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Abstract The spatial distribution patterns of krill, sea-
birds (penguin, petrel and albatross), fur seals and baleen
whales were mapped in nearshore waters (<50 km from
land) to investigate their habitat selection within two adja-
cent submarine canyons near Livingston Island, Antarctica.
Three shipboard surveys were conducted (February 2005–
2007), and an echosounder was used to measure the
distribution and abundance of krill while simultaneously
conducting visual surveys to map seabird and marine mam-
mals. Using a multispecies approach, we test the hypothesis
that spatial organization of krill and top predators co-vary
according to Wne-scale changes in bathymetry in the near-
shore marine environment. GAMs are used to examine the
eVect of sea depth, slope and distance to isobaths on the
spatial distribution and abundance of krill and predators.
Spatial distribution patterns of krill and predators relate to
Wne-scale (1–10 km) changes in bathymetry and exhibit
cross-shelf gradients in abundance. Krill were concentrated
along the shelf-break and abundant within both submarine
canyons. Predators exhibited diVerent preferences for loca-
tions within the submarine canyon system that relates to
their foraging behavior. Penguins concentrated closer to
shore and within the head of the east submarine canyon
immediately adjacent to a breeding colony. Whales were

also concentrated over the head of the east canyon (overlap-
ping with penguins), whereas albatrosses and fur seals were
concentrated in the west canyon. Fur seals also showed
preference for steep slopes and were concentrated along the
shelf-break. Petrels exhibited peaks in abundance through-
out both submarine canyons. Owing to their orientation,
size and proximity to the coastline, submarine canyons pro-
vide important habitat heterogeneity for krill and a variety
of predators. This study highlights the multispecies
approach for studying spatial ecology of top predators and
krill and has implications for marine spatial management of
the Scotia Sea.

Introduction

Quantifying patterns of habitat use among top predators,
and their prey is important for understanding predator
resource selection and their role in highly variable marine
food webs. Furthermore, investigating multispecies associ-
ations among species of seabirds and marine mammals is
useful for testing hypotheses regarding competition and
facilitation among predators sharing a common prey (Harri-
son et al. 1991; Barlow et al. 2002; Grünbaum and Veit
2003; Silverman et al. 2004; Ainley et al. 2006). Currently
in the Southern Ocean, there have been few Wne-scale mul-
tispecies studies of diverse top predators and their prey in
nearshore waters (i.e. <60 km from land; Cox et al. 2009;
Warren et al. 2009). These studies are undoubtedly impor-
tant in monitoring and developing conservation policy for
Antarctic coastal marine ecosystems (Constable et al. 2000;
Alonzo et al. 2003; Croxall and Nicol 2004; Reid et al.
2005; Kock et al. 2007). This study investigates the geospa-
tial variability of seabirds, fur seals and cetaceans along
with their shared prey within a submarine canyon system,

Communicated by A. Atkinson.

J. A. Santora (&)
NOAA Southwest Fisheries Science Center, 
110 Shaffer Rd., Santa Cruz, CA 95060, USA
e-mail: jasantora@gmail.com

C. S. Reiss
Antarctic Ecosystem Research Division, 
Southwest Fisheries Science Center, 3333, 
Torrey Pines Ct., La Jolla, CA 92037, USA
123



2528 Mar Biol (2011) 158:2527–2540
in a small coastal area (2,500 km¡2) to quantitatively
describe their habitat use within nearshore waters.

The waters around the South Shetland Islands provide
important habitat for Antarctic krill (Euphausia superba,
hereafter “krill”) populations that support a variety of sea-
bird and marine mammal populations and a commercial
krill Wshery (Croll and Tershy 1998; Jones and Ramm
2004; Atkinson et al. 2008; Reiss et al. 2008). These island
locations are generally adjacent to steep bathymetric gradi-
ents that coincide with hydrographic fronts that serve to
concentrate krill (Siegel 2005; Atkinson et al. 2008). These
areas are used by top predators as key foraging locations
(i.e. hotspots; Santora et al. 2009a, b, 2010) and are also
targeted by the commercial krill Wshery, which geographi-
cally is often in proximity to islands containing land-based
predator breeding colonies (Jones and Ramm 2004; Kaw-
aguchi et al. 2006; Kawaguchi and Candy 2009). Coastal
Antarctic locations are particularly susceptible to human
impacts (e.g. Wshing pressure, oil spills, tourism; Tin et al.
2008) because there is generally an increase in the concen-
tration and variety of top predators near land (Croll and
Tershy 1998). Therefore, an assessment of krill and top
predator habitat use is required for developing conservation
priorities in order to minimize human impacts in Antarctic
nearshore waters (Croxall and Nicol 2004; Reid et al.
2004).

