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Abstract Antarctic fur seals (Arctocephalus gazella) are

major secondary consumers in the Southern Ocean, placing

them in potential competition with commercial fisheries

and requiring research to understand their seasonal habitat

use. Using the data obtained during 14 shipboard surveys

sampled on a fixed grid (150 K km2) during mid- to late

summer, I quantified the spatial distribution and intra-

seasonal variability of fur seal sightings relative to distance

to land and hydrographic boundaries. I test the hypothesis

that fur seals display an increase in their at-sea abundance

during mid- to late summer near the Antarctic Peninsula as

they prepare to take up wintering grounds. I also test

whether abundances of their potential prey, krill and

myctophids, exhibit intra-seasonal variability. During

midsummer, high-abundance areas are located near major

breeding colonies; however, during late summer, there is

an order-of-magnitude increase in fur seal abundance,

coinciding with an increase in the number of high-abun-

dance areas located in Bransfield Strait. Coincidently,

abundance of Euphausia superba decreased and the myc-

tophid Electrona antarctica increased between mid- and

late-summer surveys. High-abundance areas of fur seals are

not associated with the southern Antarctic Circumpolar

Current front but are concentrated within 100 km from

land, potentially indicating the location of haul out and

important coastal habitat use areas. The dynamic increase

in the number and location of high-abundance areas during

late summer represents a considerable amount of mam-

malian predators entering the Antarctic Peninsula marine

ecosystem. This information is important for understanding

the seasonal impact of fur seals on regional marine food

webs and their potential interaction with the autumn–win-

ter krill fishery.

Introduction

Antarctic fur seals (Arctocephalus gazella; hereinafter fur

seals) were commercially harvested intensively during the

nineteenth century and were nearly extirpated (Payne 1977,

1978). Their populations were drastically reduced at colo-

nies on South Georgia and the South Shetland Islands where

sealing stations were established. Fur seal populations have

since rebounded and colonies were reestablished in the

South Shetland Island region (Aguayo 1978; Bengston et al.

1990). Fur seals are the major consumers of Antarctic krill

(Euphausia superba), squid, and mesopelagic fishes (e.g.,

myctophids), making them one of the most important sec-

ondary mammalian consumers within the Scotia Sea (Boyd

2002; Reid et al. 2006). Currently, fur seals are a major

target species for conservation and management throughout

the Scotia Sea marine ecosystem, requiring research to

understand their population dynamics, habitat use, and

susceptibly to climate change and commercial fisheries

(Boyd 2002; Costa et al. 2010; Forcada et al. 2012). Fur

seals are of particular concern for the management of the

Communicated by A. Atkinson.

Electronic supplementary material The online version of this
article (doi:10.1007/s00227-013-2190-z) contains supplementary
material, which is available to authorized users.

J. A. Santora (&)

Fisheries Ecology Division, Southwest Fisheries Science Center,

National Marine Fisheries Service, NOAA, 110 Shaffer Road,

Santa Cruz, CA 95060, USA

e-mail: jasantora@gmail.com

J. A. Santora

Farallon Institute for Advanced Ecosystem Research, 101 H

Street Suite Q, Petaluma, CA 94952, USA

123

Mar Biol (2013) 160:1383–1393

DOI 10.1007/s00227-013-2190-z

http://dx.doi.org/10.1007/s00227-013-2190-z


krill fishery, which is chiefly concentrated within the South

Shetland Island region (Croll and Tershy 1998; Hewitt et al.

2004; Jones and Ramm 2004). Information on habitat use of

fur seals should benefit spatial management (e.g., minimize

potential interactions with fishing vessels) and help refine

ecosystem models aimed at predicting their ecological role

in marine food webs.

Fur seals are sexually dimorphic and their physiology,

prey selection, and habitat use patterns may differ between

sexes (Costa et al. 1989; Boyd et al. 2002; Staniland and

Robinson 2008). Although there have been many studies of

foraging behavior and energetic demand (e.g., trip duration,

physiology) of female fur seals engaged in pup-rearing

(Guinet et al. 2001; Boyd et al. 2002; Staniland et al. 2004;

Lea et al. 2008), little is known about the at-sea distribution

of males of different age classes (e.g., subadult males; Boyd

et al. 1998; Staniland and Robinson 2008). Of particular

interest is determining post-breeding dispersal and migra-

tion patterns of fur seals, which may be useful for assessing

their seasonal impact on regional marine food webs and

susceptibility to fishery interactions (Whitehouse and Veit

1994; Boyd et al. 1998; Staniland et al. 2012). There is

evidence that fur seals from the large breeding population of

South Georgia exhibit pronounced seasonal migrations to

the Antarctic Peninsula region. For example, Boyd et al.

