant transport pathways and
the relative percentage at each depth. The percentage of
particles that followed no pathway is also shown
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(Fig. 11C). Below 200 m the Marguerite Trough pathway dominated (Fig. 11C−E) and particle transport at
500 m (Fig. 11E) was predominantly along the Marguerite Trough pathway.

Local spawning and retention
Simulated trajectories for particles released on the
wAP shelf at a site to the northeast between Renaud
and Anvers Island (northernmost box) and at a site to
the southwest of Alexander Island (southernmost
box) showed that these regions export particles to the
north and south and that the particles remain mostly
on the shelf (Fig. 12). A proportion of the particles
released at a central site just off the western entrance
of Marguerite Bay moved across the shelf and
entered the northeastward flow of the ACC. Other
particles entered Marguerite Bay or moved southward along Alexander Island.
Apportioning the trajectories into times that correspond to the calyptopis 2 larval stage (47 d; Fig. 12A,D)
suggested that these larvae, if spawned on the southern wAP shelf, would be found in Marguerite Bay and
along Marguerite Trough. Similarly, spawns to the
north would result in calyptopis 2 larvae on the inner
shelf west of Renaud Island. Export from the shelf occurred after larvae developed to the furcilia 2 and 3
stages (Fig. 12B,E). Only a small percentage of the larvae crossed the 800 m isobath and moved offshore before the furcilia 3 stage was completed (Table 5).
However, export increased after 150 d, at which point
the larvae correspond to the furcilia 6 stage. At 300 m,
furcilia 6 larvae coming from the southern portion of
the wAP shelf (Fig. 13F) reached the vicinity of Marguerite Bay. However, particles at 100 m were retained on the mid-shelf, preventing larvae from
reaching Marguerite Bay (Fig. 12C).
Particles released at 4 locations along the inner
wAP shelf at times that correspond to when spawning occurs (Fig. 13) showed that early in the reproductive season (15 November) export of calyptopis 2
and furcilia 3 larvae was low at the 3 southern-most
release sites (Fig. 13A,B). Export of calyptopis 2 larvae occurred only at the northern release site near
Anvers Island (Fig. 13A, Table 6). For the 24 December release, the sites off Charcot Island, Adelaide
Island and Renaud Island showed essentially no export (Fig. 13D−F). Particles exported from the Charcot Island site were returned to the shelf by the circulation (Table 6). Export of the late-stage larvae
exceeded 20%, but only for the northernmost release
site. By mid-January, there was some exchange of
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Fig. 11. Time series of the percentage of particles that followed the 3 dominant transport pathways after release at the offshore end of Marguerite Trough (MT) and of those that followed no pathway at (A) 25 m, (B) 100 m, (C) 200 m, (D) 300 m and
(E) 500 m depth. The percentages were calculated relative to the total number of particles released. Monthly means for all
depths for each pathway are also shown

particles between the 3 northern sites, but the southernmost site remained essentially self-contained
(Fig. 13G−I, Table 6).
Particle export from the inner shelf sites tended to
be to the north along the shelf, but particle exchange
between the sites tended to be low (Fig. 14). A small
number of individuals from Adelaide Island reached
Renaud Island (Fig. 14C,D) and there was limited
exchange between Renaud Island and Anvers Island
(Fig. 14E,F). The December and January releases
showed similar dispersion patterns.
The furcilia 6 larvae from Charcot Island occupied
the shelf west of Alexander Island and only a small
number of individuals were observed along the shelf
northeast of Marguerite Bay (Fig. 14). The release

