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ABSTRACT: Determining the foraging strategies for top marine predators is fundamental to
understanding their role in the marine ecosystem and essential to gain insight into how species
and populations may respond to environmental variability and human impacts. The long-term foraging strategies of individuals can be studied using stable isotope analysis of whiskers, which
archive keratinous tissue. Here, stable isotope analysis (δ13C and δ15N) along the length of
whiskers from female New Zealand (NZ) sea lions Phocarctos hookeri was used to investigate
individuals’ long-term foraging strategies. Previous telemetry studies showed that individual
female NZ sea lions have one of 2 distinct foraging strategies that are habitual within and between
years. Furthermore, past stable isotope research showed that these 2 distinct foraging strategies,
i.e. benthic (foraging on the sea floor) or mesopelagic (foraging at various depths in the water column), can be identified through δ13C and δ15N stable isotope values from blood and whiskers. In
the present study, chronological serial stable isotope sampling of female NZ sea lion whiskers confirmed long-term consistency of individual foraging strategies. Thirty-one of 35 individuals
showed constant benthic (n = 13) or mesopelagic (n = 18) isotopic values along the length of their
whiskers. The remaining 4 individuals showed mesopelagic foraging strategies but with slight
oscillations. Serial stable isotope analysis of whiskers is a powerful tool for investigating the ecological niche of top marine predators throughout their adult life. This tool can be used within the
Auckland Islands’ NZ sea lion population to determine the proportion of the female population
that are exposed to detrimental interactions with fisheries.
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1. INTRODUCTION
Recognising the individual variability of foraging
behaviour of marine predators is important for understanding their role in the marine ecosystem and identifying how species may respond to environmental
variability or human impacts. Individuals within a
population can vary considerably in the way they use
habitats and resources. This variation may differ
across season, migratory patterns, age or sex (Cherel
et al. 2009, Newsome et al. 2010, Silva et al. 2014,
Kernaléguen et al. 2015a,b). Documenting individual
*Corresponding author: b.l.chilvers@massey.ac.nz

specialisation or niche use has implications for the
population or species ecology, evolution, and conservation (Bolnick et al. 2003, Ingram et al. 2018). In
marine mammals, observational studies have documented numerous examples of foraging specialisation, such as using sponges to feed in the benthos
(Smolker et al. 1997), using anthropogenic food
sources such as following trawlers for food or habitually being hand-fed (Chilvers & Corkeron 2001), or
fishing behaviours where cetaceans strand themselves on the beach to corral and consume fish
(Sargeant et al. 2005), as have studies using remote
© The author 2019. Open Access under Creative Commons by
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sensing, satellite and diving behaviour data (Page et
al. 2006, Staniland & Robinson 2008, Chilvers & Wilkinson 2009, Staniland et al. 2010).
Increasingly in the marine environment, stable isotope analysis is being used to quantify foraging
strategies, at both the individual and population levels, as it is a less costly and less invasive research
method than satellite tracking research (Bearhop et
al. 2004, Newsome et al. 2010, Lowther & Goldsworthy 2011, Ramos & Gonzalez-Solis 2012, Chilvers
2017a). Stable carbon (δ13C) and nitrogen (δ15N) isotope ratios of marine predators define the isotopic
niche along 2 dimensions, with δ13C and δ15N values
reflecting predators’ foraging habitat and trophic
level, respectively (Newsome et al. 2010). Analysis of
different tissues reflects diet and foraging behaviour
over different timescales (Crawford et al. 2008). For
longer-term investigation of diet and foraging strategies of individuals, inert keratinised tissues (i.e.
whiskers) ‘record’ the stable isotope ratio at the time
of growth, but this remains unchanged once whiskers
have grown (Cherel et al. 2009). Samples of whiskers
taken from the proximal (base) end of the whisker
represent the most recently laid-down tissue. Consequently, isotopic values and diet/foraging strategies
from the last weeks to months, depending on an
animal’s whisker growth rate, are embedded in the
tissue, and so as the whisker grows outwards, the
whisker ‘records’ and represents the foraging strategies of an animal’s life (Cherel et al. 2009, McHuron
et al. 2016).
In pinnipeds, seasonal, inter-annual and decadal
differences in the diets of individuals have been
detected and related to fluctuations in prey availability, oceanographic conditions and migratory patterns
(i.e. Hall-Aspland et al. 2005, Cherel et al. 2009,
Drago et al. 2009, Hanson et al. 2009). For many pinnipeds, e.g. Otariidae (eared seals) and Phocidae
(true seals), species-specific, breeding behaviour
(physiological processes), individual foraging strategies and migration patterns have been described
using stable isotopes (Aurioles-Gamboa et al. 2009,
Cherel et al. 2009, Eder et al. 2010, Arnould et al.
2011, Lowther & Goldsworthy 2011, Cardona et al.
2017).
The New Zealand (NZ) sea lion Phocarctos hookeri
(Gray, 1844) is New Zealand’s only endemic pinniped and is listed as Endangered by the IUCN (Chilvers 2015). The majority of the species (69%) breed
at the Auckland Islands (50° 30’ S, 166° E; Chilvers &
Meyer 2017). NZ sea lions have had a 48% decline in
pup production since 1998, driven by a declining
adult population, particularly females at the Auck-

