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Abstract Commercial sealers exterminated the original
fur seal population at Macquarie Island in the early 1800s.
The Wrst breeding record since the sealing era was not
reported until March 1955. Three species of fur seal now
occur at Macquarie Island, the Antarctic (Arctocephalus
gazella), subantarctic (A. tropicalis) and New Zealand
(A. forsteri) fur seal. Census data from 54 breeding seasons
in the period 1954–2007 were used to estimate population
status and growth for each species. Between the 1950s and
1970s, annual increases in pup production for the species

aggregate were low. Between 1986 and 2007, pup produc-
tion of Antarctic fur seals increased by about 8.8% per year
and subantarctic fur seals by 6.8% per year. The New Zea-
land fur seal, although the most numerous fur seal species
on Macquarie Island, has yet to establish a breeding popu-
lation, due to the absence of reproductively mature females.
Hybridisation among species is signiWcant, but appears to
be declining. The slow establishment and growth of fur seal
populations on Macquarie Island appears to have been
aVected by its distance from major population centres and
hence low immigration rates, asynchronous colonisation
times of males and females of each species, and extensive
hybridisation.
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Introduction

Fur seals (Arctocephalus spp.) were abundant at Macquarie
Island (54°30�S, 158°56�E) when sealers discovered the
island in July 1810. Intense and indiscriminate harvesting
followed, resulting in the rapid extermination of the popu-
lation by 1820 (Shaughnessy and Fletcher 1987). Based on
shipping logs, at least 199, 444 fur seal skins were esti-
mated to have been taken from the island (Shaughnessy and
Fletcher 1987; Ling 1999). Over the next 100 years sealers
intermittently harvested elephant seals (Mirounga leonina)
and penguins for their oil, during which time fur seals were
occasionally seen and killed (Mawson 1943). Despite the
number of skins taken, there are no known specimens or
taxonomic descriptions of the original fur seal from
Macquarie Island and its speciWc identity remains uncertain.
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Three species of fur seal now occur at the island, the
Antarctic (A. gazella), subantarctic (A. tropicalis) and New
Zealand fur seal (A. forsteri). Antarctic fur seals generally
breed on subantarctic islands south of the Subantarctic
Front, while subantarctic fur seals breed on subantarctic
islands north of the Antarctic Polar Front (Fig. 1). On the
Prince Edward Islands, Îles Crozet and Macquarie Island,
which are situated close to the Subantarctic Front, the two
species breed sympatrically (Fig. 1). New Zealand fur seals
breed on islands oV southern Western and South Australia,
on Maatsuyker Island in southwest Tasmania, and on the
coastline, oVshore and subantarctic islands of New Zealand
(Shaughnessy et al. 1994; Harcourt 2001; Goldsworthy
et al. 2003; Fig. 1).

Sealers are reported to have called the original fur seal at
Macquarie Island the “Upland Seal”, or “seal of the high
ground” (Lesson 1828). Shaughnessy and Fletcher (1987)
argued that because sealers began harvesting in July

(austral winter) of 1810 and obtained a large number of
skins (5,000) between May and October of the following
year, the original species was unlikely to have been the
Antarctic fur seal, which is generally absent from its breed-
ing grounds between May and November. Both subantarc-
tic and New Zealand fur seals are present on breeding
grounds throughout the winter months as the pups of these
species do not wean until September or October (Mattlin
1981; Kerley 1983; Bester 1987; Goldsworthy 2006). The
unique “Upland seal” was also reported by Lesson (1828)
to exclusively inhabit Macquarie Island and the Antipodes
Islands (49°41�S, 178°45�E). Taylor (1992) therefore,
hypothesised that “Upland Seals” were not a diVerent
species, but rather juvenile New Zealand fur seals, and that
Macquarie and the Antipodes Islands may never have
supported large breeding populations. However,
Shaughnessy and Fletcher (1987) suggest that the “Upland
Seals” of Macquarie Island were most likely to have been

Fig. 1 Breeding locations of the 
Antarctic (circles) and 
subantarctic (triangles) fur seals 
and sites where the two species 
breed sympatrically (stars). 
Breeding locations of New 
Zealand fur seals (squares) 
mentioned in the text and the 
average positions of the 
Antarctic Polar Front (dotted 
line) and Subantarctic Front 
(solid line) are indicated (source 
Orsi and Ryan 2006)
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the subantarctic fur seal or a distinct, now extinct species,
although other species may have used the island.

When an Australian National Antarctic Research Expe-
dition (ANARE) station was established on Macquarie
Island in 1948, small numbers of New Zealand fur seals
were recorded in summer on the northern tip of the island
(Gwynn 1953). Since then, the number of fur seals hauled-
out on the island in summer has increased steadily and fur
seals have colonised other parts of the coastline (Csordas
and Ingham 1965; Shaughnessy et al. 1988). In March
1955, a fur seal pup was discovered in Goat Bay on North
Head Peninsula (Fig. 2), the Wrst evidence of breeding since

the sealing era (Csordas 1958). Few pups (0–6) were
recorded annually until 1979–1980 (Csordas and Ingham
1965; Shaughnessy and Fletcher 1987), and since then the
number of pups born has increased steadily (Shaughnessy
and Fletcher 1987; Shaughnessy et al. 1988; Shaughnessy
and Goldsworthy 1993).

