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INTRODUCTION

Large-bodied marine predators, especially sharks
and odontocete cetaceans (toothed whales), can play
important roles in coastal marine communities through

both consumptive and non-consumptive effects on
their prey (e.g. Williams et al. 2004, Heit haus et al.
2008, 2010, Wirsing et al. 2008). In many cases, how-
ever, our understanding of the ecological role of
these taxa is hindered by a lack of information on
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their trophic interactions and the degree of re source
partitioning or trophic redundancy that may exist
within this guild of large marine predators (e.g.
Kitchell et al. 2002, Heithaus et al. 2008, Ferretti et al.
2010). Often, this lack of information can be attrib-
uted to the difficulty in obtaining adequate sample
sizes for stomach content analysis. Yet, understand-
ing the trophic interactions and positions of large-
bodied predators is an important step in elucidating
the dynamics of marine communities (e.g. Williams et
al. 2004, Lucifora et al. 2009) and the potential for top
predators to couple various trophic pathways (e.g.
Rooney et al. 2006).

In many systems, there is a high degree of interspe-
cific differentiation in the diets and trophic inter -
actions of sympatric species of large-bodied sharks
and odontocetes. For example, in the southwest
Indian Ocean, sympatric species of small odontocetes
forage at different trophic levels or from different
food web modules (Kiszka et al. 2011). Off the coast
of South Africa, most species of dolphins and sharks
show relatively low dietary overlap (Heithaus 2001a).
Resource partitioning, however, is not ubiquitous,
and substantial dietary overlap has been documen -
ted among sympatric large shark species as well as
between shark and dolphin populations. For exam-
ple, off the coast of South Africa, there is significant
dietary overlap between several species of large
sharks and common dolphins Delphinus delphis
(Heithaus 2001a). Also, off the Pacific coast of Costa
Rica, silky sharks Carcharhinus falciformis and com-
mon bottlenose dolphins Tursiops truncatus compete
for fish prey (Acevedo-Gutiérrez 2002). Gaining fur-
ther insights into potential overlap or divergence in
trophic interactions of upper trophic level predators
is important because the degree of trophic redun-
dancy and intraguild predation (when predator and
prey also compete for resources) play important roles
in community stability (e.g. Bascompte et al. 2005,
Kondoh 2008).

In the absence of extensive stomach content data,
stable isotopes can provide important insights into
variation in trophic interactions both within and
among species (e.g. Bearhop et al. 2006, Quevedo et
al. 2009, Layman et al. 2012), albeit over different
temporal scales and with different resolution than
information derived from stomachs. We used stable
isotopes to investigate the trophic relationships of
large-bodied sharks and a resident odontocete ceta -
cean within a relatively pristine coastal seagrass
ecosystem — Shark Bay, Australia — that has been
used as a model system for understanding the eco-
logical role of large marine vertebrates. Specifically,

we investigated (1) trophic positions and isotopic
niches (see Newsome et al. 2007) of the common
large-bodied (>1.5 m) predators, (2) overlap of iso-
topic niches among species and higher-order taxa
(i.e. the potential for resource partitioning), (3) the
relationships between body size and relative trophic
position, and (4) the possibility for individual level
dietary specialization in trophic interactions within
populations of common species.

MATERIALS AND METHODS

Study site

Shark Bay is a ca. 13000 km2 subtropical embay-
ment along the central coast of Western Australia.
The bay contains ca. 4000 km2 of seagrass beds and is
perhaps one of the most pristine seagrass ecosystems
left in the world (e.g. Heithaus et al. 2008). In addition
to seagrasses, the primary sources of productivity that
support food webs in Shark Bay in clude plankton and
macroalgae (e.g. Burkholder et al. 2011, Heithaus et
al. 2011). The bay contains substantial populations of
large vertebrates, including herbivorous green turtles
Chelonia mydas and du gongs Dugong dugon and
predators such as loggerhead turtles Caretta caretta,
Indo-Pacific bottlenose dolphins Tursiops cf. aduncus,
and a variety of sharks. The shark fauna is dominated
numerically by tiger sharks Galeocerdo cuvier (Hei-
thaus 2001b, Wirsing et al. 2006), which account for
>90% of captures of sharks over 1.5 m total length
(Heithaus et al. 2012). Tiger sharks in Australia con-
sume a wide range of prey, including teleosts,
cephalopods, sea snakes, sea turtles, marine birds,
and marine mammals (Simpfendorfer 1992, Heithaus
2001a, Simpfen dorfer et al. 2001). The proportion of
large-bodied prey in tiger shark diets increases with
shark size (Simpfendorfer 1992, Simpfendorfer et al.
2001). Other species of large sharks in Shark Bay are
primarily from the genus Carcharhinus. In locations
where their diets have been studied, these species
feed primarily on teleosts and cephalopods (Cortés
1999). The pigeye shark Carcharhinus amboinensis,
however, tends to include a high proportion of
elasmo branchs in its diet (Cortés 1999), as does the
occasionally encountered great hammerhead shark
Sphyrna mokarran (Stevens & Lyle 1989, Cortés
1999). Smaller sharks and dolphins in the study area
are largely piscivorous (e.g. Cortés 1999, Heithaus &
Dill 2002, White et al. 2004).

Since 1997, we have used the Eastern Gulf of Shark
Bay, along the eastern coast of Peron Peninsula, as a
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model system for understanding the behavior and
ecological role of large marine vertebrates, particu-
larly tiger sharks and large grazers (see Heithaus et
al. 2008, 2009). This area has also been the site of
long-term research on the behavior and ecology of
Indo-Pacific bottlenose dolphins (Connor & Smolker
1985, Smolker et al. 1992). Large sharks tend to be
seasonally abundant in the study area, with high
densities found in the warm months (September to
May) and lower densities in winter (June to August)
(Heithaus 2001b, Wirsing et al. 2006). Bottlenose
 dolphins are year-round residents of the Eastern Gulf
of Shark Bay with individual home ranges up to ca.
50 m2 (females) to 145 km2 (males) (Watson-Capps
2005, Randic et al. 2012).

