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ABSTRACT

Context. Good body condition in juvenile marine mammals is crucial for survival and, therefore,
population demography. Australian fur seals, endemic to Australia, recently established a breeding
colony at the southern edge of their range, at The Needles, a small group of islands in south-
west Tasmania (43.6614°S) and a significant distance from their core breeding range in Bass
Strait. Aims. We aimed to compare pup body condition at two breeding colonies, distinct in time
since establishment and latitude. Specific aims were to: (1) establish the timing of peak pupping, to
compare condition of known-age pups, and determine a baseline at The Needles; (2) investigate pup
body condition over time at an established colony; and (3) gain insight into the effects of
environmental conditions on pup body condition. Methods. We conducted a colony comparison
of pup body condition using condition indices at The Needles and an established breeding colony
in Bass Strait, Tenth Island, for the 2019/20 and 2020/21 breeding seasons. Pup body condition
was quantified at Tenth Island over 18 years (2003—2020) using a long-term morphometric
dataset. To establish breeding phenology at these two colonies, we determined peak pupping date
for the 2019/20 breeding season using daily pup counts. We assessed the effect of environmental
parameters on body condition for the long-term dataset. Key results. Pups from The Needles
displayed significantly higher body condition than those from Tenth Island, despite similar peak
pupping date. Breeding phenology was consistent with published timing for Australian fur seals.
Pup body condition at Tenth Island over the 2-year colony comparison was comparable to the
historical average. Environmental drivers that affect maternal foraging efficiency are linked to pup
body condition. Conclusions. Higher pup body condition at The Needles is likely underpinned by
better foraging conditions resulting in increased pup provisioning levels. Our results indicate that
south-west Tasmania is a region of foraging and emerging breeding importance for Australian fur
seals. Implications. Future research to monitor pup body condition, maternal foraging behaviour
and ecosystem productivity at The Needles will help to provide greater understanding of likely
population trajectories at this southernmost breeding site for Australian fur seals.

Keywords: adaptive management, Australian fur seal, body condition, breeding phenology,
condition indices, fur seal, maternal investment, monitoring, optimal foraging, range expansion.

Introduction

Australian fur seals (Arctocephalus pusillus doriferus; AUFS), along with other species of fur
seal and sea lion, were historically harvested in the Australasian region, although it is
unclear how many were harvested, and how many existed pre-harvesting (Ling 1999).
Similar to their conspecific, the Cape fur seal (Arctocephalus pusillus pusillus; CFS;
Warneke and Shaughnessy 1985), Australian fur seal populations have undergone a
recovery. However, it is estimated that current population levels of AUFS represent less
than half pre-exploitation levels, and have now either stabilised or are in decline,
following an increase until 2007 (McIntosh et al. 2018; Mclntosh et al. 2022). Despite
this overall trend, a number of new colonies were detected in 2013 and 2017 surveys
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(McIntosh et al. 2018, 2022), one of which was The Needles,
south-west Tasmania. This site is over 300 km from Tenth
Island, which is at the southern edge of their core breeding
range, therefore representing a southward range shift. Prior
to colonisation as a breeding colony, The Needles was known
as a haul out site for AUFS (Brothers and Pemberton 1990);
however, breeding was first recorded in 2017 (McIntosh
et al. 2022), and pup numbers have rapidly increased since
this time (S. Thalmann, unpubl. data). Conversely, Tenth
Island is an established breeding colony that is currently in
decline, a trend that is consistent with many other established
breeding colonies in Bass Strait, including some of the largest
colonies for the species (McIntosh et al. 2022).

Because The Needles is a new breeding colony, there is a
unique opportunity to track trends in population health
from near inception. This new colony represents a shift in
the recent breeding distribution, with associated differences
in environmental conditions, and so requires investigation.
Tenth Island is subject to variability in pup survival due
to its susceptibility to wave inundation during summer
(December to February) storms, although there is a long-term
morphometric dataset for pups there making it a useful
site for monitoring (McIntosh et al. 2022). Understanding
the mechanistic processes through which fur seals respond
to their environment at each location may help identify
differences in trends or give insight into the rapid expansion
of breeding at the southern edge of their range.

Pup body condition and growth rates can be a useful
population health parameter (Oosthuizen et al. 2016).
Early-life body condition can have bottom-up effects on
population demography because increased body condition
improves initial postweaning survival probability (Hall et al.
2001). Good body condition can improve both development
of diving skills and fasting time upon weaning while pups
are still developing effective foraging skills (Gastebois et al.
2011). Furthermore, lower pup mass can be indicative of
environmental stress (Oosthuizen et al. 2016).

Body condition in fur seal pups is inextricably linked to
female foraging efficiency (Lunn et al. 1993). Environmental
influences can decrease foraging efficiency (Speakman et al.
2020), which is crucial to maximising maternal investment and
reproductive effort in lactating fur seals (Jeanniard-du-Dot
et al. 2017). Increased foraging efficiency by mothers
increases capacity to spend more time suckling their pups,
and to produce higher quality milk, improving pup body
condition, which in the long term affects population trends
(Jeanniard-du-Dot et al. 2017). Therefore, a substantial inter-
colony difference in pup body condition has implications for
the ongoing success and population trends of each colony.
Quantifying this population parameter helps us to understand
the status and health of a species among colonies, and
provides inferences over its whole distribution.

