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ABSTRACT: We examined the spatial association between baleen whales and their principal prey,
Antarctic krill Euphausia superba near the South Shetland Islands (Antarctic Peninsula) using data
collected by the US Antarctic Marine Living Resources (AMLR) program during January surveys
from 2003 through 2007. Whale distributions were determined using ship-based visual surveys, while
data on krill distribution, abundance, and demographic characteristics were derived from net hauls.
Approximately 25 000 km of transects and 500 net hauls were sampled over 5 yr. We defined hotspots
based on statistical criteria to describe persistent areas of occurrence of both whales and krill.
Hotspots were identified, and whales and krill length-maturity classes exhibited distinct spatial seg-
regation in their distribution patterns. We found that baleen whales aggregated to krill hotspots that
differed in size structure. Humpback whales Megaptera novaeangliae were associated with small
(<35 mm) juvenile krill in Bransfield Strait, whereas fin whales Balaenoptera physalus were associ-
ated with large (>45 mm) mature krill located offshore. Overlapping these size-dependent krill dis-
tributions, Antarctic minke whales B. bonaerensis were associated with intermediate sized krill
(35—44 mm). The correlation among different whale species and krill swarms of differing size com-
position presents an intriguing pattern that deserves further study.
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INTRODUCTION

Many species of baleen whales migrate from their
winter breeding grounds in the tropics to summer
feeding grounds south of the Antarctic Convergence,
where they feed primarily on Antarctic krill Euphausia
superba (Mackintosh 1965, Laws 1977, Tynan 1997,
1998, Kasamatsu et al. 1998, Zerbini et al. 2006). De-
spite their ecological importance, past exploitation,
and dominant role in the ecosystem, rather little is
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known about the foraging habitats of each species of
baleen whale near the South Shetland Islands, Antarc-
tica (Fig. 1), a region known for its elevated krill bio-
mass (Laws 1977, Siegel 1988, Loeb et al. 1997, Reilly
et al. 2004, Reiss et al. 2008), active krill fishery (Marin
& Delgado 2001, Hewitt et al. 2004, Jones & Ramm
2004), and historical whaling (Mackintosh 1965, Laws
1977). Whales are often associated with krill (Reid et al.
2000, Murase et al. 2002, Friedlaender et al. 2006), and
there is evidence that whales exhibit preferences for
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Fig. 1. Survey effort and cruise track during 2003-2007 US Antarctic Marine Living Resources (AMLR) surveys near the South
Shetland Islands. A total of 1027 h and approximately 25000 km of cruise track were sampled. Dots indicate location of net
sampling stations; ~100 stations were sampled annually. Position of fronts are from Orsi et al. (1995) and are used in reference to
average. sACCf: southern Antarctic Circumpolar Current front, sbACCf: southern boundary of the Antarctic Circumpolar

Current front, AP: Antarctic Peninsula, BS: Bransfield Strait, EI:

Elephant Island, DP: Drake Passage, KG: King George Island,

LI: Livingston Island, SFZ: Shackleton Fracture Zone

particular sizes of krill (Fiedler et al. 1998, Croll et al.
2005, Friedlaender et al. 2008, 2009).

Antarctic krill exhibit a circumpolar distribution in
the Southern Ocean, with the largest concentrations
located in the Southwest Atlantic (Atkinson et al.
2004), an oceanographically complex region charac-
terized by the eastward flowing Antarctic Circum-
polar Current (ACC) and bathymetrically controlled
flow associated with the Shackleton Fracture Zone
and, more regionally, continental and island shelves
(Thompson et al. 2009). Krill biomass in the Southwest
Atlantic varies temporally due to interannual variabil-
ity of reproductive effort and recruitment success
(Loeb et al. 1997) and also presumably from between-
year differences in advective transport (Fach et al.
2002, Murphy et al. 2004). Recent data suggest that the
density of krill in the Scotia Sea has declined by more
than 80 % since the 1970s associated with declines in
sea-ice extent and duration (Atkinson et al. 2004).
Additionally, the West Antarctic Peninsula is among
the most rapidly changing environments on the planet,

and both surface and mid-water temperatures have
increased since the 1950s (Gille 2002, Meredith & King
20095). Given the recent and rapid changes in the envi-
ronment, the apparent decline in their principal prey,
and the potential interactions with the krill fishery, a
better understanding of the foraging patterns and
spatial distribution of whale populations in the South-
ern Ocean is necessary, as historically predictable
feeding areas may be altered by climate change (de
la Mare 1997, Tynan 1998, Kaschner et al. 2006, Red-
fern et al. 2006), potentially impacting recovery of
some populations.

Near the South Shetland Islands during summer,
length-maturity classes of Antarctic krill exhibit differ-
ent spatial distribution patterns (Siegel 1988, 2005,
Hewitt & Demer 1993, Siegel & Loeb 1995). Smaller
krill are generally found in coastal/shelf waters,
extending across the Bransfield Strait and south of the
South Shetland Islands. In contrast, larger krill are
found offshore near the shelf break and slope areas
(Siegel 1988, 2005, Siegel & Loeb 1995). This apparent
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spatial segregation of krill classes permits investigat-
ing their relationships to foraging whales and to quan-
tify the key aspect of feeding areas used by whale spe-
cies. At least 3 species of baleen whales regularly
forage in this area (Reilly et al. 2004, Thiele et al. 2004,
Williams et al. 2006). Krill size is important to the feed-
ing ecology of krill-dependent predators, because
small (5 to 10 mm) differences in the mean length of
krill or the maturity stage of female krill have large
energetic consequences (Ichii et al. 2007, Chapman et
al. 2009, Farber-Lorda et al. 2009). Energy density
(joules g~! dry weight) of krill increases exponentially
with length, and even more so for gravid females (Far-
ber-Lorda et al. 2009). For whales, whose principal
goal is to feed before returning to winter breeding
grounds, exploiting areas of high krill density may cre-
ate overlapping distributions and competition among
species. Moreover, insight into prey quality and selec-
tion by marine mammals will improve estimation of
consumption rates of prey and parameterization of
food web models (Trites et al. 1997, Pauly et al. 1998,
Reilly et al. 2004, Kaschner et al. 2006).