(1998) used satellite tracking to show that fur seals from

South Georgia exhibited sex-specific post-breeding season

dispersal (midsummer; January–February), whereby

females remained near local foraging grounds and males

migrated to higher latitudes. Moreover, Smith (1988) doc-

umented over many years the timing of substantial increases

in numbers of subadult fur seals (2–5 year olds) during late

summer on the South Orkneys, likely emigrating from

South Georgia. Further to the southwest, near the South

Shetland Islands, sightings of subadult male fur seals also

tend to increase during the late summer–autumn period

(Salwicka and Rakusa-Suszczewski 2002). Together, these

records may indicate a substantial migration wave of sub-

adult male fur seals along the Scotia Sea Arc as they relo-

cate to winter feeding grounds. These censuses, derived

from a few locations on islands, do not indicate where these

animals may concentrate at sea and therefore their potential

interaction with prey, other predator species (e.g., seabirds

and cetaceans), and krill fishing vessels, which chiefly

operate during the autumn–winter period (Whitehouse and

Veit 1994; Nicol et al. 2012).

There is little information on the seasonal marine habitat

use and location of high-abundance areas (hotspots) where

fur seals concentrate to forage near the South Shetland

Islands and northern Antarctic Peninsula (Bengston et al.

1990; Van Cise 2008; Santora and Reiss 2011). At a colony

on Livingston Island, the summertime foraging distribution

and trip duration of female fur seals is monitored through

satellite tracking by the US Antarctic Marine Living

Resources (AMLR) program (Van Cise 2008), but their

habitat use reflects central-place foragers provisioning

pups, which generally does not reflect the habitat use of

males and non-breeding animals. Satellite tracking of a few

individuals cannot determine the location of high-abun-

dance areas, information potentially important for quanti-

fying impacts of furs seals on marine resources. To resolve

this, I use highly replicated shipboard surveys sampled

over an area *150 K km2 during 2003–2011 to quantify

the location of high-abundance areas, habitat use, and

occurrence of fur seals during mid- to late austral summer

(Santora et al. 2010; 2012). Specifically, I test the

hypothesis that fur seals display an increase in their at-sea

abundance during mid- to late summer coinciding with an

influx of animals from sub-Antarctic regions (Smith 1988;

Boyd et al. 1998; Waluda et al. 2010). Furthermore, I

examine the relationship between fur seal abundance, dis-

tance to land, and hydrographic boundaries in order to

place high-abundance areas in context with mesoscale

oceanic conditions near the Antarctic Peninsula.

Methods

The AMLR program conducts shipboard surveys on a fixed

grid along north–south transects with stations spaced at

*55 km intervals across a 150 K km2 area surrounding

the South Shetland Islands and the northern tip of the

Antarctic Peninsula (Fig. 1). The hydrography and circu-

lation of this region is complex and reflects inputs and

mixing of waters from the Antarctic Circumpolar Current

(ACC) within the Drake Passage, the western portion of the

Weddell Sea gyre, and upstream regions along the western

Antarctic Peninsula that enters through Gerlache Strait and

western Bransfield Strait (Amos 2001; Thompson et al.

2009).

During January–March 2003–2011, 14 surveys were

made to map the relative abundance of fur seals (Table 1;

Fig. 1). The AMLR grid design is highly replicated annu-

ally and within season (Santora et al. 2009; 2010). How-

ever, there were nine surveys during midsummer (Leg 1;

early January to early February) and five surveys during

late summer (Leg 2; mid-February to mid- to late March;

