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ABSTRACT: The north coast of the South Island, Aotearoa New Zealand, is a region with complex
bathymetry and biogeochemistry, where oceanographic variability gives rise to very different
local environments at fine scales. This variation also influences the region's isoscape, providing
the ability to assess the fine-scale foraging behaviour of top-level marine predators through iso-
tope analyses. Hector's dolphin Cephalorhynchus hectori hectori, an endemic coastal dolphin, is
resident of the north coast of the South Island, but there is limited information describing its for-
aging ecology and population dynamics. We analysed carbon and nitrogen stable isotope ratios of
skin samples (n = 111) from Golden Bay in the west (n = 14), and Queen Charlotte Sound (n = 41)
and Cloudy Bay (n = 56) in the east, to investigate spatial variation in isotope values and niche
space, found significant differences between the 2 regions. This is likely driven by a combination
of differing prey distributions, underlying oceanographic variability, and varying isotopic base-
lines that may act as an ecological boundary preventing movement between the 2 regions. The
isotopic niche space between the west and east differed, but within the east, Queen Charlotte
Sound was a subset of Cloudy Bay. This suggests a common prey source and possible movement
of individuals between Queen Charlotte Sound and Cloudy Bay. This research highlights the
value of stable isotope analysis to investigate regional-scale variation of top-level marine preda-
tors and can provide insight into environmental factors that influence resource use.
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1. INTRODUCTION favourable feeding conditions due to the advection of

prey by thermal and water convergence processes

Knowledge of foraging ecology is fundamental for
understanding the roles of marine species within
ecosystems. This knowledge can provide information
on the availability and distribution of prey and how
species interact with their environment (Bowen 1997,
Croll et al. 1998, Kiszka et al. 2015). Physical changes
in the environment, such as sea surface temperature,
may affect prey distribution and, therefore, foraging
success of marine mammals (Croll et al. 1998, Bluhm
& Gradinger 2008, Nottestad et al. 2015). Oceano-
graphic fronts can constitute important boundaries for
marine mammals, which often forage at locations with
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(Bost et al. 2009). For example, New Zealand fur seals
Arctocephalus australis forsteri forage in association
with 2 distinct oceanographic features: a seasonal
coastal upwelling and a permanent oceanographic
front, the Subtropical Front (Baylis et al. 2012); and
North Atlantic right whales Eubalaena glacialis in
Grand Manan Basin feed beneath a thermocline,
where copepod density is substantially greater com-
pared to elsewhere in the water column (Baumgartner
& Mate 2003, Roman & McCarthy 2010).
Oceanographic variables that influence prey dis-
tribution can delineate populations and communi-
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ties of marine mammals. This can be due to prey
preferences, such as in North Pacific killer whales
Orcinus orca: resident ecotypes prey on fish,
whereas transient ecotypes predominantly prey on
marine mammals (Herman et al. 2005). Sperm
whales Physeter macrocephalus in the South Pacific
exist in sympatric communities, with differing habi-
tat use, movement patterns and feeding success.
Communities of sperm whales were found to be dif-
ferentially affected by environmental conditions
that influenced their prey, indicating a fitness con-
sequence for community membership (Whitehead &
Rendell 2004).

It is often challenging in the marine environment
to determine marine mammal prey availability and
consumption, and researchers must rely on physical
and chemical cues to elucidate prey distribution and
give insight into foraging ecology. Even when
trophic interactions of marine mammals are well-
documented, spatial and temporal variability is
often unknown and likely linked to prey distribution
and availability (Young et al. 2015). Foraging activ-
ity of cetaceans in particular is difficult to observe
directly, and many foraging ecology studies have
utilised stomach content analysis (e.g. Santos et al.
2001, Di Beneditto & Siciliano 2007, Meynier et al.
2008, Parra & Jedensjo 2014) and DNA diet
approaches (de Vos et al. 2018, Carroll et al. 2019).
Taxonomic identification of prey items to species
level (e.g. Bowen & Iverson 2013, Parra & Jedensjo
2014) is often possible with these approaches. How-
ever, it is not possible to integrate diet over broad
temporal scales, and only recently ingested prey
can be identified without long-term sampling
schemes. There may also be a bias toward less
digestible prey types, which can result in overesti-
mating some prey items (Bowen & Iverson 2013,
Nielsen et al. 2018).

Stable isotope analysis is a well-established
method that overcomes many limitations of other
diet assessment approaches. The analysis of carbon
and nitrogen isotopes can provide insight into the
foraging ecology of marine mammals and identify
patterns in spatial and temporal variability (New-
some et al. 2010, Bowen & Iverson 2013, Nielsen et
al. 2018). Stable isotope analysis operates on the
assumption that a consumer’s tissues will reflect the
isotopic composition of their prey (DeNiro & Epstein
1978, 1981), enabling researchers to make deduc-
tions about the types of prey eaten, the trophic posi-
tion of the consumer and the origin of prey. Specifi-
cally, nitrogen isotopes can indicate trophic position,
whereas carbon isotopes are indicators of foraging

location (Peterson & Fry 1987, Newsome et al. 2010,
Boecklen et al. 2011, Bowen & Iverson 2013). Car-
bon isotopes can be used to determine the produc-
tivity of marine ecosystems, where more positive
values indicate productive, nearshore regions and
more negative values indicate offshore regions
(Rounick & Winterbourn 1986, Bowen & Iverson
2013). Additionally, they can be used to identify dif-
ferences between pelagic and benthic foraging
locations (Cherel & Hobson 2007).

Depending on target species and tissue type, diet
can be integrated over broad timescales ranging
from weeks to years (Newsome et al. 2010). Deter-
mining diet directly with stable isotope analysis can
be challenging due to paucity of prey data, but it
remains a popular tool used to identify spatial and
temporal patterns in the foraging ecology of
cetaceans (e.g. Knoff et al. 2008, Marcoux et al. 2012,
Kanaji et al. 2017, van den Berg et al. 2021, Ogilvy et
al. 2022). Such patterns can be revealed through the
analysis of isotopic niche space, an area in isotope
space where the carbon and nitrogen isotope values
are used to represent environmental resources (e.g.
habitat use) and trophic interactions (e.g. predation),
respectively (Newsome et al. 2007, Rossman et al.
2016). This is a powerful way to investigate spatial
and temporal patterns of resource use and variability
influencing the ecological niche.

Here, we used stable isotope analysis of carbon
(8'3C) and nitrogen (8!°N) to investigate the foraging
ecology of Hector's dolphins Cephalorhynchus hec-
tori hectori from the north coast of Te Waipounamu/
the South Island (hereafter South Island) of Aotearoa
New Zealand (hereafter New Zealand). Hector's dol-
phins are Endangered, coastal dolphins endemic to
New Zealand (Reeves et al. 2013) and are often asso-
ciated with turbid waters including river outflows,
estuaries and harbours, which are areas of high pro-
ductivity (Constantine 2019, Roberts et al. 2019).
Individuals typically have small home ranges (ap-
proximately 50-60 km) and display high levels of site
fidelity (Rayment et al. 2009, Brager & Brager 2018,
Constantine 2019). Hector's dolphins exhibit sea-
sonal distribution patterns, in which smaller, more
dispersed groups of dolphins occur further offshore
in winter compared to summer (Brager et al. 2003,
Constantine 2019).

The species is discontinuously distributed around
the coast of the South Island (see Fig. 1), where re-
gional subpopulations have been identified along the
west, east and south coasts (Hamner et al. 2012, Con-
stantine 2019). Hector's dolphins are generalist con-
sumers that feed throughout the water column and
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target juvenile prey (Miller et al. 2013). A region
about which little is known of the foraging ecology
and population dynamics of Hector's dolphins is the
north coast of the South Island (NCSI), with the ex-
ception of Te Koko-o-Kupe/Cloudy Bay (Hamner et
al. 2017). From west to east, the NCSI includes Mo-
hua/Golden Bay and Te Tai-o-Aorere/Tasman Bay,
Totaranui/Marlborough Sounds and Cloudy Bay
(hereafter Golden Bay, Tasman Bay, Marlborough
Sounds and Cloudy Bay, respectively; see Fig. 1).

The NCSI has complex bathymetry and biogeo-
chemistry, with very different local environments
present at fine scales. In the west, Golden Bay and
Tasman Bay are shallow embayments open to the
Tasman Sea, where the average depth is less than
25 m and the seabed is composed of mud, sand and
some shell hash (Handley 2006, Chiswell et al.
2021). In contrast, Marlborough Sounds in the east
consists of a pair of drowned river valley systems
that open into Raukawa Moana/Cook Strait, Pacific
Ocean (hereafter, Cook Strait). One of the river val-
ley systems is Queen Charlotte Sound, an area
where Hector's dolphins are present year-round
(Cross 2019). Queen Charlotte Sound is an enclosed,
moderately sheltered subtidal inlet consisting of a
series of small bays connected by a convoluted,
rugged shoreline (Stevens et al. 2021). Here, water
depth increases rapidly from shore and any shallow
areas are very narrow (Hayward et al. 1997). Also
located in the eastern region of the NCSI is Cloudy
Bay, a large, open bay that faces Cook Strait to the
north (see Fig. 1). Differing oceanographic pro-
cesses affect the west and east regions of the NCSI.
The shallow waters of the west are susceptible to
warming through marine heatwaves affecting the
Tasman Sea (Salinger et al. 2019), and circulation is
associated with the D'Urville current (Chiswell et al.
2021). The D'Urville current transports nutrient-rich
water from a coastal upwelling near Onetahua/
Cape Farewell, on the upper west coast of the South
Island, northeast to the Cook Strait, although the
effect of this upwelling on the western region of the
NCSI is not well understood (Chiswell et al. 2016,
Chiswell et al. 2021). In the east, the entrance of
Queen Charlotte Sound is exposed to swells from
Cook Strait (Pacific Ocean) but is sheltered from
most winds and has very little freshwater input
(Stevens et al. 2021).