Earlier reports assumed that the pups born since 1955
were New Zealand fur seals (Csordas and Ingham 1965).
However, in 1981–1982 it was determined that the breeding
group consisted of Antarctic and subantarctic fur seals,
while the New Zealand fur seal appeared to be non-breeding
(Shaughnessy and Fletcher 1987). In addition, hybridisation

Fig. 2 Map of Macquarie Island showing the locations where fur seal pups have been recorded, with a detailed map of North Head Peninsula
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among species at Macquarie Island has been detected
(Shaughnessy et al. 1988; Goldsworthy et al. 1999; Wynen
2001; Lancaster et al. 2006, 2007a, b).

The aims of this study are to assess historic and current
data to determine the timing of colonisation, population sta-
tus and trends in abundance of the three fur seal species at
Macquarie Island. The extent and trends in hybridisation
based on genotype data have been described previously for
some cohorts (Lancaster et al. 2006). Genotype data were
used to determine the accuracy of assigning species and
hybrid status correctly based on phenotypic characteristics,
so that trends in species and hybrid numbers can be inferred
beyond the cohorts for which genotype data are available.

Materials and methods

Historic information

Archival information derived from published papers,
reports, Macquarie Island logbooks, published photographs
and photographic archives (Australian Antarctic division
Data Centre) was used to chronicle the early stages of colo-
nisation for each species.

Study site

The main concentrations of breeding fur seals at Macquarie
Island are located in three bays (Secluded Beach, Aerial
Cove and Goat Bay) on North Head Peninsula (Fig. 2). Sin-
gle pups have occasionally been recorded in Garden Cove
on North Head Peninsula and a small number of pups (1–2)
have been found beyond North Head Peninsula at Hurd
Point, Windsor Bay, Precarious Point, Handspike Point,
The Nuggets, Brothers Point and Lusitania Bay (Fig. 2).
Groups of non-breeding fur seals occur along the east coast
of the island and on the southeast, southwest and northwest
points. Few fur seals have been reported on the west coast
south of Handspike Point (Fig. 2), despite regular coastline
surveys by researchers working on sea birds and elephant
seals.

Census methods

Pups are born at Macquarie Island over a 2-month period,
from mid November to early January, with most pups born
in December (Shaughnessy et al. 1988). Breeding seasons
are named here by the year in which they commenced. The
maximum number of pups observed on North Head Penin-
sula between December and March has been recorded in
most years since 1954. Between 1954 and the mid 1980s,
seasonal counts were irregular and of varying reliability. In
1986 counts became more frequent (every 2–3 days) and

since 1989 daily censuses of breeding groups have been
made throughout each pupping season, except in 2004. The
number, species and individual identity (if marked) of terri-
torial males and females within each territory and the
occurrence of newborn, older and dead pups were recorded
during each census. Direct counts of pups were made by
one to two observers from the edge of breeding territories
and by systematically searching around boulders, caves and
tussock slopes. Since 2000, ground counts of pups during
the breeding season in Goat Bay have been restricted due to
aggressive territorial males preventing access to the small
rocky coves in which they breed. Daily observations of
some breeding groups were possible from the cliV above
the bay, but ground counts were limited to every 2–4 days
in most years, with some breeding areas of Goat Bay only
accessed at the end of the pupping season.

Since 1986, most pups (>85%) have been bleached or
tagged (using Dalton Super-Xexi tags size 1) shortly after
birth. In some seasons, a small number of pups were not
marked because they died or weaned before marking. The
total number of pups born each season was based on the
number of pups marked (bleached or tagged) plus those
known to have been born that went missing before mark-
ing.

Species and hybrid identiWcation

Species were identiWed based on external characteristics
and vocalisations (adults only) following Shaughnessy
et al. (1988) and Goldsworthy et al. (1997). Individuals that
showed intermediate characteristics of more than one spe-
cies were classed as “putative hybrids” (F1 hybrids or back-
crosses). Hybrid pups are often diYcult to distinguish from
pure species based on phenotypic characteristics (Wynen
2001). Due to the high level of hybridisation among species
at Macquarie Island, tissue samples for genetic analysis
have been collected from most pups born since 1992
(Goldsworthy et al. 1999; Wynen 2001; Lancaster et al.
2006). Species and hybrid classiWcation of pups based on
genetic data were available for eight cohorts in the period
1992–2003 (see below, Lancaster et al. 2006). To deter-
mine the reliability of phenotypic species assessment, com-
parison of phenotype and genotype assessments from these
cohorts were undertaken. Methods of DNA extraction and
identiWcation of pure species and hybrid pups based on
mitochondrial (mtDNA) and microsatellite DNA are
described in Lancaster et al. (2006).