During February 2005–2007, the waters north of Living-
ston Island were sampled on a grid of Wxed transects using
acoustics to measure the spatial distribution of krill while
simultaneously mapping at-sea distribution of seabirds and
mammals (Fig. 1). Using these data, we test the hypothesis
that krill and predators show similar spatial patterns by
quantifying the eVects of sea depth, slope and distances to
isobaths on their abundance. Moreover, we compare the
spatial distribution of a variety of top-predators. A multi-
species approach is useful for understanding and predicting
changes in marine ecosystem function because the popula-
tion dynamics of one species may inXuence other species at
the same trophic level (Ainley et al. 2006, 2010). For exam-
ple, the harvest of baleen whales in the Southern Ocean in
the nineteenth and twentieth centuries is thought to have
aVected seabird and pinniped populations positively by
increasing the availability of krill to those predators (i.e.
“krill-surplus hypothesis”; Fraser et al. 1992; Ballance
et al. 2006). Field studies of multispecies interactions are
needed for marine spatial management and have yet to be
carried out at Wne spatial scales at coastal locations near the
South Shetland Islands where eVects of Wshing activity,
tourism and shipping traYc on predators are generally
unknown.

We chose the most abundant predator species observed
that also represent a range of body sizes, breeding condition
and feeding methods (e.g. surface feeding vs. diving; Laws

1977, 1985). This selection includes three seabirds (chin-
strap penguin Pygoscelis antarctica; cape petrel Daption
capense; and black-browed albatross Thalassarche melan-
ophrys) and two mammals, Antarctic fur seal Arctocepha-
lus gazella and humpback whale Megaptera novaeangliae.
Chinstrap penguins, cape petrels and Antarctic fur seals
breed on Livingston Island and are actively engaged in
breeding and raising young at the time of this study. Black-
browed albatross do not breed on the South Shetland
Islands, but their largest colonies are located in the SW
Atlantic on the Falkland Islands and South Georgia Island
between 600 and 1,200 nautical miles to the north and
northwest, respectively. Southern hemisphere humpback
whales breed in subtropical waters in winter (Zerbini et al.
2006) and are seasonal visitors to the South Shetland Island
area where coastal hotspots of their feeding grounds have
been identiWed and related to krill distribution (Santora
et al. 2010). Collectively, these species represent a diverse
group of krill–predators that make for interesting compari-
sons and provide a unique perspective for investigating spa-
tial patterns important for ecosystem monitoring in the
Southern Ocean.

Methods and materials

Survey area and Weld methods

Data were collected during annual Austral summer (Janu-
ary–March) surveys of the marine environment around the
South Shetland Islands as part of the US Antarctic Marine
Living Resources (AMLR) program. The survey area of
this study is a subset of one of the principal survey areas
sampled by the US AMLR program (Fig. 1). It is located in
the waters north of Livingston Island (62.5°S, 61°W) and is
situated in the Southern Drake Passage, an area inXuenced
hydrographically by the southern Antarctic Circumpolar
Current front (sACCf; Orsi et al. 1995). The north coastline
of Livingston Island is especially rugged with numerous
rocky islets; its geographic center is Cape SherriV (Fig. 1)
which contains major bird and seal rookeries. Of geo-
graphic and bathymetric importance is the location of two
north–south submarine canyons Xanking either side of
Cape SherriV (Fig. 1). In a previous study, these canyons
were identiWed as important areas for understanding the
submesoscale spatial distribution and abundance of krill
and predators (Warren et al. 2009). The west canyon spans
longitudes of 61.4° W–61° W (»45 km in north–south
length), and the east canyon spans 60.8° W–60.4° W
(»44 km in north–south length). The canyons are separated
by the extension of 200 m isobath northwards of Cape
SherriV (Fig. 1). Following the same survey methodology
and shipboard protocol conducted at this location in 2005
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(outlined in Warren et al. 2009), data were collected during
three consecutive week-long surveys in February 2005–
2007. BrieXy, the shipboard survey consisted of 10 Wxed
transects (north–south) that were 45 km long, 5 km apart
and Xanked Cape SherriV (Fig. 1). Net-sampling stations
for krill were collected on three transects during each sur-
vey (Fig. 1). The survey was bounded by the 1,000 m iso-
bath oVshore and the 100 m isobath inshore and covered an
area of approximately 2,500 km2.

Krill sampling

Krill were sampled at night-time stations with a 1.8 m
Isaacs-Kidd Midwater Trawl Wtted with 505-�m mesh
plankton net and a calibrated Xow meter (General Oceanics,
Inc. model 2030). The net was Wshed obliquely from 170 m
or ca. 10 m above bottom to the surface in shallow waters
and Wltered ca. 2,500–4,000 m¡3 of water. Abundance of
krill from net tows was standardized to the number per m2

of sea surface by integrating over the tow depth. Net sam-
ples were processed aboard ship, and all postlarval krill in
samples with <100 individuals were measured (total length
to the nearest mm), sexed and staged for reproductive
maturity (Siegel and Loeb 1995). For larger samples, at
least 100 krill were randomly sampled and analyzed.