The NCSI and the surrounding terrestrial environ-
ment have significant economic and recreational
importance to New Zealand and, consequently, have
been subjected to many anthropogenic and environ-
mental pressures (Chiswell et al. 2021). These pres-

sures differ between the west and east regions of the
NCSI, for example, commercial and recreational fish-
ing activities have severely modified the seabed in
the west. Shellfish aquaculture farms are prevalent
in this region and may influence water flow and
nutrient loads (Plew 2011), which has contributed to
the decline of mussel Perna canaliculus, scallop
Pecten novaezealandiae and oyster Crassostrea
gigas populations (Handley 2006). In both west and
east NCSI, there are strong linkages between pri-
mary production and modified land use in the sur-
rounding area that affect the supply of organic mat-
ter to bivalve communities (Schlieman et al. 2022). In
eastern NCSI, sustained terrigenous sedimentation,
overfishing and physical disturbances to the seabed
are ongoing (Handley 2006, Urlich & Handley 2020).
Parts of eastern NCSI (e.g. Queen Charlotte Sound)
also experience high levels of vessel traffic (Stevens
et al. 2021) and are susceptible to high levels of sedi-
ment erosion, especially during periods of heavy rain
(Fahey & Coker 1992). The contrasting processes
between west and east regions of the NCSI are likely
to influence the isotopic baseline in each region. The
east NCSI is susceptible to runoff associated with
anthropogenic land utilisation in the surrounding
areas (Fahey & Coker 1992, Urlich & Handley 2020).
This can cause baseline §!°N values to decrease over
time due to the use of synthetic fertilisers which are
depleted in >N (Sabadel et al. 2020). Salmon farms in
east NCSI may also alter the composition of basal
organic matter in the surrounding soft-sediment
communities, which can influence the §!3C baseline,
even at fine spatial scales (McMullin et al. 2021).
Overall, the west and east NCSI have a variety of
natural and anthropogenic impacts that generate a
dynamic isoscape in the region.

Here, we aimed to investigate if there are any dif-
ferences in the foraging ecology of Hector's dolphins
between the west and east regions of the NCSI, an
area where little research has been conducted on this
species. We used §'C and 8'°N stable isotope analy-
sis from small skin biopsies of live Hector's dolphins
to investigate differences in isotopic niche space
between west (Golden Bay) and east (Cloudy Bay,
Queen Charlotte Sound) regions of the NCSI that
could reflect dietary differences and/or environmen-
tal differences in underlying isoscapes. Given that
samples were collected during surveys to undertake
genetic monitoring, most samples have an associated
DNA profile that includes genetically identified sex.
Therefore, a secondary objective was to determine if
there were any sex-related differences in foraging
ecology.
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2. MATERIALS AND METHODS
2.1. Sample collection and study area

Small skin biopsy samples used in stable isotope
analysis were collected from 2011-2022 using a small,
lightweight biopsy dart (PaxArms NZ) fired from a
modified veterinary capture rifle (Kriitzen et al. 2002)
during boat-based surveys conducted by the Depart-
ment of Conservation-Te Papa Atawhai (DOC), Ore-
gon State University and the University of Auck-
land—Waipapa Taumata Rau (Hamner et al. 2012,
Baker et al. 2017). Samples were collected from
February to June. Calves that were assumed to be
less than 1 yr old based on size (less than half the
length of an adult and in close association with an
adult assumed to their mother; Webster et al. 2010)
were excluded from biopsy sampling. All samples
were stored in 70-90% ethanol until required for
analysis. A summary of samples used in the analysis is
given in Table S1 in the Supplement at www.int-res.
com/articles/suppl/m711p061_supp.pdf. The samples
used here were a combination of new (n,.,) and
previously (ng.,) collected samples from Cloudy
Bay (Hamner et al. 2012; ny,., = 56, where n,., were

collected in 2011/2012), Golden Bay (Baker et al.
2017; Nyew = 6, Nprey = 8, where ny,., were collected in
2014/2015 and n,,, were collected in 2021/2022) and
Queen Charlotte Sound (Baker et al. 2017; nye = 30,
Nyrey = 11, where ny,, were collected in 2016 and nye,,
were collected in 2022). For previously analysed
samples, we drew on existing DNA profile data to
uniquely identify individuals. These profiles com-
prised genetically identified sex, mitochondrial DNA
haplotype and multi-locus microsatellite genotype
(Hamner et al. 2012, Baker et al. 2017).

In the context of this study, west NCSI refers to the
bays west of D'Urville Island and includes Golden
and Tasman Bays. The eastern region of NCSI
encompasses Marlborough Sounds (including Queen
Charlotte Sound) and Cloudy Bay (Fig. 1). As sum-
marised in Section 1, these regions have differing
anthropogenic impacts and oceanographic features.

2.2. Sample preparation
Cetacean skin is rich in lipid content. Lipids are

depleted in *C and can confound the interpretation
of carbon isotope ratios (}*C:!'2C) measured in lipid-
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rich tissues (Lesage et al. 2010, Yurkowski et al. 2015,
Giménez et al. 2016). To mitigate the effect of *C
depletion in lipid-rich tissues, all skin samples were
lipid-extracted with a 2:1 solution of chloroform and
methanol (Newsome et al. 2018). Lipid extraction
was deemed successful if the C:N ratio was between
3.0 and 4.0 (Sweeting et al. 2006, Post et al. 2007,
Wilson et al. 2014, Yurkowski et al. 2015). Following
lipid extraction, samples were sent to Isotrace NZ
(University of Otago) for bulk stable isotope analysis
of ¥C and N.

2.3. Stable isotope analysis

Nitrogen and carbon isotopes were assayed by
combustion of the whole material to N, and CO, gas
in a Thermo Flash elemental analyser (Thermo Sci-
entific) linked to a Thermo ‘Delta Q' (Thermo Scien-
tific) isotope ratio mass spectrometer in continuous
flow mode. Stable isotope ratios are reported in 8-
notation:

= [(Rsample / Rgtandara) —1] x 1000 (1)

where x is the isotope of interest (**C or ’N) and R is
the ratio of heavy to light isotope (e.g. *C/!2C). Ana-
lytical precision for §'3C was +0.1%. and for 8'°N was
+0.2%o. Details of standards and normalisation pro-
cesses are provided in Text S1.

2.4. Controlling for atmospheric changes
to 813C values

A correction for the oceanic Suess effect (0.011 %o
yr’1; Keeling 1979, Gruber et al. 1999, Eide et al.
2017, Ogilvy et al. 2022) was applied to the carbon
stable isotope ratios of the skin samples, using the
average year between years of sampling (2016) as a
reference, to allow the comparison of d3C values
from different time periods (Vales et al. 2020).

2.5. Tests for heterogeneity of isotope values
throughout space, time and by demographic state

The 83C and 8'°N values for Hector's dolphin sam-
ples were plotted in R v.4.1.2 (R Core Team 2020) to
visually inspect the data for any trends. Statistical
analyses were carried out in R. To test if 8'3C and
815N were normally distributed, we used the Shapiro-
Wilk test. To assess differences in 8'°C and 8N
values for categorical variables, we used 1-way

ANOVA, Kruskal-Wallis and post hoc Dunn's multi-
ple comparison tests. Significance was assessed at
the level of a = 0.05.

2.6. Isotopic niche space analysis

To compare the isotopic niche space of Hector's
dolphins from different regions, we used the stable
isotope Bayesian ellipses (SIBER; v.2.1.6) package
in R (Jackson et al. 2011). The isotopic niche space
of Hector's dolphins from the west and east regions
of the NCSI was estimated with bivariate ellipses of
d13C and 8N values (95% confidence intervals).
Bayesian standard ellipse areas (SEAg) were calcu-
lated using SIBER to demonstrate niche overlap and
evaluate differences in isotopic niche space be-
tween regions. Niche area is reported as %.2. Esti-
mates of niche area were determined by running 2
Markov chain Monte Carlo chains implemented in
‘rjags’ (100000 iterations following 100000 burn-
ins; Plummer 2018). Convergence was assessed
with a Gelman-Rubin diagnostic test and was indi-
cated when the scale reduction factor was less than
1.1 (Gelman & Rubin 1992).

3. RESULTS

3.1. Stable isotope ratios of Hector's dolphin
skin samples

A total of 111 Hector's dolphin skin samples were
included in the stable isotope analysis (Table 1). The
samples had an overall median (+SD) 8'*C value of
-17.1 £ 0.7 %o (range: —18.9 to —14.1 %) and a median
35N value of 15.1 + 0.7%. (range: 14.3 to 17.7%o;
Table 1). The 8'3C and §'°N distributions of the com-
bined data set were not normally distributed (Shapiro-
Wilk W-test: 8C: n =111, p < 0.05; 8®N:n = 111, p <
0.0005; Fig. 2).

3.2. Spatial variation in isotope values

The 8C and 8N values of Hector's dolphins were
significantly different between the 3 sampling loca-
tions (8'°C: Kruskal-Wallis [K-W] %% = 38.4, p < 0.001;
d5N: K-W %% = 27.1, p < 0.001). Post hoc Dunn's multi-
ple comparison tests showed each location was signif-
icantly different from every other (p < 0.05; Tables S2
& S3). The 8'3C values in east NCSI were significantly
higher than in west NCSI, and in the west NCSI, 8N
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Table 1. Hector's dolphin skin biopsy samples included in stable isotope analysis. Median §'3C and §'°N values are provided
for each sampling location. Genetically determined sex is provided where available. (-) indicates no data

Location (@ Year Males Females  Total (n)
Median + SD (range) Median + SD (range)
Cloudy Bay -16.7 £ 0.7 15.2 = 0. 2011 15 14 29
(-18.0 to -14.1) (14.3t0 17.7) 2012 12 15 27
Golden Bay -17.8+0.9 158 £ 0.7 2014 2 2 5
(-18.9 to —-15.4) (14.7 to 17.4) 2015 2 1 3
2021 2 0 2
2022 - - 4
Queen Charlotte Sound -17.2+04 14.8+0.4 2016 5 6 11
(-17.8 to -16.2) (14.3 to 15.8) 2021 - - 1
2022 - - 29
Overall -17.1+0.7 15.1£0.7 Total 38 38 111
(-18.9to -14.1) (14.3t0 17.7)
4Sex could not be determined for one sample

Location
Golden Bay
@ Queen Charlotte Sound °
174 | @ Cloudy Bay
O
([ O

8"°N (%)
>

o oemilfhihe .

