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ABSTRACT: Assessing the trophic relationships among sympatric marine predators is crucial for
ecosystem and fisheries management. This study used carbon and nitrogen stable isotope analysis
to elucidate resource use and sharing of dusky Carcharhinus obscurus, tiger Galeocerdo cuvier and
white Carcharodon carcharias sharks in eastern Australia. The individuals included in the dataset
had similar size ranges (148—400 cm total length [TL]) and migratory movements, meaning they
could be used to compare patterns in resource use. Using a Bayesian inference framework, we
quantify the isotopic niche of each species and estimate niche overlap to compare their roles in this
ecosystem. Tiger sharks had the largest isotopic niche (1.1 %0?), followed by dusky sharks (0.9 %o?).
The isotopic niche of white sharks is substantially smaller (0.5 %0%), suggesting these sharks are less
of a generalist predator than dusky and tiger sharks. Most white shark niches overlapped with
dusky and tiger sharks (84 and 72 %, respectively), indicating white sharks use resources with simi-
lar isotopic values. Sex did not influence isotopic values, and weak significant relationships existed
between TL and 8'°N values in tiger sharks. Given the smaller isotopic niche and associated spe-
cialised role of white sharks <400 cm TL, this species may be more vulnerable to food web pertur-
bations than generalist tiger and dusky sharks. This study gives new insight into the trophic inter-
actions of these co-occurring shark species in eastern Australia and is crucial for understanding the

ecological role of these predators required for sound ecosystem management.
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1. INTRODUCTION

Examining trophic relationships within marine eco-
systems is crucial to understanding marine commu-
nity dynamics. Sharks are highly diverse marine pred-
ators that often occupy high trophic levels and play
important ecological roles essential for ecosystem
functioning (Cortés 1999, Heithaus et al. 2010). Sev-
eral species are considered keystone species because
they disproportionately influence the ecosystems they
inhabit, often by regulating prey populations (Heupel
et al. 2014, Roff et al. 2016). Those that exhibit migra-
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tory movements or occupy broad home ranges con-
nect spatially separated food webs, influencing prey
populations at varying trophic levels (Williams et al.
2018). Predator effects can reach further than con-
trolling prey abundance, to the extent of initiating
trophic cascades through predation (i.e. removal of
prey through feeding) and risk effects (i.e. reducing
foraging by prey in response to predation risk; Baum
& Worm 2009, Matassa & Trussell 2011). Therefore,
understanding the complexities of predator resource
use is critical for gaining an overview of ecosystem
structure and function.
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Consumer foraging behaviours are dynamic, shift-
ing in response to prey availability, competition, and
intrinsic physiological processes (Schoener 1974,
Heithaus & Vaudo 2004, Rangel et al. 2021a). Varia-
tion in foraging occurs among species due to different
energy requirements, trophic level occupied, and
morphological traits inherent to a specific species
(Lucifora et al. 2009, Pdez-Rosas et al. 2018, Rangel et
al. 2021b). Tooth size can infer a shark's foraging ecol-
ogy, with large broad crowns and serrated cutting
edges associated with larger prey items, such as fish
(Cooper et al. 2023). Therefore, interspecific variation
in tooth morphology is a mechanistic facilitator of
shark diet, and species exhibiting unique tooth mor-
phologies are likely to exploit different prey (Cullen
& Marshall 2019), reducing competition and limiting
resource sharing among species. Gape size is also a
limiting factor that affects a predator's food acqui-
sition and determines the upper limits to its trophic
level (Arim et al. 2007). As a result, we would expect
morphologically distinct species to show disparity in
dietary preferences when foraging in similar habitats.
Conversely, when tooth morphologies of sympatric
species are similar, we would expect competition to
increase. How behaviour might mediate these effects,
however, is poorly understood.

Trophic interactions among large sympatric shark
species are highly variable (Hussey et al. 2011, Kin-
neyetal. 2011, Speed et al. 2011). Generally, interspe-
cific competition can lead to reductions in niche
spaces and increase plasticity in diet within a trophic
guild, with larger species having an advantage in
being able to consume a wider variety of prey (Heupel
et al. 2014). High levels of competition or limited
resources can directly influence the survival of indi-
viduals or populations, and for these species to co-
exist, reducing niche overlap through resource par-
titioning may be a crucial component for survival
(Matich et al. 2017, Heupel et al. 2019). Interspecific
competition occurs throughout marine communities
where multiple shark species coexist, suggesting
adaptations to reduce competition have been devel-
oped (Speed et al. 2011, Heithaus et al. 2013, Heupel
et al. 2019). Therefore, increasing our understanding
of community dynamics in shark assemblages can
assist in fisheries and conservation planning by iden-
tifying populations with smaller niches or in competi-
tion with other species, which would make them more
susceptible to ecosystem perturbations. For example,
ecosystem changes may alter community composi-
tion and reduce resource availability, impacting spe-
cialist species with narrow niches (Clavel et al. 2011,
Cloyed et al. 2021). Conversely, ecological disturb-

ances can influence population dynamics within a
community, mediating competitor abundance (Cas-
torani & Baskett 2020).

Stable isotope analysis is widely applied to eluci-
date resource use and trophic interactions among
shark species (Hussey et al. 2011, Speed et al. 2011,
Matich & Heithaus 2014). The ability to collect sam-
ples using minimally invasive sampling techniques
allows the application of tracing naturally occurring
isotopes of carbon (8'°C values) and nitrogen (8'"°N
values) through marine ecosystems, which provides
insight into the resource use, trophic niche and over-
lap of a species over temporal and spatial scales (Hus-
sey et al. 2012). Stable isotopes are a robust indi-
cator of resource use compared to more traditional
methods, such as stomach content analysis, which
provides only a snapshot of recently consumed prey.
Although less taxonomic resolution is gained, dietary
information and patterns in resource use can be esti-
mated over a longer timescale, and limitations such as
differing digestion rates of prey are non-existent.
Stable isotopes also reflect incorporation of ingested
nutrients and would thus better identify key re-
sources in animal diet. §'*C values are typically used
to infer the carbon pathway from the base of the food
web (i.e. primary productivity; Post 2002, Hussey et
al. 2012). Increases in 8!°N values in consumer tissues
occur in predictable increments, which are then used
to infer trophic position (Post 2002).

Coastal regions in eastern Australia are highly pro-
ductive areas and dynamic habitats that support mul-
tiple shark species. Dusky Carcharhinus obscurus, tiger
Galeocerdo cuvier and white sharks Carcharodon car-
charias move throughout the coastal waters of New
South Wales (NSW), with seasonal movements asso-
ciated with water temperatures evident in tiger and
white sharks (Lipscombe et al. 2020, Lee et al. 2021),
whereas dusky sharks are known to use sub-tropical
and warm temperate waters year-round (Taylor & Ben-
nett 2013). Dusky sharks are targeted by commercial
fishers (Macbeth et al. 2009, Barnes et al. 2016) and
are captured in the NSW shark control program (Lips-
combe et al. 2023). Tiger and white sharks are inci-
dentally captured in commercial fisheries and are tar-
get species in the NSW shark control program, where
white sharks are most frequent species caught (Tate
et al. 2019). In this region, overlaps in the presence of
these sharks have been documented through catch
data and acoustic and satellite telemetry (Lipscombe
etal. 2020, 2023, Spaet et al. 2020, Tate et al. 2021), yet
the resource use of these sympatric species is yet to
be defined. All 3 species are characterised as general-
ist predators, with stomach contents and stable iso-
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tope analysis suggesting that teleosts, cephalopods and
elasmobranchs contribute to their diet (Simpfendorfer
et al. 2001, Ferreira et al. 2017, Clark et al. 2023), yet
understanding the resource use in these 3 shark spe-
cies that facilitates their coexistence is limited in this
region. These 3 species have overlapping size ranges,
but while dusky and white sharks have similar tooth
morphologies, tiger sharks have distinct primary and
secondary tooth serrations (Moyer & Bemis 2017).