Acoustics are routinely used to study krill and predator
distributions (Veit et al. 1993; Reid et al. 2004; Santora
et al. 2009a, b, 2011). Acoustic volume backscattering data
(Sv, dB) were collected during daylight hours using a multi-
frequency echosounder (SIMRAD EK60) conWgured with
down-looking 38, 70, 120 and 200 kHz transducers
mounted on the hull of the ship at a depth of »7 m. During
surveys, pulses were transmitted every 2 s at 1 kilowatt for
1 ms duration. Geographic positions were obtained from
the ship’s GPS and logged every 2 s. DiVerences in volume
backscattering strength measured at diVerent frequencies
were used to identify the backscattering from krill by use of
a three-frequency �Sv method (Watkins and Brierley 2002;

Fig. 1 (Top) Location of the 
South Shetland Islands and 
hydrographic fronts (“sACCf” is 
southern Antarctic Circumpolar 
Current front and “sbACCf” is 
its southern boundary; fronts 
from Orsi et al. 1995) in the 
Southwest Atlantic sector of the 
Southern Ocean. (Bottom) loca-
tion of the survey area 
(2,500 km2) north of Livingston 
Island. Net-sampling and CTD 
locations are indicated by red 
circles. The star marks the loca-
tion of Cape SherriV and the 
penguin and seal rookeries. 10 
north–south transects (»45 km 
in length) that overlay two sub-
marine canyons (east/west) were 
sampled repeatedly during Feb-
ruary of 2005–2007; a total of 
2,895 km of trackline and 82 net 
hauls were sampled. Depth con-
tours are in meters. AP Antarctic 
Peninsula, BS BransWeld Strait, 
EI Elephant Island, KG King 
George Island, JI Joinville 
Island, LI Livingston Island, 
SFZ Shackleton Fracture Zone. 
Map is projected using the world 
Mercator projection
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Demer and Conti 2005). We averaged volume backscatter-
ing and integrated signals over 1-km horizontal segments,
and from a depth of 200 m or the bottom (e.g. 50 m) to the
transducer (10 m buVer added to transducer depth). The
Nautical Acoustic Scattering CoeYcient (NASC km¡1) was
calculated as the basic measurement of horizontal krill dis-
tribution and abundance. Furthermore, the vertical distribu-
tion of krill was integrated by 10 m depth bins to a depth of
200 m to examine changes in krill abundance as a function
of depth.

Predator surveys

Observers collected data on predator abundance and distri-
bution continuously during daylight hours along Wxed tran-
sects (Santora et al. 2009a, b; Warren et al. 2009; Fig. 1).
Ship speed was 10 knots (»18.6 km/hr). Sighting data were
entered into a computer, and trackline positions were
logged every 10 s while underway. Each record was
assigned a time (to the nearest tenth of a second) and a spa-
tial position from the ship’s global positioning system
(GPS). Sea surface state (Beaufort scale) and visibility (e.g.
fog, glare) were monitored, and eVort during unfavorable
conditions (e.g. Beaufort >6, heavy fog) was excluded from
the data set. Observers used hand-held binoculars and were
located at a height of »13 m above sea level. Counts of sea-
birds were made within an arc of 300 m directly ahead to
one side of the ship while underway. Individual birds, or
Xock of birds, were counted and assigned a behavioral code
(e.g. Xying, sitting on water, porpoising). Ship-following
birds were recorded when Wrst encountered and ignored
thereafter. Surveys of whales were conducted using stan-
dard line transect theory and protocol each year (Santora
et al. 2010; Santora and Brown 2010). Weather conditions
permitting, all cetacean sightings recorded were observed
in a 180º arc forward of and up to 3 km away from the ves-
sel. For each whale sighting, a best-estimate spatial posi-
tion, bearing and a perpendicular distance estimate to the
ship’s trackline were logged. Observations of seals were
collected in a 180º arc forward of the vessel and included
position and group size.

Statistical analysis

The acoustic krill index and relative abundance of predators
were binned into 1 km segments for analyses. Shipboard
survey eVort along with bathymetric data (USGS ETOPOS)
was integrated in a GIS to estimate sea depth (m) and slope
of sea Xoor (degrees) for each 1 km segment. In addition,
the shortest Euclidean distance to the 100 and 1,000 m iso-
baths (km) was calculated for each 1 km segment. These
isobaths are selected to examine inshore to oVshore gradi-
ents (or vice versa) for use in spatial modeling of krill and

predators. To be consistent with criteria established in
Warren et al. (2009), we categorized sampling eVort with
respect to the west (transects 1–4) and east submarine can-
yons (transects 6–10) based on the location of the 200 m
isobath (Fig. 1). For summary mapping, data from all sur-
vey years were binned into a grid of 130 cells approxi-
mately 15 km2 in size and the spatial mean abundance of
krill and predators was estimated and standardized by the
number of km sampled per cell (Atkinson et al. 2008; San-
tora et al. 2010). Grid size was chosen in order to maximize
survey area coverage (i.e. transect spacing, length and
extent) and sampling eVort. The mean number of km sam-
pled per cell was 18.52 § 6.83 (standard deviation). Using
the 1 km data set, a general linear model was used to test
whether the abundance of krill and predators varied among
years, by canyon and if there was an interaction eVect
among years and canyons. A post hoc Bonferroni test was
used to test comparisons and interactions among years and
canyons.