Field methods

Tissue samples were collected from sharks during
drumline fishing from 2005 to 2011 (see Heithaus
2001b, Wirsing et al. 2006 for details). Although ana-
lyzing samples over many years brings in potential
bias due to temporal variation in signatures of prey
and resource pools, such an approach can allow for
detection of robust patterns that transcend short-
term and small-scale isotope variation (e.g. Layman
et al. 2005). When a shark was captured, it was
brought alongside the research vessel to be tagged
and measured (total length [TL]). During handling, a
small amount of tissue was collected from the trailing
edge of the first dorsal fin using clean scissors. The
tissue was immediately placed on ice and stored at
−20°C upon returning to shore. Sharks captured by
drumline fishing generally were relatively large,
from 1.4 to 4.4 m TL. Smoothnose wedgefish Rhyn-
chobatus laevis, a large-bodied and highly mobile
ray species with a shark-like body, were collected via
strike-netting from 2007 to 2011, and we collected
tissue samples from their dorsal fins (see Vaudo &
Heithaus 2011 for details). We compared these
results to smaller-bodied elasmobranchs (sharks
< 1.5 m TL and batoids) captured in the study area
using other methods and published previously
(Vaudo & Heithaus 2011) as well as other upper
trophic level predators (e.g. teleosts, sea birds, and
sea snakes) sampled opportunistically. Virtually all of
the samples were collected during the warm season
(September to May; Heithaus 2001b; Table 1).

Dolphin tissue samples were obtained during cold
and warm seasons (Table 1) from 1997 to 2004 using
a remote biopsy system constructed for small ceta -
ceans (Krützen et al. 2002). Samples were preserved

in a saturated NaCl and 20% dimethyl-sulfoxide
(DMSO) solution (Amos & Hoelzel 1992) at −20°C in
the field and −80°C in the laboratory. Prior to stable
isotope analysis, the epidermal skin was removed
from each sample. Lipid extraction of cetacean skin
samples stored in DMSO is a commonly used method
for removing the effect of DMSO preservation on iso-
topic signatures (Todd et al. 1997, Marcoux et al.
2007). Accordingly, dolphin skin was washed with
distilled water and lipid extracted by several rinses
with a 2:1 mixture of chloroform and methanol for
24 h before further processing. Such processing re -
moves any influence of the DMSO on isotopic values
(Lesage et al. 2010).

Stable isotope analysis

Samples were thawed and washed in distilled
water before being dried for at least 48 h and then
ground into a fine powder. Samples were analyzed
for δ13C and δ15N at stable isotope facilities at the
Yale Earth System Center, Florida International Uni-
versity, and the University of Western Australia.
Homogenized trout standards analyzed at the same
time as our samples had standard deviations ranging
from 0.10 to 0.19‰ for δ13C and 0.02 to 0.08‰ for
δ15N. Because elasmobranch samples had low C:N
ratios (2.69 ± 0.26, mean ± SD) and previous studies
have found that elasmobranch body tissue has low
lipid content (Devadoss 1984, Hussey et al. 2010) and
changes in δ13C after lipid extraction tend to be rela-
tively small (Hussey et al. 2012), we did not correct
δ13C values for the effects of lipids.

We used ANOVA to explore variation in mean iso-
topic values among species for which we obtained
adequate sample sizes. We supplemented these ana -
lyses by exploring overlaps using standard ellipse
areas corrected for sample size (SEAc), developed by
Jackson et al. (2011). The SEAc are the equivalent of
a bivariate standard deviation and are a measure-
ment of isotopic dispersion. In addition to species-
specific analyses, we explored overlap in ellipses cal-
culated for the major large-bodied predator groups in
Shark Bay: dolphins, large sharks (>1.5 m), small
sharks (<1.5 m), and batoids (data on batoids from
Vaudo & Heithaus 2011 with additional samples col-
lected during the present study).

Because measures of central tendency, like mean
isotopic values and SEAc, can disguise ecologically
important variation within species and potential indi-
vidual level overlap in resource use (Layman et al.
2012), we also used 2 quantitative metrics from Lay-
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man et al. (2007) for comparisons among species.
Total area (TA) can be used as a proxy for the isotopic
trophic diversity within a species over the timescale
at which tissues assimilate isotopic values from diets.
It is calculated as the area of the convex hull encom-
passing all individuals of that species. The convex
hull approach is powerful because it incorporates
each individual sampled and thus includes informa-
tion about every part of isotopic niche space occu-
pied (Layman et al. 2012). Mean distance to the cen-
troid (CD) provides a proxy for the degree of trophic
diversity among individuals of a species and was cal-
culated using the distances of each individual from
the mean of all individuals. We calculated all distan -
ces and areas using the Animal Movement Analyst
Extension (AMAE) (Hooge & Eichenlaub 2000) for
ArcView GIS 3.2a.

To assess whether we had adequately sampled the
intraspecific variability and therefore the full isotopic
niche space used by each species, we used AMAE to
conduct bootstrap analyses (n = 250) examining the
mean TA across varying sample sizes. We considered
TA to be adequately sampled if the slope of a linear
regression on the final 4 endpoints of the curve re -
lating sample size to TA was not significantly differ-
ent from zero (Bizzarro et al. 2007). Total areas were
also calculated for both taxonomy- and size-based
groups. We assessed the unique area occupied by
each species TA by determining the total area in
biplot space occupied only by that species’ TA. Simi-
larly, we calculated the proportion of individual iso-
topic values for each species that did not fall within
any other species’ TA.