Santora and Brown 2010; Santora 2012). The objective of

the fur seal surveys was to estimate a standardized relative

sightings and abundance index within a series of relatively

large grid cells (*2,860 km2) encompassing the AMLR

survey area. This was accomplished by standardizing

observer. Sightings data were continuously collected dur-

ing daylight hours by two experienced shipboard observers

during each survey. Ship speed during transits between

oceanographic sampling stations was generally 10 knots
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(*18.6 km h-1) and observers used handheld binoculars

to scan from a height of *13 m above sea level. Fur seals

were observed in a 1808 arc forward of the vessel up to

1 km from the vessel’s trackline, and observations included

position, group size, and a behavior code (e.g., stationary/

surface, porpoising) when possible (Hunt et al. 1992; Veit

et al. 1993; Santora and Reiss 2011). Each sighting was

assigned a time and a spatial position from the ship’s global

positioning system. Sea surface state (Beaufort scale) and

visibility (e.g., fog, glare) were continuously monitored,

and effort during unfavorable conditions (e.g., Beaufort[5,

heavy fog) was excluded prior to analysis. Although line-

transect (distance) sampling was not used to estimate seal

population density (e.g., Southwell et al. 2008), fur seal

sightings were collected in the same manner across all 14

surveys to estimate a standardized relative abundance

index to facilitate ecological investigations (e.g., habitat

use). However, true to all shipboard surveys of air-

breathing marine animals, there is an inherent issue of

detectability associated with the animal’s behavior (Ham-

mond et al. 2002; Southwell et al. 2008). With regard to the

behavior of fur seals sighted during AMLR surveys, 80 %

of seals were either stationary or resting at the sea surface,

whereas 20 % were observed porpoising, indicating that

seals were more likely to be sighted at the surface as

opposed to traveling. Furthermore, there was no difference

among observers with respect to the number of fur seal

sightings collected (Van Cise 2008).

The extensive AMLR net database from 1994 to 2009

represents a total of 2,487 net hauls sampled during Austral

summer from 28 surveys (1,392 and 1,095 net hauls from

mid- and late-summer surveys, respectively, an average of

80 stations sampled per survey; Loeb and Santora 2012).

For this investigation, the intra-seasonal abundance is

quantified for numerically abundant krill species, including

E. superba and Thysanoessa macrura, and the myctophid

fish, Electrona antarctica; all are potentially important

prey items for fur seals (Green et al. 1989; Reid 1995;

Casaux et al. 1998). In the Scotia Sea, E. superba is the

principal prey item (Atkinson et al. 2008) and is critical for

fur seal reproductive success (Boyd 2002; Reid et al.

2006). Electrona antarctica is the dominant mesopelagic

fish of the Southern Ocean (Greely et al. 1999) and con-

stitutes a major portion of fur seal diet at certain times of

the year (Green et al. 1989; Casaux et al. 1998; Daneri

et al. 2005; Reid et al. 2006), though its seasonal and

Fig. 1 Study area and

shipboard trackline coverage

(yellow) during 14 US Antarctic

Marine Living Resources

(AMLR) surveys, January–

March 2003–2011. The AMLR

sampling grid is fixed and

transects are highly replicated.

Sampling stations where net

hauls were conducted are

marked as gray circles. The

average location of the southern

Antarctic Circumpolar Current

front (SACCF) and its southern

boundary (SBACCF) is from

Orsi et al. (1995). EI Elephant

Island, KG King George Island,

and LI Livingston Island
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spatial variability is not well understood. At stations

(Fig. 1), micronekton was sampled with a 1.8 m Isaacs-

Kidd Midwater Trawl fitted with a 505-lm mesh net and

calibrated General Oceanics flow meter. All tows were

fished obliquely from 170 m or *10 m above bottom in

shallow waters, monitored with a real-time depth recorder.

Tows were usually at 2 knots for 20-min duration and fil-

tered *2,500–4,000 m3. Samples were processed within

2 h of net retrieval using fresh material, and abundances

are expressed as N m-2. For additional survey and net

sampling details during 1994–2009, see Loeb and Santora

(2012).

Analysis

All shipboard trackline and fur seal sightings were organized

in a geographic information system (GIS; ArcGIS version

10). Survey effort was binned into 54 cells, each 0.5S8 lati-

tude 9 1 W8 longitude in dimension (*2,860 km2). As an

index of effort, the ship’s trackline (at 0.3 km-1 min-1

intervals) was plotted to determine the number of hours

sampled per cell and survey. A total of 546 cells and 1,684 h

were sampled over 14 surveys for a mean ± SD of 38 ± 11

and 3 ± 0.3 h cell-1 survey-1, respectively. As an index of

relative abundance, for each cell, sightings-per-unit-effort

(SPUE) and individuals-per-unit-effort (IPUE) per survey

were calculated. The spatial mean of SPUE and IPUE across

all surveys for mid- and late-summer surveys is mapped to

determine changes in distribution. To facilitate the descrip-

tion of hotspots areas, medium- and high-abundance (IPUE)