Rates of change

Changes in total pup production (all species combined)
were based on published counts from 1945 to 1963 (Csordas
and Ingham 1965), from 1964 to 1986 (Shaughnessy et al.
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1988) and the present study (1987–2006). Pup numbers
from 1986–2006 (Shaughnessy et al. 1988, present study)
were used to estimate species-speciWc rates of population
change. Trends in the abundance of New Zealand fur seals
were based on maximum seasonal counts of non-pups from
direct ground counts on North Head Peninsula between
mid-February and early April between 1950 and 1998
(Csordas and Ingham 1965; Shaughnessy and Goldsworthy
1993; present study) and during island surveys (1999–2006,
present study). Rates of change in pup numbers were calcu-
lated using linear regression of the natural logarithm of pup
number against breeding season year. The exponential rate
of increase r, is the slope of the regression line, and was
expressed as a percentage as (er ¡ 1) £ 100. Analysis of
covariance (ANCOVA) was used to test for diVerences in
pup production trends based on genotype and phenotypic
assessment.

Results

Colonisation history

There are only sporadic and incidental observations avail-
able on the breeding population of fur seals from when
breeding was Wrst discovered in the 1954 season through to
the mid 1980s. The Wrst pup discovered in March 1955 was
originally described as a New Zealand fur seal (Csordas
and Ingham 1965), but later identiWed (based on a photo-
graph) as an Antarctic fur seal (Shaughnessy and Fletcher
1987). Re-examination of the photograph and an account of
subsequent sightings of the mother-pup pair suggest that
although the female is likely to have been an Antarctic fur
seal, the pup may have been a hybrid. The pup seen in
March 1955 was seen nursing until the end of May that year
(Csordas and Ingham 1965), 1–2 months later than the typi-
cal timing of weaning for Antarctic fur seals on Macquarie
Island (8–14 April, Goldsworthy 1999).

Shaughnessy and Fletcher (1987) described pups in sev-
eral photographs taken between December 1955 and
December 1975 as having characteristics of Antarctic fur
seals. The attending females in three of them (1955, 1967
and 1975) were also identiWed as Antarctic fur seals. How-
ever, given that a male Antarctic fur seal was not recorded
until 1979 (Supplementary Table 1), most of these earlier
pups are likely to have been hybrids. Shaughnessy and
Fletcher (1987) indicated that 63% of pups born between
1954 and 1981 for which there was suYcient information
on shore attendance of mother-pup pairs were still present
between May and September, well beyond the typical time
of weaning for Antarctic fur seals. This indicates that most
of the pups born in this period were hybrids, from matings
between Antarctic fur seal females with either subantarctic

or New Zealand fur seal males. The Wrst conWrmed record
(photograph) of a subantarctic fur seal female at Macquarie
Island was not until 1981 (Supplementary Table 1).

Records of male subantarctic and Antarctic fur seals
prior to 1981 are scarce. Csordas and Ingham (1965) indi-
cate that no breeding males were seen attending females
and pups between 1954 and 1964. However, there were
several sightings of adult male subantarctic fur seals: one in
March 1959 (Csordas 1962, including photograph; Supple-
mentary Table 1), one in each of February, March and Sep-
tember 1963 (possibly the same individual), and one in
each of March 1965, February 1968, December 1973,
March 1974 and December 1978 (Shaughnessy and
Fletcher 1987). A small number of adult male subantarctic
fur seals are also noted in ANARE logbooks to have been
shot and collected in the early 1960s in an attempt to keep
what was thought to be a New Zealand fur seal population
“pure”. Shaughnessy and Fletcher (1987) gave details of
the species composition of breeding territories in 1981 and
1982. All territorial males were identiWed as subantarctic
fur seals and breeding females as Antarctic and subantarctic
fur seals. No Antarctic or New Zealand fur seal males were
observed to hold territories.

The Wrst conWrmed sighting of an Antarctic fur seal male
is from 1979 at Secluded Beach (a subadult male), although
an earlier photograph taken in 1968 (P. Watts) may have
been of a subadult male Antarctic fur seal (Supplementary
Table 1). In the 1986 breeding season, several Antarctic fur
seal adult males were observed, four of which were individ-
ually marked (Shaughnessy and Fletcher 1987). Some held
territories for several days while others were frequently
observed challenging subantarctic fur seal territorial males
(Shaughnessy and Fletcher 1987). All other territorial
males were subantarctic fur seals. In 1989, one Antarctic
fur seal male was recorded to hold a breeding territory for a
substantial period. Since 1991, more males of this species
have held breeding territories through the breeding season
and these territories have included most of the breeding
females.

In 1991, two major territories previously held by subant-
arctic fur seal males were taken over by Antarctic fur seal
males, enabling the latter species access to the majority
(»70%) of breeding females for the Wrst time (Table 1).
Between 1991 and 1996, the percentage of females in Ant-
arctic male territories generally increased, while the per-
centage of females in subantarctic male territories
decreased (Table 1). Putative hybrid males held one to two
breeding territories between 1989 and 1996, accounting for
2–9% of breeding females (Table 1). A signiWcant conse-
quence of Antarctic fur seal males becoming established at
Macquarie Island in the early 1990s was the reduction in
the percentage of females in heterospeciWc territories (i.e.
territories held by a male of a diVerent species) from 76%
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in 1989 to 5% in 1996, and the corresponding reduction in
the percentage of observed inter-speciWc matings and the
number of putative hybrid pups produced (Fig. 3).