We used the relative value of δ13C as a proxy for
the importance of seagrass-based productivity to
sharks and dolphins. In Shark Bay and other coastal
eco systems, seagrasses tend to have more enriched
13C values (mean ± SD δ13C = −9.4 ± 1.3‰) com-
pared to their epiphytes and macroalgae (mean ±
SD δ13C = −15.5 ± 2.6‰) (Vaudo & Heithaus 2011).
A dugong and herbivorous isopods, 2 consumers
that feed  primarily on seagrass, had δ13C values
near −10‰ (Burkholder et al. 2011). Filter feeding
bivalves (which can be used to infer isotope values
of sestonic primary producers) are more 13C-
depleted (mean ± SD δ13C = −17.49 ± 1.70‰; Vaudo
& Heit haus 2011), as are the leaves of fringing man-
groves (δ13C ca. −23‰ Heithaus et al. 2011). Inputs
of mangrove-derived productivity to lower trophic
levels in the study area appear to be minimal (Hei-
thaus et al. 2011), and there are no significant ter-
restrial or freshwater in puts of basal resources (e.g.
Kendrick et al. 2012).

RESULTS

We collected tissue samples from 239 sharks, re -
presenting 11 species, between 2005 and 2012
(Table 1). Relative sample sizes of sharks over 1.5 m
TL reflected the relative abundance of sharks cap-
tured on drumlines, with the exception of tiger sharks,
for which only a subset of samples were analyzed. In
addition, we obtained isotopic values from 36 Indo-
Pacific bottlenose dolphins that were sampled during
1997 to 2004 and 6 samples from smoothnose wedge-
fish collected between 2007 and 2011. Across iso-
topic values of all individuals, there was no relation-
ship between δ15N and δ13C (F1,279 = 0.82, p = 0.37, R2

< 0.01). There was, however, a weak (R2 = 0.07) but
significant negative relationship between δ15N and
δ13C for tiger sharks (F1,167 = 13.1, p = 0.0004). No sig-
nificant relationships were found within other taxa.

Seasonal comparisons were only possible for dol-
phins and tiger sharks. There was no effect of season
on δ15N values for tiger sharks (F = 0.20, p = 0.84) or
dolphins (F = 0.91, p = 0.37). Similarly, there was no
effect of season on δ13C values of dolphins (F = 0.62,
p = 0.54), but δ13C values of tiger sharks were slightly
higher in the cold season (mean ± SD = −11.24 ±
1.15‰) than the warm season (mean ± SD = −11.89 ±
1.37‰; F = 2.1, p = 0.04). We did not detect signifi-
cant effects of year on dolphin δ13C (F6,18 = 0.6, p =
0.72) or δ15N (F6,18 = 0.7, p = 0.64) values or isotopic
values of sandbar sharks (δ13C: F3,35 = 0.5, p = 0.67;
δ15N: F3,35 = 0.2, p = 0.91). For tiger sharks, there were
no changes in δ15N across years (F6,167 = 1.9, p = 0.08),
but δ13C varied among years (F6,167 = 10.02, p =
0.0001). Values of δ13C, however, did not change con-
sistently through time. The highest mean (±SD)
value was in 2006 (−10.7 ± 1.06‰), and the lowest
was in 2009 (−12.6 ± 1.09‰).

The isotopic values of the large predators we sam-
pled exhibited a wide range of δ13C (−15.2 to −8.6‰)
and δ15N (9.5 to 14.1‰) values (Fig. 1). Among spe-
cies with at least 6 individuals sampled, however,
there was significant variation in mean isotope val-
ues (F7,270 = 106.2, p < 0.001 for δ15N; F7,270 = 20.8 p
<0.0001 for δ13C; Fig. 2, Table 2). Tiger sharks and
pigeye sharks were similar in both mean δ15N and
mean δ13C (Table 1, see Table 2 for pair-wise post-
hoc tests). Sandbar sharks Carcharhinus plumbeus
were lower in mean δ15N than tiger sharks, but not
pigeye sharks. Sicklefin lemon sharks Negaprion
acutidens had the highest mean δ13C of the large-
bodied sharks and were similar to other large sharks
in mean δ15N (Table 1). Both smaller sharks — ner-
vous sharks Carcharhinus cautus and brown-banded

229



Mar Ecol Prog Ser 481: 225–237, 2013

bamboo sharks Chiloscyllium punctatum — had low -
er mean δ15N than larger sharks, and nervous sharks
had higher mean δ13C values than brown-banded
bamboo sharks. Smoothnose wedgefish were similar
in mean δ15N to these 2 smaller shark species and
slightly more C13-depleted than bamboo sharks.
Bottle nose dolphins exhibited very different isotopic
values than all sharks, especially in mean δ13C. Dol-
phins had a lower mean δ13C value than all shark
species examined. There were, however, several
species of rarely encountered sharks, which thus
could not be included in analyses, with δ13C values
that were similar to those of dolphins (Figs. 1 & 2,
Table 2).

Stable isotope values suggest considerable differ-
entiation in trophic interactions among large preda-
tor groups. There was no overlap in SEAc of any
group (i.e. dolphins, large sharks, small sharks, and
rays) pairings, suggesting that the positions of the
groups in isotope niche space are distinct (Fig. 3).
Furthermore, none of the species-specific SEAc’s of
large sharks overlapped the SEAc of dolphins or

those of the 2 smaller-bodied shark species. Within
the large shark group, there was general differentia-
tion of SEAc areas among species, with the exception
of tiger sharks and pigeye sharks (Fig. 3). About 72%
of the pigeye SEAc was contained within the SEAc of
tiger sharks.

There were several instances in which shark spe-
cies rarely encountered in Shark Bay (and, therefore,
not included in the calculation of the group SEAc)
had isotopic values that fell within or near the SEAc
of other groups. Two individual spottail sharks Car -
cha  rhinus sorrah (a small shark) and 1 bronze whaler
Carcharhinus brachyurus (a large shark) had isotope
values that overlapped those of dolphins. The iso-
topic values of a 377 cm TL great hammerhead
Sphyrna mokarran were more similar to those of
small sharks (Fig. 1).