areas were categorized according to [1SD and [2SD,

respectively (Santora et al. 2010). The spatial means of IPUE

and SPUE per cell were normally distributed (Kolmogorov–

Smirnov test, p [ 0.05), permitting the use of a paired t test

(Zar 1999) to assess whether there was a difference in mean

abundance and sightings of fur seals between cells during

mid- and late-summer surveys. In addition, to examine inter-

annual and intra-seasonal variability, mean IPUE and SPUE

were estimated for all cells sampled per survey and stan-

dardized by removing the long-term mean (e.g., anomaly).

The mesoscale habitat use of fur seals was investigated

to determine generalized relationships between fur seals,

hydrographic boundaries, and land. The GIS contained the

average position of the southern Antarctic Circumpolar

Current front (SACCF) and its southern boundary

(SBACCF; Orsi et al. 1995) as well as the location of

islands (Fig. 1). To examine geospatial variability of fur

seal sightings and abundance, the Euclidean distances (km)

from each cell centroid to the location of the southern ACC

front and its southern boundary and nearest land are esti-

mated (Santora and Brown 2010; Santora 2012). A ran-

domization procedure (bootstrap and Monte Carlo analysis;

10,000 randomizations) was used to estimate Pearson

correlations and linear regression coefficients for IPUE and

SPUE in relation to distance to land and hydrographic

boundaries.

The intra-seasonal log abundance (n ? 1) of krill and

myctophids is quantified to assess the availability of these

species as prey of fur seals and to test whether they

exhibited increases or decreases during mid- to late-sum-

mer surveys. The abundance of krill and myctophids was

not normally distributed (Kolmogorov–Smirnov test,

p \ 0.01), so a Mann–Whitney U test is used to test for

significance between mid- and late-summer surveys (Zar

1999).

Results

Intra-seasonal variability and habitat use of fur seals

A total of 1,517 sightings yielded a sum of 2,261 fur seals

collected over 14 surveys (Supplemental Figure S.1). The

mean and standard deviation of sighting group size is

1.46 ± 1.05. Approximately, 85 % of sightings were of

individual fur seals and 15 % were of two or more seals. The

relationship between the spatial means of SPUE and IPUE

during mid- (Leg 1) and late summer (Leg 2), respectively, is

significant and highly linear, although the variance explained

between IPUE and SPUE is proportionately higher during

late summer (94 %) than in midsummer (65 %; Fig. 2). Fur

Table 1 Summary of survey effort for predator observations con-

ducted on 14 Antarctic Marine Living Resource (AMLR) program

surveys

Years Survey Days Survey dates Survey

hours

Distance

(km)

2003 1 16 16 January–28 January 129.27 2,394.1

2 16 10 February–25

February

113.73 2,106.7

2004 1 17 13 January–31 January 126.60 2,344.6

2005 1 15 15 January–30 January 121.02 2,241.3

2 16 22 February–9 March 107.03 1,982.2

2006 1 16 16 January–31 January 114.07 2,112.6

2007 1 18 8 January–26 January 148.10 2,742.8

2008 1 23 13 January–5 February 154.47 2,860.8

2 17 16 February–5 March 128.93 2,387.8

2009 1 18 12 January–29 January 165.12 3,058.0

2010 1 13 25 January–9 February 84.88 1,571.9

2 14 19 February–6 March 90.30 1,666.8

2011 1 21 14 January–4 February 188.22 3,481.7

2 15 17 February–5 March 98.48 1,823.8

Only survey effort that falls within the 54 regularly sampled grid cells

is presented
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seal SPUE and IPUE exhibited dynamic inter-annual and

intra-seasonal variability (Fig. 3). Large positive anomalies

of SPUE and IPUE occurred during late-summer surveys. In

particular, fur seal sighting rates were highest during 2003,

2005, and 2008.