Generalized additive models (GAM) were used to inves-
tigate whether spatial distribution patterns of krill and pre-
dators respond similarly to geospatial features (e.g. depth,
slope, distance to features; Wood and Augustin 2002;
Dormann et al. 2007; Santora et al. 2011). A GAM is a
nonparametric regression technique useful for investigating
non-linear relationships between response variables and
covariates by using smoothing terms to Wt the model. The
covariates considered for input in GAMs were sea depth
(m), slope (change in sea depth, degrees), distances to the
100 and 1,000 m isobaths (km) and the spatial coordinate
(longitude, latitude). Depth and slope were selected to
examine the eVect of bathymetry regarding the two subma-
rine canyons. Distances to isobaths were selected to exam-
ine gradients inshore and oVshore and whether krill and
predators exhibited a preference for habitat in proximity to
the shelf-break (1,000 m isobath) or inshore locations
closer to land. The Wtted GAM for log-transformed krill
biomass was speciWed with a Gaussian distribution and a
identity-link function: Krill = s(Depth) + s(Slope) +
s(Dist100 m) + s(Dist1,000 m) + te(long, lat), where
Dist100 m and Dist1,000 m are distance in km to the 100
and 1,000 m isobaths, respectively, and te(long, lat) is the
smoothed interaction term between longitude and latitude.
Smoothing functions s() and te() are regression splines, and
spline shrinkage is used to perform automatic smoothness
selection of covariates (Wood 2006). The Wtted GAM for
the predator abundance was speciWed with a Poisson distri-
bution and a log-link function: Predator = s(Depth) +
s(Slope) + s(Dist100 m) + s(Dist1,000 m) + te(long, lat).
The GAM analysis was carried out using the “mgcv” pack-
age (Wood 2006) in the R program (R Development Core
Team, 2009), and percent deviance explained and adjusted
r2 were calculated as indicators of model performance. The
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eVect of each geospatial covariate included in the GAM
was plotted to visually inspect the functional form to deter-
mine whether krill and predators exhibit similar peaks or
changes in relation to geospatial covariates.

Results

Abundance, spatial distribution and length–frequency 
of krill

During February 2005–2007, mean and standard deviation
of acoustically determined krill abundance was 0.89 § 0.03
(log NASC km¡1; Table 1). Mean krill biomass varied
among years (Tables 1, 2; F = 66.28, p < 0.01) and was
highest in 2007 (p < 0.01). The spatial climatology of mean
krill abundance shows that krill are concentrated within the
west and east submarine canyons and along the shelf-break
coinciding with the 500 m isobath (Fig. 2). There is no
diVerence in krill abundance between the west and east sub-
marine canyons (F = 0.30, p = 0.58), and there is no signiW-
cant interaction between year and submarine canyon
(F = 0.33, p = 0.72; Table 2). Regarding acoustic sampling
depth, when the daytime vertical distribution of krill
(acoustics) is pooled across years, mean krill biomass was
greatest between 30 and 80 m and displayed a peak at
depths of 50–60 m (Fig. 3). The length–frequency distribution

of krill indicates that lengths are unimodal and are similar
among years (Fig. 4). The mean and standard deviation of
krill length (mm) during 2005–2007 were 47 § 1.2,
51.7 § 4.7 and 47.8 § 3.2, respectively.

Abundance and spatial distribution of predators

The abundance map for chinstrap penguins shows they
were highly concentrated inshore at the head of the east
submarine canyon (Fig. 2). Abundance of chinstrap pen-
guins varied among years (F = 13.23, p < 0.01) and was
signiWcantly higher in the east submarine canyon (p < 0.01;
Tables 1, 2). By comparison to chinstrap penguins, cape
petrels were distributed throughout the study area (Fig. 2)
and although their abundance varied among years
(F = 18.51, p < 0.01; Tables 1, 2) their abundance was not
diVerent between east and west submarine canyons
(F = 0.91, p = 0.33). The map for black-browed albatrosses
shows they were concentrated in the west submarine can-
yon and along the outer northwestern shelf-break (Fig. 2).
The abundance of albatrosses varied among years
(F = 6.09, p < 0.01; Tables 1, 2) and they were signiWcantly
more abundant in the west submarine canyon (F = 3.78,
p = 0.04). The map for Antarctic fur seals shows they were
abundant in the west submarine canyon and concentrated
along the extent of the steep shelf-break coinciding with the
500 and 1,000 m isobaths (Fig. 2). The map also shows that
fur seals were concentrated inshore near the 100 m isobath,
possibly indicating the movements of animals to and from
haul out locations and breeding colonies on land (Fig. 2).
The abundance of fur seals varied among years (F = 10.61,
p < 0.01; Tables 1, 2) and like albatrosses, they were sig-
niWcantly more abundant in the west submarine canyon
(F = 17.41, p < 0.01; Table 2). Humpback whales were dis-
tributed throughout the area but displayed peaks in abun-
dance occurring inshore in the east submarine canyon that
overlapped with peaks in abundance of chinstrap penguins
(Fig. 2). The abundance of humpback whales varied among
years (F = 7.08, p < 0.01; Tables 1, 2) and were more abun-
dant in the east submarine canyon (F = 4.60, p < 0.03);
Table 2).

Table 1 Summary of survey eVort, and mean § SE of acoustic krill (log NASC km¡1) and predator abundance (# km¡1); Ind. is total number of
individuals counted

EVort Krill Chinstrap 
penguin

Cape petrel Black-browed 
albatross

Antarctic 
fur seal

Humpback 
whale

Year Days km Hours Mean Mean Ind. Mean Ind. Mean Ind. Mean Ind. Mean Ind.