To further explore the potential for overlap in iso-
topic niches of species, we used the TA metric (Lay-
man et al. 2007). TA provides for more conservative
assessment of niche partitioning (i.e. more likely to
detect niche overlap) because it incorporates every
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Fig. 1. Isotope values of all individual sharks and dolphins sampled in the Eastern Gulf of Shark Bay, Australia



Heithaus et al.: Isotopic niches of predators in a seagrass ecosystem

sampled individual from the populations. Consider-
ing the isotopic values of all individuals sampled, dol-
phins occupied a relatively large area of unique iso-
topic space, as did large sharks, with more than 60%
and 85% of individuals, respectively, falling outside
the TA of other groups. Overlap between large
sharks and dolphins was moderate, but <40% of dol-
phin individuals were within the TA of large sharks,
and only ca. 10% of individual large sharks fell with -
in the dolphin TA. There was no overlap in TAs of
large sharks and the small sharks included in analy-
ses (Fig. 1).

Mean body size of species sampled explained a
considerable amount of variation in mean δ15N of dol-
phins and sharks, with increasing δ15N as mean body

size increased (F1,9 = 18.0, p = 0.003,
R2 =0.69, Fig. 4). There were no
trends between body size and δ13C
(F1,9 = 0.9, p = 0.38; R2 = 0.10). Rela-
tionships between body length and
isotope values within species diffe red
from species-level patterns. There
was a no significant relationship be -
tween tiger shark total length and
δ15N (F1,165 = 3.31, p = 0.07, R2 = 0.02).
There was a weak (R2 = 0.04) but sta-
tistically significant de crease in δ13C
with increasing tiger shark length
(F1,165 = 6.54, p = 0.01). There was no
relationship between total length and
δ15N (F1,7 = 0.57, p = 0.48, R2 = 0.08) or
δ13C for pigeye sharks (F1,7 = 3.9, p =
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Scientific name (figure code)          Common name                    δ13C     δ15N

Galeocerdo cuvier (Gc)                    Tiger shark                           B          A
Carcharhinus amboinensis (Ca)      Pigeye shark                        AB       AB
Carcharhinus plumbeus (Cpl)         Sandbar shark                      AB       BC
Negaprion acutidens (Na)               Sicklefin lemon shark          A          ABC
Carcharhinus brachyurus (Cb)        Bronze whaler                      −          −
Carcharhinus sorrah (Cs)                 Spottail shark                       −          −
Tursiops cf. aduncus (Ta)                 Bottlenose dolphin               C          C
Orectolobus hutchinsi (Oh)              Wobbegong                          −          −
Rynchobatus laevis (Rl)                    Smoothnose wedgefish       AB       D
Chiloscyllium punctatum (Cp)         Bamboo shark                      B          D
Carcharhinus cautus (Cc)                Nervous shark                      A          D
Carcharhinus brevipinna (Cbp)      Spinner shark                       −          −
Sphyrna mokarran (Sm)                   Great hammerhead             −          −

Table 2. Species codes with the results of Tukey’s post-hoc tests for the mean
isotope values presented in Fig. 2. Species with the same letter are not signifi-

cantly different based on Tukey’s test
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0.09, R2 = 0.39). No relationship between body size
and δ15N or δ13C was found for sandbar sharks. Rela-
tionships between body size and isotope variation
could not be evaluated within dolphins because of
 little size variation in the sampled individuals (i.e. all
were adult animals near maximum lengths).

Considerable intraspecific variation in isotopic val-
ues was found for several species. Tiger sharks show -
ed the largest range in isotopic values for δ13C (−15.1
to −8.6‰; Fig. 1). Dolphin δ13C ranged from −12.4 to
−16.3‰. Like δ13C, the δ15N of tiger sharks varied
widely, from 10.2 to 14.1‰, which may be up to 2
trophic levels based on previous studies of fractiona-
tion in elasmobranchs (Hussey et al. 2010). In con-
trast, pigeye sharks, which had a similar mean δ15N
to tiger sharks, had a relatively narrow δ15N range of
1.8‰ (Table 1).

CD, a measure of average trophic diversity within a
population, varied among those species (F4,251 = 5.5,
p = 0.003) for which sample sizes were relatively
large (n ≥ 8). Tiger sharks had significantly higher
CDs than sandbar and bamboo sharks. There were
no statistically significant differences in CDs of other
species (Table 1).

Isotope values of other taxa support the notion that
large sharks and dolphins are upper-trophic level
predators (Tables 1 & 3, Fig. 5). Their δ15N values are
considerably higher than rays, 2 species of sea tur-
tles, and many teleosts. However, the δ13C values of 2
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seabirds, a sea snake Disteria major, and 2 piscivo-
rous teleosts (mackerel Scomberomorus semifascia-
tus and tailor Pomatomus saltatrix) were similar to
those of dolphins and several species of large sharks
(Tables 1 & 3). The common teleost species that may
be prey for large predators all had lower δ15N values
(Table 3).

DISCUSSION

We found considerable variation in isotopic values
within species of upper trophic level predators in
Shark Bay. Yet, there appears to be considerable dif-
ferentiation in resource use among major groups of
large-bodied predators in this ecosystem. Given that
different diets can result in similar isotopic values, it
was surprising that there was no overlap of SEAc,
which encompasses 1 standard deviation from the
group bivariate means (i.e. the isotopic area that the
bulk of individuals occupy), of major groups. Further-
more, even using the TA metric, which encompasses
all individuals sampled, there was surprisingly little
overlap among these groups.

Although sampling took place over multiple years
and across seasons, it is unlikely that these temporal
factors explain the distinct patterns that were ob -
served. First, the vast majority of samples were col-
lected during the warm season. For the 2 species with
adequate samples in the cold season, the variation in
isotope values between winter and summer was
small or in the case of dolphins, which had the largest
proportion of samples from cold seasons, non-signifi-
cant. Furthermore, variability across seasons might

be expected to enhance variation within groups and
lead to greater overlap between species or groups.
Concurrent studies within our study area failed to
detect seasonal changes in δ13C values of seagrass
and macroalgae, and seasonal shifts in δ13C of plank-
tonic consumers were not sufficient to impact general
interpretations of our results (Burkholder et al. 2011).
Also, because isotopes are integrated over periods of
weeks to months in marine mammal skin and shark
fins (e.g. Hicks et al. 1985, Matich et al. 2010), isotope
values in the present study are likely to incorporate
foraging over multiple seasons and minimize impacts
of seasonal variation in isotopic values at the base of
the food web. There were no detectible changes in
δ15N among years for the 3 species tested, nor was
there interannual variation in δ13C values of sandbar
sharks and dolphins. Although δ13C varied across
years in tiger sharks, this variation likely enhances
overlap with other taxa rather than lessens it.