We examined the spatial associations of humpback
Megaptera novaeangliae, fin Balaenoptera physalus,
and Antarctic minke B. bonaerensis whales in relation
to size distributions within krill swarms over a 5 yr
period. We examined the spatial distribution and
abundance of krill length-maturity classes and whales
to map predictable locations containing high and per-
sistent concentrations (i.e. hotspot analysis; Hyrenbach
et al. 2000, Piatt et al. 2006, Yen et al. 2006). By using
randomization techniques and spatial regression mod-
eling that addresses spatial autocorrelation, we deter-
mined whether patterns of overlap among whales and
krill are simply correlative or whether patterns reflect
stronger relationships indicative of spatial partitioning.
Specifically, we analyzed spatial clustering of krill
length-maturity classes and baleen whale species to
determine (1) whether there are predictable locations
where whale species and krill length-maturity classes
occur annually, and (2) whether hotspots of baleen
whales and krill overlap within and between areas.
This information has important implications for conser-
vation of baleen whales and management of the krill
fishery in the Southern Ocean.

MATERIALS AND METHODS

Field methods. The US Antarctic Marine Living
Resources (AMLR) program has collected data on the
distribution, abundance, and demographic character-
istics of krill in the South Shetland Island (SSI) region
since 1990. Beginning in 2003, seabirds and mammals
were censused along transects to map the distribution

and relative abundance of seabirds and marine mam-
mals within the AMLR survey area (Fig. 1). Data
reported here are from January surveys from 2003
through 2007. Standardized surveys are conducted
along inshore and offshore (usually north-south) tran-
sects with stations spaced at ca. 55 km intervals across
a 108700 km? area in Drake Passage and Bransfield
Strait waters surrounding the SSI (Elephant, King
George, and Livingston Islands; Fig. 1). The US AMLR
program has defined areas based on historical sam-
pling (the Elephant Island Area) and the location of
predator field camps (the West Shelf, on the north side
of Livingston Island and within Bransfield Strait). Tran-
sects and station locations were fixed, and about 100
plankton stations were sampled each survey (~23 d).
Krill sampling. Krill were sampled at the fixed sur-
vey grid stations with a 1.8 m Isaacs-Kidd Midwater
Trawl fitted with 505 pm mesh plankton net and a cal-
ibrated flow meter (General Oceanics, model 2030).
The nets were fished obliquely from 170 m or ca. 10 m
above bottom to the surface in shallow waters and fil-
tered ca. 2500 to 4000 m® of water. Abundance of krill
from net tows is standardized to no. m~2 of sea surface
by integrating over the tow depth. Net samples were
processed aboard ship, and all postlarval krill in sam-
ples with <100 individuals were measured (total length
to the nearest mm), sexed, and staged for reproductive
maturity (Siegel & Loeb 1995). For larger samples, at
least 100 krill were randomly sampled and analyzed.
We pooled krill into 3 length-maturity classes that
comprised small (13-34 mm) 1 yr old juveniles, inter-
mediate (35-44 mm) 2 yr old immature males and
mature females, and large (45-65 mm) 3 yr old and
older mature individuals (Siegel & Loeb 1995).
Cetacean survey. Baleen whale distribution and
abundance data were collected during transits be-
tween oceanographic/net stations along fixed tran-
sects, distributed around the SSI (Fig. 1). Ship speed
during transits was 10 knots (~18.6 km h™!). Visual sur-
veys were conducted each year by trained observers
using standard line transect theory (Heinemann 1981,
Buckland et al. 1993). Observers used hand-held bin-
oculars (10 x 50) and were located at a height of 13 m
above sea level. Weather conditions permitting, all
cetacean sightings recorded were observed in a 180°
arc forward of and up to 3 km away from the vessel
(Reid et al. 2000, Santora et al. 2009). Sighting data
were entered into a computer using real-time mapping
software, and positions were logged every 15 s while
underway. For each whale sighting, a best-estimate
spatial position, bearing, and a perpendicular distance
estimate to the ship’s trackline were logged (Heine-
mann 1981, Buckland et al. 1993). Sea surface state
(Beaufort scale) and visibility (e.g. fog, glare) were
monitored continuously by the observer. Survey effort
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during unfavorable conditions (e.g. Beaufort >6, heavy
fog) was excluded from the data set. The pooled data
analyzed here represent a total of 1019 h (203 + 20 [SD]
h annually) of observations made over approximately
25000 km of survey tracklines (Fig. 1).

We calculated the relative abundance of whales
using sighting data (Reid et al. 2000, Thiele et al. 2004,
Ainley et al. 2007). Data were standardized to estimate
relative abundance of whales by calculating indices of
sightings per unit effort (SPUE) and individuals per
unit effort (IPUE) to examine interannual changes in
whale abundance (Zerbini et al. 2004, Redfern et al.
2006). A unit of effort is reported as the number of
hours surveyed d~!. A total of 82 d (16 to 18 d yr!) were
sampled during 2003 to 2007 for an average of 12.5 +
2.9 (SD) h d'. We used nonparametric statistics
(Kruskal-Wallis tests) to determine if SPUE or IPUE
varied inter-annually (Zar 1999).