This study uses stable isotopes of carbon and
nitrogen to characterise the trophic ecology of dusky,
tiger and white sharks in eastern Australia. We quantify
the isotopic niche and overlap of these co-occurring
species to provide new information on resource use
and sharing to illuminate their interactions and eco-
logical roles within this region. We hypothesise that,
across overlapping size ranges, white

defined for each species (Simpfendorfer et al. 2002,
Bruce & Bradford 2012, Werry et al. 2014).

Muscle tissue was collected adjacent to the dorsal
fin from the epaxial musculature using a hand-held
stainless steel biopsy probe (4 cm in length, 1 cm dia-
meter). Samples were stored on ice and transferred
to —18°C upon return to shore.

Due to logistic constraints, sampling across all loca-
tions and seasons for each species was not feasible.
White sharks were primarily sampled in winter and
spring at Ballina, Evans Head and Forster, tiger sharks
across all seasons at Ballina, and dusky sharks in
spring and autumn at Lake Macquarie, with fewer
samples at Ballina and Coffs Harbour (Table S1 in the
Supplement at www.int-res.com/articles/suppl/n055
p247_supp.pdf). However, while spatial and tempo-

and dusky sharks will have similar iso-

topic niche sizes, since their teeth mor-
phologies are comparable, while tiger
sharks of similar sizes will have a larger
niche size, owing to their more differen- 29°-
tiated and unique tooth morphologies. S
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2. MATERIALS AND METHODS
2.1. Sample collection

Dusky, tiger and white sharks were
caught between Ballina and Lake Mac- 31°4
quarie, NSW, Australia (Fig. 1), from
January 2021 to November 2022 using
Shark Management Alert in Real-Time
(SMART) drumlines (see Tate et al. 2021
for gear configuration) deployed by
NSW Department of Primary Indus-
tries as part of the Shark Management
Program. Upon capture, sharks were
secured to the vessel with a cross-
pectoral fin and tail rope. Sex and size
(totallength [TL] to the nearest cm) was
recorded. Dusky sharks ranged in size
from 127 to 355 cm (adult: >260 cm TL
female, >270 cm male; Simpfendorfer
et al. 2002). Tiger sharks ranged from
148 to 365 cm (adult: >330 cm TL fe-
male, >290 cm male; Werry et al. 2014).
White sharks ranged from 163 to 388 cm
TL (adult: >480 cm TL female, >360 cm
male; Bruce & Bradford 2012). Most
sharks were classified as juveniles ac-
cording to life history characteristics

Latitude

Lake Macquarie

Coffs Harbour

New South Wales

151°E

153°E
Longitude

155°E

Fig. 1. Locations in New South Wales, Australia, where muscle of dusky, tiger
and white sharks were collected. Map generated using the marmap package in

R (Pante & Simon-Bouhet 2013)
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ral overlap of sampling efforts did not align for all
species, data suggests that the sampled populations
of all species are sympatric throughout the year.
Recent catch reports from the NSW Department of
Primary Industries SMART drumline data show all 3
species are regularly caught across all locations rep-
resented here (https://www.sharksmart.nsw.gov.au/
technology-trials-and-research/smart-drumlines/nsw-
north-coast-smart-drumline-data), indicating a strong
degree of spatial and seasonal overlap for the focal
species of this study. Differences in sampling loca-
tions or seasons are unlikely to bias niche assess-
ments in a meaningful way.

2.2. Lipid and urea extraction

Muscle (0.1 = 0.01 g) samples were freeze-dried for
48 h (Alpha LD14 plus freeze dryer) and homogenised
in a TissueLyser LT (Qiagen) for 2 min to optimise tis-
sue exposure during lipid extraction. Lipids were
extracted from muscle using a modified Bligh & Dyer
(1959) method. Briefly, muscle was left in a solution of
dichloromethane:methanol:Milli-Q H,O (1:2:0.8 ml)
for 18—24 h. The following morning, the muscle was
transferred to a clean glass tube and dried for 48 h to
allow residual solvent to evaporate.

Elasmobranch tissue retains nitrogenous waste com-
pounds, urea and trimethylamine N-oxide, used for
osmoregulation. To avoid bias in stable isotope values,
both compounds require removal from tissue before
stable isotope analysis (Hussey et al. 2012, Kim &
Koch 2012). The muscle was soaked in 2 ml of de-
ionised water for 10 min, vortexed for 1 min and then
centrifuged for 2 min, and water was extracted using a
syringe. This washing method was performed 3 times
and samples were dried in the oven at 60°C for 48 h
before grinding to a fine powder using a mortar and
pestle.

2.3. Stable isotope analysis

Dried tissue samples were weighed (10—20 mg)
into tin capsules for stable isotope analysis using an
automated microbalance (Carvalho 2021). Samples
were analysed for 8'3C and §'°N values using an iso-
tope ratio mass spectrometer (Thermo Delta V Plus)
coupled to an elemental analyser (Thermo Fisher
Flash EA) via an interface (Thermo Fisher Conflo
IV). The isotopic ratios are expressed in delta (d)
values as the deviations from conventional standards
in parts per thousand (%o.) using the following for-

mula: 8"°C or 8N = [(Rympie/Rstandara — 1)] % 1000
(%0), where Rgmpie is the ratio of heavy to light iso-
tope and Rgiangarg is the ratio of heavy to light isotope
in the reference standard. Internal working stan-
dards (glycine: 8'*C = 41.8, 8'°N = 2.0; glucose:
dBC = —10.5; collagen: 813C = —21.5, 81N = 4.8)
were standardised against international reference
materials (USGS64: 8'°C = —40.8, §'’N = 1.8;
USGS65: 8°C = —20.3, 8"°N = 20.7; USGS64:
d3C = —0.7, 8"°N = 40.8; Schimmelmann et al.
2016). 8'°C and 8'°N values are reported relative
to the standards Vienna PeeDee Belemnite (VPDB)
and atmospheric nitrogen (N,) with a precision of
0.15%, (8'3C) and 0.3%, (8'°N).

2.4. Quantification of isotopic niche and overlap

We compared the isotopic niche and niche overlap
of dusky, tiger and white sharks using Bayesian eco-
logical niche models implemented in R v.4.3.1 (R
Core Team 2023). Specifically, we quantified the iso-
topic niche of individual species using Stable Isotope
Bayesian Ellipses in R (SIBER; Jackson et al. 2019).
SIBER uses a Bayesian inference framework and mul-
tivariate ellipse-based metrics to estimate core isoto-
pic niches using the standard ellipse area correction
(SEAc), which is a more robust alternative to the con-
vex hull area that encompasses all isotopic data. This
ellipse also accounts for underestimating the ellipse
due to small sample size or extreme values (Jackson
et al. 2011) and represents isotopic niche size (New-
some et al. 2007). Niche overlap was calculated using
the nicheROVER package (Lysy et al. 2023), where
the probability of overlap among species was calcu-
lated using 1000 Monte Carlo draws with an a-level of
0.95 specified. This a-level was appropriate given the
large (>30) sample sizes for each species, making it
more likely that we have captured the full ranges of
isotope values in a population. However, often the
40% probability region is used for niche analysis to
have higher degrees of certainty with smaller sample
sizes (Syvdranta et al. 2013), and so niche analyses
were also calculated with the o-level at 0.4. We
visually assessed the isotopic values of dusky, tiger
and white sharks relative to several potential prey
values reported by Lipscombe et al. (2024). Although
multiple size classes were sampled (i.e. young of the
year, juvenile, mature), few (<10) young-of-the-year
and mature sharks were sampled from each species.
Grouping by size class would not meet the minimum
sample size required for isotopic niche analysis (Jack-
son et al. 2011).