Bottlenose dolphins showed substantial isotope dif-
ferences from large shark species. Although they ap-
pear to feed at a similar trophic level as the similarly
sized sicklefin lemon and sandbar sharks (as inferred
from δ15N), dolphin δ13C values were substantially
lower than those of all other large predator species for
which adequate sample sizes were available. There
was individual variation in δ13C values within dol-
phins and tiger sharks, in particular, but the generally
higher δ13C values of large sharks suggest that they
are obtaining more of their energy from seagrass-
based food webs, while dolphins are obtaining more
of their resources from plankton- or macroalgae-
 derived food webs. It is also possible that dolphins are
obtaining energy from mangrove-derived food webs
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Species TL (cm) N δ15N ‰ δ13C ‰
(mean ± SD) (mean ± SD)

Teleosts
Emperor Lethrinus laticaudus 20.8 5 9.4 ± 0.13 −14.2 ± 0.59
Mackerel Scomberomorus semifasciatus 72.5 2 11.6 ± .40 −14.2 ± 0.08
Butterfish Pentapodus vitta 19.5 9 8.5 ± 0.55 −13.4 ± 1.08
Fan-bellied leatherjacket Monacanthus chinensis 14.2 3 7.7 ± 0.45 −15.7 ± 0.27
Tailor Pomatomus saltatrix 34.5 2 11.5 ± 0.51 −12.3 ± 1.45
Tarwhine Rhabdosargus sarba 16 5 7.9 ± 1.08 −12.5 ± 2.05
Striped trumpeter Pelates octolineatus 21.6 45 8.3 ± 0.67 −14.6 ± 2.16
Yellowtail trumpeter Amniataba caudovittata 18.8 6 9.0 ± 0.29 −12.4 ± 0.42

Reptiles
Sea snake Disteria major 1 11.0 −14.6

Birds
Pied cormorant Phalacrocorax varius 2 10.1 ± 1.24 −14.2 ± 0.29
Australian pelican Pelecanus conspicillatus 1 11.1 −10.8

Table 3. Stable isotope values of other consumers in Shark Bay, Australia. Values are based on muscle samples obtained from 
within the primary study site
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(δ13C ca. −23‰; Heithaus et al. 2011). However, we
consider this scenario to be unlikely because of the
relatively restricted spatial extent of mangroves in
this system and the finding that invertebrates and
fishes within mangrove habitats near our study site in
Shark Bay appear to derive little energy from man-
groves (Heithaus et al. 2011). The pathways through
which seagrass-derived carbon supports elasmo-
branch populations are yet to be resolved but may in-
clude direct-grazing pathways (e.g. Burkholder et al.
2012) or, perhaps more likely, detrital ones (Vaudo &
Heithaus 2011, Belicka et al. 2012).

That elasmobranchs appear to be obtaining a greater
proportion of their energy from seagrass-based food
webs than dolphins is somewhat surprising. Dolphins
are often found foraging over seagrass banks (Hei-
thaus & Dill 2002, 2006) and are year-round residents.
Shark species show considerable variation in their
abundance across seasons, and large species can
move long distances away from Shark Bay (e.g. Hei-
thaus 2001b, White & Potter 2004, Wirsing et al. 2006,
Heithaus et al. 2007). Because stable isotopic values
are a time-integrated reflection of foraging, the iso-
topic values of highly mobile sharks certainly reflect
foraging that occurs both in side and outside the study
area. However, the warm season in the study area
lasts ca. 9 mo, and data from acoustic monitoring and
satellite tracking indicate that tiger sharks can remain
within Shark Bay for extended periods of time (months;
Heithaus 2001b, M. R. Heithaus unpubl. data). There-
fore, their isotopic values are likely reflective of at
least some foraging within Shark Bay. Furthermore,
the basal resource pools (and the δ13C values of these
resource pools) that coastal shark species are likely to
encounter outside of Shark Bay are similar to those in-
side the bay (e.g. Borrell et al. 2011, Kiszka et al.
2011). Thus, even though sharks may move long dis-
tances (even into pelagic waters; Heithaus et al.
2007), they are likely still feeding largely in coastal
benthic food webs derived from seagrasses. Indeed,
sharks (Carcharhinus melanopterus, C. amblyrhyn-
chos, Triae nodon obesus, and Nega prion acutidens)
from Nin galoo Reef, >300 km north of Shark Bay, also
showed δ13C values suggestive of foraging in sea-
grass-derived food webs (Speed et al. 2012). While it
is not possible to fully address the role of long-distance
movements in shaping isotopic signatures of large
sharks sampled in Shark Bay, it is likely that isotope
values reflect real differences in the food webs in
which large predator diets are based. Differences in
isotopic values of dolphins and many ray and small
shark species likely reflect differences in foraging
ecology within Shark Bay (e.g. Vaudo & Heithaus 2012).