Breeding phenology is important for income breeding, central
place foragers such as fur seals to maximise reproductive fitness
(Trites and Antonelis 1994). Changes in phenology can affect fur

994

seal pup body condition, because breeding timing is linked with
prey availability and it is important to rear pups when conditions
are most favourable to maximise reproductive success (Lunn and
Boyd 1993). In many species, breeding phenology has changed
in response to environmental changes (Cohen et al. 2018).
Furthermore, latitude has been associated with differences in
breeding phenology (Temte 1985; Temte and Temte 1993).
Given the latitudinal difference between The Needles and
Tenth Island, it is possible that this difference could be driving
variabiltiy in breeding phenology. It is also possible that
the associated differences in environmental conditions could
be underpinning potential differences, as has been observed
in chinstrap (Pygoscelis antarcticus) and gentoo penguins
(P. papua) (Black et al. 2018). Additionally, assessing
breeding phenology allows an approximation of pup age,
because AUFS are synchronous breeders (Gibbens and
Arnould 2009). This allows clearer interpretation of any
differences in pup body condition among colonies, and
whether age is a factor.

Marine productivity has been found to drive differences in
pup body condition among colonies with geographic
variation in long-nosed fur seals, (Arctocephalus. forsteri;
LNFS) (Bradshaw et al. 2000; Boren et al. 2006). It is likely
that environmental conditions are linked to AUFS pup body
condition through regulation of maternal foraging efficiency
and hence maternal investment, such as milk quality or
attendance pattern (Georges and Guinet 2000). Lactating
females are central place foragers due to their need to return
regularly and provision their young, thus their foraging
success reflects change in their local environment (Guinet
et al. 2001). Gaining understanding regarding which variables
affect pup body condition will help elucidate the mechanistic
processes by which fur seal populations respond to their
environment at The Needles and Tenth Island.

The aims of this study were to:

(1) Determine if the body condition of AUFS pups differs at
two breeding colonies, The Needles and Tenth Island,
which vary significantly in their geographic location
and population status;

(2) At Tenth Island, compare 2019/20 and 2020/21 pup
body condition with historical body condition;

(3) Determine if breeding phenology in the 2020/21
breeding season was different between colonies, or to
what has previously been observed for this species in
their core breeding range in Bass Strait; and

(4) Investigate which environmental variables have the
strongest impact on pup body condition.

Establishing the state of pup condition at each colony will
also provide useful data to enable tracking of future changes
in body condition. Furthermore, having an index of the health
of each colony will contribute to knowledge of fur seal
populations when considering interactions with fisheries,
aquaculture, and climate interactions in the regions.
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Methods

Study sites

This study was conducted at two Tasmanian breeding colonies
of AUFS - Tenth Island (40.942290°S, 146.985035°E) and
The Needles (43.661420°S, 146.266077°E; Fig. 1). It was
conducted over the 2019 and 2020 breeding seasons at
both sites, and uses a long-term dataset from 2003 to 2020
for Tenth Island. The year refers to the year the Austral
summer breeding season began (e.g. 2020 is the 2020/21
breeding season). Both islands are offshore rocky outcrops,
with Tenth Island and The Needles reaching a height above
sea level of 8 m and 284 m respectively. (McIntosh et al.
2022). Tenth Island is located in Bass Strait, which is
characterised by shallow bathymetry (with average depths
of 60-80 m) and low marine productivity (Gibbs et al.
1986). It is 5 km offshore and 160 km from the edge of
the continental shelf. In contrast, The Needles is 13 km
offshore and 40 km from the edge of the continental shelf.
The surrounding bathymetry is much deeper and varied,
containing canyons and deep-sea ridges (Huang et al. 2014;
Heaney and Davey 2019). South-west Tasmania is situated
at the meeting of the Zeehan and East Australian currents
(Cresswell 2000), and primary productivity of the region
is also influenced by subantarctic waters (Buchanan et al.
2014). Central southern Bass Strait is influenced by both
the South Australian current and the East Australian current
(Sandery and Kampf 2007), and is relatively stagnant with
long flushing times (Sandery and Kampf 2005).

Sample sizes and fieldwork timing

To compare body condition without age as a significant
confounding factor, fieldwork was done as close to the
same time as possible in each season, weather and logistics
permitting (Table 1).

The time difference between sampling at each colony
was 3 days in 2020 (2019 breeding season), and 4 days in
2021 (2020 breeding season). Over the long-term dataset,
measuring date varies 25 days, from 27 December to 21
January, which was accounted for by the body condition
indices used. The sample sizes for each year including the
proportion of males and females are in Table 2.

Field methods

Pups were captured by hand, put in a hessian bag and weighed
with a Salter spring scale (+0.1 kg) The bag was weighed
separately after each pup to account for change in weight
due to absorbing water throughout the day. Pups were sexed
visually, and to ascertain straight line length, their length
from nose to end of tail and axial girth were measured to
the nearest 0.5 cm using a tape measure attached to square
dowel. For the colony-comparison data, (2019 and 2020

breeding seasons), field personnel were the same at both
islands but were different among years for the long-term
Tenth Island data. To avoid biases, efforts were made to
ensure pups were caught from all areas of the colonies.
Pups were marked with an identifying mark to perform
mark-recapture-mark population count estimates (not for
this study). A T-shape was cut out of their dark natal pelage
to reveal the lighter fur underneath — this made a distinct
mark visible from different angles and from a distance. The
marking, which ensured that measurements were not
repeated on the same individuals, does not affect the pup’s
ability to swim, and they lose the natal pelage when they
moult in the following days.

Calculation of condition indices

Blubber layer in marine mammals is an important source
of energy, therefore physical condition is indicative of the
health of an animal (Pitcher 1986). Morphometric body
condition indices are reliable indicators of health — they
have been found to be correlated strongly with sternal
blubber depth in AUFS (Arnould and Warneke 2002). For
the colony comparison of pup condition, we calculated two
different body condition indices (BCIs).

BCI1 was a ratio of mass over length (M/L) (Arnould 1995).
Following Bradshaw et al. (2000), BCI2 was a ratio of observed
mass to predicted mass from a power law relation. The
predicted mass was calculated from a simple linear regression
of log mass (kg) against log length (m) for all individuals
in a group, and back transforming the predicted log mass for
each individual. Note that this condition index is alge-
braically equivalent to back transforming the residuals from
the regression. For the colony-comparison data in 2019 and
2020, the condition index was calculated from separate
regressions for each combination of year and colony (Table 3).