sites near Charcot Island and Adelaide Island
showed no direct connectivity (Fig. 14A−D). The
Adelaide Island release site showed higher retention
and some connectivity with the region near Renaud
Island (Fig. 14C,D). The largest number of particles
was found either on the mid-shelf north of Marguerite Bay or in the fjords southwest of Anvers
Island (Fig. 14C−F). Larvae from the Renaud Island
site were observed on the inner wAP shelf and
around the Anvers Island release site (Fig. 14E,F).
The number of particles originating near Renaud
Island that reached near Anvers Island was low, but
dispersion and retention occurred along and between the inner shelf between these 2 areas. Most of
the furcilia 6 larvae released near Anvers Island in
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Fig. 12. Dispersion of simulated particles released at 100 m (A,B,C) and 300 m (D,E,F) at 3 sites (black boxes) over the western
Antarctic Pensinsula continental shelf. The particle transit times were mapped to the (A,D) calyptopis 2, (B,E) furcilia 3 and
(C,F) furcilia 6 larval stages using the developmental times given in Table 2

January were exported from the shelf (Fig. 15H). In
contrast, a December release at this site resulted in a
larger number of particles being retained north and
east of the release site (Fig. 15G).

DISCUSSION
Western Bellingshausen Sea inputs
The Lagrangian tracking experiments showed that
particles released within the observed high chlorophyll concentration area (Marrari et al. 2008) in the
Bellingshausen Sea were entrained in the northnortheastward flowing ACC and transported along
the outer shelf, reaching the wAP shelf in 120−150 d.
In areas where the alongshelf flow is deflected onshore, such as Marguerite Trough and the bathymetric depression off Alexander Island, these particles
moved onto the wAP continental shelf. The transport

time scales correspond to developmental times associated with the early to late larval stages of Antarctic
krill. The locations of the on-shelf movement of the
krill larval stages in the wAP region are consistent
with observed distributions (Siegel 1988, 2000,
Ashjian et al. 2004). The transport of particles onto
the wAP shelf was to areas where persistent krill
densities were observed during fall, such as Crystal
Sound and Laubeuf Fjord (Zhou & Dorland 2004,
Ross et al. 2008, Wiebe et al. 2011).
The observations of Antarctic krill distributions
from the Bellingshausen Sea and wAP continental
shelf support the patterns obtained from the numerical Lagrangian experiments. Acoustic observations
of the abundance and distribution of Antarctic krill in
the marginal ice zone of the Bellingshausen Sea area
showed large krill swarms offshore in the open sea
between 84 and 86° W south of 67° S in an area characterized by mesoscale eddies and high chlorophyll
concentrations (> 6 mg chl a m−3) (Murray et al. 1995,
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Table 5. Percentage of particles released at 50, 100, 150 and 300 m that were
exported from the continental shelf from sites on the southern (S), central (C)
and northern (N) portions of the western Antarctic Peninsula (see Fig. 1 for site
locations). At each site and depth 208 particles were released. The particle
transit times were mapped into Antarctic krill larval stage using the developmental times given in Table 2. The total percent export for each depth and site
over 1 yr is given in the last column. See Table 2 for larval stage abbreviations
Release
Area Depth N1−C1
(m)

C2

C3

Larval stage
F1
F2
F3

F4

F5

F6

1 yr

S
C
N

50
50
50

0
0
0

0
3
1

0
6
1

0
13
6

0
9
13

0
9
18

0
10
22

1
17
35

0
19
44

9
47
83

S
C
N

100
100
100

0
0
0

0
0
0

0
0
3

4
2
4

5
2
10

6
4
14

8
4
16

8
4
18

12
6
25

27
32
66

S
C
N

150
150
150

0
0
0

0
0
0

0
0
1

2
0
4

3
1
7

6
1
10

5
1
13

8
1
19

9
3
25

25
19
50

S
C
N

300
300
300

0
0
0

0
0
0

0
0
1

0
2
2

1
3
5

3
3
10

3
4
12

3
5
14

6
9
19

22
39
76

Savidge et al. 1995). The area sampled during these studies is consistent
with potential spawning grounds inferred from the Lagrangian experiments that resulted in transport of
furcilia larvae onto the wAP shelf via
Marguerite Trough. Additional netbased observations showed that Antarctic krill size or age groups were
spatially segregated along a gradient
from the shelf break to offshore waters in the Bellingshausen Sea area
during January through March
(Siegel & Harm 1996). Large mature
krill size groups were found mostly in
open water, and younger krill (age
group +1) were found near the shelf
break and over the southern shelf.
Most of the females were in a prespawning or early spawning stage.
An analysis of female Antarctic krill
from the wAP shelf, including the re-

