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ABSTRACT: Understanding mesopredator trophic interactions is crucial to understanding the
dynamics of food webs because mesopredators provide the link between apex predators and lower
trophic levels. Using stable isotopic analysis and stomach content analysis, we examined dietary
niche overlap within a diverse elasmobranch mesopredator community in Shark Bay, Western Aus-
tralia. Isotopic values (8'3C and §'°N) were consistent with most species being highly dependent on a
seagrass-based food web. Differences were observed between the mean isotopic values of species,
but there was a great deal of overlap in the isotopic niche space used by the community when exam-
ined at the level of individuals. Stomach contents also suggest dietary overlap among the diets of
Himantura spp. and Glaucostegus typus, which contained many of the same prey species, primarily
crustaceans typically associated with seagrass habitats, although in different proportions. Diet data
also suggest that, despite having isotopic values similar to other species, Pastinachus atrus appears to
feed on sandflat-associated species. In this community, variation within the groups examined, possi-
bly due to individual specialization, appears to result in high resource overlap and may be a key com-
ponent allowing for high diversity in this system and is perhaps crucial to understanding the role of
mesopredators in community trophic dynamics.
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INTRODUCTION

In recent years, the loss of apex predators has re-
ceived a great deal of attention because of the poten-
tial these predators have to influence systems through
top-down control (Pace et al. 1999, Heithaus et al.
2008). In fact, many ecosystems have experienced fun-
damental changes in structure and function because of
apex predator loss (e.g. Terborgh et al. 2001, Ripple &
Beschta 2006). These changes are typically mediated
by mesopredators, predators of intermediate trophic
levels, which provide a crucial link between upper and
lower trophic levels (Ritchie & Johnson 2009). There-
fore, given the role mesopredators likely play in deter-
mining structure and function of ecosystems, an under-
standing of the dynamics of mesopredator interactions
is crucial to elucidating the potential effects of preda-
tion in systems.
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Despite the importance of mesopredators in other
ecosystems, elasmobranch mesopredators (i.e. small
sharks and batoids) have often been neglected be-
cause focus has been placed on elasmobranch top pre-
dators (i.e. large sharks) (Heithaus et al. 2010). Batoids,
in particular, have received relatively little attention in
coastal communities, although they may influence
community structure through predation and bioturba-
tion (VanBlaricom 1982, Thrush et al. 1994, Peterson et
al. 2001). For example, cownose ray foraging can result
in widespread loss of shellfish and has been implicated
as a factor in the collapse of a commercially important
scallop fishery (Peterson et al. 2001, Myers et al. 2007).
The trophic relationships of batoids may, therefore, be
important in the systems they inhabit.

Shark Bay, Western Australia, supports a diverse
community of elasmobranch mesopredators, especially
batoids (White & Potter 2004, Vaudo & Heithaus 2009).
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Interestingly, many of the batoid species in Shark Bay
have similar patterns of seasonal abundance and
microhabitat use (Vaudo & Heithaus 2009) and large
numbers of batoid foraging pits pocket the areas of
high batoid use (J. J. Vaudo unpubl. data). However,
previous studies of the sandflat community of Shark
Bay have revealed a depauperate invertebrate fauna
(Wells et al. 1985, Black et al. 1990). The scarcity of po-
tential prey in an area of high batoid density in which
batoids are clearly foraging suggests that batoids may
be partitioning available food resources. To date, there
have been few studies examining resource partitioning
in batoids (but see Platell et al. 1998, Bizzarro et al.
2007, Marshall et al. 2008). Such studies are necessary
to assess the potential ecological impacts of individual
species as well as batoid communities.

Traditionally, studies of dietary resource partitioning
have relied on stomach content analysis; however, such
analysis is not without its limitations. Animals often have
empty stomachs and collected stomach contents repre-
sent only a snapshot of what an animal has eaten re-
cently. This snapshot of the diet may also be skewed due
to differences in the digestibility of prey; hard to digest
prey may remain in the stomach for longer periods of
time (Hyslop 1980). Stable isotopic analysis (8'*C and
815N), although providing lower taxonomic resolution,
has several benefits over stomach content analysis, such
as reflecting the assimilated material within the diet as
opposed to ingested material and representing the long-
term foraging of an individual (Peterson & Fry 1987). As
aresult of these advantages and the ease of tissue collec-
tion, stable isotopic analysis has become an increasingly
popular tool in studies of animal ecology. The goal of the
present study was to examine the trophic niches of the
members of the Shark Bay nearshore elasmobranch
community, with an emphasis on batoids, and to investi-
gate the possibility of dietary resource partitioning using
these 2 complementary methods.