Lipscombe et al.: Isotopic niche of white sharks 251

2.5. Relationship with sex, TL and mouth width

A series of univariate linear models were used to
describe isotope values in response to the factors of
season, sex and TL for dusky and tiger sharks (see
Lipscombe et al. 2024 for white shark isotope seasonal
variation and TL relationship). The effect of sex (2
levels; fixed) and TL (continuous) on isotopic signa-
tures in muscle tissue was assessed by ANOVA
derived from each linear model (Table S2). All models
were tested for normality and homogeneity in the
residuals. Due to a lack of coverage across factors
(season and location), for tiger and dusky sharks,
these factors were excluded from the model. Linear
models were used to examine the relationship be-
tween mouth width (cm) and TL (cm) for each species.
Two outliers, deemed as incorrect measurements,
were excluded from the analysis.

3. RESULTS

We collected muscle tissue from 30 dusky (16
female, 14 male, 128—355 cm TL), 30 tiger (17 female,
13 male, 148—365 cm TL), and 103 white (60 female,
43 male; 163—388 cm TL) sharks. The size ranges of
sharks sampled suggest individuals were mostly juve-
niles, with few adults for all species (Table 1, Fig. 2).
Mean values of §'3C were lowest in dusky sharks (—16.4
+ 0.5%o), followed by white (—16.2 = 0.5%0) and tiger
sharks (—16.1 £ 0.4%,). Dusky and white sharks had
the highest mean 8'°N value at 15.5%, (=SD 0.8 and
0.3), with tiger sharks lower at 14.2%, (+0.3).

Tiger sharks had the broadest isotopic niche with
the largest isotopic niche area (SEA. 1.06%,2), fol-
lowed by dusky and white sharks with narrower isoto-
pic niches (SEA. 0.89%,> and 0.50%.% Fig. 3). Bay-
esian niche overlap modelling showed minimal
overlap of the core niche areas (40%) among the 3
species (Fig. 3a), which increased when the full range
of isotope values (95%) representing the population
were included (Fig. 3b). Niche overlap was greatest
for white sharks, where the mean posterior probabil-
ity that white sharks would be found in the niche of

dusky sharks was 84%, and for tigers, 72% (Table 2,
Fig. 4). Slightly lower values were found for dusky
sharks, with an overlap of the tiger shark niche at 55%
and white sharks at 61 % (Table 2, Fig. 4). Tiger sharks
overlapped the least, 31% with dusky sharks and 23%
with white sharks, reflecting their overall larger isoto-
pic niche (Table 2, Fig. 4). In relation to sampled prey
species, the majority of individuals fell within the
isospace (Fig. 5).

Linear models showed no effect of sex or TL on
dusky shark isotopic values (p>0.05). No effect of sex
was found on tiger shark isotopic values. However,
there was a weak but significant relationship for TL in
813C and 8!°N values in tiger shark muscle (§'°C: p =
0.046, R? = 0.16; 8'°N: p = 0.008, R? = 0.22; Fig. 6,
Table S2). Significant relationships between mouth
width and TL were present for all species (dusky,
p < 0.001, R? = 0.87 tiger, p < 0.001, R? = 0.83; white,
p < 0.001, R? = 0.86; Fig. 7).

4. DISCUSSION

Our results provide new insight into the trophic ecol-
ogy of dusky, tiger and white sharks in sub-tropical
eastern Australian waters and this is the first study
to examine the isotopic niches of these 3 sympatric
shark species. White sharks' isotopic niche was con-
siderably smaller than tiger and dusky sharks, with
this species using a narrower range of resources with
similar isotopic ratios. We found a high degree of
overlap between white and dusky sharks and white
and tiger sharks, suggesting that although white
sharks are the 'default’ top predator, with the excep-
tion of young-of-the-year sharks, other large pred-
ators with similar size ranges can likely compete with
them for resources. The smaller niche occupied by
white sharks may force other species to expand and
use alternative resources. However, little information
on the diet of dusky sharks is available for this region.
Overall, tiger shark muscle had lower §'°N values,
below those of the sampled prey, indicating these
sharks were feeding on prey at lower trophic levels.
Variation in 8'3C values for all 3 species indicates for-

Table 1. Carbon and nitrogen stable isotope values for dusky, tiger and white sharks captured in eastern Australia

Species n d13C (%o) SN (%o) — Total length (cm) —
Mean += SD Min. Max. Mean *= SD Min. Max. Mean = SD Range
Dusky 30 —-164=+0.5 —15.7 —18.3 15.5+0.8 12.9 16.5 196 = 69.0 128—-355
Tiger 30 —16.1+x04 —15.4 —17.1 142+ 1.0 11.7 15.5 232 = 50.7 148—365
White 103 —-16.2+0.5 —14.6 —17.5 15.5+0.3 14.6 16.4 245 = 42.5 163—388
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Fig. 2. Length—frequency histogram of dusky (n = 30), tiger
(n = 30) and white (n = 103) sharks

aging in coastal habitats dominated by coastal macro-
phytes (—14%,) and pelagic phytoplankton (—18%.;
Hobson 1999) and is supported by earlier studies for
tiger (Heithaus et al. 2013) and white sharks (Lips-
combe et al. 2024).

4.1. Isotopic niche size

Generally, large predators are assumed to be dietary
generalists (Matich et al. 2011), which is reflected by
a larger isotopic niche size due to their broad diet
(Vander Zanden et al. 2010, Thomson et al. 2012,
Sanders et al. 2015). White sharks are broadly charac-
terised as generalist predators throughout their distri-
bution globally, feeding on prey from low to high
trophic levels from coastal and offshore regions (Kim
et al. 2012, Tamburin et al. 2020, Clark et al. 2023). In
Baja California, Mexico, Tamburin et al. (2019) report
the isotopic niche of young-of-the-year white sharks
to be 1.5%,2. In comparison, French et al. (2018) de-
scribes a slightly larger niche of 2.0%.2 for juvenile
white sharks <3 m TL. Although a direct comparison
of isotope values cannot be made with those of white
sharks in this study due to different underlying food
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Fig. 3. Bivariate stable isotope plots for §'°C and 8!°N values

obtained from the muscle of dusky (n = 30), tiger (n = 30)

and white (n = 103) sharks. Points represent values for indi-

vidual sharks, and standard ellipse areas contain (a) 40% and
(b) 95% of the data

webs, relative comparisons of the small isotopic niche
reported here indicate either using a narrower range
of resources or consuming numerous resources with
similar isotopic values. Within generalist populations,
individuals can act as specialists and have a much

Table 2. Relative isotopic niche overlap values based on 95%
(40%) of the niche regions calculated in nicheROVER, repre-
senting the probability of species A (rows) being found in
the same region as species B (columns). Values >60% repre-
sent a high likelihood of resource competition (bold). NA:

not applicable
Dusky Tiger White
Dusky NA 55.1 (3.9) 61.5 (20.0)
Tiger 31.5(6.5) NA 23.5(6.2)
White 84.1 (40.8) 71.6 (3.7) NA
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Fig. 4. Estimated niche overlap probability of dusky, tiger and white sharks based on posterior distributions calculated in
nicheROVER based on 95% niche region size (Lysy et al. 2023)

narrower niche relative to the entire population
(Vander Zanden et al. 2010, Grainger et al. 2023).
Grainger et al. (2023) recently reported on tooth col-
lagen stable isotopes of juvenile white sharks in east-
ern Australia, finding a high level of individual
specialisation within a broader population niche.
Although tooth collagen isotopes reflect diet over a
shorter time scale when full tooth rows are used, the
total timespan integrated by these tissues (~200 d) is
not very dissimilar to the annual turnover of muscles,
and so results suggest these white sharks are of simi-
lar size and occupy the same region. The narrow iso-
topic niche seen here may reflect higher individual
specialisation, where these sharks consume a limited
range of resources compared to the entire population.
Seasonal availability in prey may also be driving this
specialisation in this region, with seasonal changes
detected in the isotopic signatures of these white
sharks (Lipscombe et al. 2024). Further multi-tissue
analysis studies may elucidate temporal variation in
white shark isotopic niche size.