Initially, separate regressions were also used for each sex,
but long and heavy female pups at The Needles in 2021
disproportionally weighted the index. Having the same
index for both sexes improved the index performance when
validating against the raw data and BCI1. Fitting a common
model for both sexes for BCI1 meant that differences
between sexes were able to be compared for this model.

For the long-term Tenth Island data, where the timing
of fieldwork was more varied, the relation between log
mass and log length was found to vary from year to year,
disproportionately weighting the index for years in which
pups were measured later in the season. For this site and
for long-term dataset, log mass was again regressed against
log length, but the intercept and slope of this relation were
assumed to be linear functions of the estimated days since
peak pupping in that year, and a long-term condition
index (BCI3) was again estimated as back transformation
of the residuals from this fit.

All environmental analysis was done using BCI3. Because
age varied throughout the dataset, we also calculated the
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Fig. 1. A map of Tasmania/lutruwita showing the two Australian fur seal (Arctocephalus pusillus doriferus) breeding colonies in this study:

Tenth Island in the north of the state, and The Needles in the south—west.

average estimated total growth for the cohort. This was
weight divided by their approximate age. Age was approxi-
mated as the days since peak pupping to the date of their
measurement that season.

Peak pupping determination

Peak pupping date was determined for the 2020 breeding
season to establish breeding phenology of AUFS from each
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colony. At The Needles this was done by two independent
observer counts performed daily. Observations of the main
breeding area on The Needles were performed using a
spotting scope (Bushnell Trophy, Overland Park, Kansas,
United States. 65x) from Maatsuyker Island (380 m away).
The average of the two counts was used for the daily count.
The median pupping date was assigned as the peak pupping
date for 2020. At Tenth Island, three camera traps were
deployed in early November 2020. Two of these captured
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Table I. Australian fur seal pup morphometrics at The Needles and Tenth Island, Tasmania, in 2019 and 2020.
Yearl/site Survey date Sample size (F/M) Mean body mass (kg) Mean length (cm) Mean girth (cm)
2019, The Needles 19/01/20 53 (28/25) 13.12 + 1.99 82.04 + 3.66 56.89 + 3.66
2019, Tenth Island 16/01/20 50 (25/25) 9.68 + 1.97 76.08 + 4.49 5111 +3.85
2020, The Needles 09/01/21 50 (25/25) 12.32 + 2.00 80.41 + 4.04 56.55 +4.33
2020, Tenth Island 14/01/21 50 (26/24) 9.33 +2.03 76.82 + 5.03 49.95 + 4.16

Mean + s.d.

Table 2. The total sample size and number of female and male Table 3. Regression coefficients used in the calculation of BCI2 for

Australian fur seal pups (in brackets F/M) sampled each year between
2003 and 2020 at Tenth Island.

the colony comparison of The Needles and Tenth Island in the Austral
summers of 2019/20 and 2020/21, where year indicates the first year.

Year Sample size (F/M) Colony Year a (slope) b (y intercept)
2003 70 (26/44) Needles 2019 2.743945 3.108780
2004 50 (24/26) Needles 2020 2.800484 3.112243
2005 50 (23/27) Tenth 2019 3.087806 3.099195
2006 50 (24/26) Tenth 2020 3.158676 3.049223
2007 50 (22/28)
2008 50 (25/25 . L. .

@sns) Statistical analysis
2009 50 (26/24)
2010 42 (18/24) Condition indices
2011 50 (3020) For the colony-comparison dataset, all analyses were done

on condition indices BCI1 and BCI2. For the long-term dataset,
2012 50 (22/28)
all analyses were done on BCI3.

2013 50 (25/25) All analyses were done in R studio ver. 4.0.5 (R Core Team
2014 50 (26/24) 2021). Factorial ANOVAs were used to compare condition
2015 50 (25/25) between The Needles and Tenth Island during 2019 and
2016 50 (24/26) 2020, with colony, year, and sex as predictors, and condition
2017 50 (25125) indices BCI1 and BCI2 as response variables.
2018 50 (2228 For the long-term morphometric dataset at Tenth Island, a

(22/28) factorial ANOVA on BCI3 and estimated total growth were
201 S0 () done with categorical predictors of year of year and sex.
2020 50 (26/24)

Year indicates the start year of the austral summer for that breeding season.

the main slope of the breeding colony, in case of camera
failure. The third camera was positioned in a second hidden
area of the colony. All three cameras took five images and
10-s videos each day (at 0800, 1000, 1200, 1400, and 1600
hours). Two of these cameras were recovered during
January 2021 field work (the third was lost either by wave
wash or a large seal). The photos were used to count the
number of pups each day from the first pup visible in the
photos until a week after the maximum number of pups
observed. Three counts were done for all photos on each
camera, and the averages of these counts were taken as
counts for each day, then used to assign peak pupping date.

Environmental drivers of condition indices for
the long-term Tenth Island dataset

To explore the influence of environmental drivers on
calculated condition indices, environmental data, including
sea surface temperature (SST), sea surface height anomaly
(SSHa), wind strength, and chlorophyll-a (Chl-a) were
extracted using ‘raadtools’ package ver. 4.1.1 in R (Sumner
2021), with the original data sources for these variables
being: the Optimum Interpolation Sea Surface Temperature
(OISST) for SST (Huang et al. 2021); the Copernicus Marine
Environment Monitoring Service (CMEMS; Available at:
https://marine.copernicus.eu/.) for SSHa; National Centers
for Environmental Prediction (NCEP) for wind (Kanamitsu
et al. 2002); and the Johnson improved model Chl-a esti-
mates for Chl-a (Johnson et al. 2013). The El Nifio Southern
Oscillation Index (SOI), from Bureau of Meteorology (2021)
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and Southern annular Mode (SAM); (Marshall 2003, available
at: https://legacy.bas.ac.uk/) were also sourced. Environmental
parameters were selected based on variables known to affect
foraging efficiency and body condition of fur seals (Speakman
et al. 2020), on the premise that foraging efficiency dictates
pup body condition.