Analytical methods. Data binning: The primary
objective of the data binning was to generate a com-
posite suite of maps to quantify spatial variability in
the overlap between whales and their krill prey.
Therefore, we combined all 5 yr of survey data (i.e.
net hauls, cetacean sightings) into a geographic infor-
mation system (GIS) in ArcView (ESRI 2007) where
data reduction and analysis was conducted. We
binned the survey data into 42 cells, each 0.5° latitude
x 1° longitude or approximately 2860 km? in size. This
cell size was chosen because it covered 2 to 3 net
sampling stations cell”! and yet was fine enough to
track changes in krill demography across the SSI
region (i.e. shelf-shelf break—oceanic
Siegel 2005). Only cells that were sampled during at
least 4 of the 5 yr were used in subsequent analyses.
For each survey, we estimated the total number of
whales sighted and mean abundance of the 3 krill
length-maturity classes in each cell annually and then
weighted this by the survey effort (i.e. transect dis-
tance, net samples) conducted in each year.

Hotspot mapping and clustering analysis: To detect
the locations (cells) of persistent clustering of whales
and krill, we used the Getis-Ord G statistic (Getis &
Ord 1992, Ord & Getis 1995, Swenson & Howard 2005).
The Getis-Ord G statistic (a Z-score) identifies clusters
of points with values higher in magnitude than would
be expected due to random chance. We defined
hotspots as areas where there is a statistically signifi-
cant level of clustering (>1 SD; Swenson & Howard
2005). The Z-score for each cell was estimated based
on a randomization test, for the combined 5 yr dataset.
We then mapped hotspots based on the location of sig-
nificant Z-scores by representing distinct clusters of
krill and whales (mean + SD per cell) as an index of
spatial clustering over 5 yr. We categorized hotspots as
non-significant (<1 SD), medium (1 to 1.9 SD), and

environs;

high (>2 SD). Furthermore, we conducted a bootstrap
analysis and Monte Carlo randomization test (5000
runs) to estimate correlation coefficients and confi-
dence intervals for comparing associations of whales
with krill length-maturity classes (Legendre & Legen-
dre 1998, Zar 1999).

Spatial relationships between whales and krill: We
used 2 complementary techniques to examine the spa-
tial association between whales and their krill prey.
We used 2 different spatially-explicit regression mod-
els to account for the effects of spatial autocorrelation
and spatial error in whale and krill distributions
(Anselin et al. 2006, Santora et al. 2009), and we calcu-
lated 2-dimensional correlograms to examine the cor-
relation between krill and whales. The objective of the
spatial regression modeling is to test whether baleen
whale species are spatially associated with particular
krill length-maturity classes. Spatial regression models
are similar to generalized linear models, except they
have spatially explicit parameters to account for both
autocorrelation and spatial dependency (Ferguson &
Bester 2002, Anselin et al. 2006). We employed 2 spa-
tially explicit regression models in a GIS platform
(Anselin et al. 2006; GeoDaS Software) using Maxi-
mum Likelihood Estimation and Akaike Information
Criteria (AIC) to examine differences between models
(Burnham & Anderson 2002). The 2 models were:

Y=pW,+ X{B +e¢ (1)
Y =XiB +¢ wheree =AW, + & (2)

where Y is whale abundance (ind. cell!), X; is krill
abundance (i = length-maturity class no. m2 cell™!), B is
a regression coefficient, and ¢ is a random error term
that is identically and independently distributed. The
first model (Eq. 1) has spatial lag components: p, a
spatial autoregressive coefficient, and W,, a spatially
varying lag term. The spatial lag model takes into
account whether the dependent variable Y in place i
is affected by the independent variables in both place
i and j. That is, events in 1 place may predict an
increased likelihood of similar events in neighboring
places. In the spatial error model (Eq. 2), spatial auto-
correlation is not an additional variable in the model as
in the spatial lag model (Eq. 1) but rather affects the
covariance structure of the spatial error terms, where A
is an autoregressive coefficient, W; is a spatially vary-
ing error term, and & is a vector of identically and inde-
pendently distributed error terms. The spatial error
model takes into account the probability that the error
terms (i.e. spatial autocorrelation of residuals) across
different spatial units are correlated as a function of
geographic distance. We concluded that a whale spe-
cies was significantly associated with krill if a particu-
lar krill length class was a significant predictor of
whale abundance.
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Propagation of spatial error (i.e. uncertainty) in test-
ing the spatial association of whales and krill is likely
to vary according to distance, sampling resolution, and
measurement technique (Legendre & Legendre 1998,
Ferguson & Bester 2002). We determined whether
each model accounted for the spatial dependency of
whales in relation to krill using a likelihood ratio test
(LRT; Anselin et al. 2006). Here the objective was to
determine whether the inclusion of spatial autocorrela-
tion influenced the outcome of the model results. For
the LRT test, a critical value greater than a = 0.05 (i.e.
not significant) indicates that the spatial regression
model (lag or error) likely accounts for spatial depen-
dency between whales and krill.

In addition to testing for spatial association at lag 0,
we determined the range (i.e. scale) of spatial associa-
tion between whales and krill by calculating 2-dimen-
sional isotropic cross-correlograms to quantify the
association of whales and krill over increasing lags
equal to our initial cell size (~2860 km?; Legendre &
Legendre 1998, Tobin & Bjernstad 2003). The range of
spatial correlation was characterized by the number of
consecutive positive lags before falling below 0 (Reid
et al. 2004, Santora et al. 2009).

RESULTS
Whale sightings and relative abundance

Humpback, fin, and Antarctic minke whales were
frequently sighted around the SSI over the 5 yr study
period (Table 1). Humpback whales were most often
sighted, followed by fin and minke whales. There was
no difference among years in the sighting rate of
humpback (Kruskal-Wallis: H = 4.22, p = 0.37), fin
(H = 5.33, p = 0.25), or minke whales (H = 6.74, p =
0.15). The SPUE and IPUE for whales observed during
2003 to 2007 show that whale sightings and individu-
als counted were consistent over time (Fig. 2). In addi-
tion, the ratio between the number of sightings and
individuals counted was nearly constant among years
(Fig. 2).