3.3. Variation in isotope
values by sex

Of the 111 Hector's dolphin biopsy
samples analysed, 76 were associated
with a DNA profile including geneti-
cally determined sex (Table S1,
Table 1). This subset comprised 38
males and 38 females from the 3 sam-
pling locations (Table 2). The subset of
data where sex was known (n = 76)
was not normally distributed with
respect to 813C (Shapiro-Wilks test: W
= 0.96, p < 0.05) or 8°N (Shapiro-
Wilks test: W= 0.92, p < 0.005). In the

-19 -18 -17 -16 -15
3"3C (%o)

Fig. 2. Carbon (8'3C) and nitrogen (3!°N) stable isotope values of 111 Hector's
dolphin skin biopsy samples. Isotope ratios are coloured according to sample
location. Frequency distributions of *C and 8!°N are shown as marginal

histograms

values were significantly higher than in the east NCSI
(Fig. 3).

The SIBER analysis of Hector's dolphin skin sam-
ples indicated distinct isotopic niche spaces between
west and east regions, with minimal overlap (Fig. 4).
Within the east region of the NCSI, the isotopic niche
of dolphins from Queen Charlotte Sound overlapped
entirely with the isotopic niche of dolphins from
Cloudy Bay, and the former was a subset of the latter
(Fig. 4A). The largest niche space occurred in west
NCSI, whereas the smallest isotopic niche space was
observed in the east (Fig. 4B).

14 overall population, there were no sig-

nificant differences in 8N between
sexes (K-W: ¢ = 2.0, df = 2, p > 0.05),
but 813C values were significantly dif-
ferent (K-W: x? = 4.7, df = 2, p < 0.05).
To investigate further, we tested for
significant differences between sexes
in 8!3C and §'°N values for each location; none were
found (p > 0.05; Table 2).

4. DISCUSSION

Here, we document 8°C and §'°N values in the
skin of an endangered coastal dolphin, Hector's dol-
phin, collected from 3 locations in the west (Golden
Bay) and east (Queen Charlotte Sound and Cloudy
Bay) of the NCSI of New Zealand (Fig. 1). We identi-
fied clear differences in isotope values and minimal
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Fig. 3. Median (A) 83C and (B) 8'°N values of Hector's dolphin biopsy samples from the west and east regions of the north

coast of the South Island. Kruskal-Wallis and post hoc Dunn's multiple comparisons tests were used to assess if sampling locations

were significantly different. Black line: median; shaded boxes: interquartile range; whiskers: minimum and maximum isotope

values; black dots: outliers. Sample size is shown above each box. Asterisks indicate sample locations which are significantly
different (Kruskal-Wallis test, p < 0.001)
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Fig. 4. (A) Isotopic niche space indicated by 95 % CI bivariate ellipses and (B) Bayesian standard ellipse area of isotopic sig-

natures in biopsies of skin samples from Hector's dolphins collected from west (Golden Bay) and east (Cloudy Bay and

Queen Charlotte Sound) regions of the north coast of the South Island. Black dots: mode; shaded boxes: 50, 75 and 95 %
credible intervals, from dark to light

isotopic niche space overlap between the west and
east regions, suggesting there may be differences in
prey availability and diet. In contrast, we observed
overlap of isotopic niche space within eastern re-
gions, which may reflect a common prey source and/
or the movement of individuals between the 2 areas
of Queen Charlotte Sound and Cloudy Bay (Fig. 4A).
In the absence of information on the foraging be-
haviour and prey choice of Hector's dolphins from
the NCSI, our study highlights the value of stable iso-

topes in identifying fine-scale patterns in foraging
ecology in regions with different bathymetry, bio-
geochemistry and anthropogenic pressures.

4.1. Potential drivers of spatial variation
in isotope values

The relationship between cetaceans and physical
oceanographic features is often mediated by the re-
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Table 2. Samples and statistical tests used to investigate differences in isotope values between sexes of Hector's dolphins at
each sampling location. Data include sample size per sex (F: females; M: males) and total sample size (n). **p < 0.01

Location F M n Isotope W (Shapiro-Wilk Statistical Test
normality test) test statistic
Cloudy Bay 29 27 56 disc 0.9** Kruskal-Wallis x2=21
15N 0.9** x>=3.5
Golden Bay 6 3 9 di3c 0.86 Student’s 2-sample t-test t=0.62
15N 0.87 t=0.86
Queen Charlotte Sound 5 6 11 (@ 0.92 Student's 2-sample t-test t=1.6
SN 0.92 t=1.6

sponses of their prey to such features. For example,
foraging behaviours in species that feed on plankton
and/or pelagic fish are often associated with biologi-
cal and physical oceanographic processes that struc-
ture the distribution and availability of lower trophic
level prey sources (Bertrand et al. 2014, Cox et al.
2018). Habitat features such as fronts, offshore
banks, eddies and tidal stream environments may act
as prey hotspots and areas of increased foraging suc-
cess for cetaceans (Bost et al. 2009, Scales et al. 2014,
Benjamins et al. 2015). Here, we have shown that
there is a statistically significant difference in isotope
values of Hector's dolphins from the west and east re-
gions of the NCSI. This likely reflects a difference in
foraging ecology that is driven by differing prey dis-
tributions and underlying oceanographic variability
between the 2 regions. This finding was not unex-
pected; other cetacean species can exhibit spatial
differences in foraging ecology due to occupation of
different habitats. For example, sperm whales from
the northern Gulf of Mexico and the Gulf of Califor-
nia have significantly different 8'3C and 8N values,
likely driven by variation in prey availability and ge-
ographic variation in biogeochemical cycling (Ruiz-
Cooley et al. 2012). Stable isotope values of North
Pacific killer whales Orcinus orca from different re-
gions are associated with region-specific prey prefer-
ences (Herman et al. 2005).

The effect of habitat on foraging ecology is also
evident in Hector's dolphins, with significant differ-
ences in diet between dolphins on the west and east
coasts of the South Island (Miller et al. 2013). Demer-
sal and benthopelagic species such as red cod Pseu-
dophycis bachus and ahuru Auchenoceros punctatus
were the most prevalent species found in the stom-
ach contents of dead Hector's dolphins around the
South Island. However, differences between west
and east coasts were due to the presence of javelin-
fish Lepidorhynchus denticulatus, a mid- to deep-
water species, that was only found in west coast dol-

phin stomachs where deep water can be found closer
to shore compared to the east coast (Miller et al.
2013). This highlights how physical oceanographic
features such as depth can affect prey distribution
and diet composition in Hector's dolphins.

We suggest that a similar pattern occurs for the west
and east regions of the NCSI, where the spatial varia-
tion in isotope values reflects differing prey distribu-
tions and isotopic baselines, which are both mediated
by contrasting physical and chemical processes found
in each region (Casey & Post 2011). The isotopic base-
line of the NCSI, especially between regions, is not
well understood, and baseline data were not available
for this study. However, given the contrast in environ-
ments and oceanographic processes across the NCSI,
it is likely there would be notable differences in iso-
topic baseline (Udy et al. 2019).

Oceanographic processes and physical features
can also directly influence the distribution of marine
mammals, independent of prey. Environmental vari-
ables such as thermoclines can act as ecological
boundaries to movement (Au & Perryman 1985,
Reilly 1990, Ballance et al. 2006). Oceanographic fea-
tures such as salinity, temperature and productivity
levels have been suggested as barriers to genetic
connectivity in several species of dolphins (Fullard et
al. 2000, Natoli et al. 2005, Bilgmann et al. 2007,
Moller et al. 2011). Ecological boundaries to genetic
connectivity between local populations of Hector's
dolphins around the South Island may also exist. For
example, higher levels of genetic differentiation
were reported between Hector's dolphins separated
by only ~12 km of coast, including a deep submarine
canyon (~60 km long and 1200 m deep; Lewis &
Barnes 1999), than between populations separated
by 50 km of coastline with no deep water features
(Hamner et al. 2016). The deep water of the Cook
Strait is also likely to act as a deterrent for movement
between Hector's dolphins (which are commonly
found in depths of less than 50-60 m; Brager et al.
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2002, Rayment et al. 2009, Brager & Brager 2018) and
the closely related Maui dolphin C. h. maui to the
north. However, recent long-range movements of
Hector's dolphins from the South Island to the west
coast of the North Island have occurred, though it is
not known if this movement occurred via the Cook
Strait or an offshore corridor of shallower water to the
northwest (Hamner et al. 2014). Genetic differentia-
tion has been identified in Hector's dolphins from the
west and east coasts of New Zealand (Hamner et al.
2012). Preliminary genetic analysis has revealed ge-
netic similarity between dolphins from the east coast
South Island and the east NCSI; the same was true
for west coast South Island animals and those from
west NCSI (Baker et al. 2017). This needs to be inter-
preted with caution due to small sample sizes, but
the apparent genetic differentiation in Hector's dol-
phins between west and east coasts suggests there
may be an ecological driver of the sub-population
boundary that could impact genetic connectivity and
movement and contribute to the observed significant
differences in isotope values and niche space (Figs. 3
& 4) (Hamner et al. 2016, Brager & Brager 2018).