land Islands (Chilvers 2012, Chilvers & Meyer 2017).
Fisheries by-catch is the only documented anthropogenic impact on NZ sea lions at the Auckland
Islands (Robertson & Chilvers 2011) and is considered the main reason for the decline of adult females
(Chilvers 2012, Meyer et al. 2015, 2017).
There is extensive research on the within-season
foraging behaviour of lactating female NZ sea lions
(Chilvers et al. 2005, 2011, 2013, Chilvers 2008a,b,
2009, Chilvers & Wilkinson 2009). They are known to
forage over the entire Auckland Island shelf, are,
however, restricted in area and duration by their
need to return to dependent pups. They dive almost
continuously when at sea, and their diving behaviour
is at or close to their physiological limits (Gales &
Mattlin 1997, Chilvers et al. 2006, Chilvers & Wilkinson 2009). Individuals exhibit distinct foraging strategies and can be classified as either benthic (foraging
on the sea floor) or mesopelagic (foraging at various,
but usually deep, depths in the water column) divers
based on diving behaviour (Chilvers & Wilkinson
2009). These distinct foraging strategies correlate to
foraging in specific areas of the continental shelf
around the Auckland Islands, and individuals show
strong fidelity to these foraging areas within and between breeding seasons (here defined as December−
February each year; Chilvers et al. 2005, 2006, Chilvers 2008a,b, Chilvers & Wilkinson 2009). This site
fidelity occurs even when there are known differences in prey distribution and environmental conditions between years (Chilvers 2008b). These diving
strategies have also been identified through differences in diet by both qualitative and quantitative
fatty acid analysis (Meynier et al. 2014), and in blood
and proximal-whisker stable isotope values (Chilvers
2017a).
At the Auckland Islands, there is spatial and temporal overlap between commercial fisheries and the
foraging areas of female NZ sea lions, predominantly
between the mesopelagic foraging individuals and
the arrow squid (Nototodarus gouldi) fishery (Chilvers 2008a, Chilvers & Wilkinson 2009). The degree
of overlap between the commercial fishing activities
and the foraging effort of marine mammals determines the likely rate of spatial encounters between
them, and is the key component in the evaluation of
the extent of competition and impacts between marine mammals and fisheries (Matthiopoulos et al.
2008). Understanding what proportion of female NZ
sea lions forage mesopelagically (which has the
greatest overlap and therefore highest likely interaction rate with fisheries), and whether individuals’
foraging strategies are constant across their adult
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lives, will allow a better understanding of what proportion of the population, and to what extent those
individuals, are exposed to the impacts of fisheries
interactions.
Chilvers (2017a) previously identified that for 22
female NZ sea lions, the isotopic composition of
blood serum reflected the foraging strategy being
undertaken that season by the individual (shown by
telemetry research) and therefore their diet. Similarly, blood serum and the proximal whisker growth
have similar values, reflecting that the isotopic composition of whiskers reflects diet at the time of their
growth. The present research investigates the foraging strategies in adult female NZ sea lions using stable isotope values obtained from serially sampling
along the length of their whiskers. This methodology
is based on the underlying principle that otariid
whiskers grow continuously at a constant rate, are
not shed as adults (Hirons et al. 2001, Rea et al. 2015,
McHuron et al. 2016) and thus retain stable isotope
records, allowing the reconstruction of an individual’s diet and foraging history.

2. MATERIALS AND METHODS
2.1. Sampling
The research was undertaken at Sandy Bay, Enderby Island, Auckland Islands (Fig. 1) during the
austral summers of 2009−10, 2010−11 and 2011−12.
Thirty-five lactating female NZ sea lions, who had
previously been flipper-tagged as pups (see Table 1
for tag ID numbers), with known age and reproductive history, were captured using a specially designed hoop net and were physically restrained by 2
handlers. They were then anaesthetised, using isoflurane delivered with oxygen to a mask via a fieldportable vaporiser (Gales & Mattlin 1998, Chilvers et
al. 2005). The flow of anaesthetic was stopped once
all procedures were undertaken, and the animal was
allowed to recover and return to her pup. Following
restraint, each animal was observed until it was fully
conscious and had returned to the group or location
where it had been captured. While anaesthetised, a
SPLASH tag (10 × 4 × 4 cm; Wildlife Computers),
equipped with a satellite-linked platform transmitter
terminal (PTT) and a time-depth recorder (TDR), that
were attached to a piece of neoprene material (Gales
& Mattlin 1998, Chilvers 2017a), was glued to the
female’s dorsal hair on her upper back using 2-part
epoxy glue (application took 8−10 min), the most
caudal whisker on the left side of each animal’s face