2005 8 1,244 77.65 0.33 § 0.03 0.67 § 0.08 750 3.26 § 0.17 3,628 0.41 § 0.02 460 0.25 § 0.02 284 0.03 § 0.01 35

2006 6 907 62.08 0.20 § 0.03 1.44 § 0.18 1,179 1.01 § 0.09 826 0.44 § 0.04 358 0.48 § 0.04 396 0.08 § 0.01 64

2007 5 744 49.76 2.26 § 0.08 2.69 § 0.38 1,914 1.14 § 0.14 808 0.30 § 0.03 212 0.17 § 0.02 118 0.08 § 0.01 55

Totals 19 2,895 189.49 0.89 § 0.03 1.5 § 0.12 3,843 1.99 § 0.09 5,262 0.39 § 0.02 1,030 0.31 § 0.02 798 0.06 § 0.01 154

Table 2 Results of ANOVA for comparison of interannual variability
and eVect of canyons (west/east) on the abundance of krill and preda-
tors

Values in parentheses are p values

EVect Year Canyon Year * Canyon

Krill 66.28 (<0.01) 0.30 (0.58) 0.33 (0.72)

Chinstrap penguin 13.23 (<0.01) 75.31 (<0.01) 11.66 (<0.01)

Cape petrel 18.51 (<0.01) 0.91 (0.33) 0.49 (0.61)

Black-browed 
albatross

6.09 (<0.01) 3.78 (0.04) 0.28 (0.75)

Antarctic fur seal 10.61 (<0.01) 17.41 (<0.01) 1.65 (0.19)

Humpback whale 7.08 (<0.01) 4.60 (0.03) 0.41 (0.66)
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Geospatial variability of krill and predators

GAMs for krill and predators indicate signiWcant patterns
reXecting depth, slope, distance to the 100 and 1,000 m iso-
baths, and spatial position that are attributed to the gradients
imposed by the submarine canyons Xanking Cape SherriV

(Table 3; Figs. 5, 6, 7, 8). In all cases, the smoothed interac-
tion between longitude and latitude conWrmed the existence
of spatial gradients described in the abundance maps
(Fig. 2). Sea Xoor depth was a signiWcant factor for krill and
all predators (Table 3; Fig. 5). The eVect of depth on krill
abundance was positive from 100 to 800 m (Fig. 5a),
whereas the eVect of depth on the abundance of chinstrap
penguins and cape petrels was positive between 100 and
300 m (Fig. 5b) and 100 to 400 m (Fig. 5c), respectively,
with both species displaying peaks in abundance at »200 m.

Fig. 2 Mean spatial abundance (2005–2007; February) for a acoustic
krill (NASC), b chinstrap penguin # km¡2, c cape petrel # km¡2,
d black-browed Albatross # km¡2, e Antarctic fur seal # km¡2 and
f humpback whale # km¡2. Survey eVort was binned into cells approx-

imately 15 km2 in size, and krill and predators were averaged and stan-
dardized by the amount of sampling eVort per cell. Contours are 100,
200, 500 and 1,000 m isobaths. Map is projected using the world Mer-
cator projection

Fig. 3 Summary of krill abundance (NASC) by sampling depth (not
bathymetry) 2005–2007; mean and standard error of krill abundance
by depth (10 m bin) and number of km sampled (right axis)

Fig. 4 Length frequency distribution of krill collected by nets during
2005–2007
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By comparison, the eVect of depth on black-browed alba-
trosses indicated that their abundance increased in waters
>200 m (Fig. 5d), whereas the eVect of depth on fur seals
(Fig. 5e) and humpback whales (Fig. 5f) showed an increase
in their abundance in water depths >600 m.

The GAMs indicate that slope is a signiWcant factor for
quantifying changes in the abundance of krill, chinstrap
penguins, cape petrels and fur seals (Table 3; Fig. 6). The
eVect of slope on krill abundance was positive at moderate
slopes of 3–7°. The eVect of slope on the abundance of
chinstrap penguins (Fig. 6b) and cape petrels (Fig. 6c)
indicated that these species displayed peaks at mild slopes

of 1–3°. By comparison, the eVect of slope on the abun-
dance of fur seals indicated that they increased markedly
coinciding with steep slopes (Fig. 6e), conWrming their
aYnity for oVshore waters coinciding with the shelf-break
(see Fig. 2e). The eVect of slope on the abundance of black-
browed albatrosses was not signiWcant (Fig. 6d). Although
not signiWcant, the eVect of slope on the abundance of
humpback whales showed a slight increase in their abun-
dance in waters where the slope was >10° (Fig. 6f).