4.2. Potential drivers for spatial variation in
isotopic niche space

The concept of the isotopic niche is a powerful
approach used to inform questions which were tradi-
tionally only considered within ecological niche stud-
ies (Newsome et al. 2007). The use of this approach
to inform questions on resource use, habitat parti-
tioning and foraging ecology in marine mammals has
increased substantially in recent years (e.g. Yur-
kowski et al. 2016, Ciancio et al. 2021, Drago et al.
2021, Durante et al. 2021, Teixeira et al. 2021, Parra
et al. 2022). Particularly, the width or breadth (re-
ferred to as width from here on) of the isotopic niche
can be estimated using the variance of stable isotope
values such as 8°C and 8N, and this can reflect
changes in prey distribution and availability (Bear-
hop et al. 2004, Newsome et al. 2012). In many
species, large isotopic niche spaces may reflect prey
diversity (Bearhop et al. 2004). Conversely, a narrow-
ing of isotopic niche space often reflects changing
availability of key prey species. For example, inter-
annual fluctuations of isotopic niche space in little
penguins have been associated with fluctuations in
the abundance of anchovy Engraulis australis and
other key prey species (Kowalczyk et al. 2015). Simi-
larly, increasing isotopic niche width in ringed seals
Pusa hispida, beluga whales Delphinapterus leucas

and Maui dolphins have been associated with in-
creased prey diversity and ecological opportunity
(Yurkowski et al. 2016, Ogilvy et al. 2022).

Here, we observed 2 distinct niche spaces in Hec-
tor's dolphins from the west and east regions of the
NCSI (Fig. 4). Within the east, the niche space of
Queen Charlotte Sound was a subset of Cloudy Bay,
which may suggest a common prey source for both
locations in the east. However, it is also possible for
different prey types to have similar isotope signa-
tures and, therefore, overlap in isospace (Riccialdelli
et al. 2010, Lerner et al. 2018). The width of isotopic
niche in Queen Charlotte Sound was very narrow,
which is unusual in generalist predators that con-
sume a range of different prey types and often have
broad isotopic niches (e.g. Tixier et al. 2019, Cloyed
et al. 2021, Jory et al. 2021). Increases in sediment
deposition have been associated with decreased iso-
topic niche width (Burdon et al. 2020), and sediment
deposition in Queen Charlotte Sound is extensive
(Fahey & Coker 1992, Handley 2006, Urlich & Hand-
ley 2020). Isotopic niche width may vary between
years, and a similarly narrow isotopic niche has been
observed in Maui dolphins sampled in 2021; it was
thought this may reflect a climate-mediated shift in
prey distribution (Ogilvy et al. 2022). It is possible a
combination of both environmental processes and
prey distribution may be occurring here and con-
tributing to the decreased isotopic niche width in
Queen Charlotte Sound. Similar seasonal variation in
isotopic niche width has been observed in little pen-
guins from Queen Charlotte Sound, where smaller
niche space is associated with foraging around the
mouth of Queen Charlotte Sound versus wider niche
space associated with foraging offshore in the Cook
Strait (Poupart et al. 2017).

Species with narrow isotopic niches are more vul-
nerable to sources of anthropogenic disturbance,
which can affect their habitat and/or the availability
of key prey (Cloyed et al. 2021). It is possible for
species that are dietary generalists at the population
level to be composed of a group of individuals that
use a subset of available resources and exhibit high
site fidelity (e.g. Anderson et al. 2008, Woo et al.
2008, Ceia & Ramos 2015). This individual specialisa-
tion can be reflected by narrow isotopic niche width.
Groups of specialised individuals are more vulnera-
ble to location-specific habitat degradation, and this
has been observed in populations of bottlenose dol-
phins Tursiops truncatus (Gonzalvo et al. 2014).
However, we do not think the narrow niche width in
Queen Charlotte Sound reflects a subset of spe-
cialised individuals with high site fidelity, as there is
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preliminary genetic evidence to suggest that move-
ment of Hector's dolphins in the east NCSI may occur
(Baker et al. 2017, Hamner et al. 2017). Seasonal dis-
tribution patterns exist in Hector's dolphins from
Queen Charlotte Sound and Cloudy Bay; dolphins
are present in greater densities during summer,
whereas in winter, density reduces and the dolphins
show a preference for offshore waters (MacKenzie &
Clement 2014, Cross 2019). The seasonal density
patterns, in addition to the genetic similarity be-
tween Hector's dolphins in Queen Charlotte Sound
and Cloudy Bay (Baker et al. 2017), support the
hypothesis that movement between these 2 regions
may occur and is a potential explanation for the over-
lap in niche space (Fig. 4A).

The effects of anomalous, climate-driven oceano-
graphic events such as marine heatwaves have pre-
viously had severe effects on the NCSI of New
Zealand. The western region faces the Tasman Sea,
which is very susceptible to ocean warming and
marine heatwave events (de Burgh-Day et al. 2022).
Three marine heatwaves have occurred since 2017
and have caused significant ecological impacts on
kelp Macrocystis pyrifera, shellfish, salmon Onco-
rhynchus tshawytscha and kingfish Seriola lalandi
lalandiin New Zealand (Oliver et al. 2017, Tait et al.
2021, de Burgh-Day et al. 2022). In the Marlborough
Sounds, a severe marine heatwave in 2017-2018 led
to an increase in sea surface temperature that coin-
cided with substantial farmed salmon mortality (Eder
2018, Salinger et al. 2019). Some dolphin samples
(n = 6) from the western NCSI used in this analysis
reflect prey consumption under marine heatwave
conditions (Browning et al. 2014, Oliver et al. 2017,
Morton 2021, de Burgh-Day et al. 2022). The large
niche space observed in western NCSI (Fig. 4B) may
suggest either a shift in prey distribution during this
time, opportunistic feeding during unfavourable
oceanographic conditions (possibly as an effect of cli-
mate-mediated events such as marine heatwaves) or
a combination of the 2. Interestingly, despite this
variation, there was limited overlap with the isotopic
niche between west and east. A similar pattern was
observed in the isotopic niche space of Maui dol-
phins in 2015-2016 during a strong El Nino event,
where niche space was significantly different and
larger than in other years (Ogilvy et al. 2022). Corre-
lations between isotope values, niche space and El
Nino conditions are also evident in other species
such as Humboldt penguins Spheniscus humboldti,
Australian gannets Morus serrator, Guadalupe fur
seals Arctocephalus philippii townsendi and Cali-
fornia sea lions Zalophus californianus (Elorriaga-

Verplancken et al. 2016, Chiu-Werner et al. 2019,
Rodriguez-Malag6n et al. 2021).

Here, the lowest 8'3C values of the 3 sample lo-
cations were in western NCSI (Fig. 3), which could
suggest consumption of more offshore prey sources
(Cherel & Hobson 2007) compared to dolphins from
eastern NCSI. However, the absolute difference in
median 8'3C values between western and eastern re-
gions was <1 %o. If there were an extensive difference
between offshore and inshore feeding, this differ-
ence would likely be greater than we see here, as has
been observed in other coastal dolphin species (e.g.
Gross et al. 2009, Riccialdelli et al. 2010, Gibbs et al.
2011, Mendez-Fernandez et al. 2012). It is also likely
that variation in isotopic baseline between the 2
regions is influenced by terrigenous sedimentation
and runoff associated with land utilisation, which
may contribute to the observed difference in 83C
values (McMullin et al. 2021).

The difference in median 8°N values between
west and east regions was <1%., which is less than
the trophic enrichment factor estimated for similar
delphinids (Browning et al. 2014, Ogilvy et al. 2022)
and suggests Hector's dolphins from both regions
occupy a similar trophic level. This was not unex-
pected; Cephalorhynchus species, including Hector's
dolphins, are generalist consumers known to feed
throughout the water column (Riccialdelli et al. 2010,
Miller et al. 2013, Dawson 2018, Ogilvy et al. 2022).
This does not necessarily suggest Hector's dolphins
from the west and east regions consume similar prey;
similarities in isotopic baseline of different habitats
can confound the interpretation of prey preferences
and trophic level estimation. Similar isotope values
have been observed in cetaceans which are known
to occupy different habitats and have completely dif-
ferent prey preferences (Riccialdelli et al. 2010). It is
likely the 8'°N baseline between west and east re-
gions also influences the 8N of Hector's dolphins
observed here.

4.3. Sex-related differences in foraging ecology

Sexual dimorphism can often result in sex-related
differences in foraging strategies of marine mammals
(Shine 1989, Page et al. 2005, Lewis et al. 2006, Beer-
man et al. 2016). This was not the case for NCSI Hec-
tor's dolphins, as Hector's dolphins do not show
sexual dimorphism, which suggests they consume
similar prey and no sex-dependent foraging strategies
are occurring. This was not unexpected, as we see the
same in Maui dolphins (Ogilvy et al. 2022) and Com-
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merson's dolphins Cephalorhynchus commersonii
commersonii (Riccialdelli et al. 2013), although sex-
segregation among social groups of the Cephalorhyn-
chus genus does occur in some larger populations.
For example, Hector's dolphins in Te Pataka-o-
Rakaihautu/Banks Peninsula, along the east coast of
the South Island, have a high degree of sex-segrega-
tion reflected in lower 8'°N values of males compared
to females (Miller et al. 2013).