For each variable, we calculated an average value for a
spatial buffer around Tenth Island for two time periods:
before and after pup birth. The before-birth time period
spanned the month before peak pupping date, as in the
last month of gestation. During this time, fur seal foetuses
put on the greatest amount of mass for pregnancy, and
environmental conditions during the late gestation period
are known to impact birth mass (Trites 1991; Georges and
Guinet 2001). The after-birth time period spanned from
the published peak pupping date until mid-January, which
was approximately when seals were measured, at ~50 days
old. There are no data available on the foraging areas
of each colony, so the area that environmental variables
were extracted from was guided by published tracking
data of lactating AUFS at other colonies documenting their
maximum range (Kirkwood and Arnould 2011; Hoskins
et al. 2015), and also from the presence of significant
bathymetric and oceanographic features representing their
likely foraging location. A 150-km buffer was chosen for
Tenth Island because previous research has shown that
lactating females stayed mostly within 150 km of the
colony (Kirkwood and Arnould 2011). Also, the distance
from Tenth Island to the edge of the continental shelf
(a reliable, productive resource) is ~150 km.

Analysis of environmental drivers of Tenth Island
long-term condition

A penalised GLM was fitted using glmnet (Friedman et al.
2010) to reduce the number of variables in the model. Because
it did not have a strong effect, a stepwise generalised linear
model (GLM) was conducted with condition as the dependent
variable and environmental variables as the independent
variables. Null, candidate and maximal models were compared
and the model with the lowest AIC, and a difference of at least
2 AAIC from the next best model, was selected.

Results

Colony comparisons of pup body condition

In both years, pups from The Needles were significantly
heavier than those from Tenth (F; 195 = 195.175, P < 0.01;
Table 4). In 2019/20, they were on average 3.4 kg heavier,
6 cm longer, and 6 cm wider across the axial girth. In
2020/21, they were on average 2.9 kg heavier, 3.6 cm
longer and 6.6 cm wider (Table 1, Supplementary Fig. SM1).
The between-year difference in weight was not significant
at Tenth Island (Tukey’s HSD post hoc test P > 0.05), but

998

Table 4. Colony comparison of Australian fur seal pups condition
indices and morphometrics in January 2020 and 2021 using ANOVA.

Significant terms from the regression model fits of morphometric
data and condition indices in the colony comparison

Response variable Factor F P d.f.
BCII Year 7.94 5.3e-3 1, 199
Sex 80.40 <2.2e-16 I, 199
Colony 209.80 <2.2e—16 I, 199
BCI2 Year 53.15 7.0e—12 1, 199
Colony 1270.56 <2.2e-16 1, 199

Weight (kg) Colony 195.18 <2.2e-16 I, 195
Year 6.19 1.37e-2 I, 195

Sex 93.97 <2.2e-16 I, 195

Length (cm) Colony 86.87 <2.2e-16 I, 195
Sex 7771 6.63e—16 I, 195

Colony:year 6.32 1.38e-2 1, 195

Girth (cm) Colony 161.72 <2.2e-16 I, 195
Sex 60.72 3.83e—13 I, 195

was for weight at The Needles (Tukey’s HSD post hoc
test P = 0.046). Between-colony differences in length
(F1, 105 = 86.874, P < 0.01) and girth (F;, 195 = 161.718,
P < 0.01) were also significant (Table 4). There was a
significant interaction effect of colony and year for length
(F1, 195 = 6.316, P < 0.05; Table 4). A Tukey’s test showed no
significant difference between years for comparisons of
Tenth:Tenth or Needles:Needles (P > 0.05) for length and
girth. Between sexes, males were always significantly heavier
(Fl, 195 = 93968, P < 0.01), longer (Fl, 195 = 77.710,
P < 0.01) and fatter (Fy, 195 = 60.718, P < 0.01; Table 4).

For the colony comparison of condition, BCI1 (mass/length;
Fig. 2), The Needles pups were significantly heavier for
their length than pups at Tenth Island in each year
(F1, 100 = 209.8045, P < 0.001). Males were on average
(Table 5) significantly heavier for their length than females
(F1, 190 = 80.3974, P < 0.001; Table 4). There was also a
significant difference (F;, 190 = 7.9416, P < 0.05) between
years (Table 4), although a Tukey’s HSD post hoc test
revealed that the between-year difference within colonies
was not significant (P > 0.05). Pups at The Needles had a
significantly higher BCI2 (observed mass/predicted mass;
Bradshaw et al. 2000; Fig. 2), than those from Tenth Island,
(F1, 100 = 1270.557, P < 0.001), and there was a significant
difference between years (F;, 199 = 53.148, P < 0.001). Values
of BCI2 equal to one indicate condition is approximately as
expected. Pups from The Needles were in better condition
than predicted in both years of the study (Table 5). Pups
from Tenth Island were in as predicted condition in
2019/20, but in worse condition than predicted in 2020/21
(Table 5).
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Australian fur seal pups at The Needles and Tenth Island in 2019 and 2020.

Peak pupping determination

For the 2020/21 breeding season, peak pupping date was
30 November at The Needles and 1 December at Tenth Island.
Both colonies showed a similar start to pupping, with the
first pup observed on 9 November at The Needles and
13 November at Tenth Island.

Long term trends in condition indices at Tenth
Island

Year has a significant effect on BCI3 (F = 20.45,,, P < 0.001)
and estimated growth (F = 33.85;,, P < 0.001; Table 6), but
there is no strong trend over time (Fig. 3).