Table 1. Total whales (individual sightings and groups) for
5 US Antarctic Marine Living Resources (AMLR) surveys
(January, 2003 to 2007)

Species No. of groups No. of animals
Humpback whale 397 664
Fin whale 97 184
Minke whale 51 96
Total 545 944
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Krill abundance and length frequency

The abundance of krill varied among years (Kruskal-
Wallis H = 34.65, p < 0.01, Fig. 3). This variability in
abundance was due to strong recruitment events in
2003 and 2007 (Reiss et al. 2008) and reflects an order
of magnitude increase in abundance over these years
(Fig. 3). In some years (e.g. 2004), a single modal
length was observed, while in others (e.g. 2003 and
2007) bi-modal length frequencies were found reflect-
ing new recruitment (1 yr olds) combined with remain-
ing older animals in the study area (Fig. 4). In general,
krill lengths were larger in the Elephant Island region
and smaller in Bransfield Strait (Fig. 4). Krill length
classes exhibited strikingly different spatial distri-
butions that reflect concentrations of large (44-65 mm)
mature adults in oceanic ACC waters and small
(13-34 mm) juvenile classes concentrated in coastal
Bransfield Strait waters (Fig. 5, Table 2).

Hotspots of krill length-maturity classes

Spatial composite mapping of krill by length-
maturity classes revealed hotspots that reflected segre-
gation by size, and aggregation within areas (Table 2,
Fig. 5). Nine hotspots of small krill were found, and the
abundance of krill in these ranged from ~22 to 73 m™2
(Table 2, Fig. 5a). These hotspots were found in Brans-
field Strait. Moreover, the 4 highest hotspots were not
randomly distributed within Bransfield Strait but
instead were concentrated over the deep basins, areas
of known recirculation. Intermediate-length krill hot-
spots were not as spatially restricted as those of the
small krill. Their high hotspots were found north of
Elephant Island and also within eastern Bransfield

20 2003 2004
Elephant Island area

15

10

| k| M

Strait (Table 2, Fig. 5b). The 13 medium hotspots (Z-
scores between 1 and 1.96 SD of the mean) were found
along the north side of Bransfield Strait and north of
Elephant Island, indicating a broader spatial distribu-
tion than hotspots associated with small krill (Fig. 5a).
Due to their affinity for the shelf break region and off-
shore waters, hotspots of large krill were distributed
along the shelf break north of the SSI. The 21 hotspots
exhibited densities between 6 and 16 m~2. The highest
hotspots (Z-scores >2 SD) for the large-krill length
class were focused mostly north of Elephant Island
across 4 contiguous cells (Table 2, Fig. 5c¢). Although
large krill were less abundant than intermediate or
small krill length classes, their hotspots exhibited a
much broader and contiguous spatial distribution. This
result is likely attributable to temporal differences in
maturation and the propensity of sexually mature krill
to aggregate near the shelf break where spawning
OCCUurs.

Hotspots of foraging whales

When the spatial distribution of whales is mapped
onto the 0.5 x 1° cells (n =42), clear differences in habi-
tat use among species are visible (Fig. 5d-f). Hump-
back, fin, and minke whale hotspots are spatially se-
parated from each other, and the hotspots of each
species were neither randomly distributed throughout
the survey area nor randomly distributed within sub-
areas. For example, humpback whale hotspots were
present in Bransfield Strait, whereas fin whale hotspots
were present offshore. Minke whale hotspots were dis-
tributed over the shelf and along the shelf edge. The
mean number of humpback whales in the 13 medium
and 4 high hot spots were between 22 and 49 whales
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Fig. 4. Euphausia superba. Length frequency distributions of krill (1 mm increments) collected within the Elephant Island and the
Bransfield Strait regions of the US Antarctic Marine Living Resources (AMLR) survey area from 2003 through 2007. See Fig. 1
for locations



Santora et al.: Spatial association of whales and krill 261

Latitude (°S)

Latitude (°S)

e

60 59 58 57 56 55 54 53

64.0- —
63 62 61

60.0-
C

60.5

Latitude (°S)

60 59 58 57 56 55 54 53
Longitude (°W)

63 62 61

64.0-
63 62 61

60.0
60.5
61.0
61.5

62.0

62,57

63.5

64.0

60.0
60.5
61.0
61.5
62.0
62.5

63.0

64.0 :
63 62 61

60 59 58 57 56 55 54 53

63 62 61 60 50 58 57 56 55 54 53

: - n|
60 59 58 57 56 55 54 53

Longitude (°W)

Fig. 5. Composite hotspot maps (42 cells) of krill length classes (a) 13-34 mm, (b) 35-44 mm, (c) 45-65 mm and baleen whales,
(d) humpback, (e) minke, and (f) fin from 2003 through 2007. Color indicates high (red, Z-score > 2 SD), medium (green, Z-score =
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cell! (Table 2). The 4 high humpback whale hot spots
were not randomly distributed within Bransfield Strait,
and were found associated with the deep basins and in
the same cells as the hotspots for small krill length
classes (Fig. 5a,d). The mean number of fin whales in
medium and high hotspots ranged from 11 to 29
(Table 2). Both intermediate and high fin whale
hotspots were located north of Elephant Island in the
northeast corner of the study area, east of the Shackle-
ton Fracture Zone (Fig. 1), in waters characterized by

the ACC (Fig. 5f). These 2 hotspots are associated with
2 of the 5 cells containing high hotspots for large krill
(Fig. 5c). Although Antarctic minke whales were far
less numerous in our surveys than were humpback or
fin whales (Table 2), we did identify regions where
they were repeatedly encountered (Fig. 5e). In contrast
to the rather distinct and contiguous fin and humpback
whale hotspots, the minke whale distribution was
patchy and irregular. Nevertheless, 3 hotspots for
minke whales were found: 2 were located near the
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Table 2. Hotspots are categorized as ‘mon-significant’ (NS, <1 SD), ‘'medium’
(1 to 1.9 SD), and 'high' (>2 SD) for krill length classes (mean + SD for N m™2
cell"!) and whale abundance (mean = SD for no. whales cell!). Values in paren-

than small (r = 0.007, p = 0.603) or
large krill classes (r = 0.25, p = 0.112).