The isotopic niche size of tiger and dusky sharks
was considerably larger than white sharks, indicating
they use a larger variety of resources from high and
low trophic levels, indicated by the broad range of
8!°N values. Dietary studies corroborate this finding,
reporting a highly varied diet for tiger (Heithaus 2001,
Simpfendorfer et al. 2001) and dusky sharks (Dudley

et al. 2005, Rogers et al. 2012), where a wide range of
prey from various taxonomic groups and trophic
levels are consumed. Both species are characterised
as generalist consumers, with tiger sharks labelled a
‘true’ generalist (i.e. individual tiger sharks consis-
tently follow a generalist diet) (Matich et al. 2011).
However, the isotopic niche sizes of tiger sharks
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Fig. 5. Bivariate stable isotope plot for §'°C and §'°N values

obtained from the muscle of dusky, tiger and white sharks

corrected for trophic enrichment using values from Hussey

et al. (2010) with average stable isotope ratios (+SD) of po-

tential prey species sampled from northern New South Wales,
Australia
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reported here are smaller than larger sharks sampled
in the same region (1.2 %o?, Ferreira et al. 2017). Con-
siderable differences in niche sizes may be attributed
to shark size, as the TL of sharks sampled in this study
were smaller individuals, which may preferentially
feed on fewer prey species than their larger con-
specifics due to morphological limitations. This study
is the first to report the stable isotope niche of dusky
sharks in eastern Australia, with few studies on this
species, globally. Although we acknowledge that a
direct comparison cannot be made to other regions,
Petta et al. (2020) report a much broader isotopic
niche across all life stages of dusky sharks in South
Africa (0.7—1.6%0%). The differences in niche sizes
seen in both tiger and dusky sharks, compared to ear-
lier studies, suggest a less diverse range of resources
is being used, which may be attributed to intrinsic
(e.g. energy requirements, migration) or extrinsic
(e.g. environmental variables, prey availability) fac-
tors (Vidal et al. 2023).

White and dusky sharks had the highest mean 8'°N
values, suggesting these species occupy higher trophic
positions and consume prey from higher trophic levels,
similar to another marine predator in eastern Aus-

Total length (cm)

Fig. 7. Relationship between mouth width and total length of
dusky, tiger and white sharks (outliers removed)

tralia (15.2%o, Tursiops aduncus; Ansmann et al. 2015).
Based on stomach contents and environmental DNA
(eDNA), juvenile white sharks of similar sizes in this
region primarily prey on coastal and pelagic teleosts,
elasmobranchs, including whaler shark Carcharhinus
spp. and tiger sharks (Grainger et al. 2020, Clark et al.
2023). There is limited information on dusky shark
diet in eastern Australia, with South and Western Aus-
tralian studies reporting this species preys on large
pelagic teleosts, cephalopods and elasmobranchs
(Simpfendorfer et al. 2001, Rogers et al. 2012), sup-
porting our findings. Conversely, tiger sharks in this
study had a larger range of 8'°N values and the lowest
85N mean of the 3 species, suggesting the diet of
some individuals consists of lower trophic-level prey,
or used and fed from a food web in the preceding year
with low baseline §'°N values. These results align with
those from South Africa, where tiger sharks occupy a
low trophic position compared to other large sharks
(Hussey et al. 2015). The broad-scale movements of
tiger sharks along the east coast include the waters of
southern Queensland, north to the Great Barrier Reef
(Holmes et al. 2014, Lipscombe et al. 2020). These
regions are characterised by coastal-associated food
webs that originate with seagrass, supporting herbi-
vorous turtles and dugongs, known prey species for
tiger sharks that typically have low '°N values (Burk-
holder et al. 2011). Interpretation of isotopic values of
highly mobile marine predators requires considera-
tion. All 3 species included in this study are highly
migratory, moving seasonally north/south along the
coastline throughout tropical, sub-tropical and tem-
perate waters (Barnes et al. 2016, Lipscombe et al.
2020, Spaet et al. 2020); therefore §"°N and §'°C
values are reflective of prey species from different
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ecosystems that have distinct isotopic baseline values
and food chain lengths (Young et al. 2010, Shiffman et
al. 2019, Shipley et al. 2019).

4.2. Isotopic niche overlaps and competition

Isotopic niche comparisons between white and dusky
sharks exhibited a high degree of overlap (84%), as
did those between white and tiger sharks (72%). In
this study, species with larger trophic niches, such as
dusky and tiger sharks, demonstrate a greater likeli-
hood of overlapping with co-occurring species (Bolnick
et al. 2010). However, increased niche overlap does
not necessarily lead to heightened competition among
populations (Gallagher et al. 2017), as the diverse re-
source use of generalist species restricts the number
of individuals affected by niche overlap to a minimum
(Bolnick et al. 2010). Similarities in diet and overlap
are regularly observed in co-existing shark species
(Gallagher et al. 2017, Shiffman et al. 2019), more spe-
cifically between young-of-the-year white and juve-
nile mako sharks Isurus oxyrinchus in Baja California
(Tamburin et al. 2019). Although this overlap was sub-
stantially smaller (30%) than reported here, partial
similarities in diet and habitat use were evident in
these morphologically similar sharks. High similar-
ities in diet often occur in other coexisting elasmo-
branchs when morphology and size are comparable
between species (Tilley 2011, Kiszka et al. 2015). We
expected minimal overlap between dusky and white
sharks, reflecting the lack of overlap in the smaller
size ranges of our samples and the morphological lim-
itations, such as mouth gape, that would be associ-
ated with this. Similarly, the mouth gape of tiger
sharks is slightly larger than white sharks throughout
all size classes, which may provide access to a broader
range of prey and thus larger isotopic niches. Although
some degree of competition for resources may be oc-
curring between these species, further research using
eDNA or stomach contents is required to adequately
describe the prey species of dusky and tiger sharks in
this region. We suggest the isotopic niche overlap of
dusky and white sharks reported here may result from
these sharks' sharing habitats with similar primary pro-
ductivity pathways and consuming prey items with
comparable isotopic signatures.

Alleviating competition between co-occurring spe-
cies is achieved through various strategies, including
shifting foraging habitat or resource preferences
(Hawlena & Pérez-Mellado 2009, Kinney et al. 2011).
The minimal isotopic niche overlap observed here
between dusky and tiger sharks indicates that they

share few resources and may vary their trophic inter-
actions to reduce competition. Trophic plasticity is
well documented in marine and terrestrial environ-
ments (Terraube et al. 2011, Shiffman et al. 2019) and
benefits predators through a greater resilience to de-
clines in the availability of prey (Munroe et al. 2014).
The large trophic niches, combined with the lack of
overlap between these sharks, suggest plasticity in
resource use during broad-scale movement through
various habitats. Both species are reported to under-
take broad-scale migrations (Holmes et al. 2014, Brac-
cini et al. 2018), yet tiger sharks utilise a wider range
of horizontal and vertical habitats (Holmes et al. 2014,
Barnes et al. 2016, Lipscombe et al. 2020), therefore
increasing foraging area potential and enabling a
higher degree of trophic plasticity.