Comparing annual surveys spatially, the results of the

paired t test indicate that the spatial means of IPUE and

SPUE increased significantly during mid- to late summer

(IPUE, t = -6.14, p \ 0.001; SPUE, -3.43, p = 0.001;

Table 2). The spatial distribution of mean IPUE shows

locations of low- and high-abundance areas of fur seals as

well as a marked increase in fur seal abundance between

mid- and late-summer surveys (Fig. 4). The two largest fur

seal rookeries in the South Shetland Islands are located in

southern Drake Passage on Cape Sherriff, Livingston
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Fig. 3 Inter-annual and intra-seasonal variability of mean indivi-

duals-per-unit-effort (IPUE) and sightings-per-unit-effort (SPUE),

shown as anomalies (mean deviation), during mid- (e.g., 2003A) and

late-summer (2003D) surveys

Table 2 Comparison of mean individuals-per-unit-effort (IPUE) and

sightings-per-unit-effort (SPUE) between mid- (January–February)

and late-summer (February–March) surveys; SD is standard deviation

Variable Survey

Midsummer Late summer

IPUE Mean, SD 1.31 ± 0.93 2.32 ± 0.24

Confidence -95 %, ?95 % 1.05, 1.56 1.84, 2.79

SPUE Mean, SD 0.75 ± 0.64 1.16 ± 0.82

Confidence -95 %, ?95 % 0.57, 0.92 0.94, 1.38
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Fig. 4 Relative mean spatial abundance (IPUE) of fur seals during

a mid- and b late-summer surveys. Cells are *2,800 km2 and

locations are indexed (e.g., C5). Locations of major fur seal rookeries

are located on Livingston Island (C6) and the Seal Islets (I2–I3) near

Elephant Island. Description of hydrographic boundaries and bathym-

etry contours is described in Fig. 1
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Island (cell C6) and the Seal Islets near Elephant Island

(cells I2 and I3; Fig. 4), both of which contain high

abundances of fur seals during mid- and late-summer sur-

veys, likely due to the large numbers of fur seals breeding

and hauling out there. During midsummer, there is higher

abundance of fur seals found throughout Bransfield Strait

compared to areas surveyed in southern Drake Passage

(Fig. 4a); yet, there are no known breeding colonies loca-

ted in Bransfield Strait (Bengston et al. 1990).

During late summer, there is an increase in the number

of areas of high fur seal abundance throughout Bransfield

Strait and in southern Drake Passage (Fig. 4b). In partic-

ular, locations in southwestern Bransfield Strait (cells C8

and D8) and Deception Island (C7) show increases in

abundance. Within central Bransfield Strait, there are two

high-abundance areas located over the deep basin (cells F6

and G6) and there are two medium-abundance areas loca-

ted in neritic waters near the Antarctic Peninsula (cells E7

and F7). By contrast to midsummer, there is an increase in

fur seal abundance associated with locations north of, south

of, and within Maxwell Bay of King George Island (cells

E4, F4, and F5). There is also an increase in fur seal

abundance in waters near Aspland, Eadie, O’Brien, and

Gibbs Islands (cells H4 and I4) as well as to the north and

south of Clarence Island (cells K2 and K4; Fig. 4b).

The spatial means of fur seal SPUE and IPUE are

negatively associated with distance to land during mid- and

late summer (Table 3), indicating fur seals tend to con-

centrate in waters within 100 km from land (Figs. 4 and 5a,

b). Regarding hydrographic fronts, the spatial mean of fur

seal SPUE and IPUE is positively associated (indicating

low association) with the SACCF during mid- and late

summer (Table 2; Figs. 4 and 5c, d). Fur seals were not

associated with the SBACCF during either mid- or late

summer (Table 3).

Intra-seasonal variability of micronekton

For krill species, the abundance of E. superba decreased

between mid- and late-summer surveys (Z = 6.49,

p \ 0.001; Fig. 6a) and there was no difference in abun-

dance of T. macrura between surveys (Z = 0.11,

p = 0.91). However, the abundance of the myctophid

E. antarctica increased between mid- and late-summer

surveys (Z = - 3.20, p \ 0.01; Fig. 6b).

Discussion

Due to their ecological role in Southern Ocean food webs,

previous exploitation, and potential competition with fish-

eries, fur seals are excellent indicators of ecosystem state

(Payne 1977; Boyd 2002; Forcada et al. 2005; 2012; Costa

et al. 2010; Staniland et al. 2012). They spend the majority

of their lives at sea and cover vast habitats scattered

throughout the Southern Ocean. Their high energetic

demands require them to select and likely memorize the

location of profitable foraging grounds (Bonadonna et al.