theses represent the number of cells used to calculate the mean for each

hotspot. See Fig. 5 for locations

Spatial association of whales and

High Medium NS krill length-maturity classes

Krill Both spatial regression models indi-

13-34 mm (4) 72.88 + 11.66 (5)21.98 £2.73 (33) 2.32+2.85 cated that the distribution of humpback

35-44 mm (2) 30.33 = 12.88 (13) 7.31+2.07  (27) 0.97 = 0.98 - . s

45-65 mm (5) 16.51 = 5.46 (16)6.32£2.05  (21)1.72+1.21 whales was associated with small-krill
length classes (Fig. 5, Table 4), and

Ealeerllowl;{ales 4) 4875 + 12.45 (13)22.00£570  (25) 2.68 +3.19 the models were able to account for

umpbac 75+ 12, .00 = 5. .68 + 3. .

Minke (3) 11.00 £ 1.73 (15)3.13£1.30  (24)0.17 = 0.38 the spatial dependency of humpback

Fin (2) 29.00 + 1.41 (7) 11.71 + 4.42 (33) 0.93 = 1.32 whales on krill (LRT = 3.33, p = 0.068
and LRT = 0.59, p = 0.439, respectively;

Table 3. Relationship between whales and krill length-maturity classes (n = 42
cells); correlation and 95% CI estimated from a bootstrap and Monte Carlo
analysis (5000 randomizations). Significant values are shown in bold

Table 4). On the other hand, fin whales
were spatially associated with large-
krill length classes, but there was no
spatial dependency of fin whales on
krill (LRT = 10.05, p = 0.001 and LRT =

Keill L 959 U 959 6.86, p < 0.01, respectively; Table 4). In
n ! OWer =070 ppergovo b contrast to humpback and fin whales,
Humpback whale spatial regression models applied to
13-34 mm 0.484 0.212 0.687 0.0006 Antarctic minke whales showed that
35-44 mm 0.136 -0.175 0.423 0.3754 they are spatially associated with inter-
45-65 mm -0.078 0.231 -0.373 06216 mediate sized krill (Table 4). The LRT
Fin whale indicates that these models were able to
L e 0.061 -0.247 0.358 0.703 account for the spatial dependency of
35-44 mm 0.418 0.132 0.641 0.05 . . . _
45-65 mm 0.59 0.348 0.758 0.0002 Antarctic minke whales on krill (LRT =
] 1.96, p = 0.16 and LRT = 1.765, p =
Minke whale 0.184 ively: Table 4
13-34 mm 0.007 0.226 -0.377 0.603 -184, respectively; Table 4).
35-44 mm 0.323 0.021 0.571 0.033 Lastly, to address the scale of these
45-65 mm 0.251 -0.057 -0.515 0.112 spatial associations and size of whale-
krill hotspots, we quantified the associ-

shelf break west of Elephant Island, and 1 was off-
shore. A number of medium hot spots were present
over the west shelf, a region where no humpback or fin
whale hotspots were found (Fig. 5e).

Correlations between hotspots of whales and krill
length-maturity classes

The randomization test indicated that hotspots of
krill size classes and whale species exhibited signifi-
cant correlations (Table 3). For example, small krill
were correlated with humpback whales (r = 0.48, p =
0.0006) but large krill were not (r = -0.07, p = 0.62,
Table 3). In contrast to humpback whales, fin whales
were associated with large krill (r = 0.59, p = 0.0002)
but not small krill (p = 0.703). Fin whales were also
weakly correlated with intermediate-sized krill (r =
0.42, p = 0.05, Table 3). Intermediate-sized krill were
correlated with minke whales (r = 0.32, p = 0.033) more

ation between whales and krill length-
maturity classes over a range of spatial lags to examine
the degree of correlation over increasing lags (i.e.
cells). Spatial cross-correlation between humpback
whales and krill length-maturity classes showed a pos-
itive lagged correlation with small krill up to 3 cells and
had a persistently negative association with larger krill
(Fig. 6a). In contrast, fin whales were positively corre-
lated over ~3 cells with large krill and a negative asso-
ciation with small krill (Fig. 6b), indicating that the
scale of whale— krill hotspots is similar for humpback
and fin whales. We found no evidence of lagged spatial
correlation between Antarctic minke whales and krill
length classes (Fig. 6¢).

DISCUSSION

Our study showed that baleen whales and krill occur
in persistent locations. The hotspots of whale abun-
dance were clearly correlated with areas of persistent
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Table 4. Results of spatial regression analyses for spatial lag and spatial error models of association between humpback, fin, and

minke whales and 3 krill length classes (13-34, 35-44, and 45-65 mm), using Akaike Information Criteria (AIC). W, is a spatial

lag variable within the regression framework to examine the spatial autocorrelation in structuring the patterns between krill and

whales. W, is the spatial error term in the regression model to determine whether the error structure is correlated. Significant
values are shown in bold