Fig. 1. New Zealand sea lion Phocarctos hookeri breeding
and haul-out distribution areas, including New Zealand
mainland and Campbell Islands (inset), and Auckland
Islands with the site of the present research: Sandy Bay,
Enderby Island

(Sadou et al. 2014) was clipped and collected, and all
animals were weighed. Satellite and dive data from
22 of these individuals are published in Chilvers
(2017a) and foraging strategies that were identified
are presented in Table 1 here. Whiskers were cut as
close to the face as possible (to remove the root
would have required surgical biopsy and this was
considered too invasive and not part of the permit)
and stored in individual plastic bags until they were
cleaned just before analysis.

2.2. Isotopic analysis
Stable isotope analysis was conducted by the
Waikato Stable Isotope Unit, Department of Biological Sciences, University of Waikato, Hamilton,
New Zealand. Whiskers were cleaned individually
for 5 min with distilled water, then for 5 min with 96%
ethanol, followed by a final clean and scraping with
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Table 1. Age, weight, dive profile/foraging type and stable isotope values from whiskers of 35 female New Zealand sea lions Phocarctos hookeri. Foraging type determined by time-depth recorder dive data for 22 females (see Chilvers 2017a), all others including all ‘Osc meso’ females
determined by using stable isotope analysis of proximal whisker. Means presented ± SE. Differences between pooled whisker samples for
each foraging strategy were tested using general linear models (GLM), with Tukey’s b tests used for post hoc comparisons as indicated by differing superscript letters representing significantly different values between foraging type means. Benthic = benthic dive profile, Meso =
mesopelagic dive profile, Osc meso = mesopelagic foragers that showed oscillation in their whisker chronology, r = correlation between δ15N
and δ13C, ns = not significant
Tag ID

1411
B0581
0415
0457
0240
B0179
0080
0088
0117
0375
0241
0355
3857
3873
4775
5703
6135
5994
0152
0334
3926
3939
0425
0019
0119
3885
3853
3978
3998
4063
4726
5140
4840
5770
6021
Meso mean
Osc meso mean
Benthic mean
Significance

Age at
capture
(yr)

Weight
(kg)

15
129
12
116.5
12
119
12
117
12
103.5
11
115
11
110.5
11
108.5
11
119.0
11
116.0
10
95.5
10
120
8
97.5
8
106.5
7
107.0
7
115
7
90
7
96
11
130.0
11
130.0
8
108.5
8
117.5
12
123.5
12
115
11
116.5
8
93.5
8
100.5
8
115.5
8
106.0
8
110.5
8
121.5
8
115.5
7
118.5
7
94
7
101.5
10.1 ± 0.3 110.1 ± 2.4
9.5 ± 0.8 121.5 ± 5.2
8.6 ± 0.50 110.2 ± 2.7
ns
ns

Whisker
length
(mm)

No. of
5 mm
sections

75
15
125
16
145
25
115
19
110
22
80
16
80
16
90
18
70
14
70
14
70
14
75
15
65
13
105
21
85
17
65
13
110
18
75
15
65
13
135
27
100
20
100
20
155
31
145
29
85
17
95
19
90
18
115
23
115
23
95
19
120
20
115
19
70
14
60
12
135
27
89.5 ± 5.5 16.7 ± 0.8
100 ± 14.3
20 ± 2.8
107 ± 7.8
21 ± 1.5
ns
ns

distilled water for an additional 5 min (Cherel et al.
2009). Each whisker was checked under a stereomicroscope for any remaining tissue or dirt; contaminants were removed using a scalpel blade. All samples were then rinsed with distilled water and left to
air-dry overnight. Whiskers were measured, and cut
into 5 mm long consecutive sections starting from the

Approx.
Foraging
timescale of
type
each 5 mm
section (mo)
12
9
6
8
7
8
8
7
9
9
9
8
7
5
5
6
5
6
10
5
5
5
5
5
8
5
5
4
4
5
5
5
6
7
3
7.2 ± 0.43b
6.3 ± 1.3a,b
5.2 ± 0.35a
F = 6.7,
p = 0.004

Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Osc meso
Osc meso
Osc meso
Osc meso
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic

Mean δ15N
for length
of whisker
(‰)