4.4. Caveats

Due to the difficulty in obtaining tissue samples,
there is a discrepancy in sample size between
western (n = 14) and eastern (n = 97) regions. We
have accounted for the difference in sample size be-
tween regions when calculating isotopic niche width,
as the bivariate ellipses are modelled in a Bayesian
framework and are unbiased with respect to sample
size (Jackson et al. 2011). We are aware that temporal
variation of isotope values can be significant in
marine mammals (e.g. Marcoux et al. 2012, Watt &
Ferguson 2015, Cardona et al. 2017). However, the
comparison of Hector's dolphin isotope values from
west and east regions of the NCSI does not account
for temporal variation. The data set presented here
spans 11 yr, and samples from each region were col-
lected in different years. Most of the samples used
here were collected in austral summer/autumn and
therefore reflect prey consumption during late
spring/early summer. However, several samples were
collected outside of this period, during the austral
winter (n = 11; Table S1). We checked temporal varia-
tion within the east and found that between-year
variation in this region sat within the distinct isotopic
niche space of the east and had little to no overlap
with isotopic niche space in the west (Fig. S1). Fur-
thermore, we acknowledge that the patterns ob-
served here are likely driven by a combination of
prey and underlying variation in the isotopic baseline
of each region (Barnes et al. 2009, Casey & Post
2011). We are aware of the importance of monitoring
the isotopic baseline and are supporting efforts to im-
plement a long-term baseline monitoring programme
in this region to enable future trophic studies of Hec-
tor's dolphins and other coastal species.

4.5. Summary

Here, we show that there is a significant difference
in isotope values of Hector's dolphins from the west

and east regions of the NCSI, suggesting a difference
in Hector's dolphin foraging ecology between the 2
regions. This is likely driven by differences in prey
distribution, which are possibly mediated by the con-
trasting physical and chemical oceanographic fea-
tures of each region that influence both prey and iso-
topic baselines. We observed distinct isotopic niche
spaces between west and east regions, and within
the eastern region, there is isotopic niche overlap be-
tween Queen Charlotte Sound and Cloudy Bay. The
overlap of these 2 areas within the eastern region of
the NCSI may reflect a common prey source but is
also moderate evidence to support the hypothesis
that movement of individuals between these areas
may occur. The use of stable isotopes has enabled us
to understand potential drivers of population struc-
ture and fill a gap in knowledge about the foraging
ecology of this endemic coastal species.

Acknowledgements. This research was done in consultation
with mana whenua of Te Tauihu iwi and we are grateful for
their support working with these taonga (treasures). The au-
thors of this work recognise the rights of Indigenous peoples
to make decisions about the future use of information, biolog-
ical collections, data and digital sequence information that
derives from associated lands, waters and territories. To sup-
port the practice of proper and appropriate acknowledge-
ment into the future of these rights, we request that those
seeking to reuse these data contact R.C. (r.constantine@
auckland.ac.nz) ahead of use and publication. We thank C.
Scott Baker, Debbie Steel and Rebecca Hamner at Oregon
State University for many years of collaboration on this work.
We thank the team at Te Papa Atawhai/Department of Con-
servation (DOC) for supporting this research and collecting
samples, in particular: Mike Ogle, Roy Grose, Andrew
Baxter, Kristina Hillock, Aubrey Tai and Anton van Helden.
This research was possible thanks to long-term funding for
the genetic research and a DOC grant to analyse the stable
isotopes. This research is part of a PhD thesis by C.O. An un-
published, non-peer-reviewed version of this research is
available online as a report produced for DOC (https://www.
doc.govt.nz/globalassets/documents/conservation/native-
animals/marine-mammals/maui-hectors-dolphins/investig
ating-diet-hectors-dolphins-south-island.pdf). C.O. was sup-
ported by a University of Auckland Doctoral Scholarship and
a Hutton Fund grant from Te Aparangi—Royal Society of New
Zealand. E.L.C. was supported by a Te Aparangi—Royal Soci-
ety of New Zealand Rutherford Discovery Fellowship.

LITERATURE CITED

]iAnderson RC, Wood JB, Mather JA (2008) Octopus vulgaris

in the Caribbean is a specializing generalist. Mar Ecol
Prog Ser 371:199-202

Au DW, Perryman WL (1985) Dolphin habitats in the eastern
tropical Pacific. Fish Bull 83:623-644

Baker CS, Steel D, Constantine R, Ogle M, Tai A (2017) Note
on individual identification, sex and mtDNA haplotypes
of Hector's dolphins sampled in Queen Charlotte Sound,


https://doi.org/10.3354/meps07649

72

Mar Ecol Prog Ser 711: 61-75, 2023

with comparison to Golden Bay. Unpublished Progress
Report to Department of Conservation, Wellington
A Ballance LT, Pitman RL, Fiedler PC (2006) Oceanographic
influences on seabirds and cetaceans of the eastern trop-
ical Pacific: a review. Prog Oceanogr 69:360-390
]\(Barnes C, Jennings S, Barry J (2009) Environmental corre-
lates of large-scale spatial variation in the 8'*C of marine
animals. Estuar Coast Shelf Sci 81:368-374
]\(Baumgartner MF, Mate BR (2003) Summertime foraging
ecology of North Atlantic right whales. Mar Ecol Prog
Ser 264:123-135
HBaylis AM, Page B, McKenzie J, Goldsworthy SD (2012)
Individual foraging site fidelity in lactating New Zealand
fur seals: continental shelf vs. oceanic habitats. Mar
Mamm Sci 28:276-294
HA‘Bearhop S, Adams CE, Waldron S, Fuller RA, MacLeod H
(2004) Determining trophic niche width: a novel approach
using stable isotope analysis. J Anim Ecol 73:1007-1012
] Beerman A, Ashe E, Preedy K, Williams R (2016) Sexual seg-
regation when foraging in an extremely social killer
whale population. Behav Ecol Sociobiol 70:189-198
Benjamins S, Dale AC, Hastie G, Waggitt JJ, Lea MA, Scott
B, Wilson B (2015) Confusion reigns? A review of marine
megafauna interactions with tidal-stream environments.
Oceanogr Mar Biol Annu Rev 53:1-54
]\(Bertrand A, Grados D, Colas F, Bertrand S and others (2014)
Broad impacts of fine-scale dynamics on seascape struc-
ture from zooplankton to seabirds. Nat Commun 5:5239
]\(Bilgmann K, Moller LM, Harcourt RG, Gibbs SE, Behere-
garay LB (2007) Genetic differentiation in bottlenose dol-
phins from South Australia: association with local
oceanography and coastal geography. Mar Ecol Prog Ser
341:265-276
ZBluhm BA, Gradinger R (2008) Regional variability in food
availability for Arctic marine mammals. Ecol Appl 18:
S77-S96
A Boecklen WJ, Yarnes CT, Cook BA, James AC (2011) On the
use of stable isotopes in trophic ecology. Annu Rev Ecol
Evol Syst 42:411-440
FBost CA, Cotté C, Bailleul F, Cherel Y and others (2009) The
importance of oceanographic fronts to marine birds and
mammals of the southern oceans. J Mar Syst 78:363-376
]\<Bowen WD (1997) Role of marine mammals in aquatic
ecosystems. Mar Ecol Prog Ser 158:267-274
Bowen WD, Iverson SJ (2013) Methods of estimating marine
mammal diets: a review of validation experiments and
sources of bias and uncertainty. Mar Mamm Sci 29:
719-754
A Bréger S, Brager Z (2018) Range utilization and movement
patterns of coastal Hector's dolphins (Cephalorhynchus
hectori). Aquat Mamm 44:633-642
]\(Bréger S, Dawson SM,, Slooten E, Smith S, Stone GS, Yoshi-
naga A (2002) Site fidelity and along-shore range in Hec-
tor's dolphin, an endangered marine dolphin from New
Zealand. Biol Conserv 108:281-287
ﬁiBréger S, Harraway JA, Manly BFJ (2003) Habitat selection
in a coastal dolphin species (Cephalorhynchus hectori).
Mar Biol 143:233-244
P Browning NE, Dold C, Jack IF, Worthy GA (2014) Isotope
turnover rates and diet-tissue discrimination in skin of
ex situ bottlenose dolphins (Tursiops truncatus). J Exp
Biol 217:214-221
Z¢Burdon FJ, McIntosh AR, Harding JS (2020) Mechanisms of
trophic niche compression: evidence from landscape dis-
turbance. J Anim Ecol 89:730-744

]\<Cardona L, Vales D, Aguilar A, Crespo E, Zenteno L (2017)
Temporal variability in stable isotope ratios of C and N in
the vibrissa of captive and wild adult South American
sea lions Otaria byronia: more than just diet shifts. Mar
Mamm Sci 33:975-990

A Carroll EL, Gallego R, Sewell MA, Zeldis J and others (2019)
Multi-locus DNA metabarcoding of zooplankton com-
munities and scat reveal trophic interactions of a gener-
alist predator. Sci Rep 9:281

]\'{Casey MM, Post DM (2011) The problem of isotopic base-
line: reconstructing the diet and trophic position of fossil
animals. Earth Sci Rev 106:131-148

ACeia FR, Ramos JA (2015) Individual specialization in the
foraging and feeding strategies of seabirds: a review.
Mar Biol 162:1923-1938

] Cherel Y, Hobson KA (2007) Geographical variation in car-
bon stable isotope signatures of marine predators: a tool
to investigate their foraging areas in the Southern
Ocean. Mar Ecol Prog Ser 329:281-287

Chiswell SM, Zeldis J, Hadfield MG, Pinkerton M (2016)
Wind-driven upwelling and surface chlorophyll blooms
in Greater Cook Strait. NZ J Mar Freshw Res 51:465-489

]% Chiswell SM, Stevens CL, Macdonald HS, Grant BS, Price O
(2021) Circulation in Tasman-Golden bays and Greater
Cook Strait, New Zealand. NZ J Mar Freshw Res 55:
223-248

ﬁg Chiu-Werner A, Ceia FR, Cardenas-Alayza S, Cardena-
Mormontoy M, Adkesson M, Xavier J (2019) Inter-
annual isotopic niche segregation of wild Humboldt pen-
guins through years of different El Nino intensities. Mar
Environ Res 150:104755

¢ Ciancio JE, Yorio P, Buratti C, Colombo GA, Frere E (2021)
Isotopic niche plasticity in a marine top predator as indi-
cator of a large marine ecosystem food web status. Ecol
Indic 126:107687

A Cloyed CS, Balmer BC, Schwacke LH, Wells RS and others
(2021) Interaction between dietary and habitat niche
breadth influences cetacean vulnerability to environ-
mental disturbance. Ecosphere 12:e03759