Variable Coefficient SE Z-value P
Humpback whale
Spatial lag model: 1’ =0.344, AIC = 139.17
Constant 0.990 0.430 2.298 0.021
13-34 mm 0.448 0.152 2.955 0.003
35-44 mm -0.021 0.249 -0.087 0.930
45-65 mm -0.127 0.253 -0.500 0.616
w, 0.249 0.119 2.089 0.036
Spatial error model: r? =0.282, AIC = 139.903
Constant 1.460 0.431 3.389 0.006
13-34 mm 0.449 0.156 2.874 0.004
35-44 mm 0.012 0.255 0.049 0.960
45-65mm -0.155 0.271 -0.573 0.566
We 0.152 0.131 1.163 0.244
Fin whale
Spatial lag model: r? = 0.545, AIC = 106.675
Constant -0.227 0.255 -0.890 0.373
13-34 mm -0.081 0.099 -0.815 0.415
35-44 mm 0.149 0.164 0.908 0.363
45-65 mm 0.488 0.171 2.858 0.004
w, 0.382 0.104 3.645 0.0005
Spatial error model: r* = 0.508, AIC = 107.866
Constant 0.125 0.317 0.395 0.692
13-34 mm -0.064 0.101 -0.639 0.522
35-44 mm 0.144 0.161 0.893 0.371
45-65 mm 0.487 0.181 2.684 0.007
W, 0.376 0.115 3.256 0.001
Minke whale
Spatial lag model: r? = 0.22, AIC = 101.758
Constant 0.341 0.256 1.328 0.184
13-34 mm -0.178 0.097 —-1.827 0.067
35-44 mm 0.326 0.160 2.037 0.042
45-65 mm 0.042 0.164 0.255 0.798
w, 0.192 0.125 1.537 0.124
Spatial error model: r? = 0.216, AIC = 99.951
Constant 0.462 0.271 1.703 0.088
13-34 mm -0.172 0.096 -1.783 0.074
35-44 mm 0.296 0.156 1.889 0.058
45-65 mm 0.078 0.168 0.463 0.643
W, 0.191 0.129 1.482 0.138

krill abundance. There were differences between
whale species in the size class of krill over which they
aggregated. Humpback whales tended to aggregate
over small krill (13—34 mm), whereas fin whales aggre-
gated over large krill (45-65 mm) and minke whales
overlapped intermediate size krill. We do not know
whether the whales actually selected swarms having
these size classes, or whether whales and krill coinci-
dentally chose these particular habitats. Nevertheless,
the spatial association is an intriguing one and should
be considered by agencies responsible for krill fishing
decisions.

Spatial segregation of krill by maturity classes near
the SSI during summer is well documented (Siegel
1988, 2005, Siegel & Loeb 1995). The smallest krill, 1 yr

old juveniles (£34 mm), are concentrated over deep
basins in Bransfield Strait, while the large mature
stages (3 yr and older, >44 mm) are primarily found
along the shelf-break and in proximity to the ACC.
Intermediate-sized immature and small mature stages
(35-44 mm) are between and/or overlapping these 2
groupings (Siegel 1988, Siegel & Loeb 1995). This pat-
tern has been attributed to differences in maturation
and the propensity of sexually mature krill to aggre-
gate near the shelf break.

The seemingly small differences in mean krill length
(~5 to 10 mm) between areas represent large differ-
ences in energy density g~! dry weight of krill (Ichii et
al. 2007, Chapman et al. 2009, Farber-Lorda et al.
2009). For example, mean energy density for a 40 mm
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Fig. 6. Spatial cross-correlation between whales and krill
length classes: (a) humpback, (b) fin, and (c) minke. Lag
equals cell size ~2860 km?

krill (male or female) is approximately 1.75 kJ g! dry
weight, while mean energy density of a krill (male or
non-gravid female) of 50 mm is approximately 3.75 kJ
g~! dry weight. In contrast, a gravid 50 mm krill has
more than 6 kJ g~ dry weight (Ichii et al. 2007, Farber-
Lorda et al. 2009). Our study shows that species of
baleen whales are likely utilizing different krill length-

maturity classes that differ energetically. This has
implications for understanding prey quality and selec-
tion by marine mammals (Pauly et al. 1998), fishery
interactions (Trites et al. 1997, Kaschner et al. 2006),
parameterization of Antarctic food web models, and
improved estimation of consumption rates by baleen
whales (Reilly et al. 2004, Hill et al. 2007).

A number of recent studies have examined the influ-
ence of environmental and biological factors affecting
whale distribution in the Western Antarctic Peninsula
(Thiele et al. 2004, Friedlaender et al. 2006, 2008, 2009)
and Scotia Sea (Reid et al. 2000). In most of these stud-
ies, the authors clearly showed that at mesoscales
(~100s of km), baleen whales exhibit a strong affinity
with their principal prey. For example, using data col-
lected from 2 field seasons, Friedlaender et al. (2006)
showed that the relative abundance of baleen whales
(combined minke and humpback) off the West Antarc-
tic Peninsula, while correlated with a suite of biological
and non-biological variables, were ultimately corre-
lated with krill. Our results establish that foraging
grounds of humpback whales coincide with aggrega-
tions of small krill in Bransfield Strait, while those of fin
whales occur in oceanic waters near Elephant Island
where large sexually mature krill are most abundant.
Overlapping these distinct distributions, Antarctic
minke whales are associated with intermediate-sized
krill. This indicates that these species may partition
foraging habitat to avoid direct competition on the
basis of a shared prey item (Piatt & Methven 1992,
Friedlaender et al. 2009).

The morphology of baleen whales (i.e. body size,
fluke, flippers, baleen plates) is associated with hydro-
dynamic performance, and is linked to feeding be-
havior, prey type, and habitat preference (Laws 1977,
Gaskin 1982, Panigada et al. 1999, Woodward et al.
2006). Fin, humpback, and Antarctic minke whales
differ in size and feeding strategy (Watkins & Schevill
1979, Gaskin 1982, Whitehead & Carlson 1988, Piatt &
Methven 1992, Woodward et al. 2006). Moreover, ba-
leen plates differ among species in terms of size,
shape, and coarseness of fringes (Gaskin 1982), which
may influence their selection of prey. Humpback
whales, which display a variety of feeding mechanisms
(Whitehead & Carlson 1988, Woodward et al. 2006)
occasionally feed by ‘bubble-netting’ (i.e. swimming
below a prey aggregation, releasing bubbles to con-
centrate the prey and then engulfing them; Johnston &
Wollman 1984), while fin whales perform ‘lunge side-
feeding' at the surface (Gaskin 1982) and at depth
(Goldbogen et al. 2006).