Based on these varied historic sources of information on
the occurrence and breeding activities of the three fur seal
species on Macquarie Island since 1948, the inferred
sequence of colonisation of Macquarie Island by male and
female Antarctic and subantarctic fur seals is summarised
in Fig. 4. Although earlier reports suggest that New Zea-
land fur seals breed at Macquarie Island (Csordas and Ing-
ham 1965), few New Zealand fur seal females (based on
their phenotype) have been observed there, all in the early
1990s (Fig. 4). The majority of New Zealand fur seals at
Macquarie Island are non-breeding adult, subadult and
juvenile males that predominantly haul-out over summer
and autumn months. At this time they outnumber the entire

breeding populations of Antarctic and subantarctic fur
seals. Their numbers on North Head peninsula have been
monitored in most years since 1950, and increased by about
3.7% per year between 1950 and 1989 (Supplementary
Figure 2). Since then numbers appear to have stabilised at
around 800–1,400 individuals ashore during the peak haul-
out period (Supplementary Figure 2). Based on phenotypic
assessment, subantarctic fur seals dominated as territorial
males until 1990, both by number and by the percentage of
breeding females in their territories (Table 1).

Trends in total pup production

Between 1954 and 2007 (54 seasons) the annual pup pro-
duction for the species aggregate increased from 1 to 217
pups (Supplementary Table 2). The trend in pup production

Table 1 Numbers of males of 
each species and hybrids holding 
breeding territories at Macquarie 
Island based on phenotypic 
assessment, and the number and 
percentage of known individual 
females (species combined) that 
pupped in those territories in 
each breeding season from 1989 
to 1996

Year Antarctic fur seals Subantarctic fur seals Hybrid fur seals

Territorial 
males

Females in 
territories (%)

Territorial 
males

Females in 
territories (%)

Territorial 
males

Females in 
territories (%)

1989 1 3 (5) 5 54 (93) 1 1 (2)

1990 2 10 (18) 5 47 (82)

1991 4 54 (70) 3 24 (31)

1992 6 50 (59) 7 27 (32) 1 8 (9)

1993 4 69 (74) 8 24 (26)

1994 10 82 (76) 6 23 (21) 2 3 (3)

1995 11 98 (80) 6 15 (12) 2 9 (7)

1996 8 104 (83) 7 19 (15) 2 3 (2)

Fig. 3 The percentage of fur 
seal females breeding in hetero-
speciWc territories (open cir-
cles), the percentage of observed 
interspeciWc matings (open 
squares) and the percentage of 
putative hybrid pups born in the 
following season (closed circles) 
at Macquarie Island between 
1989 and 1996. The values are 
based on phenotypes
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varied markedly during this period (Fig. 5). Between 1954
and 1974 (21 seasons), pup production showed little
change, with the number of pups recorded ranging from 0
to 4 (mean = 1.3 § 1.3 SD). The greatest period of increase
was between 1974 and 1991 when pup production
increased exponentially by about 22.1% per year
(r = 0.199, F1,14 = 249, P < 0.001; Fig. 5). Since then
(1991–2007), pup production has increased exponentially
by about 5.9% per year (r = 0.0575, F1,15 = 216, P < 0.001;
Fig. 5).

Species-speciWc trends in pup production and hybridisation

Between 1986 and 2007, the species or hybrid status of
most pups born each season was described (mean 94.5%,
range 85.0–100%). Based on phenotypic assessment of 18
pup cohorts between 1986 and 2007, pup production of

Antarctic and subantarctic fur seal pups increased signiW-
cantly by about 8.8 and 6.8% per year, respectively, while
there was no trend in the number of hybrid pups (Fig. 6a;
Table 3).

Comparison of phenotypic and genotypic assessment of
990 pups sampled from eight cohorts between 1992 and
2003 indicated that pure Antarctic and subantarctic fur
seals were accurately identiWed by phenotypic assessment
in 96.6 and 92.4% of cases, respectively (Table 2). How-
ever, only a quarter (25.3%) of hybrid pups were accurately
identiWed (i.e. 74.7% were misidentiWed as belonging to a
pure species). This resulted in an overestimation of the
number of pure Antarctic and subantarctic fur seals, and an
underestimation of the number of hybrid pups. The direc-
tion of error was similar between years except for 1 year
(1999) (Fig. 6b). On average, the number of pups identiWed
by genotype as Antarctic fur seals was 0.83 § 0.05 times

Fig. 4 Summary of the inferred 
sequence of colonisation of 
female (grey) and male (black) 
Antarctic, subantarctic and New 
Zealand fur seals since 1948. 
Circles indicate individual 
observations, whereas lines 
indicate continuous presence. 
Open circles indicate uncertain 
species identiWcation