4.3. Relationships between size and §'°C and
85N values

This study found minimal significant effects of TL
on 8"3C and §'°N values for the 3 species. The negative
relationship observed between 8'°C and §'°N values
in tiger sharks likely results from larger individuals
having a greater physical capacity to predate upon
large marine herbivores that have low §!°N values
(e.g. turtles and dugongs) compared to smaller sharks.
This finding is consistent with previous stable isotope
analysis of tiger sharks in this region by Ferreira et al.
(2017) that reported lower §'3C values with increasing
size in the dermis, red blood cells and plasma. This is
further supported by stomach content analysis
revealing a shift in diet to larger prey with increasing
size (Lowe et al. 1996). Ontogenetic diet shifts are
well documented in this species (Carlisle et al. 2012,
Tamburin et al. 2020), with decreasing §°N values
with size reported by Carlisle et al. (2012), and smaller
sharks (2.6—3.4 m TL) had the highest 8'°N values,
similar to those seen here.

4.4. Study limitations

Valuable insight into the trophic ecology of a spe-
cies can be gained using stable isotopes (Post 2002,
Newsome et al. 2007, Hobson 2023). We acknowledge
that while the data presented here provides a com-
prehensive overview of the isotopic niches and over-
laps of these species, there are limitations (Hussey et
al. 2012, Layman et al. 2012, Shiffman et al. 2012).
Interpretation of stable isotopes requires caution, as
spatial and temporal variation of isotopes exists in
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marine environments, influenced by environmental
and anthropogenic factors (Pethybridge et al. 2018a,b,
Matich et al. 2021). Spatial variation of study species
and prey taxa impact isotopic niche dynamics, and
migratory species, such as those reported here, in-
tegrate isotopic variability of multiple baselines
within their tissues (Pethybridge et al. 2018b). While
these samples were collected within a relatively small
geographical area and latitudinal range (28.6°S and
33.0°S), foraging patterns may vary over time and
space (Nielsen et al. 2018), and the movement of these
sharks in the year before sampling is unknown. Ad-
ditionally, by comparing isotopic signatures between
2 tissues (e.g. muscle and plasma), temporal variation
in resource use of these sharks could be illuminated.

Although some prey sources used here have been
identified in white shark diets (Grainger et al. 2020,
Clark et al. 2023), specific resources used by dusky
and tiger sharks could be determined using a multi-
disciplinary approach (e.g. eDNA, stomach content
analysis), which would provide greater insight into
their trophic ecology and resource partitioning among
these species. Stable isotope Bayesian mixing models
could further elucidate foraging areas and diet com-
position. Additionally, including sulphur stable iso-
topes and fatty acids would enable the differentiation
between benthic nutrient pathways from pelagic pri-
mary production (Peterson & Fry 1987).

5. CONCLUSION

Understanding the trophic relationships among large
predators benefits the management of coastal ecosys-
tems. Here, we used stable isotope analysis to examine
the isotopic niches and overlaps of dusky, tiger and
white sharks in eastern Australia using 8'*C and §'°N
isotopes. Specifically, the smaller isotopic niche of
white sharks indicates this species may use a nar-
rower range of resources, resulting from a higher
degree of individual specialisation or seasonal changes
in prey availability limiting the number of resources
used. Larger isotopic niches in dusky and tiger sharks
were driven by a broader range of §'°N values, sug-
gesting they feed on prey from a wider range of
trophic levels. The white shark isotopic niche had a
high overlap with co-occurring species, suggesting
potential resource sharing, which may be alleviated
by the more generalist species using a broader range
of prey. This study highlights the importance of coas-
tal habitats in this region. To better understand the
foraging patterns and diet of these species, combin-
ing diet analysis, such as eDNA with satellite teleme-

try, will provide more comprehensive information of
habitat use patterns that can be matched with the ani-
mal's trophic ecology.

Acknowledgements. New South Wales Department of Pri-
mary Industries (NSW DPI), Australia, provided primary
project funding and support. Southern Cross University pro-
vided funding to R.S.L. through a post-graduate scholarship.
This work was completed under NSW DPI 'Scientific’' (Ref.
P01/0059(A)), ‘Marine Parks' (Ref. P16/0145-1.1) and 'Ani-
mal Care and Ethics' (ACEC 07/08: ARA 21/034) permits.
This project would not have been possible without the ded-
icated support of contracted fishers and the NSW DPI shark
research team.

LITERATURE CITED

& Ansmann IC, Lanyon JM, Seddon JM, Parra GJ (2015) Hab-

itat and resource partitioning among Indo-Pacific bottle-
nose dolphins in Moreton Bay, Australia. Mar Mamm Sci
31:211-230

#°Arim M, Bozinovic F, Marquet PA (2007) On the relationship

between trophic position, body mass and temperature:
reformulating the energy limitation hypothesis. Oikos
116:1524—1530

HBarnes CJ, Butcher PA, Macbeth WG, Mandelman JW,

Smith SD, Peddemors VM (2016) Movements and mortal-
ity of two commercially exploited carcharhinid sharks
following longline capture and release off eastern Aus-
tralia. Endang Species Res 30:193—208

]\'{ Baum JK, Worm B (2009) Cascading top-down effects of

changing oceanic predator abundances. J Anim Ecol 78:
699—714

#'Bligh EG, Dyer WJ (1959) A rapid method of total lipid

extraction and purification. Can J Biochem Physiol 37
911-917

] Bolnick DI, Ingram T, Stutz WE, Snowberg LK, Lau OL, Paull

JS (2010) Ecological release from interspecific competi-
tion leads to decoupled changes in population and indi-
vidual niche width. Proc R Soc B 277:1789—1797

] Braccini M, De Lestang S, Mcauley R (2018) Dusky sharks

(Carcharhinus obscurus) undertake large-scale migra-
tions between tropical and temperate ecosystems. Can J
Fish Aquat Sci 75:1525—1533

Bruce BD, Bradford RW (2012) Habitat use and spatial
dynamics of juvenile white sharks, Carcharodon carchar-
ias, in eastern Australia. In: Domeier ML (ed) Global per-
spectives on the biology and life history of the white
shark. CRC Press, Boca Raton, FL, p 225—254

,\,g Burkholder DA, Heithaus MR, Thomson JA, Fourqurean JW

(2011) Diversity in trophic interactions of green sea tur-
tles Chelonia mydas on a relatively pristine coastal forag-
ing ground. Mar Ecol Prog Ser 439:277—293

A’ Carlisle AB, Kim SL, Semmens BX, Madigan DJ and others

(2012) Using stable isotope analysis to understand the
migration and trophic ecology of northeastern Pacific
white sharks (Carcharodon carcharias). PLOS ONE 7:
30492

]\'{\Carvalho MC (2021) Miau, a microbalance autosampler.