Feeding strategies of baleen whales may rely on dif-
fering behaviors of krill (e.g. vertical distribution,
swarm structure) that could also explain their habitat
selection and spatial segregation. Our study shows that
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fin whales are likely cueing on aggregations of large
(>44 mm) mature krill associated with hydrographic
features such as the shelf-slope front and/or resulting
from krill reproductive behavior (Siegel & Loeb 1995).
In contrast, humpback whales may rely on the dense
schooling of juvenile (<34 mm) krill over the deep
basins of Bransfield Strait (Tarling et al. 2009). How-
ever, we did not examine feeding behavior of whales
in relation to krill patch structure or behavior, and
more study is needed to understand how foraging
whales select krill patches at finer scales (<1 km) and
how they influence krill distribution and swarm struc-
ture. Furthermore, it is important to note that this study
focused on horizontally-based spatial associations
between whales and krill and did not examine the role
that vertical distribution of krill plays on whale spatial
distribution. This is an important component that has
consequences for the energetic demands of each
whale species and likely affects the diving abilities and
depths at which whales feed (i.e. different species
could be targeting krill at different depths).

We documented fewer sightings of Antarctic minke
whales than either humpback or fin whales, which
might indicate that they potentially avoid the habitat
we surveyed. However, Antarctic minke whales may
be under-sampled during our surveys due to their
small size and low detectability (Ainley et al. 2007) or
because they occur in areas we do not sample well
(e.g. nearshore coastal waters; there is also no pack ice
near the SSI during January). Future research could
investigate these concerns by use of small boat surveys
in coastal waters (Warren et al. 2009) to better under-
stand habitat selection of Antarctic minke whales near
the SSI.

The geographic persistence of hotspots exhibited by
whales and krill length classes reported in this study
suggests that physical features of the environment may
be important in affecting their distributions (Hyren-
bach et al. 2000). Among these are persistent oceano-
graphic features like fronts, eddies, and the bathymet-
rically controlled circulation (Tynan 1997, 1998, Cotté
& Simard 2005, Ingram et al. 2007, Michaud & Taggart
2007). For example, Ingram et al. (2007) showed that
fin and common minke whales partition foraging habi-
tat primarily due to bathymetry and hydrography in
the Bay of Fundy, North Atlantic. Also in that area,
Michaud & Taggart (2007) showed that North Atlantic
right whales Eubalaena glacialis exploit a localized
and recurrent feature within the Bay of Fundy that
traps the copepod Calanus finmarchicus, a major prey
item, in a narrow band accessible to them. Such habi-
tat specificity has also been argued for some toothed
whale species (Praca et al. 2009).

Bathymetrically derived retention areas are likely
features that can accumulate krill within portions of

the Bransfield Strait and north of Elephant Island (Wil-
son et al. 1999, Thompson et al. 2009). Drifter trajecto-
ries in this region show a considerable coincidence
between areas where drifters are retained and the
location of krill and whale hotspots. In Bransfield
Strait, recirculation occurs over the deep basins (Wil-
son et al. 1999). Drifters (and presumably less motile
animals) can be aggregated within these retention
zones for a significant period of time (days to weeks;
Thompson et al. 2009). North of Elephant Island, the
bathymetric feature known as the Shackleton Fracture
Zone deflects the flow of the ACC to the north and
south, resulting in the development of a persistent
eddy northeast of Elephant Island (Fig. 1). Addition-
ally, northward flowing water exiting the Weddell Sea
impinges the northeast Elephant Island shelf and is
deflected to the southwest, creating very complicated
hydrographic conditions including fronts and eddies
(Thompson et al. 2009). Thus the influence of bathy-
metric features on prevailing current flow may form
recurring localized retention zones that concentrate
krill, providing predictable foraging grounds for
whales to exploit (Croll et al. 2005).

Data limitation and recommendations

Estimation of the prey field is an important source of
variability and uncertainty in modeling the spatial
association of whales and krill. To date, there are 2
ways of assessing prey distribution potentially used by
whales: direct sampling of prey using nets and indirect
sampling using hydroacoustics. The benefit of net sam-
pling is in measuring prey quantity, quality, and size;
the drawback is coarse spatial sampling, which may
miss and inadequately assess prey patch distribution.
Hydroacoustic sampling has the advantage of map-
ping multi-scale features of horizontal and vertical
prey distribution; but yields no information on prey
demography. Previous studies have relied heavily on
hydroacoustics to relate krill distribution and foraging
whales (Piatt & Methven 1992, Reid et al. 2000, Fried-
laender et al. 2006, 2009). Our study is unique in hav-
ing direct assessment of krill demography coincidental
with ongoing marine mammal observations over so
many years. An investigation of foraging whales rela-
tive to acoustically-based estimates of krill distribution
(horizontal and vertical) is required to examine the role
of krill patch structure for predicting spatial interac-
tions with whales near the SSI. Furthermore, given the
dominance of biomass of Euphausia superba in the
ecosystem, it is assumed that baleen whales here are
primarily feeding on that species. We did not directly
sample whale diet (e.g. stomach samples, scats), so
they may consume other co-occurring euphausiids like
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Thysannoessa macrura, which is found throughout the
SSIregion (Nordhausen 1992). Likewise, in some other
areas, these 3 species of whale may feed on schooling
fish that can be forced into very tightly packed aggre-
gations by the whales. There are no such schooling
species in the Antarctic Peninsula area. However, myc-
tophids can occur in dense aggregations at depth
(>100 m), but less is known about deep foraging in
these species.