Fig. 13. Distribution of simulated particles released at 50 m along the inner portion of the wAP continental shelf on (A−C) 15
November, (D−F) 24 December and (G−I) 13 January. The particle transit times were mapped to the (A,D,G) calyptopis 2,
(B,E,H) furcilia 3 and (C,F,I) furcilia 6 larval stages using the developmental times given in Table 2. The 4 release sites (e)
were (from south to north) near Charcot Island, Adelaide Island, Renaud Island and Anvers Island
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Table 6. Percentage of particles released at 25, 50, 100 and
300 m that were exported from the shelf from sites near
Charcot Island (CH), Adelaide Island (AdI), Renaud Island
(RI) and Anvers Island (AI). At each site and depth 90 particles were released. The particle transit times were mapped
into Antarctic krill larval stage using the developmental
times given in Table 2. The total percent export for each
depth and site over 1 yr is given in the last column. See
Table 2 for larval stage abbreviations
Release
Area Depth (m) N1−F1 F2
CH
AdI
RI
AI
CH
AdI
RI
AI
CH
AdI
RI
AI
CH
AdI
RI
AI

25
25
25
25
50
50
50
50
100
100
100
100
300
300
300
300

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

Larval stage
F3 F4 F5
0
0
0
6
0
0
0
3
0
0
0
3
0
0
0
7

0
0
0
12
0
0
0
12
0
0
0
14
0
0
0
18

0
0
0
23
0
0
0
20
0
0
0
26
0
0
0
24

F6 1 yr
0
0
2
38
0
2
2
31
0
0
1
43
0
0
0
40

0
2
18
51
0
17
17
56
0
1
17
56
1
3
20
56

gion around Marguerite Bay, showed an across-shelf
separation in maturity stages with pre-spawning females along the inner shelf in regions of high chlorophyll concentrations and gravid females along the
outer shelf in regions where CDW was present (Shaw
1997). The simulation results indicated that larvae resulting from spawns that occurred either along the
shelf break or on the outer shelf can be transported to
the mid and inner regions of the wAP shelf.
Net-based observations from the US SO GLOBEC
field studies showed that calytopis 2 to furcilia 2 were
the dominant stages of krill larvae between 50 and
200 m at the outer portion of Marguerite Trough
along the shelf break (Daly 2004). Low densities of
late-stage furcilia were also present. Additional netbased observations (0−300 m) from the German SO
GLOBEC field studies in fall 2001 (Pakhomov et al.
2004) also showed a high abundance of furcilia 1 and
2 over the shelf break and slope around Marguerite
Trough. The depth distributions of the simulated particles showed that ~55% of the particles that arrived
at the outer end of Marguerite Trough were in the
100−200 m depth range. The net-based observations
from the SO GLOBEC field studies showed that larval krill had maximum densities in the upper 100 m,
but at some locations the larvae were distributed
over the upper 300 m (Daly 2004, Pakhomov et al.
2004). Once on the wAP shelf the predominant trans-
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port pathways moved the particles towards the midshelf through the depression off Adelaide Island to
Crystal Sound or through Marguerite Trough to the
inner portions of Marguerite Bay (Piñones et al.
2011). These inner shelf sites correspond to biological hotspot regions (Costa et al. 2007).
Marguerite Trough is an important conduit for the
on-shelf transport of particles (and larvae) originating
in upstream regions. The simulations showed that
40−60% of the particles that arrived at Laubeuf Fjord
were released over the outer portion of Marguerite
Trough (intersection of the shelf break with Marguerite Trough) and followed transport pathways
along the inner limb of the shelf break and the trough
(Piñones et al. 2011). The estimated residence times
for inner shelf regions, such as Laubeuf Fjord, were
sufficient for the larvae originating in upstream regions to recruit to the shelf krill populations by fall
when the seasonal pack-ice closes (Piñones et al.
2011). Observations showed that post-larval krill tend
to occupy the inner shelf areas of the wAP late in the
fall (Siegel 1988, 2005) and that larvae are more uniformly distributed over the shelf (Ashjian et al. 2004)
The Lagrangian particle experiments also showed
that the shelf area west of Alexander Island (around
76° W) is a potential source region of larval krill to the
Marguerite Bay region. This is an area where the
descent−ascent portion of the krill reproductive cycle
can be successfully completed owing to the deep
shelf depressions and troughs (Hofmann & Hüsrevo lu 2003). The particle transport times indicated
that this region is a potential spawning area, resulting in calyptopis 2 larvae being transported to the
outer portion of Marguerite Trough. Analysis of
video plankton recorder data obtained from surveys
made during the US SO GLOBEC 2001 field studies
showed high abundances of larval euphausiids about
the size of a calyptopis 2 on the outer and mid portions of the wAP shelf (Ashjian et al. 2008). Coincident net tows showed that Antarctic krill were the
dominant euphausiid species (Wiebe et al. 2011). The
observed vertical distribution of larval krill (Ashjian
et al. 2008) showed the greatest abundance over the
outer shelf and the shelf break, where inputs from
the Bellingshausen Sea could supply larvae to the
Alexander Island region.