Constantine R (2019) Hector's and Maui dolphins: small
shore-living delphinids with disparate social structures.
In: Wiirsig B (ed) Ethology and behavioural ecology of
odontocetes. Springer, Cham, p 435-437

'\<COX SL, Embling CB, Hosegood PJ, Votier SC, Ingram SN
(2018) Oceanographic drivers of marine mammal and
seabird habitat-use across shelf-seas: a guide to key fea-
tures and recommendations for future research and con-
servation management. Estuar Coast Shelf Sci 212:
294-310

A{Croll DA, Tershy BR, Hewitt RP, Demer DA and others (1998)
An integrated approach to the foraging ecology of marine
birds and mammals. Deep Sea Res I1 45:1353-1371

Cross CL (2019) Spatial ecology of delphinids in Queen Char-
lotte Sound, New Zealand: implications for conservation
management. PhD thesis, Massey University, Albany

Dawson S (2018) Cephalorhynchus dolphins. In: Wiirsig B,
Thewissen JGM, Kovacs KM (eds) Encyclopedia of
marine mammals. Academic Press, San Diego, CA,
p 166-172

A¢de Burgh-Day CO, Spillman CM, Smith G, Stevens CL (2022)
Forecasting extreme marine heat events in key aquacul-
ture regions around New Zealand. J Southern Hemi-
sphere Earth Syst Sci 72:58-72

de Vos A, Faux CE, Marthick J, Dickinson J, Jarman SN
(2018) New determination of prey and parasite species


https://doi.org/10.1016/j.pocean.2006.03.013
https://doi.org/10.1016/j.ecss.2008.11.011
https://doi.org/10.3354/meps264123
https://doi.org/10.1111/j.1748-7692.2011.00487.x
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1007/s00265-015-2038-2
https://doi.org/10.1038/ncomms6239
https://doi.org/10.3354/meps341265
https://doi.org/10.1890/06-0562.1
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1016/j.jmarsys.2008.11.022
https://doi.org/10.3354/meps158267
https://doi.org/10.1578/AM.44.6.2018.633
https://doi.org/10.1016/S0006-3207(02)00124-6
https://doi.org/10.1071/ES21012
https://doi.org/10.1016/S0967-0645(98)00031-9
https://doi.org/10.1016/j.ecss.2018.06.022
https://doi.org/10.1002/ecs2.3759
https://doi.org/10.1016/j.ecolind.2021.107687
https://doi.org/10.1016/j.marenvres.2019.104755
https://doi.org/10.1080/00288330.2019.1698622
https://doi.org/10.3354/meps329281
https://doi.org/10.1007/s00227-015-2735-4
https://doi.org/10.1016/j.earscirev.2011.02.001
https://pubmed.ncbi.nlm.nih.gov/30670720
https://doi.org/10.1111/mms.12415
https://doi.org/10.1111/1365-2656.13142
https://pubmed.ncbi.nlm.nih.gov/24072795
https://doi.org/10.1007/s00227-003-1068-x

Ogilvy et al.: Spatial variation in isotope values of Hector's dolphins 73

for northern Indian Ocean blue whales. Front Mar Sci 5:
104
A DeNiro MJ, Epstein S (1978) Influence of diet on the distri-
bution of carbon isotopes in animals. Geochim Cosmo-
chim Acta 42:495-506
HDeNiro MJ, Epstein S (1981) Influence of diet on the distri-
bution of nitrogen isotopes in animals. Geochim Cos-
mochim Acta 45:341-351
ZDi Beneditto APM, Siciliano S (2007) Stomach contents of
the marine tucuxi dolphin (Sotalia guianensis) from Rio
de Janeiro, south-eastern Brazil. J Mar Biol Assoc UK 87:
253-254
ADrago M, Signaroli M, Valdivia M, Gonzélez EM, Borrell A,
Aguilar A, Cardona L (2021) The isotopic niche of
Atlantic, biting marine mammals and its relationship to
skull morphology and body size. Sci Rep 11:15147
ﬁiDurante CA, Crespo EA, Loizaga R (2021) Isotopic niche
partitioning between two small cetacean species. Mar
Ecol Prog Ser 659:247-259
Eder J (2018) Hotter-than-normal water kills off salmon in
the Sounds. https://www.stuff.co.nz/business/farming/
aquaculture/101031695/hotterthannormal-water-kills-
off-salmon-in-the-sounds (accessed 17 August 2022)
]\(Eide M, Olsen A, Ninnemann US, Eldevik T (2017) A global
estimate of the full oceanic *C Suess effect since the
preindustrial. Global Biogeochem Cycles 31:492-514
ﬁiElorriaga-Verplancken FR, Sierra-Rodriguez GE, Rosales-
Nanduca H, Acevedo-Whitehouse K, Sandoval-Sierra J
(2016) Impact of the 2015 El Nino—Southern Oscillation
on the abundance and foraging habits of Guadalupe fur
seals and California sea lions from the San Benito
Archipelago, Mexico. PLOS ONE 11:e0155034
]%Fahey BD, Coker RJ (1992) Sediment production from forest
roads in Queen Charlotte Forest and potential impact
on marine water quality, Marlborough Sounds, New
Zealand. N Z J Mar Freshw Res 26:187-195
H¢Fullard KJ, Early G, Heide-Jorgensen MP, Bloch D, Rosing-
Asvid A, Amos W (2000) Population structure of long-
finned pilot whales in the North Atlantic: A correlation
with sea surface temperature? Mol Ecol 9:949-958
Gelman A, Rubin DB (1992) Inference from iterative simula-
tion using multiple sequences. Stat Sci 7:457-472
] Gibbs SE, Harcourt RG, Kemper CM (2011) Niche differen-
tiation of bottlenose dolphin species in South Australia
revealed by stable isotopes and stomach contents. Wildl
Res 38:261-270
ﬁi Giménez J, Ramirez F, Almunia J, Forero MG, de Stephanis
R (2016) From the pool to the sea: applicable isotope
turnover rates and diet to skin discrimination factors for
bottlenose dolphins (Tursiops truncatus). J Exp Mar Biol
Ecol 475:54-61
ﬁ< Gonzalvo J, Forcada J, Grau E, Aguilar A (2014) Strong site-
fidelity increases vulnerability of common bottlenose
dolphins Tursiops truncatus in a mass tourism destina-
tion in the western Mediterranean Sea. J Mar Biol Assoc
UK 94:1227-1235
ﬁi Gross A, Kiszka J, Van Canneyt O, Richard P, Ridoux V
(2009) A preliminary study of habitat and resource parti-
tioning among co-occurring tropical dolphins around
Mayotte, southwest Indian Ocean. Estuar Coast Shelf Sci
84:367-374
] Gruber N, Keeling CD, Bacastow RB, Guenther PR and oth-
ers (1999) Spatiotemporal patterns of carbon-13 in the
global surface oceans and the oceanic Suess effect.
Global Biogeochem Cycles 13:307-335

]\( Hamner R, Pichler FB, Heimeier D, Constantine R, Baker S
(2012) Genetic differentiation and limited gene flow
among fragmented populations of New Zealand
endemic Hector's and Maui's dolphins. Conserv Genet
13:987-1002

]\( Hamner R, Constantine R, Oremus M, Stanley M, Brown P,
Baker S (2014) Long-range movement by Hector's dol-
phins provides potential genetic enhancement for criti-
cally endangered Maui's dolphin. Mar Mamm Sci 30:
139-153

Hamner R, Steel D, Constantine R, Morrissey M and others
(2016) Local population structure and abundance of Hec-
tor's dolphins off Kaikoura—2014 and 2015. Report for
the Department of Conservation, Wellington

] Hamner RM, Constantine R, Mattlin R, Waples R, Baker CS
(2017) Genotype-based estimates of local abundance
and effective population size for Hector's dolphins. Biol
Conserv 211:150-160

Handley S (2006) An analysis of historical impacts and com-
position of the benthic environment of Tasman and
Golden Bays. Report No. NEL2006-002. National Insti-
tute of Water and Atmospheric Research, Nelson

]% Hayward BW, Grenfell H, Reid C (1997) Foraminiferal asso-
ciations in Wanganui Bight and Queen Charlotte Sound,
New Zealand. N Z J Mar Freshw Res 31:337-365

A‘Herman DP, Burrows DG, Wade PR, Durban JW and others
(2005) Feeding ecology of eastern North Pacific Kkiller
whales Orcinus orca from fatty acid, stable isotope, and
organochlorine analyses of blubber biopsies. Mar Ecol
Prog Ser 302:275-291

]\(Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Compar-
ing isotopic niche widths among and within communities:
SIBER —stable isotope Bayesian ellipses in R. J Anim

Ecol 80:595-602

]\'{Jory C, Lesage V, Leclerc A, Giard J and others (2021) Indi-
vidual and population dietary specialization decline in
fin whales during a period of ecosystem shift. Sci Rep 11:
17181

A’Kanaji Y, Yoshida H, Okazaki M (2017) Spatiotemporal vari-
ations in habitat utilization patterns of four Delphinidae
species in the western North Pacific, inferred from car-
bon and nitrogen stable isotope ratios. Mar Biol 164:65

HKeeling CD (1979) The Suess effect: 3Carbon-'#Carbon
interrelations. Environ Int 2:229-300

AKiszka JJ, Heithaus MR, Wirsing AJ (2015) Behavioural
drivers of the ecological roles and importance of marine
mammals. Mar Ecol Prog Ser 523:267-281

A Knoff A, Hohn A, Macko S (2008) Ontogenetic diet changes
in bottlenose dolphins (Tursiops truncatus) reflected
through stable isotopes. Mar Mamm Sci 24:128-137

AKowalczyk ND, Chiaradia A, Preston TJ, Reina RD (2015)
Fine-scale dietary changes between the breeding and
non-breeding diet of a resident seabird. R Soc Open Sci
2:140291