Mean δ13C
for length
of whisker
(‰)

r

12.1 ± 0.12
13.4 ± 0.08
14.7 ± 0.11
13.3 ± 0.05
12.7 ± 0.07
13.7 ± 0.07
13.5 ± 0.07
13.3 ± 0.13
12.4 ± 0.06
13.4 ± 0.15
12.5 ± 0.11
14.3 ± 0.09
12.2 ± 0.14
13.7 ± 0.05
12.2 ± 0.09
13.3 ± 0.04
13.1 ± 0.11
12.3 ± 0.04
12.1 ± 0.16
12.4 ± 0.13
12.4 ± 0.11
12.3 ± 0.14
11.7 ± 0.07
11.3 ± 0.04
11.0 ± 0.11
11.5 ± 0.09
12.0 ± 0.06
11.4 ± 0.07
11.7 ± 0.08
11.0 ± 0.07
11.4 ± 0.09
11.9 ± 0.09
11.6 ± 0.12
11.6 ± 0.06
11.9 ± 0.05
13.1 ± 0.18a
12.9 ± 0.08b
11.5 ± 0.08c
F = 28.2,
p < 0.0001

−15.6 ± 0.09
−15.2 ± 0.04
−15.0 ± 0.04
−15.2 ± 0.04
−15.4 ± 0.06
−15.2 ± 0.03
−15.3 ± 0.03
−15.5 ± 0.07
−15.7 ± 0.04
−15.3 ± 0.05
−15.6 ± 0.09
−15.1 ± 0.04
−15.7 ± 0.04
−15.1 ± 0.03
−15.9 ± 0.07
−15.3 ± 0.02
−15.3 ± 0.06
−15.4 ± 0.04
−15.7 ± 0.10
−15.6 ± 0.08
−15.9 ± 0.09
−15.9 ± 0.09
−16.2 ± 0.05
−16.6 ± 0.05
−16.4 ± 0.06
−16.3 ± 0.06
−16.2 ± 0.04
−16.1 ± 0.06
−16.1 ± 0.05
−16.6 ± 0.06
−16.4 ± 0.08
−16.1 ± 0.09
−15.9 ± 0.06
−16.2 ± 0.07
−16.0 ± 0.06
−15.3 ± 0.06a
−15.8 ± 0.08b
−16.2 ± 0.06c
F = 54.9,
p < 0.0001

0.905
0.352
0.461
0.256
0.476
0.782
0.219
0.879
0.573
0.826
0.718
0.315
0.758
0.585
0.562
0.210
0.948
0.149
0.918
0.881
0.769
0.899
0.462
0.461
0.641
0.679
0.455
0.397
0.641
0.468
0.805
0.765
0.725
0.488
0.576
0.549 ± 0.064b
0.867 ± 0.033a
0.582 ± 0.037b
F = 3.6,
p = 0.04

proximal end. Sections (n = 219) were weighed with a
micro-balance, packed in tin foil capsules, and δ13C
and δ15N were determined by a Dumas elemental
analyser (Europa Scientific ANCA-SL) interfaced to
an isotope-ratio mass spectrometer (Europa Scientific
20-20 Stable Isotope Analyser). Results are presented
in the conventional δ notation calculated as the rela-
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tive variation of stable isotope ratios expressed as per
mille (‰) relative to a laboratory standard/reference
for sucrose and urea (the urea had been calibrated
relative to atmospheric nitrogen) for δ13C and δ15N,
respectively. Quality control samples were run before
and after every 12 samples. Precision for δ13C and
δ15N measurements was 0.1 ‰ and 0.2 ‰ respectively.

(Hirons et al. 2001, Rea et al. 2015, McHuron et al.
2016), each 5 mm whisker section represented between 3 mo and 1 yr of each animal’s life, based on
dividing the female’s known age by her whisker
length (mean: 6 mo, Table 1). The length of whiskers
ranged from 60 to 145 mm and the number of
whisker sections analysed for each individual varied
accordingly from 12 to 31 (Table 1). There were no
significant correlations between whisker length and
either age or weight of the individual (whisker and
age: r = 0.176, p = 0.3; whisker and weight: r = 0.204,
p = 0.25). Based on whisker length and known age of
females, the mean whisker growth rate for adult
female NZ sea lions is 0.03 mm d−1, with a range from
0.01 to 0.05 mm d−1 (although these estimates would
be minimum estimates, as this would not take into
consideration any wear at the whisker tip).
Overall, there were significant differences in mean
δ13C and δ15N values (Table 1) between females with
benthic and mesopelagic foraging strategies as identified from telemetry (Chilvers 2017a), with the lowest δ13C values associated with the lowest δ15N values,
and the lowest mean δ13C and δ15N values consistently coming from the whiskers of benthic foraging
females. Fig. 2 shows the mean δ13C and δ15N values
for each 5 mm whisker section for mesopelagic (n =
18) or benthic (n = 13) foraging adult females (sectioning starts from the proximal end of the whisker),
clearly showing the differences seen in isotopic values for each foraging strategy.
Based on knowledge from the isotope and telemetry
study (Chilvers 2017a), of the 35 females, 13 showed
clear constant benthic foraging strategy stable isotope
values across the entire length of their whisker (examples of individuals given in Fig. 3a), 18 showed a clear
constant mesopelagic foraging strategy stable isotope
values (examples given in Fig. 3b) and an additional 4