Local spawning and export from the shelf
Gravid females of Antarctic krill have been observed on mid- to inner-shelf environments in the
northern portion of the Antarctic Peninsula (Brinton
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Fig. 14. Distribution of simulated particles released at sites near Charcot Island (A,B), Adelaide Island (C,D), Renaud Island
(E,F) and Anvers Island (G,H) along the inner western Antarctic Peninsula shelf in December (A,C,E,G) and January
(B,D,F,H). For each region the release site is indicated (R) and the release sites for the other regions (e) are shown for comparison. The number of particles was calculated for 40 × 40 km regions of the shelf

1991). From net-based observations, the GerlacheBransfield Strait region was described as a nursery
area for early summer larvae. The local circulation
was assumed to increase the larval retention times in
the nearshore waters that favored continued development and growth (Huntley & Brinton 1991). The residence time estimated from the particle simulations
showed that similar areas of local retention exist in
the inner shelf around Marguerite Bay, such as Crystal Sound. Particles released in these regions tended
to remain in the vicinity but some export to the surrounding shelf, off-shelf regions and between retention regions occurred. The extent of the exchange
along the inner shelf is likely under-represented because the seasonal Antarctic Peninsula coastal
current (Moffat et al. 2008) is not adequately repre-

sented in the wAP circulation model (Dinniman &
Klinck 2004). However, the retentive nature of the inner-shelf regions provides support for local retention
and development of biological hot spots (Costa et al.
2007) and potential hotspots for Antarctic krill recruitment (Pakhomov et al. 2004).
The larval krill distributions (Daly 2004, Wiebe et
al. 2011) observed in the Marguerite Bay region during the US SO GLOBEC field studies (Fig. 15) suggested that inputs of Antarctic krill occurred at sites
on and off the shelf. Net samples obtained inside
Marguerite Bay during fall 2001 and 2002 (Daly
2004) showed high abundances of older stage larvae
concentrated in a narrow layer near the surface.
Younger larval stages were observed at off-shelf
locations. The simulated dispersion of older stage lar-
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clockwise gyre located to the west of
Adelaide Island. This is also the
region where simulated particles
that correspond to furcilia 6 larvae
accumulate. Marrari et al. (2011)
and Ashjian et al. (2004) also
observed high abundance and biomass of juvenile and adult krill in
Laubeuf Fjord during fall 2001. The
video plankton recorder observations from the 2001 fall and winter
surveys showed larval krill were
present across the entire shelf with
high abundances at the shelf break
(Ashjian et al. 2008). The SO GLOBEC observations are consistent with
those made during the Second International BIOMASS Experiment (Siegel 1989), which showed winter distributions of furcilia 3 to furcilia 5
larvae along the wAP continental
Fig. 15. Climatology of the horizontal distribution of late calyptosis (C3) and
shelf break and mid shelf (Fig. 15).
furcilia stages (F1−F6) constructed from net-based observations made along
The highest abundances were tothe western Antarctic Peninsula continental shelf during fall and winter. The
wards the area off of Adelaide
observations from Daly (2004), Pakhomov et al. (2004), and Wiebe et al. (2011)
Island (the southwestern area covwere made during the SO GLOBEC cruises. The observations from Siegel
ered by that survey).
(1989) are from other surveys
Local spawning does not necessarvae (furcilia 6) that originated along 4 release locaily imply local retention. The simulated trajectories
tions on the shelf showed distributions similar to the
for particles released at inner-shelf sites north of the
on-shelf observations given by Daly (2004). The
Marguerite Bay region showed that older larval krill
numerical experiments suggested that local spawncould be transported as far north as Elephant Island.
ing around Marguerite Bay can provide furcilia 6 larSeveral modeling studies have shown that transport
vae to either the mid-shelf north of Adelaide Island or
of Antarctic krill from the Antarctic Peninsula does
the fjords inside Marguerite Bay. Larval krill hatched