A Kriitzen M, Barré LM, Méller LM, Heithaus MR, Simms C,
Sherwin WB (2002) A biopsy system for small cetaceans:
darting success and wound healing in Tursiops spp. Mar
Mamm Sci 18:863-878

] Lerner JE, Ono K, Hernandez KM, Runstadler JA, Puryear
WB, Polito MJ (2018) Evaluating the use of stable isotope
analysis to infer the feeding ecology of a growing US
gray seal (Halichoerus grypus) population. PLOS ONE
13:e0192241

HLesage V, Morin Y, Rioux E, Pomerleau C, Ferguson SH,
Pelletier E (2010) Stable isotopes and trace elements as


https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1017/S0025315407053647
https://doi.org/10.1038/s41598-021-94610-w
https://doi.org/10.3354/meps13575
https://doi.org/10.1002/2016GB005472
https://doi.org/10.1371/journal.pone.0155034
https://doi.org/10.1080/00288330.1992.9516514
https://doi.org/10.1046/j.1365-294x.2000.00957.x
https://doi.org/10.1071/WR10108
https://doi.org/10.1016/j.jembe.2015.11.001
https://doi.org/10.1017/S0025315413000866
https://doi.org/10.1016/j.ecss.2009.05.017
https://doi.org/10.1029/1999GB900019
https://doi.org/10.3354/meps08825
https://doi.org/10.1371/journal.pone.0192241
https://doi.org/10.1111/j.1748-7692.2002.tb01078.x
https://doi.org/10.1098/rsos.140291
https://doi.org/10.1111/j.1748-7692.2007.00174.x
https://doi.org/10.3354/meps11180
https://doi.org/10.1016/0160-4120(79)90005-9
https://doi.org/10.1007/s00227-017-3107-z
https://doi.org/10.1038/s41598-021-96283-x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.3354/meps302275
https://doi.org/10.1080/00288330.1997.9516771
https://doi.org/10.1016/j.biocon.2017.02.044
https://doi.org/10.1111/mms.12026
https://doi.org/10.1007/s10592-012-0347-9

74 Mar Ecol Prog Ser 711: 61-75, 2023

indicators of diet and habitat use in cetaceans: predicting
errors related to preservation, lipid extraction, and lipid
normalization. Mar Ecol Prog Ser 419:249-265

]\(Lewis KB, Barnes PM (1999) Kaikoura Canyon, New
Zealand: active conduit from near-shore sediment zones
to trench-axis channel. Mar Geol 162:39-69

]\(Lewis R, O'Connell TC, Lewis M, Campagna C, Hoelzel AR
(2006) Sex-specific foraging strategies and resource par-
titioning in the southern elephant seal (Mirounga leon-
ina). Proc R Soc B 273:2901-2907

MacKenzie DL, Clement D (2014) Abundance and distribu-
tion of ECSI Hector's dolphin. Report for the Ministry for
Primary Industries, Wellington

HMarcoux M, McMeans BC, Fisk AT, Ferguson SH (2012)
Composition and temporal variation in the diet of beluga
whales, derived from stable isotopes. Mar Ecol Prog Ser

471:283-291

FMcMullin RM, Sabadel AJM, Hageman KJ, Wing SR (2021)
A quantitative analysis of organic matter inputs to soft
sediment communities surrounding salmon farms in the
Marlborough Sounds region of New Zealand. Sci Total

Environ 773:145146

ﬁiMéndez-Fernandez P, Bustamante P, Bode A, Chouvelon T
and others (2012) Foraging ecology of five toothed whale
species in the Northwest Iberian Peninsula, inferred
using carbon and nitrogen isotope ratios. J Exp Mar Biol

Ecol 413:150-158

AMeynier L, Stockin KA, Bando MKH, Duignan PJ (2008)
Stomach contents of common dolphin (Delphinus sp.)
from New Zealand waters. NZ J Mar Freshw Res 42:
257-268

Miller E, Lalas C, Dawson S, Ratz H, Slooten E (2013) Hector's
dolphin diet: the species, sizes and relative importance of
prey eaten by Cephalorhynchus hectori, investigated using
stomach content analysis. Mar Mamm Sci 29:606-628

HMoller L, Valdez FP, Allen S, Bilgmann K, Corrigan S,
Beheregaray LB (2011) Fine-scale genetic structure in
short-beaked common dolphins (Delphinus delphis)
along the East Australian Current. Mar Biol 158:113-126

] Morton J (2021) Another NZ ‘marine heatwave' is unfolding:
here's what that means for you. https://www.nzherald.co.
nz/nz/another-nz-marine-heatwave-is-unfolding-heres-
what-that-means-for-you/4XSMPKCN2YRI3HBS3B42

MXXSIU/ (accessed on 17 August 2022)

HNatoli A, Birkun A, Aguilar A, Lopez A, Hoelzel AR (2005)
Habitat structure and the dispersal of male and female
bottlenose dolphins (Tursiops truncatus). Proc R Soc B

272:1217-1226

A Newsome SD, Martinez del Rio C, Bearhop S, Phillips DL
(2007) A niche for isotopic ecology. Front Ecol Environ 5:
429-436

Newsome SD, Clementz MT, Koch PL (2010) Using stable
isotope biogeochemistry to study marine mammal ecol-

ogy. Mar Mamm Sci 26:509-572

HNewsome SD, Yeakel JD, Wheatley PV, Tinker MT (2012)
Tools for quantifying isotopic niche space and dietary
variation at the individual and population level. J Mam-
mal 93:329-341

]\(Newsome SD, Chivers SJ, Berman Kowalewski M (2018)
The influence of lipid-extraction and long-term DMSO
preservation on carbon (33C) and nitrogen (3'°N) isotope
values in cetacean skin. Mar Mamm Sci 34:277-293

HNielsen JM, Clare EL, Hayden B, Brett MT, Kratina P (2018)
Diet tracing in ecology: method comparison and selec-
tion. Methods Ecol Evol 9:278-291

Nottestad L, Krafft BA, Anthonypillai V, Bernasconi M,
Langard L, Merk HL, Ferno A (2015) Recent changes in
distribution and relative abundance of cetaceans in the
Norwegian Sea and their relationship with potential prey.
Front Ecol Evol 2:83

A Ogilvy C, Constantine R, Bury SJ, Carroll EL (2022) Diet
variation in a critically endangered marine predator
revealed with stable isotope analysis. R Soc Open Sci 9:
220470

AOliver ECJ, Benthuysen JA, Bindoff NL, Hobday AJ, Hol-
brook NJ, Mundy CN, Perkins-Kirkpatrick SE (2017) The
unprecedented 2015/16 Tasman Sea marine heatwave.
Nat Commun 8:16101

] Page B, McKenzie J, Goldsworthy SD (2005) Inter-sexual
differences in New Zealand fur seal diving behaviour.
Mar Ecol Prog Ser 304:249-264

] Parra GJ, Jedensjo M (2014) Stomach contents of Australian
snubfin (Orcaella heinsohni) and Indo-Pacific humpback
dolphins (Sousa chinensis). Mar Mamm Sci 30:1184-1198

HParra GJ, Wojtkowiak Z, Peters KJ, Cagnazzi D (2022) Iso-
topic niche overlap between sympatric Australian snub-
fin and humpback dolphins. Ecol Evol 12:e8937

,\'{ Peterson BJ, Fry B (1987) Stable isotopes in ecosystem stud-
ies. Annu Rev Ecol Syst 18:293-320

Z¢Plew DR (2011) Shellfish farm-induced changes to tidal cir-
culation in an embayment, and implications for seston
depletion. Aquacult Environ Interact 1:201-214

,"( Plummer M (2018) rjags: Bayesian graphical models using
MCMC. R package version 4-6, 2016. https://mcmc-jags.
sourceforge.io/

]% Post DM, Layman CA, Arrington DA, Takimoto G, Quat-
trochi J, Montana CG (2007) Getting to the fat of the mat-
ter: models, methods and assumptions for dealing with
lipids in stable isotope analyses. Oecologia 152:179-189

] Poupart TA, Waugh SM, Bost C, Bost CA and others (2017)
Variability in the foraging range of Eudyptula minor
across breeding sites in central New Zealand. NZ J Zool
44:225-244

R Core Team (2020) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna

] Rayment W, Dawson S, Slooten E, Brdager S, Fresne SD,
Webster T (2009) Kernel density estimates of alongshore
home range of Hector's dolphins at Banks Peninsula,
New Zealand. Mar Mamm Sci 25:537-556

,"{ Reeves RR, Dawson SM, Jefferson TA, Karczmarski L and
others (2013) Cephalorhynchus hectori. The ITUCN Red
List of Threatened Species 2013:e.T4162A44199757.
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T4162
A44199757.en (accessed 09 August 2022)

A Reilly SB (1990) Seasonal changes in distribution and habi-
tat differences among dolphins in the eastern tropical
Pacific. Mar Ecol Prog Ser 66:1-11

A Riccialdelli L, Newsome SD, Fogel ML, Goodall RNP (2010)
Isotopic assessment of prey and habitat preferences of a
cetacean community in the southwestern South Atlantic
Ocean. Mar Ecol Prog Ser 418:235-248

A Riccialdelli L, Newsome SD, Dellabianca NA, Bastida R,
Fogel ML, Goodall RNP (2013) Ontogenetic diet shift
in Commerson's dolphin (Cephalorhynchus commersonii
commersonii) off Tierra del Fuego. Polar Biol 36:
617-627