Our study focused on high summer and thus did not
track changes in whale and krill distribution across the
complete season of peak krill biomass in the region
(late December to early March; Siegel 1988). Our study
was restricted to 1 mo in each year, and this could bias
our results because both whales and krill likely exhibit
intra-seasonal movements. Given that the SSI are
nearly devoid of krill prior to the spring and after the
fall transition periods (Siegel 1988, Hewitt et al. 2004),
there are likely shifts in whale foraging areas associ-
ated with seasonal movements of krill. Seasonal
changes in krill distribution could impact the length of
whale feeding seasons, potentially influencing their
energy reserves available for breeding, especially if
such changes are associated with size and nutritional
quality of krill within feeding hotspots. Dalla Rosa et al.
(2008) investigated the movement of humpback
whales using satellite tags and found considerable site
fidelity and repeated migratory routes throughout
the Antarctic Peninsula region. The tracks of whales
tagged in their study (n = 11) showed considerable
overlap with the Bransfield Strait hotspots we identi-
fied in this study. Future investigations could profitably
focus on how seasonal changes in krill distribution
affect fine-scale movements of whales to fully under-
stand the dynamic nature of whale—krill interactions.

There is some evidence from the literature that the
humpback whales we observed over the 5 yr period
were the same animals (Stevick et al. 2004). This has
important implications beyond simply predicting their
foraging areas. Based on photographs and natural tag
return rates, Stevick et al. (2004) showed that most
humpback whales in the West Antarctic Peninsula
region during summer were derived from the west
coast of South America. Our results indicate that the
sighting rate, numbers, and location of humpback
whales did not vary significantly over the 5 yr period. If
these are the same individuals each year, then know-
ledge of their summer foraging grounds may provide
an opportunity to better understand the reproductive
dynamics of humpback whales. Given the likely de-
cline in krill biomass associated with diminished sea-
ice and climate warming (Loeb et al. 1997, Atkinson et
al. 2004), the reproductive success of humpbacks may
be affected (Croxall et al. 1999, Leaper et al. 2006).
This has been demonstrated for calving success of

southern right whales Eubalaena australis, which is
related to sea surface temperature anomalies (a proxy
for krill availability) around South Georgia (Leaper et
al. 2006). Such a hypothesis could be tested by moni-
toring humpback breeding success on their South
American breeding grounds in relation to changes in
krill populations on summer feeding grounds near the
SSI.

Implications for conservation and management of
whales and krill

The spatial structure of whale foraging grounds near
the SSI has significant implications for management of
the Antarctic krill fishery (Marin & Delgado 2001,
Jones & Ramm 2004) and conservation of baleen
whales (Mori & Butterworth 2004, Kaschner et al.
2006). The krill fishery is managed by the Commission
for the Conservation of Antarctic Marine Living
Resources (CCAMLR). Historically, the largest harvest
occurs in the southwest Atlantic in the vicinity of the
SSI and South Orkney Islands (Jones & Ramm 2004).
Specifically, historical krill catches have been associ-
ated with the area northeast of Elephant Island, coinci-
dent with the feeding areas of fin whales. More
recently, the fishery has expanded into Bransfield
Strait, where humpback whales feed. The cause for
this shift in fishing effort has not been established
but may result from changes in krill distribution
(Kawaguchi et al. 2006). Nevertheless, increased fish-
ing activity may lead to an increase in spatial overlap
between fishing vessels and whales near the SSI.

CCAMLR has proposed partitioning the southwest
Atlantic into 15 small-scale management units (SSMU)
as a mechanism to relocate krill harvesting activities
away from land-based predator reproductive sites
(Hewitt et al. 2004). Within the SSI area, 8 SSMUs have
been designated within Bransfield Strait and around
Elephant Island. A specific consequence of this man-
agement scheme is to force the krill fishery into off-
shore oceanic waters during the reproductive period
for land-based predators. This could lead to increased
interactions between fin whales and krill trawlers.
Despite the proposed SSMU concept, recent move-
ments of the krill fishery into Bransfield Strait may
also increase interactions between humpback whales
and fishing vessels. Some CCAMLR members (SC-
CCAMLR 2008) have argued that the proposed SSMU
management of the krill fishery is still immature, plac-
ing in jeopardy the ability to regulate the krill fishery
in order to minimize impacts on land-based predators.
The results of our study clearly demonstrate that inten-
sified exploitation of krill within Bransfield Strait and
north of Elephant Island will likely result in increased
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interactions between krill fisheries and baleen whales.
Given that humpback and fin whales consume
between 3 and 4 % of their body weight daily (Reilly et
al. 2004), the impacts are likely to become measurable
as whale populations increase towards pre-exploita-
tion levels, the krill fishery expands, and krill stocks
remain depressed or decline even more with climate
warming (Atkinson et al. 2004).

Given the dramatic environmental changes in the
Southern Ocean, either through human exploitation of
whales (Tynan 1998), climate-driven changes in the
ecosystem (de la Mare 1997, Moline et al. 2004, Clarke et
al. 2007), and documented decline of krill populations
(Atkinson et al. 2004) and the findings reported here, this
area of the Southern Ocean should be carefully moni-
tored. Data should continue to be collected to inform
management about potential interactions between the
krill fishery and whales. Our study showed that there are
clear spatial associations between krill demographic
patterns and foraging grounds of baleen whales in a
region where the krill fishery historically operates.
Ultimately, understanding the spatial ecology and be-
havior of whales will assist in better prediction of whale
interactions with krill fisheries. This study presents a
first step in making this a reality.
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