The survey area was bounded inshore at the 100 m isobath
and oVshore at the 1,000 m isobath. GAMs were used to
quantify the eVect of theses isobaths on krill and predators in

Fig. 5 GAM results for the 
eVect of sea depth (m) on abun-
dance and distribution of 
a acoustically determined krill, 
b chinstrap penguin, c cape 
petrel, d black-browed alba-
tross, e Antarctic fur seal and 
f humpback whale. Dashed lines 
around smoothed Wt are 95% 
conWdence intervals, and data 
availability is indicated by tic 
marks above x-axis
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order to describe inshore–oVshore gradients and whether krill
and predators associate with the shelf-break (»1,000 m iso-
bath). The GAMs indicate that distance to the 100 m isobath
is a signiWcant factor for quantifying changes in the abun-
dance of krill, chinstrap penguins and cape petrels (Table 3;
Fig. 7). The eVect of distance to the 100 m isobath on krill
showed that krill abundance displayed a peak 10–30 km
from the 100 m isobath (Fig. 7a). The eVect of the distance to
100 m isobath on abundance of chinstrap penguins was posi-
tive from 1 to 20 km (Fig. 7b), whereas the eVect on cape
petrels was mixed and showed a positive association between
1 and 10 km from the 100 m isobath, but their abundance
increased sharply at distances >30 km from the 100 m iso-
bath. There was no relationship between distance to 100 m

isobath and the abundance of black-browed albatrosses, fur
seals and humpback whales (Table 3; Fig. 7d–f). The GAMs
indicate that the eVect of distance to 1,000 m isobath is a sig-
niWcant factor for quantifying changes in the abundance of
krill and predators (Table 3; Fig. 8). The eVect of distance to
the 1,000 m isobaths on krill showed that krill abundance
displayed a peak 1–5 km from the 1,000 m isobath and
another at 10–20 km (Fig. 8a). The eVect of distance to the
1,000 m isobath on the abundance of chinstrap penguins and
cape petrels showed peaks at 15 km from the 1,000 m iso-
bath (Fig. 8b–c). Although the eVect of distance to the
1,000 m isobath was signiWcant for black-browed alba-
trosses, fur seals and humpback whales, there were no clear
peaks or trends in their abundance patterns (Fig. 8d–f).

Fig. 6 GAM results for the 
eVect of slope in sea depth 
(degrees) on abundance and dis-
tribution of a acoustically deter-
mined krill, b chinstrap penguin, 
c cape petrel, d black-browed 
albatross, e Antarctic fur seal 
and f humpback whale. Dashed 
lines around smoothed Wt are 
95% conWdence intervals, and 
data availability is indicated by 
tic marks above x-axis
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Discussion

In this study, we tested the hypothesis that krill and their
predators respond similarly to Wne-scale changes in
bathymetry and displayed similar inshore and oVshore
gradients in relative abundance. We found that krill are
abundant within the two submarine canyons and are con-
centrated between 10 and 30 km from the coast and also
along the shelf-break. Predators display interspeciWc diVer-
ences in habitat use that reXected preferences for either the

east or west submarine canyon, shallow or deep waters and
display contrasting distribution patterns from the coastline
to the shelf-break. In the Southern Ocean, previous compar-
ative work on krill–predator associations revealed interspe-
ciWc diVerences between foraging distributions of petrels
and penguins (Veit et al. 1993; Silverman et al. 2004; San-
tora et al. 2009a; Warren et al. 2009), penguins and fur
seals (Hunt et al. 1992; Barlow et al. 2002; Warren et al.
2009; Waldula et al. 2010), and species of baleen whales
(Santora et al. 2010) and revealed associations between

Fig. 7 GAM results for the 
eVect distance to 100 m isobath 
(km) on abundance and distribu-
tion of a acoustically determined 
krill, b chinstrap penguin, c cape 
petrel, d black-browed alba-
tross, e Antarctic fur seal and 
f humpback whale. Dashed lines 
around smoothed Wt are 95% 
conWdence intervals, and data 
availability is indicated by tic 
marks above x-axis
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penguins and cetaceans (Ainley et al. 2006). None of these
studies compared the geospatial variability of krill and all
of these predators simultaneously using shipboard observa-
tions in coastal waters. Fine-scale studies of krill and
multispecies predator assemblages are important for under-
standing spatial processes, especially in relation to subma-
rine canyons, because these locations provide important
habitat heterogeneity that may account for a high propor-
tion of trophic exchange regionally. This study highlights
the multispecies approach for studying top-predators and
krill and has implications for marine spatial management of
the Scotia Sea.

Although this study is limited because of the short time-
scale of measurement (just a week each year), the data
show a consistent spatial distribution patterns of krill and
top-predators. It’s important to note that some of the spatial
distribution patterns of fur seals and penguins may reXect
animals commuting to and from breeding colonies on land.
However, when using shipboard surveys, it is not possible
to determine the predator breeding status and their origin
from land (telemetry studies are required). Shipboard sur-
veys are well suited for simultaneously sampling abun-
dance of predators and prey at high resolutions, permitting
investigations into their habitat use and aggregation