2001; Guinet et al. 2001; Staniland et al. 2004, 2012), which

may require extensive migrations from breeding colonies to

seasonal use areas that sustain high concentrations of krill,

squid, and mesopelagic fish (Reid et al. 2006; Cherel et al.

2009). However, most habitat use studies have involved

telemetry methods and focused on lactating females (Costa

et al. 1989; Boyd et al. 2002; Lea et al. 2006), with few

studies examining habitat use by adult and subadult males

(Staniland and Robinson 2008). Using shipboard surveys,

this study quantified the marine habitat use of fur seals,

identified high-abundance areas, and determined a marked

increase in the number of fur seals observed during mid- to

late summer. Supportive of this intra-seasonal change,

Santora (2012) showed that sightings of hourglass dolphins

(Lagenorhynchus cruciger), also a fish consumer, are higher

during late summer. The spatio-temporal changes of fur

seals may be due to post-breeding season dispersal to

wintering grounds (Boyd et al. 1998). However, as is

problematic with all shipboard surveys, one cannot assume

the land-based origin of seals sighted at sea (Hunt et al.

1992), and therefore one can only postulate that the late

summer increase is due to migrating seals (Smith 1988;

Waluda et al. 2010). Coinciding with the intra-seasonal

change in fur seals, this study documented a decrease in the

abundance of krill (E. superba) and an increase in the

myctophid E. antarctica between mid- and late summer,

suggesting potential seasonal changes in prey available to

fur seals (see also Siegel and Piatkowski 1990; Green et al.

1989). This study is significant because the previously

unreported late-summer increase in fur seal abundance

represents a considerable influx of predators into the food

Table 3 Relationship between spatial mean of fur seal individuals

and sightings-per-unit-effort (IPUE and SPUE) and distance to land

and hydrographic boundaries; southern Antarctic Circumpolar Cur-

rent front (SACCF) and its southern boundary (SBACCF)

Distance to land Distance to

SACCF

Distance to

SBACCF

Variable r2, r, p r2, r, p r2, r, p

IPUE

midsummer

0.25, -0.51,

\0.0001
0.26, 0.51,

\0.0001
0.03, 0.18, 0.17

SPUE

midsummer

0.12, -0.34,

\0.01
0.09, 0.31, 0.02 0.003, -0.05,

0.69

IPUE late

summer

0.25, -0.50,

\0.0001
0.24, 0.49,

\0.001
0.05, 0.23, 0.09

SPUE late

summer

0.29, -0.54,

\0.0001
0.21, 0.46,

\0.001
0.02, 0.15, 0.27

Bold values indicate statistically significance
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web of the Antarctic Peninsula region, coinciding with

commencement of the main commercial krill fishery period

(autumn–winter; Nicol et al. 2012).

Intra-seasonal habitat use

There is essentially nothing known about the seasonal

habitat use and migration patterns of Antarctic fur seals

from the sealing era when populations were at pre-exploi-

tation levels near the Antarctic Peninsula (Payne 1977;

Aguayo 1978). Therefore, there is no available baseline of

at-sea distribution of fur seals with which to compare the

multi-year spatial patterns described in this study. Boyd

(1993) presented estimates of fur seal population sizes (all

age) of approximately 1.5 million, 16,000, and 4,000 seals

at South Georgia, South Shetland Islands, and South Ork-

neys, respectively. It is plausible that the increase in fur seal

sightings and high-abundance areas around the South

Shetland Islands are attributed to seals leaving breeding

grounds on the South Shetlands and migrating seals from

South Georgia (Boyd et al. 1998). Smith (1988) reported on

the South Orkneys, ‘‘Small numbers of seals come ashore in

late September and October, but they seldom remain for

long. The main build-up commences in early January and

peaks in late February, the middle of the austral summer,

after which numbers decline quite rapidly. These animals

are almost entirely young (2–5 year old) males.’’ Given the

same latitude (*60.5�S) of the South Orkneys (*600 km

from the Antarctic Peninsula) and South Shetlands, the

seasonal increases described in this study support the

observations of Smith (1988). Strikingly, this study shows

that fur seal abundance increases near major breeding col-

onies (e.g., Cape Sherriff and Seal Island; cells C5 and I2,

respectively, in Fig. 5) and is highly concentrated

throughout Bransfield Strait. There is evidence indicating

that female fur seals may tend to remain near South Georgia

during winter (Staniland et al. 2012), so adult male and

subadult seals may be the main contributors to the seasonal

increases off the Antarctic Peninsula. However, male fur

seals emigrating from local colonies on the South Shetland

Islands may also contribute to the intra-seasonal increase in

abundance. Unfortunately, ascertaining fur seal age and sex

at sea from visual surveys with accuracy is problematic

(Santora pers. obs.).