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

New Zealand fur seal

Antarctic fur seal

Subantactic fur seal

Fig. 5 Changes in the number 
of fur seal pups (species 
combined) at Macquarie Island 
between 1954 and 2006. Open 
circles indicate estimates based 
on limited seasonal pup counts. 
Closed circles indicate estimates 
based on daily censuses during 
the pupping season. Mean annu-
al percentage rates of increases 
for diVerent time periods are 
shown
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that identiWed by phenotype (range 0.76–0.91); for subant-
arctic fur seals the number identiWed by genotype was
0.81 § 0.18 times that identiWed by phenotype (range 0.5–
1.11); and for hybrid pups it was 3.42 § 1.13 (range 1.26–
5.25). Based on ANCOVA, the slopes of the regression of
the number of pups classed each year based on phenotypic

and genotypic assessment did not diVer signiWcantly from
each other for pups of each species and hybrids (all
P > 0.10; Fig. 6b; Table 3), but for Antarctic and subantarc-
tic fur seal pups, the intercepts diVered signiWcantly indicat-
ing that the absolute number of pups each season was
overestimated based on phenotypic assessment (all

Fig. 6 Trends in the number of 
pups classed as Antarctic, sub-
antarctic and putative hybrid fur 
seals at Macquarie Island be-
tween 1986 and 2006, based on 
phenotypic assessment (a). Out-
lying values in 2002 are indi-
cated in grey. The lower graph 
(b) compares the trends and 
number of pups of each species 
and hybrids for which both phe-
notypic (solid symbols) and 
genotypic (open symbols) data 
were available, for eight cohorts 
between 1992 and 2003. Expo-
nential curves are Wtted to these 
data
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P < 0.05; Fig. 6b; Table 3). Although the percentage rates
of increase estimated from phenotypic methods were about
1 and 5% lower than that estimated from genotypic meth-
ods in Antarctic and subantarctic fur seals, respectively, the
null-hypothesis of equal slopes was not rejected among all
comparisons, indicating that phenotype data approximates
trends in the abundance of pups of both species and hybrids
(Table 3).

Discussion

Colonisation

Roux (1987) identiWed four main stages in the recovery of
fur seal populations: survival, establishment, recolonisation
and maturity. At Macquarie Island, the current rates of
increase for total and species-speciWc pup production sug-
gest that these populations are now between the establish-
ment and recolonisation phases of recovery. Interestingly,
the period of greatest growth in total pup production
occurred between 1974 and 1991, a period of great instabil-

ity of within species sex-ratios, when the majority of breed-
ing females probably mated with heterospeciWc males and
when rates of hybridisation were likely to have been greater
than the period following this (1991–2007). The latter
period has seen reduced growth in pup production despite
normalisation of within species sex-ratios among breeding
adults and greater segregation of breeding among species.
This may be due to a number of factors, including Wtness
costs of hybridisation (survival and fecundity), reduced
immigration rates and increased pup mortality (see below).

Macquarie Island was one of the last fur seal colonies in
the Southern Ocean to be recolonised following past seal-
ing activities. Other recently recolonised populations
include Heard Island (Shaughnessy and Goldsworthy
1990), Île Saint Paul and Îles Crozet (Jouventin et al. 1982;
Guinet et al. 1994). At Macquarie Island, the Wrst pup was
recorded in 1954–1955, but between 1954 and 1974 (21
years) few pups (<4) were born each year. The extensive
delay between the cessation of sealing and breeding (130+
years) is likely to be due to the absence of a remnant popu-
lation and the isolation of Macquarie Island from other
major fur seal colonies, which were undergoing establish-
ment and recolonisation during the same period. In addi-
tion, persistent harvesting of southern elephant seals and
penguins that continued on Macquarie Island until the early
20th century may have prevented any earlier colonisation
by fur seals. The nearest breeding population of subantarc-
tic fur seals is at Île Amsterdam some 6,200 km to the
northwest. In 1956, the population there entered the estab-
lishment phase with a growth rate of 7.9% that continued
till 1970 (Roux 1987). The nearest populations of Antarctic
fur seals are at Heard Island and Îles Kerguelen, 5,200 and
5,800 km to the west, respectively. Breeding at Heard
Island was Wrst recorded in 1963 and between 1986 and
2000 pup production increased by about 12% (Page et al.

Table 2 The overall percentage and number of pups (in parentheses)
of each fur seal species and hybrids that were assigned to each pheno-
typic class between 1992 and 2003 (eight cohorts) at Macquarie Island

The values in bold indicate the percentage (and number) of pups that
were correctly assigned by phenotypic assessment

Genotype Phenotype Total

Antarctic Subantarctic Hybrid

Antarctic 96.6% (569) 1.0% (6) 2.3% (14) 589

Subantarctic 2.3% (4) 92.4% (159) 5.2% (9) 172

Hybrid 57.2% (131) 17.5% (40) 25.3% (58) 229

Table 3 Comparison in the estimated trends in abundance of Antarctic, subantarctic and hybrid fur seal pup production at Macquarie Island

The years over which trends are calculated are presented, as is the species identiWcation method used (Geno genotype, Pheno phenotype). The
exponential rate of change (r), expressed as a percentage, and the statistical signiWcance of the linear regressions of Ln(pup numbers) over time
(years) are also presented. The signiWcance of the slopes and intercepts of these regressions are compared for Geno and Pheno methods using AN-
COVA, for the period 1992–2003