Fig. 8 GAM results for the 
eVect of distance to 1,000 m 
isobath (km) on abundance and 
distribution of a acoustically 
determined krill, b chinstrap 
penguin, c cape petrel, d black-
browed albatross, e Antarctic fur 
seal and f humpback whale. 
Dashed lines around smoothed 
Wt are 95% conWdence intervals, 
and data availability is indicated 
by tic marks above x-axis
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patterns. The maps of abundance indicate where krill and
predators were aggregated and reveal Wne-scale diVerences
in habitat use among predators. Cape petrels displayed a
highly patchy distribution and exhibited peaks in abun-
dance throughout the study area. Chinstrap penguins were
positively associated with the 100 m isobath and showed a
declining gradient in abundance at distances >20 km
oVshore. Chinstrap penguins also displayed preference for
the head of the east submarine canyon, as did humpback
whales. Black-browed albatrosses preferred the west sub-
marine canyon along with Antarctic fur seals, which were
highly concentrated along the shelf-break at the mouth of
the canyon. Sea depth is a signiWcant factor for krill and all
predators, whereas slope of the sea Xoor was only signiW-
cant for explaining distributions of krill, chinstrap pen-
guins, cape petrels and Antarctic fur seals. Interestingly,
penguins and petrels displayed peak in abundance at mod-
erate slopes whereas fur seals tended to prefer locations of
steep bathymetric relief, indicating that fur seals utilize the
submarine canyons in a diVerent manner that may reXect
their preference for mesopleagic Wsh (e.g. myctophids;
Daneri et al. 2005) or particular krill sizes (45 mm mature
females) that are known to aggregate near the shelf-break in
this region (Siegel 2005; Santora et al. 2010).

Importance of submarine canyons

This study, as well as others (Mackas et al. 1997; Lavoie
et al. 2000; Allen et al. 2001), shows that submarine can-
yons are important for understanding aggregation patterns of
krill and predators. Klinck (1989, 1996) used numerical
models to examine the circulation and geostrophic Xow of
water within submarine canyons and illustrated the impor-
tance of canyon width and circulation for controlling
upwelling at heads of the canyons. Klinck (1996) suggested
that continued upwelling onto the adjacent shelf of a canyon
may act as a drag mechanism that slows the alongshore
coastal Xow that enhances productivity and concentrates

plankton. Field studies of krill aggregations in relation to
submarine canyons showed that upwelling, and retention is a
key mechanism for concentration krill (Mackas et al. 1997;
Lavoie et al. 2000; Allen et al. 2001). Genin (2004)
reviewed Weld studies of submarine canyons and suggested
mechanisms that reXect aggregation patterns of plankton and
Wsh due to the ampliWcation of currents over shelf-breaks
and submarine canyons. In particular, Genin (2004)
described a “trophic-focusing” process by which plankton
from large volumes of Xowing water over submarine can-
yons accumulates in a relatively small area that propagates
up the food web, supporting aggregations of higher trophic
level predators. Although this study did not measure cur-
rents within and over the submarine canyons to identify cir-
culation patterns (i.e. retention) that could interact with krill
behavior, the result of high krill concentration within can-
yons and at the shelf-break is in agreement with results
derived from other Weld studies (Mackas et al. 1997; Lavoie
et al. 2000; Allen et al. 2001) and conWrms the process of
trophic-focusing of prey and predator aggregations (Genin
2004). It is likely that regionally around the Antarctic Penin-
sula, submarine canyons, due to the habitat heterogeneity
they provide, may harbor dense concentrations of krill and a
variety of top predators, especially if the canyons are adja-
cent to land-based predator breeding colonies. Future eVort
should be made to identify other similarly important subma-
rine canyon locations using existing high-resolution bathym-
etry data (e.g. multibeam surveys) combined with atlas data
of land-based predator breeding colonies. This information
is important for developing and reWning spatially explicit
habitat models for krill and predators (Alonzo et al. 2003)
because submarine canyons are unique landscapes that are
clearly important for concentrating krill and predators.

Multispecies approach

The multispecies approach for top predators that this study
adopted provides valuable reference points for deriving

Table 3 GAM results for the eVect of spatial covariates on krill and predators

Values in parentheses are estimated degrees of freedom

Depth (m) is sea Xoor; Slope (degrees) is change sea Xoor; Dist100 m and Dist1,000 m are distance (km) to the 100 and 1,000 m isobaths, respec-
tively; Long, Lat is the smoothed interaction between longitude and latitude