In addition to their need to occasionally haul out on land

to rest, fur seals should be attracted to archipelagos in the

Antarctic due to their insular shelf-slope habitat, high pri-

mary productivity, and prey (krill and fish) concentrations

they foster (Guinet et al. 2001; Lea et al. 2008; Staniland

et al. 2010; Santora and Reiss 2011). The South Shetland

archipelago creates complex circulation patterns (e.g.,

eddies; Thompson et al. 2009) that concentrate prey

(Santora et al. 2009; 2012). During mid- and late summer,

the abundance and sightings of fur seals are correlated with

Fig. 5 Relationship between

mean IPUE of fur seals and

distance (km) to land and the

southern Antarctic Circumpolar

Current front during mid-

(a–c) and (b–d) late-summer

surveys, respectively; dashed

lines are 95 % confidence

intervals
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distance to land, indicating they concentrate near land

rather than in oceanic waters further offshore within the

southern ACC front. Therefore, the high-abundance areas

identified in this study may be useful for understanding fur

seal use of coastal areas and perhaps the location of

important haul-out areas for fur seals near the South

Shetlands. Besides the locations of major breeding colonies

(e.g., Cape Sherriff; Seal Island), the location of haul-out

areas is difficult to assess near the Antarctic Peninsula due

to rare surveying of coastal waters (Bengston et al. 1990;

Santora and Reiss 2011). Post-breeding haul-out areas may

serve as important information centers because fur seals

congregating here may leave together and forage in groups.

Implications for trophic ecology

Intra-seasonal variability in fur seal abundance may reflect

highly synchronized responses to availability, behavior

(e.g., mating, spawning), and aggregation intensity of their

preferred prey (Hunt et al. 1992; Reid et al. 2006; Santora

and Reiss 2011). Migrations of fur seals are generally

driven by the need to locate high quality and predictable

prey (Kenyon and Wilke 1953; Cherel et al. 2009), which

suggests that the observed synchronized increases in fur

seal abundance during late summer may be related to prey

availability. Cherel et al. (2009) used whisker isotopic

signatures from male fur seals to describe large latitudinal

shifts in Antarctic fur seal distribution that relate to

migration patterns and changes in diet. Boyd et al. (1998)

showed that satellite-tracked male fur seals left breeding

colonies on South Georgia during midsummer and headed

rapidly south toward Antarctica. However, the effect of

their aggregations in particular areas and their impact on

prey species near the Antarctic Peninsula is largely

unknown. Therefore, the location of high-abundance areas

reported in this study may be useful for determining the

temporal and spatial scales of presumed prey items where

existing spatial information is scarce (e.g., myctophids).

There is evidence from Daneri et al. (2005) and Casaux

et al. (1998, 2003, 2004) that non-breeding male fur seals

increase at haul-out locations on the South Shetland Islands

during January–March and that their diet (scat analysis)

shows a high percent composition, in terms of numerical

abundance and biomass of euphausiids, myctophids

(E. antarctica and Gymnoscopelus nicholsi) and penguins.

Based on AMLR net hauls from 1994 to 2009, this study

showed there was a decrease in the abundance of Antarctic

krill and an increase in the abundance of the myctophid,

E. antarctica during mid- and late summer near the South

Shetland Islands. Given that the late-summer diet of fur

seals indicates the importance of E. antarctica (Daneri

1996; Casaux et al. 1998, 2003), the intra-seasonal increase

of fur seals might be related to the availability and sea-

sonality of this fish species and other myctophids near the

Antarctic Peninsula (Green et al. 1989; Siegel and Piat-

kowski 1990). Reid (1995) found that male fur seals at

South Georgia during winter were principally selecting the

mackerel icefish Champsocephalus gunnari, a species that

feeds on krill and occurs in high concentrations near the

Antarctic Peninsula (Barrera-Oro 2002). From fur seal

scats collected on Heard Island, Green et al. (1989)

described seasonal changes in fish prey, specifically a

switch from bentho-pelagic species (C. gunnari) to myc-

tophids (E. antarctica), which correlated with the arrival of

males on breeding beaches. Therefore, in localized areas at

sea, high abundances of fur seals may potentially exert

significant top–down control on krill and fish dependent on

krill. The intra-seasonal increase of fur seals may also

impact other predator species sharing similar diets and

foraging areas (Hunt et al. 1992; Fraser et al. 1989;