Pup species Years Method %change (r) Linear model ANCOVA

P year R2 P slope P intercept

Antarctic 1992–2003 Geno 7.4% (0.0716) <0.001 0.882 0.986 <0.001

1992–2003 Pheno 6.3% (0.0608) 0.004 0.768

1986–2007 Pheno 8.8% (0.0844) <0.001 0.887

Subantarctic 1992–2003 Geno 14.6% (0.1359) <0.001 0.939 0.184 <0.001

1992–2003 Pheno 9.0% (0.0860) <0.001 0.922

1986–2007 Pheno 6.8% (0.0657) <0.001 0.870

Hybrid 1992–2003 Geno ¡0.3% (¡0.0026) 0.933 0.001 0.611 0.781

1992–2003 Pheno 4.3% (0.0424) 0.475 0.088

1986–2007 Pheno 2.5% (0.0248) 0.177 0.055
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2003). By the late 1980s the population at Îles Kerguelen
was also thought to be in the recolonisation stage (Roux
1987). In contrast, the nearest breeding populations of New
Zealand fur seals are comparatively close, at Auckland and
Campbell Islands, 660 and 720 km to the northeast, respec-
tively. Little information is available on the size and status
of populations in New Zealand during this period, but total
numbers were estimated to be around 1,000–2,000 at Auck-
land and Campbell Islands (Mattlin 1987). Bounty Island
(1,600 km northeast of Macquarie Island) accounts for the
largest breeding population south of the South Island of
New Zealand (3,280 pups in 1980) and is estimated to have
increased at an average rate of 5% per year between 1903
and 1980 (Lalas and Bradshaw 2001).

Early growth of the breeding population of fur seals at
Macquarie Island appears to have been aVected by low
rates of immigration and/or intrinsic growth until the early
1980s in addition to asynchronous colonisations by males
and females of each species (Fig. 4). This is most notable
for Antarctic fur seals where breeding females were on the
island for up to 35 years before males of this species were
observed holding breeding territories (Fig. 4). This is in
marked contrast to the usual pattern of dispersal and coloni-
sation described for many otariids, where males typically
disperse to distant sites (Shaughnessy and Goldsworthy
1990; Carlini et al. 2006), while females display greater site
Wdelity (Boyd et al. 1998; Raum-Suryan et al. 2002). In the
case of Antarctic fur seals, adult males and females have
diVerent post-breeding dispersal patterns which are reX-
ected in the manner in which they colonised Macquarie
Island: males tend to move southwards (Green 1997; Boyd
et al. 1998) while females tend to disperse more widely
(Boyd et al. 2002).

It is probable that the scarcity of mature conspeciWc
males to inseminate oestrus females until the early 1990s
had a profound eVect on growth in pup production and on
the extent of hybridisation in the population. In the 10 years
after the Wrst pup was sighted (1954–1963), the new breed-
ing population was inspected frequently, but no attending
males were seen (Csordas and Ingham 1965). It is possible
that this situation continued through to the late 1970s. In
addition to there being few mature males to inseminate
females during the early stages of colonisation, it is also
likely that when males were present, they were not conspe-
ciWc because the weaning age of most pups born between
1954 and 1981 diVered from that of the maternal species.
Thus most of the early pups are likely to have been hybrids.
This situation continued throughout the 1980s, when the
majority of Antarctic females were in territories held by
subantarctic males (Shaughnessy et al. 1988). As a result,
most pups born to Antarctic females during this period
were likely to have been hybrids, although some newly
immigrated females may have been mated elsewhere.

Antarctic males did not gain access to signiWcant numbers
of conspeciWc females until 1991 (Table 1), after which the
percentage of inter-speciWc matings observed and putative
hybrid pups recorded appears to have declined (Fig. 3).
Since 1986, the population of Antarctic fur seals has
increased at a relatively low rate (»8.8% based on pheno-
type data), suggesting that most growth has been due to
intrinsic recruitment.

Subantarctic fur seal females were not observed at
Macquarie Island until 1981, but males of this species
were likely to have been there earlier. Since 1981, the
number of breeding subantarctic females has steadily
increased, but still remains low (<50 females in 2007).
Continued immigration of subantarctic fur seals at some
level is indicated by the sighting at Macquarie Island of
animals tagged as pups at other locations (see Supplemen-
tary Material). In addition, several untagged breeding
females of the Antarctic and subantarctic fur seal are
sighted each breeding season, even though all pup cohorts
and a large number of adult females have been tagged
since 1986 (S.D. Goldsworthy et al., unpublished data).
Tag resights suggest that subantarctic fur seal immigrants
originate principally from Île Amsterdam (see Supple-
mentary Material), although phylogenetic analyses of
Southern Ocean fur seal populations suggest that Macqua-
rie Island was recolonised by subantarctic fur seals from
both Île Amsterdam and Marion Island, while Antarctic
fur seals most likely originated from Îles Kerguelen
(Wynen et al. 2000).