2.3. Statistics
Telemetry data from the females were used to validate foraging strategy as indicated by whisker stable
isotope values (see Chilvers 2017a for telemetry
results). Using SPSS (version 24 for Windows), differences between pooled whisker samples for each individual’s foraging strategy were tested using general
linear models (GLM), with Tukey’s b tests used for
post hoc comparisons. Pearson’s correlation (r) was
undertaken to assess the correlation between δ13C
and δ15N values along each individual’s whisker, and
between whisker length and age or weight of individuals. Unless otherwise stated, data are presented
as mean (±1 SE) and results are considered significant at p < 0.05.

3. RESULTS
The individual mean stable isotope values from the
sequentially sampled whiskers of 35 female NZ sea
lions, ranging from 7 to 15 yr of age, are shown in
Table 1, along with the Pearson’s correlation coefficient between the δ13C and δ15N values along each
individual’s whisker. Assuming female NZ sea lion
whiskers grow continuously, at a constant rate and
are not shed as adults, as seen in other otariids

Meso mean δ15N
Benthic mean δ15N
Meso mean δ13C
Benthic mean δ13C

15
14.5
Mesopelagic

14

59

–14
–14.5
–15

13
12.5

–15.5

12

–16

11.5
11

Benthic

–16.5

10.5
10

δ13C

δ15N

13.5

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

–17

5 mm whisker sections from base to tip
Fig. 2. Mean δ13C and δ15N values (error bars = SE) for each whisker section from mesopelagic (n = 18) and benthic (n = 13) foraging adult female New Zealand sea lions Phocarctos hookeri. Sectioning starts from the proximal (base) end of the whisker
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Fig. 3. δ13C and δ15N values along the length of a whisker from (a) 2 benthic (tag IDs 4063 and 3853) and (b) 2 mesopelagic (tag
IDs 3873 and 0457) foraging adult female New Zealand sea lions Phocarctos hookeri. Note different x-axis scales

mesopelagic females showed slight isotopic value oscillations along the length of their whiskers (Table 1,
Fig. 4). Pearson’s correlation between the δ13C and
δ15N values along each individual’s whisker varied
considerably from barely correlated to highly correlated (range of r: 0.149 to 0.948). Between the 3 foraging strategies, the oscillating mesopelagic foragers
had significantly higher correlation between their
δ13C and δ15N values along their whiskers than either
benthic or mesopelagic foragers. The mesopelagic foragers showed the greatest variability in correlations,
with that foraging group having both the least and
most correlated individuals (Table 1).
Across all individuals, whisker isotopic values were
not spread over a wide range, with total δ15N and
δ13C values varying from 11 to 14.7 ‰ (a 3.7 ‰ differ-

ence) and −16.6 to −15 ‰ (1.6 ‰ difference) respectively. There was a greater range between mesopelagic foragers (2.6 ‰ and 1.6 ‰) than benthic foragers (1 ‰ and 0.7 ‰), taking into consideration that
the mesopelagic foragers included the 4 individuals
that showed oscillation in their whisker chronology
(Table 1, Fig. 4). The maximum variation in an individual’s δ15N and δ13C values from whiskers, across
their whisker length, was a maximum of 2 ‰ and
1.5 ‰ respectively (individual with tag ID 0334,
Fig. 4). There were statistically significant differences in mean δ15N and δ13C values between females
with benthic, mesopelagic and oscillating mesopelagic foraging strategies. Tukey’s b post hoc tests
showed all 3 strategies to be significantly different
from each other (mean δ15N values: benthic: 11.5 ‰,
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Fig. 4. δ13C and δ15N values along the length of a whisker from the 4 oscillating mesopelagic (‘Osc meso’) (tag IDs 3939, 0152,
0334 and 3926) foraging adult female New Zealand sea lions Phocarctos hookeri. Note different x-axis scales

mesopelagic: 13.1 ‰, oscillating mesopelagic: 12.9 ‰,
F = 28.2, p < 0.0001; δ13C: benthic: −16.2 ‰, mesopelagic: −15.3 ‰, oscillating mesopelagic: −15.8 ‰,
F = 54.9, p < 0.0001; Table 1). Benthic or mesopelagic
foraging individuals as identified from dive and stable isotope data can be clearly identified from graphing individuals’ mean whisker stable isotope values;
however, mesopelagic and oscillating mesopelagic
foraging individuals cannot (Fig. 5).
For the 4 oscillating mesopelagic foragers, whisker
oscillation lengths were similar for 3 of the 4 individuals, at approximately 25 mm oscillations. The individual with tag ID 0334 showed a different oscillation
length, of approximately 35 mm oscillations (Fig. 4).
ID 0152’s graph only indicates 3 oscillations across
her whisker length, while the other 3 individuals
indicate 4 (Fig. 4).