Whitehouse and Veit 1994; Barlow et al. 2002). Using a

Fig. 6 Intra-seasonal variability of log mean abundance (95 %

confidence intervals) of a E. superba and b E. antarctica during

mid- and late-summer surveys
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multispecies approach, future research should explore the

spatial overlap among fur seals and other krill/fish preda-

tors, such as flying seabirds, penguins, and cetaceans to

quantify their interactions and prey dynamics within sea-

sonally variable biological hotspots.

Issues and implications for conservation

and management

The relative abundance index of fur seals developed in this

study is based on many replicated shipboard surveys using

the same observers, and although robust, there are inherent

detectability issues of all shipboard visual surveys of air-

breathing animals. For example, sighting rates of seals may

be biased by their behavior at sea or avoidance of the

approaching vessel (e.g., resting at surface or traveling). In

this study, approximately 80 % of sightings were of indi-

vidual seals resting at the sea surface within 1 km of the

vessel’s trackline. Therefore, the standardized spatial and

temporal means of fur seal sighting rates are conservative

estimates of fur seal relative abundance at sea and caution

should be made to not interpret these estimates as measures

of absolute population density.

The Commission for the Conservation of Antarctic

Marine Living Resources (CCAMLR) manages commer-

cial fisheries throughout the Southern Ocean and created

small-scale management units (SSMUs) to ensure protec-

tion of krill predators from fishing activity (Hewitt et al.

2004). Near the South Shetlands, SSMUs are located

around islands, where krill fishing vessels tend to concen-

trate (Kawaguchi et al. 2006; Nicol et al. 2012), posing

potential competition with fur seals that also concentrate in

coastal waters (Kock et al. 2006). Croll and Tershy (1998)

and Reid et al. (2004) examined the relationships between

fur seals, krill, and fishing vessels and found that they

overlap in areas close to land (30–100 km), but they did

not provide detail on specific areas (hotspots) that might be

attractive to both fur seals and krill fishing vessels (Santora

et al. 2010; 2012). Specifically, the location of fur seal

high-abundance areas may be useful for gauging potential

competition and fishing ground selection within coastal

areas. Therefore, the location and intra-seasonal variability

of high-abundance areas of fur seals may benefit the

development and calibration of spatially explicit ecosystem

models (Hill et al. 2009) by providing a realistic assess-

ment of spatial variance for krill and fur seals found within

SSMUs near the Antarctic Peninsula (Reid et al. 2004).

This study showed there is marked inter-annual and

intra-seasonal variability of fur seal sightings and abun-

dance near the Antarctic Peninsula. But why does such

variation exist, and is it a phenological response to prey

availability mediated through climate? From a shipboard

survey during early winter (May–June) along the Antarctic

Peninsula, Whitehouse and Veit (1994) documented high

numbers of fur seals found within coastal areas associated

with the pack ice edge and suggested they may have

migrated from colonies on the South Shetlands and South

Georgia. During summer, Salwicka and Rakusa-Sus-

zczewski (2002) reported an increase in the number of

male fur seals on King George Island (Admiralty Bay; cell

F5 in Fig. 5) in years of low krill density near South

Georgia (Brierley et al. 1999). Climate states (e.g., El Niño

Southern Oscillation, Southern Hemisphere Annual Mode)

are important for mediating prey abundance and distribu-

tion near the Antarctic Peninsula (Loeb et al. 2009) as well

as population dynamics of top predators (Croxall et al.

1999; Forcada et al. 2005), so future research should

compare climate variation with fur seal distribution at sea.

Future research should explore whether there is a lagged

relationship between krill density, numbers of fur seals

observed near the Antarctic Peninsula, and the number of

pups produced at colonies on South Georgia and the South

Shetland Islands. For example, following a good year of

pup production, is there an increase in the number of seals

observed at sea around the South Shetland Islands 2, 3 and

5 years later? Assessing whether there is a concordance

between pup production at South Georgia and distribution

of fur seals near the South Shetlands may highlight eco-

system connectivity throughout the Scotia Sea, benefiting

conservation and management planning for the region.
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