HardwareX 10:e00215

#’Castorani MC, Baskett ML (2020) Disturbance size and

frequency mediate the coexistence of benthic spatial
competitors. Ecology 101:€02904


https://doi.org/10.1111/mms.12153
https://doi.org/10.1111/j.0030-1299.2007.15768.x
https://doi.org/10.3354/esr00730
https://doi.org/10.1111/j.1365-2656.2009.01531.x
https://doi.org/10.1139/y59-099
https://doi.org/10.1002/ecy.2904
https://doi.org/10.1016/j.ohx.2021.e00215
https://doi.org/10.1371/journal.pone.0030492
https://doi.org/10.3354/meps09313
https://doi.org/10.1139/cjfas-2017-0313
https://pubmed.ncbi.nlm.nih.gov/20164100

Lipscombe et al.: Isotopic niche of white sharks

257

' Clark ZS, Fish JJ, Butcher PA, Holland OJ and others (2023)
Insights into the diet and trophic ecology of white sharks
(Carcharodon carcharias) gained through DNA meta-
barcoding analyses of cloacal swabs. Environ DNA 5:

. 1362—-1377

,i Clavel J, Julliard R, Devictor V (2011) Worldwide decline of

specialist species: toward a global functional homogeni-
. zation? Front Ecol Environ 9:222—228

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

] Cooper JA, Griffin JN, Kindlimann R, Pimiento C (2023) Are
shark teeth proxies for functional traits? A framework
to infer ecology from the fossil record. J Fish Biol 103:

. 798814
M Cortés E (1999) Standardized diet compositions and trophic
., levelsof sharks. ICES J Mar Sci 56:707—717

#‘Cullen JA, Marshall CD (2019) Do sharks exhibit heterodonty
by tooth position and over ontogeny? A comparison using
elliptic Fourier analysis. J Morphol 280:687—700

] Dudley S, Cliff G, Zungu M, Smale M (2005) Sharks caught
in the protective gill nets off KwaZulu-Natal, South Africa.
10. The dusky shark Carcharhinus obscurus (Lesueur

., 1818). Afr J Mar Sci 27:107—127

N Ferreira LC, Thums M, Heithaus MR, Barnett A and others
(2017) The trophic role of a large marine predator, the
tiger shark Galeocerdo cuvier. Sci Rep 7:7641

] French G, Rizzuto S, Stiirup M, Inger R and others (2018)
Sex, size and isotopes: cryptic trophic ecology of an apex
predator, the white shark Carcharodon carcharias. Mar

. Biol 165:102

A Gallagher AJ, Shiffman DS, Byrnes EE, Hammerschlag-
Peyer C, Hammerschlag N (2017) Patterns of resource
use and isotopic niche overlap among three species of
sharks occurring within a protected subtropical estuary.

. AquatEcol 51:435—448

A Grainger R, Peddemors VM, Raubenheimer D, Machovsky-
Capuska GE (2020) Diet composition and nutritional
niche breadth variability in juvenile white sharks (Car-

., Ccharodon carcharias). Front Mar Sci 7:422

A Grainger R, Raoult V, Peddemors VM, Machovsky-Capuska
GE, Gaston TF, Raubenheimer D (2023) Integrating iso-
topic and nutritional niches reveals multiple dimensions
of individual diet specialisation in a marine apex pred-

., ator.JAnim Ecol 92:514—534

A Hawlena D, Pérez-Mellado V (2009) Change your diet or die:
predator-induced shifts in insectivorous lizard feeding
ecology. Oecologia 161:411—419

] Heithaus MR (2001) The biology of tiger sharks, Galeocerdo
cuvier, in Shark Bay, Western Australia: sex ratio, size
distribution, diet, and seasonal changes in catch rates.
Environ Biol Fishes 61:25—36

Heithaus MR, Vaudo JJ (2004) Predator—prey interactions.
In: Carrier JC, Musick JA, Heithaus MR (eds) Biology
of sharks and their relatives. CRC Press, Boca Raton, FL,
p 487—-521

] Heithaus MR, Frid A, Vaudo JJ, Worm B, Wirsing AJ (2010)
Unraveling the ecological importance of elasmobranchs.
In: Carrier JC, Musick JA, Heithaus MR (eds) Sharks and
their relatives II. CRC Press, Boca Raton, FL, p 611—-638

] Heithaus MR, Vaudo JJ, Kreicker S, Layman CA and others
(2013) Apparent resource partitioning and trophic struc-
ture of large-bodied marine predators in a relatively pris-
tine seagrass ecosystem. Mar Ecol Prog Ser 481:225—237

#‘Heupel MR, Knip DM, Simpfendorfer CA, Dulvy NK (2014)
Sizing up the ecological role of sharks as predators. Mar
Ecol Prog Ser 495:291—-298
] Heupel MR, Munroe SE, Lédée EJ, Chin A, Simpfendorfer
CA (2019) Interspecific interactions, movement patterns
and habitat use in a diverse coastal shark assemblage.
. Mar Biol 166:1—-17
A Hobson KA (1999) Tracing origins and migration of wildlife
using stable isotopes: a review. Oecologia 120:314—326
] Hobson KA (2023) Stable isotopes and a changing world.
Oecologia 203:233—250
] Holmes BJ, Pepperell JG, Griffiths SP, Jaine FR, Tibbetts IR,
Bennett MB (2014) Tiger shark (Galeocerdo cuvier) move-
ment patterns and habitat use determined by satellite
tagging in eastern Australian waters. Mar Biol 161:
. 2645-2658
A Hussey NE, Brush J, McCarthy ID, Fisk AT (2010) 8'°N and
d!3C diet—tissue discrimination factors for large sharks
under semi-controlled conditions. Comp Biochem Phys-
., 101 A155:445—-453
A Hussey NE, Dudley SF, Mccarthy ID, Cliff G, Fisk AT (2011)
Stable isotope profiles of large marine predators: viable
indicators of trophic position, diet, and movement in
sharks? Can J Fish Aquat Sci 68:2029—2045
] Hussey NE, Macneil MA, Olin JA, Mcmeans BC, Kinney MJ,
Chapman DD, Fisk AT (2012) Stable isotopes and elasmo-
branchs: tissue types, methods, applications and assump-
., tions.J Fish Biol 80:1449—1484
]" Hussey NE, Macneil MA, Siple MC, Popp BN, Dudley SF,
Fisk AT (2015) Expanded trophic complexity among
large sharks. Food Webs 4:1-7
] Jackson AL, Inger R, Parnell AC, Bearhop SJ (2011) Compar-
ing isotopic niche widths among and within communities:
SIBER: stable isotope Bayesian ellipses in R. J Anim Ecol
. 80:595-602
A Jackson A, Parnell A, Jackson MA (2019) Package 'SIBER'. R
package version 2. https://cran.r-project.org/package=
. SIBER
M Kim SL, Koch PL (2012) Methods to collect, preserve, and
prepare elasmobranch tissues for stable isotope analysis.
., Environ Biol Fishes 95:53—63
A Kim SL, Tinker MT, Estes JA, Koch PL (2012) Ontogenetic
and among-individual variation in foraging strategies of
northeast Pacific white sharks based on stable isotope
analysis. PLOS ONE 7:e45068
] Kinney MJ, Hussey NE, Fisk AT, Tobin AJ, Simpfen-
dorfer CA (2011) Communal or competitive? Stable iso-
tope analysis provides evidence of resource partitioning
within a communal shark nursery. Mar Ecol Prog Ser 439:
. 263-276
A Kiszka JJ, Aubail A, Hussey NE, Heithaus MR, Caurant F,
Bustamante P (2015) Plasticity of trophic interactions
among sharks from the oceanic south-western Indian
Ocean revealed by stable isotope and mercury analyses.
Deep Sea Res 196:49—58
X Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer
CM and others (2012) Applying stable isotopes to
examine food-web structure: an overview of analytical
. tools. Biol Rev 87:545—562
N Lee K, Butcher P, Harcourt R, Patterson T and others (2021)
Oceanographic conditions associated with white shark
(Carcharodon carcharias) habitat use along eastern Aus-
tralia. Mar Ecol Prog Ser 659:143—159
] Lipscombe RS, Spaet JL, Scott A, Lam CH, Brand CP,
Butcher PA (2020) Habitat use and movement patterns of