occur and that krill populations in downstream refrom embryos released in summer along the mid and
gions, such as South Georgia, are sustained by inputs
outer shelf north of Marguerite Bay would enter winof individuals from the Antarctic Peninsula (Murphy
ter as late-stage furcilia larvae (furcilia 6) and occupy
et al. 1998, Fach et al. 2006, Thorpe et al. 2004, 2007).
the mid and outer shelf region between Adelaide
Island and Anvers Island. This simulated distribution
is consistent with the winter distribution of older larImplications for wAP krill populations
val stages developed by Siegel (1989) from net-based
observations (Fig. 15).
The results of the present study suggest that AntNet-based observations made on the outer wAP
arctic krill populations along the outer and mid wAP
shelf during fall 2001 prior to the US SO GLOBEC
shelf receive significant (~23% as furcilia 6) and conobservations (Fig. 15) showed that furcilia 2 and 3
sistent inputs from upstream sources. The extent to
stages accounted for 60% of the total larval abunwhich the wAP populations are dependent on these
dance (Pakhomov et al. 2004). The simulated partiinputs is likely variable and dependent on season
cles showed that embryos spawned on the shelf
and location. The Lagrangian tracking results from
developed into furcilia 3 by early fall, thus providing
this study showed that particles are transported to
a source of the furcilia 6 larvae observed in late fall.
particular regions of the wAP with time scales that
Ashjian et al. (2004) showed that the greatest
were consistent with that required for development
abundance and biomass of larval euphausiids on
of an Antarctic krill from an embryo to late furcilia
the wAP shelf was associated with a persistent
stages (186 d).
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The preferred transport pathways for particles
released over Marguerite Trough at the surface and
at depth resulted in inputs to inner-shelf regions,
such as Crystal Sound. Crystal Sound supports high
densities of crabeater seals (Burns et al. 2004). Also,
Adélie penguin distributions along the wAP shelf are
linked to regions of enhanced krill abundance
(Fraser & Trivelpiece 1996), which is their primary
food source. During the SO GLOBEC field studies,
Adélie penguins were found near or over Marguerite
Trough and in areas associated with CDW (Ribic et
al. 2008). Humpback and minke whales distributions
on the wAP shelf have a positive relationship with
high zooplankton acoustic volume backscatter in the
upper and mid water column (Friedlaender et al.
2006). The fact that the observed distributions of
these predators coincided with areas in which the
simulated particles were retained or areas that
received consistent and significant inputs from other
regions suggests that these areas promote retention
of both larval and adult stages of krill. The implication is that the top trophic level predators target these
locations because of access to a dependable food
supply (Costa et al. 2007). Thus, the spatial variability
in dependence on local versus remote inputs has
implications for predators that depend on Antarctic
krill as the primary prey.
The Lagrangian particle simulations suggest a
scenario that may maintain krill abundances that
are needed as prey by the wAP shelf top trophic
level predators. Furcilia larvae that arrive in the
Marguerite Bay region from other source regions
are transported to the inner-shelf areas by the
shelf circulation during the late summer and fall.
By winter, sea ice covers these regions, providing
an overwintering habitat for larval and juvenile
krill with sufficient available food (from sea ice)
and retention due to local circulation (Piñones et
al. 2011). The next summer Krill juveniles (1 yr
old) are found in the inner-shelf region. This scenario is supported by krill length−frequency distributions collected in summer, which showed small
krill (33 to 37 mm) throughout the inner-shelf
region of the wAP between Anvers Island and
Renaud Island (Lascara et al. 1999). Krill > 40 mm
were restricted to the outer shelf. Summer size
compositions of Antarctic krill collected in deeper
shelf waters (140 m) between Renaud Island and
Adelaide Island showed length classes that ranged
from 18 to 27 mm with a modal value of 22 mm
(Siegel 1985). These individuals were categorized
as small juveniles and accounted for 91% of the
total individuals that were sampled.