4. DISCUSSION
4.1. Chronological stable isotope sampling of
whiskers
Previous research using stable isotope values of
blood serum from female NZ sea lions showed clear
inter-individual variation in isotopic values reflecting
their foraging behaviour collected using telemetry
research and could be used to identify individuals as
either mesopelagic or benthic foragers (Chilvers
2017a). Furthermore, that research identified that
there were no statistically significant differences
between blood serum and proximal whisker isotopic
values for individuals, indicating that the clipped
proximal whisker isotopic value reflects the diet and
foraging strategy of the individual at the time of
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δ15N
10.5
–14.8

11.5

12.5

13.5

14.5

15.5

–15
–15.2
–15.4

δ13C

–15.6
–15.8
–16
–16.2
–16.4
–16.6
–16.8

Benthic
Meso
Osc meso

Fig. 5. Female New Zealand sea lions Phocarctos hookeri mean δ13C and δ15N
values (error bars = SE) for the entire whisker length, for mesopelagic, oscillating mesopelagic (‘Osc meso’) and benthic foragers. Oscillating mesopelagic individuals are the 4 females with a predominantly mesopelagic foraging
strategy but with variability in the δ13C and δ15N values across the length of
their whisker (see Fig. 4)

growth. As keratin composition of whiskers does not
change once formed, using chronological stable isotope values from female NZ sea lions’ whiskers in the
present study confirms that individual female NZ sea
lions have consistent long-term within- and betweenyear fidelity in diet and foraging strategy. This consistency is despite known changes in their environment, age and reproductive status (Chilvers 2009).
Individuals can be clearly identified as either benthic
or mesopelagic foragers from their isotopic values
(Figs. 2 & 5).
The predominant difference in whisker stable isotope values from the 2 female NZ sea lion foraging
strategies is that mesopelagic foragers have significantly higher δ15N and δ13C values than benthic foragers (Table 1 in the present study; Chilvers 2017a),
which can also be seen along the entire length of
their whiskers (Figs. 2 & 3). This finding matches
fatty-acid diet analysis for NZ sea lions which shows
that mesopelagic foragers consume prey or a higher
proportion of prey from a higher trophic level (i.e.
finfish compared with cephalopods) than the benthic
foragers (Meynier et al. 2014).
Thirty-one of the 35 individuals investigated in the
present research show very little range in their indi-

vidual δ15N and δ13C values across
their whisker length, with no sign of
decline or increase in either value
with age or known differences in reproductive status. Even the individuals that do show slight oscillations
in signature values are within a restricted range, with the greatest individual variation in δ15N and δ13C values being 2 ‰ and 1.5 ‰ respectively,
with none of the values outside the
overall ranges of mesopelagic foragers. These small ranges of stable
isotope values indicate and support
the hypothesis that female NZ sea
lions have a restricted diet (Meynier
et al. 2014) and lack any form of
migration or movement away from
the Auckland Islands area (Chilvers &
Wilkinson 2008; see further discussion in Section 4.3 below).

4.2. Stable isotope values and
whisker growth

Stable isotope analysis of whiskers
allows the question of dietary specialisations, inter-annual behaviour and long-term foraging site fidelity of pinnipeds to be investigated.
However, to utilise this method, data describing the
growth rate and duration of tissue deposition of species are required to best identify the timespan of representation within each whisker and to link the
encoded isotope values to specific ecological and life
history events (Cardona et al. 2017). A limitation of
this research is that it can only be assumed that
female NZ sea lion whiskers grow continuously, at a
constant rate, and are not shed as adults, as seen in
other otariids (Hirons et al. 2001, McHuron et al.
2016). There are no NZ sea lion species-specific data
to confirm otherwise and this is an area of research
for NZ sea lions. It is likely this has not been undertaken because it could only be undertaken on wild
individuals, as there has never been a NZ sea lion
kept in captivity, and until the last decade, the species has been predominantly restricted to the remote
NZ subantarctics, which restricts access to animals
within and across years.
The assumption that female NZ sea lions’ whiskers
grow at a continuous linear rate and are not shed as
adults is a fair assumption, given that all other otariids that have been investigated show this trait
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(Hirons et al. 2001, Kernaléguen et al. 2012, 2015b,
Rea et al. 2015, McHuron et al. 2016, Cardona et al.
2017). It is the rate of whisker growth and differences
between individuals that is a specific unknown for
this research, and that shows great variability within
and across other otariid species (see Table 1 in McHuron et al. 2016 for a summary). Minimum mean
whisker growth rate for female NZ sea lions from the
present research was estimated at 0.03 mm d−1, with
a range from 0.01 to 0.05 mm d−1, a small range
showing little variation across 35 individuals compared to other sea lion species (McHuron et al. 2016).
This represents the lower end of other otariid species’
growth rate ranges (Hirons et al. 2001, Cherel et al.
2009, Kernaléguen et al. 2012, 2015a,b, Rea et al.
2015, Cardona et al. 2017), except for California sea
lions Zalophus californianus, the species which
matches NZ sea lions the closest in body size and
growth rate of all the otariids that have had whisker
growth measured.