https://doi.org/10.1002/edn3.454
https://doi.org/10.1890/080216
https://doi.org/10.1002/ecs2.3759
https://doi.org/10.1111/jfb.15326
https://doi.org/10.1006/jmsc.1999.0489
https://doi.org/10.1002/jmor.20975
https://doi.org/10.2989/18142320509504072
https://doi.org/10.1038/s41598-017-07751-2
https://doi.org/10.1007/s00227-018-3343-x
https://doi.org/10.1007/s10452-017-9627-2
https://doi.org/10.3389/fmars.2020.00422
https://doi.org/10.1111/1365-2656.13852
https://doi.org/10.1007/s00442-009-1375-0
https://doi.org/10.1023/A%3A1011021210685
https://doi.org/10.1201/9780203491317
https://doi.org/10.3354/meps10235
https://doi.org/10.3354/meps10597
https://doi.org/10.1093/icesjms/fsaa212
https://doi.org/10.3354/meps13572
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1016/j.dsr.2014.11.006
https://doi.org/10.3354/meps09327
https://doi.org/10.1371/journal.pone.0045068
https://doi.org/10.1007/s10641-011-9860-9
https://cran.r-project.org/package=SIBER
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1016/j.fooweb.2015.04.002
https://doi.org/10.1111/j.1095-8649.2012.03251.x
https://doi.org/10.1139/f2011-115
https://doi.org/10.1016/j.cbpa.2009.09.023
https://doi.org/10.1007/s00227-014-2536-1
https://pubmed.ncbi.nlm.nih.gov/37237170
https://doi.org/10.1007/s004420050865
https://doi.org/10.1007/s00227-019-3511-7

258

Endang Species Res 55: 247—259, 2024

tiger sharks (Galeocerdo cuvier) in eastern Australian
., waters. ICES J Mar Sci 77:3127—3137
A Lipscombe RS, Scott A, Morris S, Peddemors VM, Smoothey
AF, Butcher PA (2023) The influence of bait position on
the catch of target and non-target sharks in a SMART
drumline bather protection program. Fish Res 257:106501
] Lipscombe RS, Meyer L, Butcherine P, Morris S, Huveneers
C, Scott A, Butcher PA (2024) A taste of youth: seasonal
changes in immature white shark diet in eastern Aus-
., tralia. Front Mar Sci 11:1359785
N Lowe CG, Wetherbee BM, Crow GL, Tester AL (1996)
Ontogenetic dietary shifts and feeding behavior of the
tiger shark, Galeocerdo cuvier, in Hawaiian waters. Envi-
., ron Biol Fishes 47:203—211
A Lucifora LO, Garcia VB, Menni RC, Escalante AH, Hozbor
NM (2009) Effects of body size, age and maturity stage on
diet in a large shark: ecological and applied implications.
., EcolRes?24:109—118
X Lysy M, Stasko AD, Swanson HK, Lysy MM (2023) Pack-
age 'nicheROVER'. https://cran.r-project.org/package=
nicheROVER
Macbeth WG, Geraghty PT, Peddemors VM, Gray CA (2009)
Observer-based study of targeted commercial fishing
for large shark species in waters off northern New
South Wales. Industry and Investment New South Wales,
., Cronulla
A Matassa CM, Trussell GC (2011) Landscape of fear in-
fluences the relative importance of consumptive and
nonconsumptive predator effects. Ecology 92:2258—-2266
] Matich P, Heithaus MR (2014) Multi-tissue stable isotope
analysis and acoustic telemetry reveal seasonal variabil-
ity in the trophic interactions of juvenile bull sharks in a
coastal estuary. J Anim Ecol 83:199—-213
] Matich P, Heithaus MR, Layman CA (2011) Contrasting pat-
terns of individual specialization and trophic coupling in
two marine apex predators. J Anim Ecol 80:294—305
] Matich P, Ault JS, Boucek RE, Bryan DR and others (2017)
Ecological niche partitioning within a large predator
guild in a nutrient-limited estuary. Limnol Oceanogr 62:
. 934-953
A Matich P, Shipley ON, Weideli OC (2021) Quantifying spa-
tial variation in isotopic baselines reveals size-based
feeding in a model estuarine predator: implications for
trophic studies in dynamic ecotones. Mar Biol 168:108
] Moyer JK, Bemis WE (2017) Shark teeth as edged weapons:
serrated teeth of three species of selachians. Zoology 120:
., 101-109
A Munroe S, Simpfendorfer C, Heupel M (2014) Defining
shark ecological specialisation: concepts, context, and
., examples. Rev Fish Biol Fish 24:317—-331
A Newsome SD, Martinez del Rio C, Bearhop S, Phillips DL
(2007) A niche for isotopic ecology. Front Ecol Environ 5:
., 429-436
]‘1 Nielsen 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
N Paez-Rosas D, Insuasti-Zarate P, Riofrio-Lazo M, Galvan-
Magaia F (2018) Feeding behavior and trophic interaction
of three shark species in the Galapagos Marine Reserve.
.~ PeerJ6:e4818
A Pante E, Simon-Bouhet B (2013) marmap: a package for
importing, plotting and analyzing bathymetric and topo-
graphic data in R. PLOS ONE 8:e73051
] Peterson BJ, Fry B (1987) Stable isotopes in ecosystem
studies. Annu Rev Ecol Syst 18:293—320

#’Pethybridge HR, Choy CA, Polovina JJ, Fulton EA (2018a)
Improving marine ecosystem models with biochemical
., tracers. Annu Rev Mar Sci 10:199—228
A Pethybridge H, Choy CA, Logan JM, Allain V, Lorrain A,
Bodin N, Olson RJ (2018b) A global meta-analysis of mar-
ine predator nitrogen stable isotopes: relationships
between trophic structure and environmental conditions.
Glob Ecol Biogeogr 27:1043—1055
A Petta JC, Shipley ON, Wintner SP, Cliff G, Dicken ML, Hussey
NE (2020) Are you really what you eat? Stomach content
analysis and stable isotope ratios do not uniformly esti-
mate dietary niche characteristics in three marine pred-
ators. Oecologia 192:1111-1126
] Post DM (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology 83:
703—718
R Core Team (2023) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna
] Rangel BS, Hammerschlag N, Sulikowski JA, Moreira RG
(2021a) Physiological markers suggest energetic and
nutritional adjustments in male sharks linked to repro-
duction. Oecologia 196:989—1004
] Rangel BS, Hammerschlag N, Sulikowski JA, Moreira RG
(2021b) Dietary and reproductive biomarkers in a gener-
alist apex predator reveal differences in nutritional ecol-
ogy across life stages. Mar Ecol Prog Ser 664:149—163
] Roff G, Doropoulos C, Rogers A, Bozec YM and others (2016)
The ecological role of sharks on coral reefs. Trends Ecol
., Evol 31:395—-407
]" Rogers PJ, Huveneers C, Page B, Hamer DJ, Goldsworthy
SD, Mitchell JG, Seuront L (2012) A quantitative compar-
ison of the diets of sympatric pelagic sharks in gulf and
shelf ecosystems off southern Australia. ICES J Mar Sci
. 69:1382—1393
A Sanders D, Vogel E, Knop E (2015) Individual and species-
specific traits explain niche size and functional role
in spiders as generalist predators. J Anim Ecol 84:
. 134-142
N Schimmelmann A, Qi H, Coplen TB, Brand WA and others
(2016) Organic reference materials for hydrogen, carbon,
and nitrogen stable isotope-ratio measurements: caffeines,
n-alkanes, fatty acid methyl esters, glycines, L-valines,
polyethylenes, and oils. Anal Chem 88:4294—4302
] Schoener TW (1974) The compression hypothesis and tem-
poral resource partitioning. Proc Natl Acad Sci USA 71:
. 4169-4172
A Shiffman D, Gallagher A, Boyle M, Hammerschlag-Peyer C,
Hammerschlag N (2012) Stable isotope analysis as a tool
for elasmobranch conservation research: a primer for
non-specialists. Aust J Mar Freshw Res 63:635—643
] Shiffman DS, Kaufman L, Heithaus M, Hammerschlag N
(2019) Intraspecific differences in relative isotopic niche
area and overlap of co-occurring sharks. Aquat Ecol 53:
. 233-250
]" Shipley ON, Gallagher AJ, Shiffman DS, Kaufman L, Ham-
merschlag N (2019) Diverse resource-use strategies in a
large-bodied marine predator guild: evidence from dif-
ferential use of resource subsidies and intraspecific isoto-
pic variation. Mar Ecol Prog Ser 623:71—83
] Simpfendorfer CA, Goodreid A, Mcauley RB (2001) Diet of
three commercially important shark species from West-
., ern Australian waters. Mar Freshw Res 52:975—985
A Simpfendorfer CA, McAuley RB, Chidlow J, Unsworth P
(2002) Validated age and growth of the dusky shark, Car-