Environmental drivers and their effect on
condition indices

The optimal model selected using AIC for condition is
summarised in Table 7. Higher sea surface height anomaly
(SSHa) had a positive effect on condition before pupping
and a negative effect after the pups were born. Sea surface
temperature (SST) had a negative effect on the condition
index during gestation, and a positive effect after pups
are born.

Table 5. Means of the two condition indices (BCll and BCI2)
summarised by breeding colony (The Needles = N, Tenth
Island = T), year and sex.
Index Sex Colony Year Mean
BCII F N 2019 14.82 + 1.46
M N 2019 17.19 + 1.50
F T 2019 11.86 + 1.76
M T 2019 13.40 + 1.80
F N 2020 14.31 + 1.60
M N 2020 16.20 + 1.73
F T 2020 10.95 + 1.62
M T 2020 13.23 + 1.50
BCI2 F N 2019 1.54" £ 0.16
M N 2019 1.57" +£0.12
F T 2019 1.00~ + 0.10
M T 2019 1.03~ + 0.07
F N 2020 1.45" +£0.12
M N 2020 1.48" +0.14
F T 2020 0.86" + 0.08
M T 2020 0.89" + 0.06
For BCI2, superscripts ¥ = condition worse than expected; ~ = condition as

expected; * = condition better than expected.
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Table 6. Effect of year and sex on the long-term data set condition Table 7. Summary results of the stepwise GLM of environmental
index and total growth estimation of Australian fur seal pups for 2003— variables on pup body condition over the last |8 years at Tenth Island.
2020 at Tenth Island, using ANOVA.
Variable Estimate T-value P
Significant terms from ANOVAs of estimated condition index November SOIE —0.0015958 —1.69 9.22e-2
and total growth of the long term Tenth Island dataset
3 SSTe —0.0749988 —4.35 1.49e—05
Response variable Factor F P d.f.
SSTP 0.1133461 9.51 <2e-16
Long-term condition index Year 20.45 <2.2e-16 17
Chl-aP 0.2759204 4.21 2.79e-05
Sex 63.08 5.884e—15 |
SSHa# 1.7719679 4.74 2.47e-06
Estimated total growth Year 33.85 <2.2e-16 17
SSHaP —2.3894452 —6.36 3.21e-10
Sex 151.53 <2.2e—16 [
January SOIP 0.0040857 3.78 1.66e—4
Spring SAMs —0.0077610 -2.15 3.17e-2
Summer SAMP —0.0083881 —2.00 4.55e-2

Discussion

The Needles: a new breeding site

Many species are experiencing redistributions driven by prey
availability or following a temperature regime shift linked to
climate change (Poloczanska et al. 2007). For fur seals,
density can also be a factor driving spatial redistribution
via colonisation of new breeding areas (Bradshaw et al.
2000). AUFS may be in a phase of ‘recolonisation’, post
exploitation, which involves re-inhabiting previous colonies,
and new ones forming (Roux 1987). The core breeding
range of AUFS is Bass Strait (Warneke 1982), therefore the
formation of a breeding colony in south-west Tasmania
represents a southward range expansion. Increased density
leading to space limitation can cause seals to inhabit nearby
suitable habitat. This has occurred with LNFS, with new
colonies forming close to existing ones (Bradshaw et al.
2000; Boren et al. 2006). Because breeding females
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demonstrate breeding site fidelity (Lunn and Boyd 1991), it
is likely to be animals undergoing juvenile dispersal that
colonise these new areas; however, space availability is not
the only factor driving density dependent redistribution.

Alongside AUFS and LNFS, CFS have also been recovering
from exploitation, with their population increasing until the
1990s before stabilising. Similar to AUFS, alongside their
overall population stabilising, new breeding sites of CFS
have formed at the edge of their range, which has been
suggested is due in part to space limitation (Kirkman et al.
2013), although many of these new colonies are further
afield from existing breeding sites than has occurred in the
case of LNFS in New Zealand. Kirkman et al. (2013) suggest
that when new colonies are formed further away, it is also
linked to food shortages.
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(a) Long-term body condition index, and (b) estimated total growth (in kilogram per estimated age in days) of pups at Tenth Island

from the 2003 breeding season to 2020. The horizontal bars represent the long-term average for males and females.

1000



www.publish.csiro.au/wr

Wildlife Research

The AUFS population is currently either stabilising
or decreasing, but has experienced growth in spatial
distribution (McIntosh et al. 2018; Mclntosh et al. 2022).
This could be due to established colonies reaching a
density-dependent carrying capacity, as has occurred with
LNFS in New Zealand. However, the conspecific CFS exists
at much higher densities than AUFS colonies, which could
indicate density-dependent resource limitation for colonies
in Bass Strait, rather than absolute density influences.
Furthermore, the distance new AUFS colonies have emerged
from existing colonies is indicative of something more
than spillover to nearby suitable habitat. For CFS, the great
dispersal distance has been linked to tracking shifts in
distribution of key prey species (Kirkman et al. 2013). For
AUFS, The Needles is more than 300 km from Tenth Island
in their core breeding range. This distance is considerable,
especially considering that although some new colonies
of CFS in Africa were hundreds of kilometres away from
source populations, most were within 100 km (Kirkman
et al. 2013). This could suggest food availability is a factor
contributing to the southward expansion of AUFS. The large
distance was potentially aided by fish farms on the east
and west coasts of Tasmania providing reliable food sources
along the way.

Although the recent AUFS range extension does represent a
poleward movement as has been observed in many other
species, they have also exhibited range expansion to the
west, with a new colony in South Australia in 2013
(McIntosh et al. 2018). CFS have also recently expanded
their range northwards (Kirkman et al. 2013), and even the
southern edge of their range in South Africa is at a similar
latitude to Bass Strait, indicating that they are capable of
existing at such latitudes. The northward expansion of
CFS is likely linked to spatial shifts in productivity of the
Benguela marine ecosystem, with seals in the central and
southern part of their range displaying lower breeding
and foraging site fidelity (Skern-Mauritzen et al. 2009); a
similar process could be occurring with AUFS.