The occurrence of juvenile and medium-size krill
along the inner shelf may result from local inputs in
areas of the shelf where the shelf is deep (Brinton
1991, Hofmann et al. 1992) and CDW is present,
which allows completion of the descent−ascent cycle
(Hofmann & Hüsrevo lu 2003). The clockwise surface
circulation over the shelf and onshore flow at depth
(Stein 1992, Smith et al. 1999, Dinniman & Klinck
2004) may facilitate transport of krill larvae to the
inner shelf.
Spawning of gravid female krill along the wAP
continental shelf break contributes to the transport of
larval krill to downstream areas by the ACC (Hofmann et al. 1992, Fach et al. 2002, Thorpe et al. 2004,
2007). For example, ~40% (25 to 100 m) and 20%
(below 200 m) of the particles released along the
outer part of Marguerite Trough were transported
northeast away from Marguerite Bay. The particle
simulations also showed considerable across-shelf
transport, which potentially provides inputs from the
inner and mid shelf to downstream regions as well as
to other areas of the wAP shelf. The Bransfield Strait
region supports a high krill biomass and is an area of
krill reproduction, spawning and recruitment (Brinton 1991, Hofmann et al. 1992, Ichii et al. 1998). The
wAP shelf region south of Bransfield Strait has high
krill biomass in all seasons (Lascara et al. 1999). The
Lagrangian simulations showed that particles released in the Marguerite Bay region can provide
inputs to the wAP shelf area south of Bransfield
Strait. An earlier particle tracking study (Capella et
al. 1992) showed that particles released on the northern part of the wAP shelf also were transported to
Bransfield Strait. Thus, krill populations that extend
from the southern wAP to Bransfield Strait are connected.
The simulated trajectories showed that > 30% of
the particles originating on the wAP shelf are exported from the shelf and that many of these reach
Elephant Island when completing the furcilia 6 stage.
Of the 1-yr old krill produced between Renaud Island
and Adelaide Island, ~70% were exported from the
wAP shelf and can potentially continue transport
across the Scotia Sea.