MATERIALS AND METHODS

Study site and sample collection. Shark Bay, West-
ern Australia (25°45'S, 113°44'E), located approxi-
mately 800 km north of Perth, is a large (ca.
13000 km?) semi-enclosed bay on the central west
coast of Australia and contains some of the world's
most extensive seagrass shoals (Walker 1989). Adja-
cent to the shore are expansive shallow sandflats with
fringing shallow seagrass beds (<4 m).

Elasmobranchs are abundant in the shallow sandflat
habitats and adjacent seagrass beds of Shark Bay
during the warm season (September to May), although
most species are also observed in the cold season (June
to August), indicating that populations are probably

residential (Vaudo & Heithaus 2009). Fishing effort
was focused on these nearshore habitats within 12 km
of the Monkey Mia Dolphin Resort. We captured elas-
mobranchs between September 2005 and February
2009 using a combination of longlining (for brown-
banded bamboo sharks Chilosyllium punctatum and
giant shovelnose rays Glaucostegus typus) and netting
techniques as detailed in Vaudo & Heithaus (2009). All
but 14 of 234 stable isotope samples (see below) and 3
of 154 gastric lavage attempts (see below) were from
the warm season. For analyses, maskrays Neotrygon
spp. (N. leylandi, N. kuhlii, and Neotrygon cf. ninga-
looensis) were grouped because of the limited number
of animals captured. Blackspotted whipray Himantura
astra and brown whipray H. toshi were also grouped
for all analyses because they have often been confused
in the literature (Last et al. 2008). Photographs of cap-
tured individuals confirmed that both species were
present (W. White pers. comm.). All individuals were
measured (total length [TL] or disc width [DW]), sexed,
and a fin clip was taken from the trailing edge of the
pelvic fin (trailing edge of dorsal fin of nervous sharks
Carcharhinus cautus, C. punctatum, G. typus and
smoothnose wedgefish Rhynchobatus laevis) for stable
isotope analysis. As part of other stable isotopic studies
a variety of primary producers (algae, including epi-
phytes, and seagrasses) were collected from the study
site between March 2007 and July 2008 and used to
determine the carbon source for these elasmobranchs.
Primary producer samples (algae: warm season n = 29,
cold season n = 29; seagrass: warm season n = 62, cold
season n = 19) were collected by hand and scraped
clean of any epiphytes prior to processing. Filter feed-
ing bivalves (i.e. mussels, pen shells, oysters and scal-
lops; n = 45) were collected to represent the phyto-
plankton resource pool. All samples were frozen until
processing.

When possible, we collected stomach contents by
gastric lavage. During gastric lavage, an individual
was inverted over a collection bin and a 2 cm diameter
plastic tube was inserted into its stomach via the
mouth. The free end of the plastic tubing was con-
nected to a 3800 1 h™! bilge pump, which was lowered
over the gunwale into the water and activated. As the
stomach filled with water, the tubing was gently
moved around the stomach to facilitate flushing. When
it appeared that no further contents would be col-
lected, the tubing was removed from the individual's
stomach. Stomach contents were recovered from the
collection bin and frozen until processing. The large
size range (<1 to ~50 cm long) of items collected via
gastric lavage suggests that this technique was ade-
quate for sampling the diets of these individuals.

Stable isotope analysis. Prior to processing, we
thawed and then washed samples in distilled water.
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The samples were then dried in a dehydrator for at
least 48 h and then ground into a fine powder. The
ground samples were then stored in a desiccator until
analysis. Samples were analyzed for §'C and §'°N at
the Yale Earth System Center for Stable Isotopic Stud-
ies. Homogenized trout standards analyzed at the
same time as our samples had standard deviations
ranging from 0.10 to 0.19%. for 8'3C and 0.02 to 0.08 %o
for 81°N. As elasmobranch samples had low C:N ratios
(2.59 + 0.13, mean + SD) and previous studies have
found that elasmobranch body tissue has low lipid con-
tent (Devadoss 1984, Hussey et al. 2010), we did not
correct 8'3C values for the effects of lipids.