There is some evidence for latitudinal differences in body
size in mammals following Bergmann’s rule (Meiri and Dayan
2003; Adamczak et al. 2020). Indeed, female beluga whales
were found to have larger body size at the poleward edge
of their range in the Canadian Arctic (Ferguson et al. 2021).
Although beyond the scope of this study, in light of the
recent range expansion to a higher latitude in AUFS, this
could potentially have an effect on adult female body size.

The range expansion of AUFS to south-west Tasmania is
potentially due to a combination of space limitation and
differences in food availability. This combination of factors
(leading to new colonies a considerable distance from other
breeding colonies) is corroborated by findings for CFS
(Kirkman et al. 2013). Following the establishment of AUFS
at The Needles, environmental conditions may facilitate
increased population densities at this location.

Breeding phenology

The first pup was seen on 9 November at The Needles, and 13
November at Tenth Island. Although it is possible pups may
have been born outside the field of view, these data are a
good indication of the pupping period. Peak pupping for
the two colonies was only 1 day apart — 30 November
at The Needles and 1 December at Tenth Island — which
would have little influence on pup growth, especially
because the daily counts may not be exact, but would
capture the change in births to detect a peak. Pups were
measured only a couple of days apart at each colony,
so were approximately the same age during fieldwork,
which enabled an interpretation of the difference in body
condition without age as a confounding factor. The peak
pupping date recorded for the 2020/21 breeding season is
consistent with previous observations for peak pupping for
AUFS in Bass Strait (close to 25 November; Pemberton and
Kirkwood 1994), indicating breeding phenology has not
permanently shifted beyond what may be expected from
inter-annual variation (Geeson et al. 2022).

Colony comparison of body condition over
2 years

Overall colony differences

Condition indices revealed that ~50-day old pups are in
significantly better condition at The Needles, over both
years of this study. Based on published growth rate data for
AUFS, pups this age should be approximately 9-10 kg
(Arnould and Hindell 2002). In this study, pup weights at
The Needles averaged 13.12 kg in 2019/20 and 12.32 kg
in 2020/21, which corresponds to pups ~100 days old,
implying faster growth rates than previously recorded for
AUFS. Pup weights at Tenth Island were comparable to
published growth rates.

These results imply that mothers at The Needles have
access to improved foraging conditions, leading to more
maternal investment and contributing to the increased body
condition of their pups, whereas mothers from Tenth Island
are likely being forced to forage over a greater area, for
longer. Similarly, between-colony differences in pup body
condition of LNFS in New Zealand have been attributed to
differences in reliability of food resources (Boren et al. 2006).

Density can also influence weaning mass and body
condition (Oosthuizen et al. 2016). Bradshaw et al. (2000)
found that pup density may be a contributing factor driving
differences in pup body condition. Although colonies in
Bass Strait may be reaching carrying capacity, the population
at The Needles is still in a growth phase: pup production at The
Needles in 2020 was 222 + 31, compared with 152 + 5 at
Tenth Island (S. Thalmann, unpubl. data). Low productivity
in Bass Strait may be leading to a lower carrying capacity,
as Septilveda et al. (2014) suggested is occurring for two
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colonies of South American sea lions (Otaria flavescens)
in Chile.

Bass Strait is characteristically shallow. In contrast, the
bathymetry surrounding The Needles is deeper and more
varied. The Needles is situated only ~30 km from the edge
of the continental shelf, which is within the foraging range
of lactating females. From Tenth Island, the distance to
the edge of the continental shelf is close to being outside
the foraging range that has been recorded for lactating
female AUFS in Bass Strait (Kirkwood and Arnould 2011),
indicating that foraging there would require significant
effort and lengthen their foraging trips. There is also a
deep-sea canyon ~30 km from The Needles, which could
be a source of heightened marine productivity and prey
availability (N. Barret, pers. comm. 2021), enabling mothers
to provision pups more regularly, leading to shorter fasting
intervals between feeding bouts and consequently higher
growth rates. More regular provisioning and shorter fasting
intervals lead to larger pups who display higher levels of
aquatic activity, which is important for developing foraging
skills (Gastebois et al. 2011). Furthermore, there is evidence
from other species that south-west Tasmanian waters
produce year-round food availability. Long-nosed fur seals
breeding on Maatsuyker Island adjacent to The Needles have
exhibited high pup growth rates (Lea and Hindell 1997),
indicating the area is productive enough to support high
levels of maternal investment for fur seals.

In Bass Strait AUFS forage benthically, and it is unknown if
this is a species-specific trait, perhaps linked to their larger
size compared with other fur seals that forage epipelagically,
or if this is an adaptation to their environment (Arnould and
Costa 2006). Until recently, AUFS have bred exclusively in
the Bass Strait region. With the appearance of The Needles
as a breeding colony, located in a marine environment
characterised by deeper water and proximity to the shelf
break, it is possible they are switching strategy and foraging
pelagically in this location. However, studies of AUFS female
foraging strategies at Victorian colonies close to the edge of
the continental shelf indicated a preference for benthic
foraging despite proximity to the shelf break (Arnould and
Kirkwood 2008). Although there are no dive data from seals
breeding in south-west Tasmania, this potential difference
could be contributing to the pronounced disparity in pup
body condition at the two colonies in this study, and site-
specific investigation is required to answer this question.

Benthic foraging is associated with higher effort but higher
reliability, and therefore could be a strategy to deal with
poor prey availability. However, benthic foragers may also
have limited ability to increase foraging effort, which could
affect maternal investment (Arnould and Costa 2006). This
would suggest Tenth Island mothers are restricted in their
ability to increase foraging effort, hence the lessened pup
condition compared with The Needles.