https://doi.org/10.1016/j.fishres.2022.106501
https://doi.org/10.3389/fmars.2024.1359785
https://doi.org/10.1007/BF00005044
https://doi.org/10.1007/s11284-008-0487-z
https://cran.r-project.org/package=nicheROVER
https://doi.org/10.1890/11-0424.1
https://doi.org/10.1111/1365-2656.12106
https://doi.org/10.1111/j.1365-2656.2010.01753.x
https://doi.org/10.1002/lno.10477
https://doi.org/10.1007/s00227-021-03920-0
https://doi.org/10.1016/j.zool.2016.05.007
https://doi.org/10.1007/s11160-013-9333-7
https://doi.org/10.1890/1540-9295(2007)5%5b429%3AANFIE%5d2.0.CO%3B2
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.7717/peerj.4818
https://doi.org/10.1371/journal.pone.0073051
https://doi.org/10.1071/MF01131
https://doi.org/10.1071/MF01017
https://doi.org/10.3354/meps12982
https://doi.org/10.1007/s10452-019-09685-5
https://doi.org/10.1071/MF11235
https://doi.org/10.1073/pnas.71.10.4169
https://doi.org/10.1021/acs.analchem.5b04392
https://doi.org/10.1111/1365-2656.12271
https://doi.org/10.1093/icesjms/fss100
https://doi.org/10.1016/j.tree.2016.02.014
https://doi.org/10.3354/meps13640
https://doi.org/10.1007/s00442-021-04999-4
https://doi.org/10.1890/0012-9658(2002)083%5b0703%3AUSITET%5d2.0.CO%3B2
https://doi.org/10.1007/s00442-020-04628-6
https://doi.org/10.1111/geb.12763
https://doi.org/10.1146/annurev-marine-121916-063256
https://doi.org/10.1146/annurev.es.18.110187.001453

Lipscombe et al.: Isotopic niche of white sharks

259

charhinus obscurus, from Western Australian waters. Mar
., Freshw Res 53:567—573
N Spaet JL, Patterson TA, Bradford RW, Butcher PA (2020)
Spatiotemporal distribution patterns of immature Aus-
tralasian white sharks (Carcharodon carcharias). Sci Rep
. 10:10169
N Speed CW, Meekan MG, Field IC, Mcmahon CR and others
(2011) Spatial and temporal movement patterns of a multi-
species coastal reef shark aggregation. Mar Ecol Prog Ser
o 429:261-275
A Syvéranta J, Lensu A, Marjoméki TJ, Oksanen S, Jones RI
(2013) An empirical evaluation of the utility of convex hull
and standard ellipse areas for assessing population niche
widths from stable isotope data. PLOS ONE 8:56094
] Tamburin E, Kim SL, Elorriaga-Verplancken FR, Madigan
DJ, Hoyos-Padilla M, Sanchez-Gonzalez A, Galvan-
Magana F (2019) Isotopic niche and resource sharing
among young sharks (Carcharodon carcharias and Isurus
oxyrinchus) in Baja California, Mexico. Mar Ecol Prog
., Ser613:107—124
A Tamburin E, Elorriaga-Verplancken FR, Estupifan-Montafio
C, Madigan DJ and others (2020) New insights into the
trophic ecology of young white sharks (Carcharodon car-
charias) in waters off the Baja California Peninsula, Mex-
., lco.Mar Biol 167:1—14
N Tate RD, Kelaher BP, Brand CP, Cullis BR, Gallen CR,
Smith SD, Butcher PA (2021) The effectiveness of
Shark-Management-Alert-in-Real-Time (SMART) drum-
lines as a tool for catching white sharks, Carcharodon car-
charias, off coastal New South Wales, Australia. Fish
Manag Ecol 28:496—506
] Taylor S, Bennett M (2013) Size, sex and seasonal patterns in
the assemblage of Carcharhiniformes in a sub-tropical

Editorial responsibility: Richard Reina,
Clayton, Victoria, Australia
Reviewed by: 2 anonymous referees

bay. J Fish Biol 82:228—241
] Terraube J, Arroyo B, Madders M, Mougeot F (2011) Diet
specialisation and foraging efficiency under fluctuating
vole abundance: a comparison between generalist and
., specialist avian predators. Oikos 120:234—244
N Thomson JA, Heithaus MR, Burkholder DA, Vaudo JJ, Wirs-
ing AJ, Dill LM (2012) Site specialists, diet generalists?
Isotopic variation, site fidelity, and foraging by logger-
head turtles in Shark Bay, Western Australia. Mar Ecol
Prog Ser 453:213—226
Tilley A (2011) Functional ecology of the southern stingray,
Dasyatis americana. PhD dissertation, Bangor University
] Vander Zanden HB, Bjorndal KA, Reich KJ, Bolten AB
(2010) Individual specialists in a generalist population:
results from a long-term stable isotope series. Biol Lett
. 6711-714
M Vidal A, Cardador L, Garcia-Barcelona S, Macias D, Druon
JN, Coll M, Navarro J (2023) The relative importance of
biological and environmental factors on the trophody-
namics of a pelagic marine predator, the blue shark
(Prionace glauca). Mar Environ Res 183:105808
] Werry JM, Planes S, Berumen ML, Lee KA, Braun CD, Clua,
E (2014) Reef-fidelity and migration of tiger sharks,
Galeocerdo cuvier, across the Coral Sea. PLOS ONE
. 9:e83249
A Williams JJ, Papastamatiou YP, Caselle JE, Bradley D, Jac-
oby DM (2018) Mobile marine predators: an understud-
ied source of nutrients to coral reefs in an unfished atoll.
., ProcRSoc B 285:20172456
A Young JW, Lansdell MJ, Campbell RA, Cooper SP, Juanes F,
Guest MA (2010) Feeding ecology and niche segregation
in oceanic top predators off eastern Australia. Mar Biol
157:2347—-2368

Submitted: April 2, 2024
Accepted: October 7, 2024
Proofs received from author(s): November 26, 2024


https://doi.org/10.1038/s41598-020-66876-z
https://doi.org/10.3354/meps09080
https://doi.org/10.1371/journal.pone.0056094
https://doi.org/10.3354/meps12884
https://doi.org/10.1007/s00227-020-3660-8
https://doi.org/10.1111/fme.12489
https://doi.org/10.1111/jfb.12003
https://doi.org/10.1007/s00227-010-1500-y
https://doi.org/10.1098/rspb.2017.2456
https://doi.org/10.1371/journal.pone.0083249
https://doi.org/10.1016/j.marenvres.2022.105808
https://doi.org/10.1098/rsbl.2010.0124
https://doi.org/10.3354/meps09637
https://doi.org/10.1111/j.1600-0706.2010.18554.x