The Wrst species of fur seal recorded at Macquarie Island
since the cessation of commercial fur sealing was the New
Zealand fur seal. It has remained the most numerous fur
seal species on the island, yet there have been no conWrmed
records of New Zealand fur seal pups and observations of
adult females have been rare. Tag resights at Macquarie
Island suggest that vagrant New Zealand fur seals originate
from both New Zealand and southern Australia (see Sup-
plementary Material). Male New Zealand fur seals occa-
sionally challenge Antarctic fur seal territory holders and,
less frequently, subantarctic fur seal territory holders. Male
New Zealand fur seals have been shown through genetic
analysis to interbreed with females of both species (Golds-
worthy et al. 1999; Wynen 2001; Lancaster et al. 2006).
This may have resulted from extra-territorial matings,
which are known to occur (Gemmell et al. 2001; Goldswor-
thy et al. 1999; Lancaster et al. 2007b). In addition, New
Zealand fur seals have been dominant numerically since the
1950s, and are likely to have held territories in the past.
Analysis of the mitochondrial DNA from pups from eight
cohorts (1992–2003, n = 1007) by Lancaster et al. (2006)
revealed that 60% of hybrid pups resulted from matings
between subantarctic males and Antarctic females, with the
remaining 40% the result of hybridisation with
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New Zealand fur seals (either Antarctic–New Zealand, sub-
antarctic–New Zealand or Antarctic–subantarctic–New
Zealand hybrids). However, 56% of the New Zealand
hybrid pups were not F1 hybrids, suggesting that some of
the territorial males phenotypically identiWed as Antarctic
and subantarctic fur seals may in fact have been New Zea-
land hybrids (Lancaster et al. 2006). The absence of New
Zealand mitochondrial haplotypes in pups also supports the
rarity of Weld observations of female New Zealand fur seals
at Macquarie Island.

Species composition, hybridisation and status

The fur seal population at Macquarie Island is unusual in
many respects. Not only is it unique in being composed of
three species, it also represents one of the most signiWcant
mammalian hybrid contact zones, and the only signiWcant
location of hybridisation among pinnipeds. Two of the spe-
cies (Antarctic and subantarctic fur seals) are sympatric at the
Prince Edward Islands and Îles Crozet, but levels of hybrid-
isation there are very low (see below). Although a number of
external characteristics can be used to aid species identiWca-
tion, where hybrids and phenotypic intermediates occur,
accurately assessing the species composition of cohorts, their
status and trends in abundance becomes extremely challeng-
ing. Studies by Wynen (2001) and Lancaster et al. (2006)
used microsatellite DNA markers to screen individual seals
and increase the conWdence of correctly assigning individuals
to species and hybrid groups. This included screening sam-
ples from allopatric sites for Antarctic and subantarctic fur
seals in the Southern Ocean, and New Zealand fur seals from
sites in New Zealand and southern Australia. These samples
and studies have formed the basis for analysis of the compo-
sition of the fur seal population at Macquarie Island.

Although this study has determined that phenotypic
methods of species identiWcation can be used to approxi-
mate trends in the abundance of pup production of each
species and their hybrids at Macquarie Island, their use sig-
niWcantly over-estimates the abundance of Antarctic and
subantarctic fur seals. Furthermore, phenotypic methods
are particularly poor at identifying hybrid pups, correctly
identifying them in only 25% of cases. Based on genotypic
analyses of eight cohorts of pups between 1992 and 2003,
Lancaster et al. (2006) determined the mean species break-
down to be 59% Antarctic fur seal (range 53.3–63.1%),
17% subantarctic fur seal (11.5–22.2%) and 24% hybrid
(16.0–31.1%). Over this period the number of Antarctic and
subantarctic fur seal pups increased at 7.4 and 14.6% per
year, respectively, whereas the number of hybrids remained
unchanged (Table 3; Fig. 6b). As a consequence, the over-
all percentage of hybrid pups has declined from 30% in
1994 to 16% in 2003 (Lancaster et al. 2006). In the most
recent cohort genotyped (2003, n = 162), 61.7% of pups

were Antarctic fur seals, 22.2% subantarctic fur seals and
16.0% hybrid (Lancaster et al. 2006). Antarctic and subant-
arctic fur seals have also been reported to hybridise at
Prince Edward Islands and Îles Crozet where they breed
sympatrically, but hybridisation is relatively infrequent
there compared to levels at Macquarie Island (Condy 1978;
Kerley 1983; Kerley and Robinson 1987; Bester et al.
2003; Hofmeyr et al. 2006; Kingston and Gwillian 2007;
Lancaster et al. 2006).