Remote and local circulation effects
The transport pathways obtained from the Lagrangian particle simulations show 2 mechanisms by
which the ocean circulation provides Antarctic krill
larvae to the wAP continental shelf (Fig. 16). The first
results from interactions between the southern
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boundary of the ACC as it flows along the shelf break
and the shelf bathymetry, which produce CDW intrusions (Dinniman & Klinck 2004). The on-shelf flow
associated with the intrusions transports krill larvae
from the outer shelf to the mid- and inner-shelf regions. Marguerite Trough is a primary site for CDW
intrusions and on-shelf transport of krill larvae. Other
deep depressions along the wAP shelf edge also provide conduits for the intrusions and sites for on-shelf
transport of krill larvae (Fig. 16). Of the simulated
particles that originated in the Bellingshausen Sea,
25% were entrained in intrusions and transported
across the shelf to the Marguerite Bay region, providing a mechanism that connects krill populations on
the wAP shelf to upstream source populations (Fig.
16). The remaining 75% of the larvae continued
transport to northern areas of the wAP continental
shelf, such as near Anvers Island, and potentially
across the Scotia Sea (Fig. 16). Thus, on-shelf trans-
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port of larvae at other intrusion sites provides some
degree of connectivity of krill populations throughout the wAP shelf to upstream populations.
Of the simulated larvae that were either transported to or spawned at the intersection of Marguerite Trough and the wAP shelf break, 54% moved
onto the shelf and were transported to inner-shelf
regions that support high biological production, such
as the sites in Crystal Sound and off Alexander Island
(Fig. 16). These larvae provide a source for the juvenile krill populations along the mid- and inner-shelf
areas (Fig. 15).
Velocities < 0.05 m s−1 and the gyre structure of
the flow on the wAP shelf (Stein 1992, Dinniman &
Klinck 2004, Piñones et al. 2011) produce retention
regions along the mid and inner shelf (Fig. 16),
which provides the second mechanism by which the
circulation provides krill larvae to the region. The
simulated particle trajectories showed low export
from these retention areas, < 20% for
sites south of Renaud Island and
~40% for Anvers Island. These
retention areas allow krill larvae
Adults
brought in from other areas to complete development, which supports
I
CDW
Larvae
the observed distribution of juveniles
along mid- and inner-shelf regions
Females
ICDW
(Fig. 15). The retention regions are
also areas where conditions favor
Juveniles
successful completion of reproduction by adult Antarctic krill (HofAdults
mann & Hüsrevoğlu 2003), thereby
ICDW
Females
providing additional larvae to the
local krill populations.
The conceptual diagram developed
Larvae
Juveniles
for
the transport and retention of the
Adults
early life stages of Antarctic krill
along the wAP continental shelf
(Fig. 16) potentially applies to other
Coastline
regions of the Antarctic continental
Marguerite
shelf that have similar circulation and
Trough
hydrographic structure. Prézelin et al.
(2000) suggested that regions of high
Fig. 16. Conceptual diagram illustrating remote and local connectivity of
Antarctic krill concentrations were
Antarctic krill populations along the western Antarctic Peninsula (wAP) continental shelf. The Antarctic Circumpolar Current (ACC), which flows along the
associated with areas where the
shelf edge, transports Circumpolar Deep Water (CDW) and Antarctic krill larsouthern boundary of the ACC was
vae that originated in upstream source regions. On-shelf intrusions of CDW
located along the shelf edge. This
(ICDW) occur at specific sites, such as Marguerite Trough, and bring larvae onto
qualitative comparison suggests that
the shelf. Spawning areas (designated by ‘Females’) occur along the shelf
edge and on the shelf, both of which provide additional larvae. Local retention
the interaction between remote and
regions produced by the shelf circulation retain larvae and juveniles that are
local inputs in maintaining Antarctic
produced on the wAP shelf (light grey ovals). Transport of larvae to the mid
krill populations along the wAP contiand inner shelf provides a source for the juvenile krill populations in these
nental shelf may operate at a circumareas. The Antarctic Peninsula Coastal Current (APCC) potentially provides
exchanges along the inner shelf
polar scale.
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