Conversely, if seals are feeding on pelagic prey in the
south-west, this could increase vulnerability to competition
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with fisheries, such as the winter blue grenadier trawl
fishery. Also, this strategy is associated with less predictable
prey distribution, which could mean pup condition at The
Needles may be more susceptible to environmental variability.
For example, strong El Nifio events can cause high pup
mortality in Galapagos fur seals (Arctocephalus galapagoensis)
(Trillmich and Limberger 1985). Furthermore, at The Needles,
there is a higher spread of condition index values (Fig. 2),
indicating more individual variability, perhaps due to a
range of different maternal foraging strategies and success.

Pup body condition in the last 2 years at Tenth Island was
very close to the long-term average, indicating the difference
observed in this study is not a result of two poor years at Tenth
Island. Despite the evident difference in pup body condition
for the intercolony comparison in this study, there were
only 2 years of data available for both locations, and
it will be important to continue monitoring the body
condition of seals, pups and older age classes in the south-
west to determine if this difference prevails and to better
understand the key drivers.

Between-year differences

At both colonies, BCI1 (the ratio of mass over length)
indicated that 2020/19 was a marginally better year than
2020/21. However, although year was a statistically significant
effect, the between-year but within-colony comparisons were
not significant. Interestingly, BCI2 (observed/expected mass)
had a significant within-colony difference between the
2 years at each site. At Tenth Island, BCI2 was below 1
(0.86 for females and 0.89 for males) in 2020/21, indicating
their condition was slightly lower than expected, and in
2019/20, BCI2 was very close to 1, indicating condition was
approximately as expected. These results suggest that
2019/20 was a ‘normal’ year, or that mothers were able to
adequately compensate for any lack of resources, and that
2020/21 was a slightly worse year. At The Needles, the
difference between the 2 years for BCI2 was ~0.1 and both
years were above 1, indicating both years were ‘good years’.
Colony and year both influenced pup body condition in this
study, as they did for Antarctic fur seals in South Georgia
(Nagel et al. 2021). Maternal investment and pup growth
rates can change with prey availability, which is spatially
and temporally variable (Goldsworthy 2006).

Between-sex differences

For the colony comparison, males were consistently
heavier than females (BCI1). Sexes were combined for
BCI2. For the long-term dataset, males were also in higher
relative condition for the condition index and estimated
total growth. This is consistent with higher birth weights and
growth rates for male pups previously observed (Arnould and
Hindell 2002). A difference in condition between males
and females could indicate differential maternal investment,
and male body condition is paramount for reproductive
success (Trivers and Willard 1973). However, it could be
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due to differences in behaviour and metabolism (Kretzmann
et al. 1993), because male pups direct more energy towards
lean muscle mass than females (Arnould et al. 1996). From
our results it is impossible to tell if males are simply born
heavier than females or are in better relative condition.

Long-term trends in condition indices at Tenth
Island

Compared with the long-term average, both sexes in
2019/20 were in slightly better body condition, whereas in
2020/21 both sexes were in marginally worse condition.
However, in both years the difference from the long-term
mean was slight, signifying that these years were average
years in terms of body condition. Estimated condition
correlated well with estimated growth, but less so in
2010/11 and 2011/12, 2 years where measuring occurred
late. In these 2 years, relative condition was higher than
average, but estimated total growth was below average.
However, growth efficiency slows with age (McDonald et al.
2012), so it is difficult to interpret body condition for these years.
Although pup body condition at Tenth Island has remained
relatively stable over time, it will be important to continue to
maintain long-term datasets to understand what future
changes in body condition mean relative to the historical
baseline. Now that they are breeding in the south-west and
have better pup body condition thus far, ongoing monitoring
is required to see if populations continue to expand at the
southern edge of their range and how this influences the total
population status and recovery, which has been slower than
other species that were also exploited (Kirkwood et al. 2005).

Implications of the difference in body condition

The finding that pup body condition is elevated at The
Needles in comparison with Tenth Island has implications
for future population demography and trends. Gaining
nutritional independence is critical for juvenile mammals,
because they must find enough food to survive yet lack the
physiological capacity and size (Spence-Bailey et al. 2007;
Orgeret et al. 2019), or the knowledge and experience of
adults (de Grissac et al. 2017). Juvenile survival has a
particularly important contribution to population dynamics
(Saether et al. 2013), because it affects recruitment into the
breeding population (van den Hoff et al. 2014). Juvenile
survival is affected by body condition at weaning, with size
improving survival probability (Baker and Fowler 1992;
McMahon et al. 2000, 2015). This may be because body
condition improves energy reserves and the time they can
spend foraging (McMahon et al. 2000), as well as impacting
foraging ontogeny (Orgeret et al. 2019). In this study,
there was a disparity in body condition of pups ~50 days
old. This difference will likely persist until weaning, thus
impacting foraging ontogeny and chance of survival, which
has implications for the future breeding population size.

Furthermore, seals at The Needles are potentially foraging
pelagically. Benthic foraging is demanding, and takes time
to learn (Fowler et al. 2006). Therefore, the difficulty
of learning to forage for weaners in the south-west may
be somewhat alleviated, potentially increasing survival
probability. A challenging transition to independence could
prolong maternal dependence, having energetic consequences
for the mother, thus potentially having negative impacts on
the next year’s breeding attempt (Lee 1996) and perhaps
further perpetuating a disparity in body condition. Delayed
weaning has been observed for Australian fur seals in Bass
Strait, and higher rates of extended weaning were observed at
a colony with lower pup survival rates consistent with a more
exposed site (Hume et al. 2001). The proportion of juveniles
to pups being suckled likely varies with environmental
conditions, food availability and location (Hume et al. 2001).
The Needles is likely less at risk of mass pup mortality due
to wave wash, therefore studies are needed to assess the
occurrence of extended maternal dependence at The Needles.
Inter-colony differences in the proportion of juveniles and
pups being suckled may provide further information on food
availability and population health.