Based on phenotypic assessments in pup production over
a 21-year period from 1986 to 2007, growth in the Antarc-
tic and subantarctic fur seal population has been signiWcant,
and is likely to continue. Consistent with genotype assess-
ments, phenotype data suggests that the number of hybrid
pups being produced is not increasing. However, we note
that there can be considerable inter-year variation in the
accuracy of phenotypic assessments, most likely due to
inter-observer diVerences and experience in assessing and
interpreting the phenotypic characteristic of pups. Antarc-
tic–New Zealand fur seal hybrid pups appear especially
diYcult to identify based on phenotypic assessment, possi-
bly because there are no pure New Zealand fur seal pups
born on the island to act as a reference group. Despite
eVorts to improve the objectivity of phenotypic assessments
of pups, phenotype does not accurately reXect the underly-
ing genotype. Therefore, genotype screening of cohorts
provides the only means of accurately assessing the status
and trends in pup production of each species and their
hybrids at Macquarie Island. This is particularly pertinent
given that one of species (subantarctic fur seals) is listed as
a Threatened (vulnerable) species in Australian waters
under the Environmental Protection and Biodiversity Con-
servation Act 1999 (EPBC Act), and the Species Recovery
Plan requires that “the rate of population change and popu-
lation size (be determined) by undertaking scientiWcally
robust, regular and repeatable population surveys.”

The level of hybridisation at Macquarie Island is unprec-
edented in pinnipeds and high for mammals, but between
1992 and 2003 it declined signiWcantly (Lancaster et al.
2006). Several factors have been identiWed as important in
moderating hybridisation in the population, the most
important of which is the establishment and breeding by
male Antarctic fur seals. Prior to 1992 these males rarely
held territories or bred on the island, which meant a rarity
of conspeciWc mates for female Antarctic fur seals. Female
mate-choice, where females avoid mating with heterospe-
ciWc and hybrid males, has been identiWed as an important
moderator of hybridisation at Macquarie Island (Goldswor-
thy et al. 1999; Lancaster et al. 2007a). Exactly which traits
females use to distinguish between conspeciWc and hetero-
speciWc males remains unclear, but male phenotype, includ-
ing pelage, vocalisation and odour may all be important
(Goldsworthy et al. 1999; Page et al. 2001, 2002). Among
123



1484 Polar Biol (2009) 32:1473–1486
fur seals at Macquarie Island, clear diVerences in male
vocalisations among parental species and their hybrids have
been identiWed (Page et al. 2001, 2002). Discrimination by
females has had important consequences for the reproduc-
tive costs of hybridisation, with hybrid males producing
fewer oVspring than pure-species males despite having the
same ability to gain and hold territories in areas of high
female density (Lancaster et al. 2007a).

An important ecological factor moderating hybridisation
is the spatial segregation of Antarctic and subantarctic fur
seals by beach type. Genetic and observational data show
that Antarctic fur seals breed on the open, pebbled beaches
of Secluded Beach and Aerial Cove, while subantarctic fur
seals appear to prefer the boulder coves of Goat Bay and
southern Secluded Beach (Lancaster 2007). This variation
in habitat preference has reduced heterospeciWc encounters
and hybridisation. In contrast, hybrid adult females have
reduced habitat preference and alternate breeding between
pebbled and boulder beaches, thereby mating with both
parental species and producing more diverse hybrid
oVspring (Lancaster 2007). Southern Secluded Beach,
where the two habitat types converge, has been identiWed as
an important “hotspot” for ongoing hybridisation between
Antarctic and subantarctic fur seals. It contains the highest
concentration of Antarctic–subantarctic hybrid pups born
each season, most likely due to it being the only area on
North Head where both parental species breed in substan-
tial numbers (Lancaster 2007). In future, mate-choice in
combination with breeding site preferences is likely to
assist in limiting the rates of hybridisation among fur seals
at Macquarie Island.

Pup mortality rates to about 3 months of age at Macqua-
rie Island have varied considerably between years, ranging
from 14 to 64% (average 27 § 13%, n = 11) (S.D. Golds-
worthy et al., unpublished data). The most common cause
of death to pups <4 months of age is predation by vagrant
New Zealand sea lions (Phocarctos hookeri), which have
accounted for 50% of all deaths in cases where the probable
cause of mortality has been determined (196 pups between
1994 and 2006). The highest reported mortality rate of 64%
in 1996 was attributed to predation by a single sea lion
(Robinson et al. 1999). The pre-weaning mortality rates
reported at Macquarie Island are very high relative to other
low-density Antarctic fur seal colonies, where it typically
ranges between 3 and 6% (Doidge et al. 1984; Shaughnessy
and Goldsworthy 1990). Changes in the rates of predation
between years are likely to inXuence recruitment rates sig-
niWcantly, and therefore inXuence intrinsic rates of growth
in the Macquarie Island fur seal populations. Further inves-
tigation is required into the inXuence of demographic
parameters, hybridisation and environmental conditions on
population growth before current and future trends in pup
production can be interpreted more clearly.

Conclusions

The colonisation of Macquarie Island by fur seals has been
slow and complex due to several confounding factors,
including its isolation from the major population centres,
diVerences in the timing of colonisation of males and
females of each species, and extensive hybridisation.
Although sealing is no longer a threat, population recovery
has been slow at Macquarie Island relative to other sites,
and still has a considerable way to go if the population is to
recover to pre-sealing levels. Present threats to population
recovery include predation by New Zealand sea lions and
hybridisation. Further examination of the role of each on
population recovery and dynamics is required. Continua-
tion of the long-term and detailed monitoring of the recov-
ery of the fur seal population at Macquarie Island is needed
if we are to understand factors relevant the recovery of
these species.
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