There are several possible explanations for dol-
phins apparently foraging little in seagrass-derived
food webs. First, dolphins may feed on fishes that,
although they inhabit seagrass beds, do not feed
directly on seagrasses or invertebrates that use sea-
grass-derived resources. Based on limited sample
sizes, Belicka et al. (2012) used fatty acid analysis to
show that several species of potential dolphin prey
do not appear to feed in seagrass-derived food webs
in Shark Bay. Second, many individual dolphins
largely abandon seagrass habitats during the 9 mo of
the year that tiger sharks are abundant (Heithaus &
Dill 2002, 2006), while others forage almost exclu-
sively in channel habitats throughout the year (Mann
& Sargeant 2003), where seagrass cover is sparse
(Burkholder et al. 2013). We sampled individual dol-
phins that foraged over seagrass banks as well as
those that primarily, or exclusively, use deep-water
foraging tactics. However, larger sample sizes of
individual dolphins with known foraging histories
may help to determine the overall importance of sea-
grass-based food webs to dolphins in the study area.

In other areas of the world, dolphins and sharks can
exhibit considerable overlap in diets. For example, in
South Africa, stomach content analysis revealed sub-
stantial overlap in the fish component of the diets of
inshore dolphins and sharks, but diets diverged be -
cause sharks also included elasmobranchs in their
diets, while dolphins consumed more squid (Heit -
haus 2001a). Off Costa Rica, there is interference
competition between silky sharks and common
bottle nose dolphins (Acevedo-Gutiérrez 2002). Parti-
tioning in Shark Bay may be more likely than in
South Africa or Costa Rica, where an abundance of
schooling fish forms the basis of dietary overlap
between dolphins and sharks. The pattern of niche
separation among upper level marine predators that
we documented is similar to that observed in other
systems among large sharks (Papastamatiou et al.
2006), among dolphins (Kiszka et al. 2011), among
sharks, dolphins, and piscivorous fishes (Pusineri et
al. 2008), and between sea birds and piscivorous fishes
(Cherel et al. 2008).

The δ15N values of tiger and pigeye sharks suggest
they are the top predators in the Shark Bay eco -
system and that other large sharks (>1.5 m TL) and
bottlenose dolphins feed at slightly lower trophic
 levels. Tiger sharks and pigeye sharks appear to fit a
classic example of a top predator that integrates mul-
tiple trophic channels (e.g. Rooney et al. 2006). Inter-
estingly, δ15N values suggest that smaller predators
in Shark Bay may feed at trophic levels similar to
 dolphins and some large sharks. For example, a ca.
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70 cm mackerel and a 35 cm tailor as well as a sea
snake and seabirds had δ15N values that were similar
to dolphins. In contrast, the relatively large smooth-
nose wedgefish appears, based on δ15N values, to
feed relatively low in the food web. This result is con-
sistent with studies of congeners, which reveal diets
composed primarily of crustaceans (Darracott 1977).
Similarly, the one great hammerhead we sampled
had a relatively low δ15N for its body size. This find-
ing, combined with a high δ13C, may be a result of
foraging heavily on rays (e.g. Stevens & Lyle 1989,
Vaudo & Heithaus 2011).

Overall, we found that Shark Bay’s large predators
display clear separation in isotopic space on the basis
of taxonomic group and size. Such separation among
the large primarily piscivorous species examined
comes as somewhat of a surprise because isotopic
similarities can be observed despite dramatically dif-
ferent diets and, given the tissues examined, could
reflect differences in long-term movement patterns
or habitat use (i.e. how the species use resources
when outside of the study area). Additional research
that integrates stable isotope analysis with diet and
behavioral data is required to further elucidate the
functional roles played by these predator groups in
Shark Bay. Seagrass-derived carbon appears to be
important to elasmobranchs in the Shark Bay ecosys-
tem, but much less important to dolphins, despite
their frequent use of seagrass habitats. This suggests
that habitat use patterns may not necessarily be re -
flective of the resource pools supporting a population
and highlights the importance of detailed datasets on
trophic interactions for elucidating the ecological
roles of predators.

Acknowledgements. We thank everyone who helped with
the collection and processing of isotopic samples. We also
thank the Department of Environment and Conservation,
Shark Bay District, R. McAuley of the Department of Fish-
eries, Western Australia, and the Monkey Mia Dolphin
Resort for logistical support. Biopsy samples were obtained
under permit no. SF004708 issued by Conservation and
Land Management. Ethics approval was given from The
University of New South Wales (no. 05/76A). This research
was supported by National Science Foundation grants
OCE0526065, OCE0745606, and OCE0746164, National
Geographic’s Expedition Council, National Geographic
Society, FIU’s College of Arts and Sciences, the Australian
Research Council (ARC), SeaWorld Research and Rescue
Foundation, W. V. Scott Foundation, and Claraz-Schenkung.
Research was conducted under Animal Care and Use autho-
rization from Florida International University, ethics ap pro -
val from the University of Zurich, and relevant permits from
the Department of Environment and Conservation (Western
Australia). This is contribution no. 68 of the Shark Bay Eco -
system Research Project.

LITERATURE CITED

Acevedo-Gutiérrez A (2002) Interactions between marine
predators:  dolphin food intake is related to number of
sharks. Mar Ecol Prog Ser 240: 267−271

Amos B, Hoelzel AR (1992) Applications of molecular gen -
etic techniques to the conservation of small populations.
Biol Conserv 61: 133−144

Bascompte J, Melián CJ, Sala E (2005) Interaction strength
combinations and the overfishing of a marine food web.
Proc Natl Acad Sci USA 102: 5443−5447

Bearhop S, Phillips RA, McGill R, Cherel Y, Dawson DA,
Croxall JP (2006) Stable isotopes indicate sex-specific
and long-term individual foraging specialisation in
 diving seabirds. Mar Ecol Prog Ser 311: 157−164

Belicka LL, Burkholder D, Fourqurean JW, Heithaus MR,
Macko SA, Jaffé R (2012) Stable isotope and fatty acid
biomarkers of seagrass, epiphytic, and algal organic mat-
ter to consumers in a nearly pristine seagrass ecosystem.
Mar Freshw Res 63: 1085−1097

Bizzarro JJ, Robinson HJ, Rinewalt CS, Ebert DA (2007)
Comparative feeding ecology of four sympatric skate
species off central California, USA. Environ Biol Fishes
80: 197−220