Roberts JO, Webber DN, Roe WD, Edwards CTT, Doonan 1J
(2019) Spatial risk assessment of threats to Hector's and
Maui dolphins (Cephalorhynchus hectori). New Zealand


https://doi.org/10.1016/S0025-3227(99)00075-4
https://pubmed.ncbi.nlm.nih.gov/17015314
https://doi.org/10.3354/meps10029
https://doi.org/10.1016/j.scitotenv.2021.145146
https://doi.org/10.1016/j.jembe.2011.12.007
https://doi.org/10.1080/00288330809509952
https://doi.org/10.1007/s00227-010-1546-x
https://www.nzherald.co.nz/nz/another-nz-marine-heatwave-is-unfolding-heres-what-that-means-for-you/4XSMPKCN2YRI3HBS3B42MXXSIU/
https://pubmed.ncbi.nlm.nih.gov/16024385
https://doi.org/10.1890/1540-9295(2007)5%5b429%3AANFIE%5d2.0.CO%3B2
https://doi.org/10.1644/11-MAMM-S-187.1
https://doi.org/10.1111/mms.12454
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1098/rsos.220470
https://doi.org/10.1007/s00300-013-1289-5
https://doi.org/10.3354/meps08826
https://doi.org/10.3354/meps066001
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T4162A44199757.en
https://doi.org/10.1111/j.1748-7692.2008.00271.x
https://doi.org/10.1080/03014223.2017.1302970
https://doi.org/10.1007/s00442-006-0630-x
https://mcmc-jags.sourceforge.io/
https://doi.org/10.3354/aei00020
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1002/ece3.8937
https://doi.org/10.1111/mms.12088
https://doi.org/10.3354/meps304249
https://doi.org/10.1038/ncomms16101

Ogilvy et al.: Spatial variation in isotope values of Hector's dolphins 75

Aquatic Environment and Biodiversity Report No. 214.
Fisheries New Zealand, Wellington
ﬁiRodriguez-Malagén MA, Speakman CN, Sutton GJ, Angel
LP, Arnould JP (2021) Temporal and spatial isotopic vari-
ability of marine prey species in south-eastern Australia:
potential implications for predator diet studies. PLOS
ONE 16:€0259961
]\(Roman J, McCarthy JJ (2010) The whale pump: marine
mammals enhance primary productivity in a coastal
basin. PLOS ONE 5:€13255
]\(Rossman S, Ostrom P, Gordon F, Zipkin EF (2016) Beyond
carbon and nitrogen: guidelines for estimating three-
dimensional isotopic niche space. Ecol Evol 6:2405-2413
ﬁiRouniCk J, Winterbourn M (1986) Stable carbon isotopes
and carbon flow in ecosystems. Bioscience 36:171-177
#¢Ruiz-Cooley RI, Engelhaupt DT, Ortega-Ortiz JG (2012)
Contrasting C and N isotope ratios from sperm whale
skin and squid between the Gulf of Mexico and Gulf of
California: effect of habitat. Mar Biol 159:151-164
]\<Sabade1 AJM, Durante LM, Wing SR (2020) Stable isotopes
of amino acids from reef fishes uncover Suess and nitro-
gen enrichment effects on local ecosystems. Mar Ecol
Prog Ser 647:149-160
]\(Salinger MJ, Renwick J, Behrens E, Mullan AB and others
(2019) The unprecedented coupled ocean-atmosphere
summer heatwave in the New Zealand region 2017/18:
drivers, mechanisms and impacts. Environ Res Lett 14:
044023
]\(Santos MB, Pierce GJ, Reid RJ, Patterson IAP, Ross HM,
Mente E (2001) Stomach contents of bottlenose dolphins
(Tursiops truncatus) in Scottish waters. J Mar Biol Assoc
UK 81:873-878
HScales KL, Miller PI, Hawkes LA, Ingram SN, Sims DW,
Votier SC (2014) On the Front Line: frontal zones as pri-
ority at-sea conservation areas for mobile marine verte-
brates. J Appl Ecol 51:1575-1583
H'Schlieman CD, Wing SR, O'Connell-Milne SA, McMullin
RM, Durante LM, Kolodzey S, Frew RD (2022) Catch-
ment modifications influence the composition of basal
organic matter supporting suspension-feeding bivalves.
Estuar Coast Shelf Sci 275:107989
] Shine R (1989) Ecological causes for the evolution of sexual
dimorphism: a review of the evidence. Q Rev Biol 64:
419-461
FStevens CL, O'Callaghan JM, Chiswell SM, Hadfield MG
(2021) Physical oceanography of New Zealand/Aotearoa
shelf seas —a review. NZ J Mar Freshw Res 55:6-45
A Sweeting CJ, Polunin NVC, Jennings S (2006) Effects of
chemical lipid extraction and arithmetic lipid correction
on stable isotope ratios of fish tissues. Rapid Commun
Mass Spectrom 20:595-601
A Tait LW, Thoral F, Pinkerton MH, Thomsen MS, Schiel DR
(2021) Loss of giant kelp, Macrocystis pyrifera, driven by
marine heatwaves and exacerbated by poor water clarity
in New Zealand. Front Mar Sci 8:721087
]\(Teixeira CR, Botta S, Daura-Jorge FG, Pereira LB, Newsome
SD, Simoées-Lopes PC (2021) Niche overlap and diet com-

Editorial responsibility: Stephen Wing,
Dunedin, New Zealand
Reviewed by: B. Chilvers and 1 anonymous referee

position of three sympatric coastal dolphin species in the
southwest Atlantic Ocean. Mar Mamm Sci 37:111-126
]\(Tixier P, Giménez J, Reisinger RR, Méndez-Fernandez P,
Arnould JPY, Cherel Y, Guinet C (2019) Importance of
toothfish in the diet of generalist subantarctic Kkiller
whales: implications for fisheries interactions. Mar Ecol
Prog Ser 613:197-210
AUdy J, Wing S, O'Connell-Milne S, Kolodzey S, McMullin R,
Durante L, Frew R (2019) Organic matter derived from
kelp supports a large proportion of biomass in temperate
rocky reef fish communities: implications for ecosystem-
based management. Aquat Conserv 29:1503-1519
] Urlich SC, Handley SJ (2020) From ‘clean and green' to
‘brown and down': a synthesis of historical changes to
biodiversity and marine ecosystems in the Marlborough
Sounds, New Zealand. Ocean Coast Manage 198:105349
]\<Vales DG, Cardona L, Loizaga R, Garcia NA, Crespo EA
(2020) Long-term stability in the trophic ecology of a
pelagic forager living in a changing marine ecosystem.
Front Mar Sci 7:87
] van den Berg GL, Vermeulen E, Valenzuela LO, Bérubé M
and others (2021) Decadal shift in foraging strategy of a
migratory Southern Ocean predator. Glob Change Biol
27:1052-1067
‘\'g Watt CA, Ferguson SH (2015) Fatty acids and stable isotopes
(8C and 8'°N) reveal temporal changes in narwhal
(Monodon monoceros) diet linked to migration patterns.
Mar Mamm Sci 31:21-44
AWebster T, Dawson S, Slooten E (2010) A simple laser pho-
togrammetry technique for measuring Hector's dolphins
(Cephalorhynchus hectori) in the field. Mar Mamm Sci
26:296-308
]\'{ Whitehead H, Rendell L (2004) Movements, habitat use and
feeding success of cultural clans of South Pacific sperm
whales. J Anim Ecol 73:190-196
2 Wilson RM, Chanton JP, Balmer BC, Nowacek DP (2014) An
evaluation of lipid extraction techniques for interpreta-
tion of carbon and nitrogen isotope values in bottlenose
dolphin (Tursiops truncatus) skin tissue. Mar Mamm Sci
30:85-103
]\<Woo KJ, Elliott KH, Davidson M, Gaston AJ, Davoren GK
(2008) Individual specialization in diet by a generalist
marine predator reflects specialization in foraging
behaviour. J Anim Ecol 77:1082-1091
A Young JW, Hunt BPV, Cook TR, Llopiz JK and others (2015)
The trophodynamics of marine top predators: current
knowledge, recent advances and challenges. Deep Sea
Res 11 113:170-187
]\( Yurkowski DJ, Hussey NE, Semeniuk C, Ferguson SH, Fisk
AT (2015) Effects of lipid extraction and the utility of lipid
normalization models on §*C and §'°N values in Arctic
marine mammal tissues. Polar Biol 38:131-143
]\( Yurkowski DJ, Ferguson S, Choy ES, Loseto LL and others
(2016) Latitudinal variation in ecological opportunity and
intraspecific competition indicates differences in niche
variability and diet specialization of Arctic marine preda-
tors. Ecol Evol 6:1666-1678

Submitted: October 5, 2022
Accepted: March 27, 2023
Proofs received from author(s): May 1, 2023


https://doi.org/10.1371/journal.pone.0259961
https://doi.org/10.1371/journal.pone.0013255
https://doi.org/10.1002/ece3.2013
https://doi.org/10.2307/1310304
https://doi.org/10.1007/s00227-011-1795-3
https://doi.org/10.3354/meps13414
https://doi.org/10.1088/1748-9326/ab012a
https://doi.org/10.1017/S0025315401004714
https://doi.org/10.1111/1365-2664.12330
https://doi.org/10.1016/j.ecss.2022.107989
https://doi.org/10.1086/416458
https://doi.org/10.1080/00288330.2019.1588746
https://doi.org/10.1002/rcm.2347
https://doi.org/10.3389/fmars.2021.721087
https://doi.org/10.1002/ece3.1980
https://doi.org/10.1007/s00300-014-1571-1
https://doi.org/10.1016/j.dsr2.2014.05.015
https://doi.org/10.1111/j.1365-2656.2008.01429.x
https://doi.org/10.1111/mms.12018
https://doi.org/10.1111/j.1365-2656.2004.00798.x
https://doi.org/10.1111/j.1748-7692.2009.00326.x
https://doi.org/10.1111/mms.12131
https://doi.org/10.1111/gcb.15465
https://doi.org/10.3389/fmars.2020.00087
https://doi.org/10.1016/j.ocecoaman.2020.105349
https://doi.org/10.1002/aqc.3101
https://doi.org/10.3354/meps12894
https://doi.org/10.1111/mms.12726