4.3. Stable isotope values and foraging strategy
There were 4 mesopelagic foraging female NZ sea
lions that showed oscillations in isotope values along
their whiskers’ length. For pinnipeds, isotopic values
in whiskers are known to vary as a function of diet
and/or physiological processes such as reproductive
status (Cardona et al. 2017). In the Southern Ocean,
both δ15N and δ13C values vary with latitude and
along an inshore/offshore gradient (Cherel & Hobson
2007). Usually, consistent isotopic oscillations along
whisker lengths are seen in individuals that make
annual movements or migrations between subtropical, subantarctic and Antarctic feeding zones, such
as male Antarctic fur seals Arctocephalus gazella
(Cherel et al. 2009). However, the oscillations of male
Antarctic fur seals are associated with large changes
in δ15N and δ13C values (up to 5 ‰ and 6 ‰ respectively; Cherel et al. 2009) as both diet and latitudes of
the individuals change. The changes seen in the
oscillations of female NZ sea lions are much smaller
and within the overall range of any of the consistently mesopelagic foraging females. This indicates
that these changes are more likely to be from
changes in the proportions of different prey species
in the diet rather than movements away from the
area (Meynier et al. 2014), or may be from changes in
δ15N and δ13C levels due to reproductive status, as
has been shown in a female South American sea lion
Otaria byronia (Cardona et al. 2017). From sighting
records of the 4 mesopelagic females that show oscil-
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lations in whisker isotope values in the present study,
all were seen annually in the breeding harem at
Enderby Island from the age of 3 yr until the year of
their captures and whisker removal (and beyond),
except for 0152 who, in 2007 at the age of 7 yr, was not
re-sighted that single year, but was seen again the
following years. All 4 animals pupped at least twice
before and in the year of their capture (unpubl. data,
NZ Department of Conservation NZ sea lion database,
https://sealions.dragonfly.co.nz/demographics/); however, none of the gestations, births or lactation periods appear to match what would be expected if these
reproductive stressors physiologically impacted the
stable isotope values for these individuals (Cardona
et al. 2017, our Fig. 4). For example, female 0152,
who showed 3 long oscillations, pupped when she
was 6, 9, 10 and 11 yr of age (the year her whisker
was sampled, Fig. 4), and none of these reproductive
events appear to affect stable isotope values along
her whisker. Additionally, if there was significant
influence on stable isotope values from physiological
processes like gestation and lactation, this should be
seen in all the females, as all of the females in the
present study had previously pupped (unpubl. data,
NZ Department of Conservation NZ sea lion database, as above). In addition, Cardona et al. (2017)
found that these physiological changes impact δ15N
and δ13C differently, with δ13C values increasing during pregnancy, and δ15N values decreasing during
lactation, meaning these individuals had low correlation values between δ15N and δ13C along the
whiskers. This was not seen for the oscillating mesopelagic foraging female NZ sea lions, which all had
high correlation between δ15N and δ13C along the
length of their whiskers (Table 1). Additionally, assuming the actual timescale for each 5 mm whisker
section for each individual is close to the estimated
timescale (months shown in Table 1), and given the
indicated oscillation lengths in the graphs (Fig. 4), it
appears that oscillations for the individuals tagged as
ID 3926 and ID 3939 occur once every 2 yr, every 3 yr
for ID 0334 and every 4 yr for ID 0152. This indicates that these are not annual migrations, and
supports that they are unlikely to be physiological
processes, given the reproductive histories of the
females, but are more likely to reflect changes in the
prey consumed.