Borrell A, Cardona L, Kumarran RP, Aguilar A (2011) Trophic
ecology of elasmobranchs caught off Gujarat, India, as in-
ferred from stable isotopes. ICES J Mar Sci 68: 547−554

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 for -
aging ground. Mar Ecol Prog Ser 439: 277−293

Burkholder DA, Heithaus MR, Fourqurean JA (2012) Feed-
ing preferences of herbivores in a relatively pristine sub-
tropical seagrass ecosystem. Mar Freshw Res 63: 
1051−1058

Burkholder DA, Fourqurean JA, Heithaus MR (2013) Spatial
pattern in seagrass stoichiometry indicates both N-lim-
ited and P-limited regions of an iconic P-limited subtrop-
ical bay. Mar Ecol Prog Ser 472:101–115

Cherel Y, Le Corre M, Jaquemet S, Ménard F, Richard P,
Weimerskirch H (2008) Resource partitioning within a
tropical seabird community:  new information from stable
isotopes. Mar Ecol Prog Ser 366: 281−291

Connor RC, Smolker RS (1985) Habituated dolphins (Tur-
siops sp.) in Western Australia. J Mammal 66: 398−400

Cortés E (1999) Standardized diet compositions and trophic
levels of sharks. ICES J Mar Sci 56: 707−717

Darracott A (1977) Availability, morphometrics, feeding and
breeding activity in a multi-species, demersal fish stock
of the Western Indian Ocean. J Fish Biol 10: 1−16

Devadoss P (1984) Nutritive values of sharks, skates and
rays from Portonovo coast. Indian J Fish 31: 156−161

Ferretti F, Worm B, Britten GL, Heithaus MR, Lotze HK
(2010) Patterns and ecosystem consequences of shark
declines in the ocean. Ecol Lett 13: 1055−1071

Heithaus MR (2001a) Predator-prey and competitive inter-
actions between sharks (order Selachii) and dolphins
(suborder Odontoceti):  a review. J Zool (Lond) 253: 53−68

Heithaus MR (2001b) The biology of tiger sharks (Galeo-
cerdo 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, Dill LM (2002) Food availability and tiger
shark predation risk influence bottlenose dolphin habitat
use. Ecology 83: 480−491

235



Mar Ecol Prog Ser 481: 225–237, 2013

Heithaus MR, Dill LM (2006) Does tiger shark predation risk
influence foraging habitat use by bottlenose dolphins at
multiple spatial scales? Oikos 114: 257−264

Heithaus MR, Wirsing AJ, Dill LM, Heithaus LI (2007) Long-
term movements of tiger sharks satellite-tagged in Shark
Bay, Western Australia. Mar Biol 151: 1455−1461

Heithaus MR, Frid A, Wirsing AJ, Worm B (2008) Predicting
ecological consequences of marine top predator declines.
Trends Ecol Evol 23: 202−210

Heithaus MR, Wirsing AJ, Burkholder D, Thomson J, Dill
LM (2009) Towards a predictive framework for predator
risk effects:  the interaction of landscape features and
prey escape tactics. J Anim Ecol 78: 556−562

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:  biodiversity, adaptive physiology, and
conservation. CRC Press, Boca Raton, FL, p 611−637

Heithaus ER, Heithaus PA, Heithaus MR, Burkholder D,
Layman CA (2011) Trophic dynamics in a relatively pris-
tine subtropical fringing mangrove community. Mar Ecol
Prog Ser 428: 49−61

Heithaus MR, Wirsing AJ, Dill LM (2012) The ecological
importance of intact predator populations:  a synthesis of
fifteen years of research in a seagrass ecosystem. Mar
Freshw Res 63: 1039−1050

Hicks BD, St. Aubin DJ, Geraci JR, Brown WR (1985) Epider-
mal growth in the bottlenose dolphin, Tursiops truncatus.
J Invest Dermatol 85: 60−63

Hooge P, Eichenlaub W (2000) Animal Movements Exten-
sion to Arcview. Alaska Biological Center, US Geological
Survey, Anchorage, AK

Hussey NE, Brush J, McCarthy ID, Fisk AT (2010) δ15N
and δ13C diet−tissue discrimination factors for large
sharks under semi-controlled conditions. Comp Biochem
Physiol A 155: 445−453

Hussey NE, Olin JA, Kinney MJ, McMeans BC, Fisk AT
(2012) Lipid extraction effects on stable isotope values
(δ15N and δ13C) of elasmobranch muscle tissue. J Exp
Mar Biol Ecol 434−435: 7−15

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Com -
paring isotopic niche widths among and within commu-
nities:  SIBER − Stable Isotope Bayesian Ellipses in R.
J Anim Ecol 80: 595−602

Kendrick GA, Fourqurean JW, Fraser MW, Heithaus MR,
Jackson G, Friedman K, Hallac D (2012) Science behind
management of Shark Bay and Florida Bay, two P-lim-
ited subtropical systems with different climatology and
human pressures. Mar Freshw Res 63: 941−951

Kiszka J, Simon-Bouhet B, Martinez L, Pusineri C, Richard
P, Ridoux V (2011) Ecological niche segregation within
a community of sympatric dolphins around a tropical
island. Mar Ecol Prog Ser 433: 273−288

Kitchell JF, Essington TE, Boggs CH, Schindler DE, Walters
CJ (2002) The role of sharks and longline fisheries in a
pelagic ecosystem of the Central Pacific. Ecosystems 5: 
202−216

Kondoh M (2008) Building trophic modules into persistent
food webs. Proc Natl Acad Sci USA 105: 16631−16635

Krützen M, Barre LM, Möller LM, Heithaus MR and others
(2002) A biopsy system for small cetaceans:  darting suc-
cess and wound healing in Tursiops spp. Mar Mamm Sci
18: 863−878

Layman CA, Winemiller KO, Arrington DA, Jepsen DB
(2005) Body size and trophic position in a diverse tropical

food web. Ecology 86: 2530−2535
Layman CA, Arrington DA, Montana CG, Post DM (2007)