Environmental drivers of condition indices at
Tenth Island

Changes in prey availability can lead to reduced pup growth
(Lea et al. 2006; McHuron et al. 2019). At two colonies of
northern fur seals (Callorhinus ursinus; NFS), with opposite
population trends (as in this study), differences in distance
travelled from the colony and foraging trip duration of
lactating females led to the colony being characterised by
increasing trends of shorter foraging distances and higher
pup growth rates (Banks et al. 2006). A forced expansion of
foraging range can occur due to prey depletion surrounding
the colony over time, and can regulate population growth
(Kuhn et al. 2014). This has energetic consequences, which
may restrict energy available for lactation (McHuron et al.
2019). Although our data were limited to environmental
analyses at Tenth Island, this mechanism could also potentially
be occurring at The Needles.

It was anticipated that environmental conditions in the last
month of gestation would regulate pup body condition via
maternal body condition affecting birth weight, and that
this would impact condition at ~50 days old. Before birth,
the environmental conditions that had an effect were SST,
SSHa, and spring SAM. However more variables following
birth were found to affect body condition, indicating
maternal investment though milk quality and attendance has
a more detectable effect on pup condition. Environmental
conditions that significantly affected body condition during
this time were SST, SSHa, Chl-a, January SOI, and summer
SAM. These results indicate a complicated response to
environmental conditions during late gestation and early life
for AUFS pup condition. In late gestation, lower SST, higher
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SSHa and lower values of SAM were associated with higher
body condition. Speakman et al. (2020) found that higher
SSHa was associated with reduced foraging effort and
possibly better foraging conditions in winter, corroborating
with this result of higher SSHa being linked to improved
body condition.

In Bass Strait, increased Chl-a concentrations were
associated with reduced foraging trip duration of AUFS
(Speakman et al. 2020). In this study, there was a positive
effect on pup body condition of Chl-a concentrations in the
first ~50 days after peak pupping. Therefore, potentially,
higher Chl-a was associated with decreased maternal trip
duration, which can improve pup condition (Lunn et al.
1993). During this time, lower SSHa were associated with
increased body condition, which is opposite to the effect of
SSHa in late gestation, and also to the results of Speakman
et al. (2020). They also found current year SOI and SAM
also had an effect on dive duration of adult females in Bass
Strait. Shorter dive duration can indicate lower prey
availability if the dive is finished after not encountering any
prey (Thompson and Fedak 2001). Our results indicate
January SOI and summer SAM were important for body
condition, particularly SOI. January SOI had a positive effect
on body condition (this study), and a positive effect on dive
duration (Speakman et al. 2020). This could suggest that
positive SOI values are associated with more successful dives.

Both spring and summer SAM were negatively correlated
with body condition. The SAM is an important driver of
weather in Tasmania (Gillett et al. 2006), and is predicted to
become increasingly positive (Cai et al. 2005). SST had a
significant impact on condition in both time periods, but in
late gestation this was a negative effect, and in post pupping
it was a positive effect. The drivers behind this are unclear.

When pups are young, thermoregulation can increase
metabolism and reduce energy available for growth, and
delay their entry into the water (Donohue et al. 2000;
Rutishauser et al. 2004; McDonald et al. 2012). In this
study, neither air temperature, rainfall, nor wind strength
were correlated with pup body condition; however, pups
may have died from exposure-related causes before sampling
occurred because low birth weights and inadequate reserves
for thermoregulation can result in death (Trites 1990). Due
to site characteristics, carcass retention is low and therefore
difficult to quantify (Pemberton and Kirkwood 1994).

The marine environment surrounding The Needles and Tenth
Island is a completely different ‘kettle of fish’; therefore,
the mechanisms via which environmental conditions dictate
pup body condition may differ. The Needles is in a highly
productive environment, and SST and SSHa could signify
upwelling, and be a driver for pup condition in the south-
west. Both these variables have high year-to-year variability
in the south-west.

This study undertakes a preliminary investigation of key
environmental drivers of pup body condition based off
variables known to impact the foraging effort and efficiency
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of female Australian fur seals (Hoskins and Arnould 2014;
Speakman et al. 2020), because this regulates maternal
investment (Jeanniard-du-Dot et al. 2017). However, to
further interrogate the environmental drivers behind pup
body condition in Tasmania, colony-specific core foraging
areas and dive characteristics of adult females need to be
identified, especially at The Needles, because this represents
a unique case in the breeding habitat of AUFS.

Conclusions

These results show that pup body condition is significantly
higher at The Needles than at Tenth Island, indicating that
south-west Tasmania is an area of significance for AUFS
populations. Because the population at The Needles is
rapidly growing, it is a valuable opportunity to monitor
trends and health using key parameters and thus gain
insights into drivers of population dynamics. The results of
this study show that pup body condition is a useful
monitoring parameter, and the greater body condition of
pups at The Needles could positively influence early
survivorship (Donohue et al. 2000; Rutishauser et al. 2004;
Lea et al. 2009). This has implications for recruitment
and population demography, thus the population at The
Needles is likely to continue increasing. The differences
in pup body condition observed between the two study
colonies is probably linked to productivity differences of
the surrounding marine environments, and the impact this
has on maternal investment, and it would be valuable to
conduct site-specific tracking studies of adult females
(Arnould and Hindell 2001; Arnould and Costa 2006; Lea
et al. 2006; Kirkwood and Arnould 2011; Speakman et al.
2020). This would also allow a more comprehensive study
of environmental conditions in their core foraging areas,
particularly new and emerging areas of their distribution,
and provide new insight into their foraging plasticity
and how these might affect population dynamics of this
endemic species into the future.

Supplementary material

Supplementary material is available online.
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