** p < 0.001; * p < 0.01

Variable Adjusted r2 % deviance Depth Slope Dist100 m Dist1,000 m Long, Lat

Krill 0.06 19.21 (8.99)** (8.99)** (8.98)** (8.99)** (23.88)**

Chinstrap penguin 0.24 46.12 (8.61)** (7.29)** (8.69)** (8.20)** (23.09)**

Cape petrel 0.07 21.61 (8.98)** (8.94)** (8.96)** (8.96)** (23.95**

Black-browed albatross 0.02 4.78 (5.27)** (0.01) (0.51) (6.56)* (5.39)**

Antarctic fur seal 0.06 15.3 (9.46)** (7.28)** (0.52) (9.15)** (17.89)**

Humpback whale 0.02 4.78 (5.77)** (0.01) (0.01) (7.15)* (5.39)**
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community-level ecosystem indicators for use in marine
spatial management and conservation (Babcock et al.
2005). It is important to quantify the habitat use by multiple
top-predators simultaneously because it is generally
unknown how these species interact. This study found high
concentrations of chinstrap penguins and humpback whales
inshore over the head of the east submarine canyon, adja-
cent to a large penguin rookery on Desolation Island. It is
unclear how the presence and abundance of baleen whales,
whose populations have been increasing since the morato-
rium on commercial whaling (Ballance et al. 2006; Ainley
et al. 2010), aVect locally breeding seabirds and pinnipeds
in the Antarctic. Ainley et al. (2006) showed that there are
likely negative eVects of baleen whales on the breeding and
foraging behavior of penguins in the Ross Sea, and Friedla-
ender et al. (2008) showed that there is a correlation
between krill lengths taken by penguins and the presence of
whales near the penguin colony. In a long-term study of the
seabird populations in the central California Current,
Ainley and Hyrenbach (2010) suggested that an increase in
baleen whales, direct competitors for prey, may have attrib-
uted to decline of some seabird species. Therefore, the
decline of some penguin populations in the South Shetland
Islands (Hinke et al. 2007) may be attributed to the popula-
tion increase in baleen whales (Ainley et al. 2010), espe-
cially those whale species that prefer to concentrate their
feeding eVort in nearshore waters (e.g. humpback whales).
More study is needed to understand the food web dynamics
and energy demands of whales and seabirds together with
detailed information on the demography, abundance and
spatial distribution of krill.

This study found that Antarctic fur seals and black-
browed albatrosses utilized similar foraging locations. Ant-
arctic fur seals and albatrosses are known to feed on Wsh
and squid (which also feed on krill) in Antarctic waters
(Reid et al. 1996; Staniland et al. 2010), and there is evi-
dence these prey items do make up a signiWcant proportion
of Antarctic fur seal diet in late summer (February; Daneri
et al. 2005). Fur seals breed on Livingston Island and
nearby islets and are able to exploit prey throughout the
water column but are limited by the number and length of
dives they can make over time (Staniland et al. 2010).
Black-browed albatrosses, which do not breed on the South
Shetland Islands, are restricted to feeding at the surface and
it is generally unknown how they locate prey. There is evi-
dence suggesting albatrosses use a foraging behavior
known as local enhancement (Harrison et al. 1991 Grün-
baum and Veit 2003; Silverman et al. 2004) by cueing in on
the foraging behavior of conspeciWcs or other species that
may facilitate foraging success. It is possible that the con-
centration of albatrosses in the west submarine canyon may
be the result of the fur seal aggregations there because seals
may force prey close to the surface that in turn becomes

available to albatross. Or perhaps they may be selecting
diVerent prey types. Nonetheless, the multispecies
approach provides insight into the spatial interactions
between a diverse group of top predators that in turn is
important for calibrating foraging and food web models of
seabirds and marine mammals in the Southern Ocean.

Marine spatial management

Spatial management of the Southern Ocean requires an
integrated approach to understand how krill and predators
are spatially distributed, especially in coastal waters where
predators and Wshing vessels may overlap (Croxall and
Nicol 2004; Reid et al. 2004). The krill Wshery is managed
by the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) which sets the quota
for the amount of krill that is harvested and limits on where
and when vessels can Wsh (Constable et al. 2000; Reid et al.
2004; Hill et al. 2009). Overlap between krill–predators and
Wshing vessels may create competition for krill and pose
additional risk to krill–predators. CCAMLR has advanced
its ecosystem-based framework by developing small-scale
management units (SSMU’s) to account for localized
eVects of Wshing on krill–predators (Hewitt et al. 2004; Hill
et al. 2007, 2009). The area surveyed in this study
(2,500 km¡2) fall within one of the SSMU’s (“Drake Pas-
sage West” area 15.8 £ 10¡3 km¡2; see Hewitt et al. 2004)
near the South Shetland Islands where krill Wshing vessels
often concentrate (Jones and Ramm 2004). The results of
this study are therefore useful for understanding potential
spatial interactions and overlap between krill, their preda-
tors and Wshing vessels at Wne scales near a major land-
based predator breeding colony. Although there was no
Wshing vessels present within the survey area during the
course of this study, based on past commercial Wshing
activity (Nicol and Foster 2003; Jones and Ramm 2004;
Kawaguchi et al. 2006), this location will likely be used in
the future. A promising way forward is combining surveys
of concurrent krill–predator distributions during Wshing
activities to provide information for assessing predator
attendance with Wshing vessels (Kock et al. 2006; Santora
et al. 2009b).

Conclusion

Quantifying habitat relationships and spatial organization
of krill and a variety of top-predators is important for devel-
oping or improving predator foraging models that involve
spatial dynamics of krill (Croll and Tershy 1998; Alonzo
et al. 2003; Hill et al. 2009). More information is needed to
resolve the landscape ecology of krill and predators at local
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scales and this study shows that submarine canyons near
the Antarctic Peninsula are important topographies which
warrants further investigation to identify other locations.
This study demonstrates the usefulness of shipboard sur-
veys for investigating spatial interactions between multiple
predator species, especially in a region where the eVects of
Wsheries and climate change on ecosystem function are
generally unknown. In summary, the coastal waters north
of Livingston Island represent a unique area for studying
the spatial interactions between krill and their predators.
The many seabirds and pinnipeds that breed at this location
and the albatross and baleen whales that travel great dis-
tances to forage here truly signify the importance of this
area due to its coastal geomorphology, submarine canyons
and the krill concentrations it fosters.
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