Can stable isotope ratios provide for community-wide
measures of trophic structure? Ecology 88: 42−48

Layman CA, Araújo MS, Boucek R, Harrison E and others
(2012) Applying stable isotopes to examine food web
structure:  an overview of analytical tools. Biol Rev Camb
Philos Soc 87: 545−562

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

Lucifora LO, García 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 implica-
tions. Ecol Res 24: 109−118

Mann J, Sargeant B (2003) Like mother, like calf:  the
ontogeny of foraging traditions in wild Indian Ocean bot-
tlenose dolphins (Tursiops sp.). In:  Fragaszy D, Perry S
(eds) The biology of traditions. Cambridge University
Press, Cambridge, p 236−266

Marcoux M, Whitehead H, Rendell L (2007) Sperm whale
feeding variation by location, year, social group and clan: 
evidence from stable isotopes. Mar Ecol Prog Ser 333: 
309−314

Matich P, Heithaus MR, Layman CA (2010) Size-based inter-
tissue comparisons of stable carbon and nitrogen isotope
signatures of bull and tiger sharks. Can J Fish Aquat Sci
67: 877−885

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

Papastamatiou YP, Wetherbee BM, Lowe CG, Crow GL
(2006) Distribution and diet of four species of carcha -
rhinid shark in the Hawaiian Islands:  evidence for
resource partitioning and competitive exclusion. Mar
Ecol Prog Ser 320: 239−251

Pusineri C, Chancollon O, Ringelstein J, Ridoux V (2008)
Feeding niche segregation among the Northeast Atlantic
community of oceanic top predators. Mar Ecol Prog Ser
361: 21−34

Quevedo M, Svanback R, Eklov P (2009) Intrapopulation
niche partitioning in a generalist predator limits food
web connectivity. Ecology 90: 2263−2274

Randic S, Connor RC, Sherwin WB, Krützen M (2012) A
novel mammalian social structure in Indo-Pacific bottle -
nose dolphins (Tursiops sp.):  complex male alliances in
an open social network. Proc R Soc Lond B 279: 
3083−3090 

Rooney N, McCann KS, Gellner G, Moore JC (2006) Struc-
tural asymmetry and the stability of diverse food webs.
Nature 442: 265−269

Simpfendorfer C (1992) Biology of tiger sharks (Galeocerdo
cuvier) caught by the Queensland shark meshing pro-
gram off Townsville, Australia. Aust J Mar Freshwater
Res 43: 33−43

Simpfendorfer CA, Goodreid AB, McAuley RB (2001) Size,
sex and geographic variation in the diet of the tiger
shark, Galeocerdo cuvieir, from Western Australian
waters. Environ Biol Fishes 61: 37−46

Smolker RA, Richards A, Connor R, Pepper JW (1992) Sex
differences in patterns of association among Indian
Ocean bottlenose dolphins. Behaviour 123: 38−69

Speed CW, Meekan MG, Field IC, McMahon CR, Abrantes
K, Bradshaw CJA (2012) Trophic ecology of reef sharks

236



Heithaus et al.: Isotopic niches of predators in a seagrass ecosystem

determined using stable isotopes and telemetry. Coral
Reefs 31: 357−367

Stevens JD, Lyle JM (1989) Biology of three hammerhead
sharks (Eusphyra blochii, Sphyrna mokarran and S.
lewini) from northern Australia. Aust J Mar Freshwater
Res 40: 129−146

Todd S, Ostrom P, Lien J, Abrajano J (1997) Use of biopsy
samples of humpback whale (Megaptera novaeangliae)
skin for stable isotope (δ13C) determination. J Northwest
Atl Fish Sci 22: 71−76

Vaudo JJ, Heithaus MR (2011) Dietary niche overlap in a
nearshore elasmobranch mesopredator community. Mar
Ecol Prog Ser 425: 247−260

Vaudo JJ, Heithaus MR (2012) Diel and seasonal variation in
the use of a nearshore sandflat by a ray community in a
near pristine system. Mar Freshw Res 63: 1077−1084

Watson-Capps JJ (2005) Female mating behavior in the con-
text of sexual coercion and female ranging behavior of
bottlenose dolphins (Tursiops sp.) in Shark Bay, Western
Australia. PhD dissertation, Georgetown University,

Washington DC
White WT, Potter IC (2004) Habitat partitioning among four

elasmobranch species in nearshore, shallow waters of a
subtropical embayment in Western Australia. Mar Biol
145: 1023−1032

White WT, Platell ME, Potter IC (2004) Comparisons be -
tween the diets of four abundant species of elasmo-
branchs in a subtropical embayment:  implications for
resource partitioning. Mar Biol 144: 439−448

Williams TM, Estes JA, Doak DF, Springer AM (2004) Killer
appetites:  assessing the role of predators in ecological
communities. Ecology 85: 3373−3384

Wirsing AJ, Heithaus MR, Dill LM (2006) Tiger shark (Galeo -
cerdo cuvier) abundance and growth rates in a subtropi-
cal embayment:  evidence from 7 years of standardized
fishing effort. Mar Biol 149: 961−968

Wirsing AJ, Heithaus MR, Frid A, Dill LM (2008) Seascapes
of fear:  methods for evaluating sublethal predator effects
experienced and generated by marine mammals. Mar
Mamm Sci 24: 1−15

237

Editorial responsibility: Ivan Nagelkerken, 
Adelaide, Australia

Submitted: March 6, 2012; Accepted: December 20, 2012
Proofs received from author(s): April 1, 2013


	cite1: 
	cite2: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite48: 
	cite49: 
	cite51: 
	cite52: 
	cite53: 
	cite58: 
	cite60: 
	cite61: 
	cite62: 
	cite63: 
	cite65: 
	cite66: 
	cite67: 
	cite68: 
	cite69: 
	cite70: 
	cite71: 
	cite72: 
	cite73: 
	cite74: 
	cite75: 
	cite76: 
	cite77: 
	cite78: 
	cite79: 