4.4. Stable isotope values and age
There was no drop in δ15N isotope values observed
in whiskers from these female NZ sea lions; such a
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drop occurs during weaning, when a pup stops suckling from the high trophic-level food source of its
mother’s milk, and begins to forage on its own on
lower trophic-level food sources (Kernaléguen et al.
2012). A significant drop in δ15N isotope values has
previously been recorded in bones and teeth of marine mammals (Newsome et al. 2010) and was seen for
the first time in 2 (out of 10) female subantarctic fur
seals A. tropicalis in the Crozet area (Kernaléguen et
al. 2012). A drop in δ15N isotope values reflective of
weaning would occur at the tip of the whisker furthest from the face. With none of the female NZ sea
lions showing a drop in δ15N isotope values, this suggests the tip of all the whiskers had broken or worn
off or that NZ sea lion pups or juveniles lose their
whiskers. Whisker growth rate and shedding research is needed in NZ sea lions to best identify the
timespans the stable isotope values presented here
represent.
Except for the significant drop in δ15N values at
weaning, there have been few studies that have
documented age-related differences in the trophic
niches of adult pinnipeds. Drago et al. (2009) observed no significant differences in δ15N values with
age in South American sea lions; however, they
observed an increase in δ13C suggestive of a shift to
more benthic prey species in older animals. Adult
female Australian fur seals A. pusillus showed a decrease in δ15N with age, indicating they were consuming increasing amounts of lower trophic-level
prey with age (Kernaléguen et al. 2015b). In the present study, there were no changes in overall isotope
values for female NZ sea lions up to the age of 15 yr.
Again, this shows the consistency and fidelity of their
foraging strategies year in and year out, with age,
reproductive status, and likely also with naturally
occurring changes in environmental conditions, such
as the effects of the Southern Oscillation (Chilvers
2009).

4.5. NZ sea lions and fisheries interactions
The long-term individual foraging strategy and
diet specialisation of this population confirm that this
population is likely to be highly susceptible to, and
less able to respond to, environmental changes or
anthropogenic impacts such as fisheries resource
competition (Costa 1993, Bolnick et al. 2003, Chilvers
et al. 2006).
Being able to collect and analyse stable isotope values, and therefore identify adult foraging strategies,
from whiskers of female NZ sea lion is a far faster,

less invasive and more cost-effective method than
undertaking satellite-based foraging studies. This is
an important finding for female NZ sea lions at the
Auckland Islands because fisheries by-catch is the
largest documented anthropogenic impact on the
population there (Robertson & Chilvers 2011, Meyer
et al. 2015, 2017), and fisheries interactions and therefore by-catch are more likely to occur on mesopelagic foraging females than benthic foraging females
(Chilvers & Wilkinson 2009, Robertson & Chilvers
2011). Understanding the proportion of females having mesopelagic foraging strategies and unchanging
foraging strategies across their adult life (or at least
for the years of their whisker length) gives a better
understanding of what proportion of the population
is exposed to the fisheries interaction risk of by-catch
and resource competition.

5. CONCLUSIONS
There are numerous next steps to be taken in stable isotope research for NZ sea lions. Research
should include studies investigating whisker growth
and retention rates, and stable isotope values and
foraging strategies in age and sex classes that are not
as easy to undertake foraging research on (i.e. juveniles and adult males). Similar to other otariids (Drago
et al. 2010, Lowther & Goldsworthy 2011), it would
also be useful to identify links between female foraging strategies and pup whisker stable isotope values.
This would be an even easier, more cost-effective
way of identifying foraging strategies for lactating
females and therefore fisheries interactions, as it
would mean only pups would need to be handled
and have their whiskers clipped.
This research confirms that female NZ sea lions at
the Auckland Islands are showing long-term individual fidelity to diet, foraging location and strategy.
Therefore, this population is likely to be highly susceptible to environmental change and anthropogenic
impacts, as they cannot or do not have the ability to alter foraging strategies when conditions change (Costa
1993, Gales & Mattlin 1997, Bolnick et al. 2003, Chilvers et al. 2006). Additionally, of the 35 females studied here, 63% showed mesopelagic foraging specialisation, putting their foraging area in direct overlap
with local fisheries (Chilvers & Wilkinson 2009,
Robertson & Chilvers 2011). The continued fisheries
interactions, with the probable indirect competition
effects and known mortality in the local fisheries are a
serious concern for this endangered, declining species. This applies in particular to the Auckland Islands
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population, which represents 69% of the species, with
potentially more than half of the breeding females in
the population being directly exposed to fisheries interactions (Chilvers & Wilkinson 2009, the present
study). The direct fisheries interactions continue, with
3 individuals known killed in 2017 and 15 estimated
deaths, and 2 individuals known killed in 2018 and 18
estimated deaths (unpubl. weekly report, 6 June 2018,
Team Manager Deepwater Fisheries, NZ Fisheries).
This population already shows low and late reproductive output for females, extremely low milk-fat
content and low pup growth rates in comparison to
other otariid species and even compared to this species outside of the NZ subantarctics (Chilvers et al.
2007, 2010, Augé et al. 2011, Chilvers 2017b). All indicators show that this population of NZ sea lions cannot
sustain this level of fisheries interactions, and meaningful and measurable procedures to mitigate impacts
of fisheries need to be undertaken (Chilvers 2008a,
Robertson & Chilvers 2011, Meyer et al. 2015, 2017).
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