To investigate the relationship of size and the
observed isotopic values of elasmobranchs, we used
linear regression. For some species, the relationship
between size and isotopic values appeared nonlinear.
We split these species into size classes based on appar-
ent breakpoints in the plotted data and treated size
classes separately for all further analyses.

We plotted the individuals for each elasmobranch
species or size class in §*C-8!°N space (‘isotopic niche
space’) and calculated the quantitative metrics sug-
gested by Layman et al. (2007a). The total area (TA)
occupied by each species is a proxy for the isotopic
trophic diversity within that species and was calcu-
lated as the area of the convex hull that encompasses
all individuals. The mean distance to the centroid (CD)
represents the average degree of trophic diversity
within the species and was calculated by determining
the distances of each individual from the bivariate
mean of all individuals. The mean nearest neighbor
distance (NND) and standard deviation of nearest
neighbor distances (SDNND) represent the density
and evenness of individual packing within the isotopic
niche space, respectively, and were calculated using
the distances between each individual and all other
individuals. We also calculated the mean distance of
individuals to all other individuals (ND) and the stan-
dard deviation of all neighbor distances (SDND) as
another measure of individual packing. These addi-
tional metrics were calculated because if individuals
are aggregated in several clusters, NND and SDNND
will not represent the clustering, resulting in inaccu-
rate estimates of evenness (Quevedo et al. 2009). We
calculated all distances and areas for these analyses
using the Animal Movement Analyst Extension
(AMAE) (Hooge & Eichenlaub 2000) for ArcView GIS
3.2a.

This approach allowed for interspecific comparisons
and assessment of overlap in isotopic niche space. To
assess whether we had adequately sampled the
intraspecific variability and therefore the full isotopic
niche space used by a species, we used AMAE (Hooge
& Eichenlaub 2000) to conduct bootstrap analyses (n =

200) examining the mean TA across varying sample
sizes. If the curves from the resulting sample size ver-
sus TA graphs reach an asymptote, the number of indi-
viduals sampled is considered sufficient for describing
the isotopic niche space used. To determine if a curve
reached an asymptote, we used the method devised by
Bizzarro et al. (2007). We performed a linear regression
on the final 4 endpoints of the curve to determine if the
slope was significantly different from zero. If the slope
did not differ from zero, we concluded that the curve
had reached an asymptote.

To provide estimates of source carbon proportions
for each elasmobranch species (i.e. the food webs
being used) in this system, we used MixSIR (Semmens
& Moore 2008). MixSIR is a Bayesian-mixing model
that accounts for variation in isotopic fractionation and
sources values (Moore & Semmens 2008). We assumed
3 resource pools: seagrass, macroalgae, and phyto-
plankton (estimated using planktivorous bivalves as a
proxy). The number of trophic transfers between
resource pools and elasmobranchs was estimated by
calculating a standardized trophic level for each spe-
cies with diet data as described by Ebert & Bizzarro
(2007). For species lacking sufficient diet data, trophic
level values were estimated from published diet infor-
mation or from similar species (Darracott 1977, Stead &
Bennett 2008, Schluessel et al. 2010). Isotopic fraction-
ation (8'°C: 0.96 + 1.68%0; 8'°N: 2.75 + 1.64 %o; Caut et
al. 2009) was scaled to the number of trophic transfers
minus 1. For the last trophic transfer, we used fraction-
ation values calculated from an elasmobranch (§3C:
0.86 =+ 0.28 %0; 8'°N: 2.43 + 0.27 %0; Hussey et al. 2010).
One million iterations were used for each species
group.

Stomach content processing and analysis. Prey
items were identified to the lowest possible taxonomic
level, counted, and blotted dry, and all items of a given
taxon were weighed collectively. To facilitate analyses,
prey were grouped into 9 prey categories (see Table 3).
The shrimp-like crustaceans could not be identified
due to their size and state of digestion, but appear to all
be the same species.

Diets were quantified for each species using 3 mea-
sures: frequency of occurrence (%FO, proportion of
stomachs containing prey that contain a given prey
category), numerical abundance (%N, proportion of
the total number of prey items that belong to a given
prey category) and gravimetric abundance (%W, pro-
portion of the total weight of all prey items that belong
to a given prey category). From these 3 measures we
calculated the index of relative importance (IRI, Pinkas
et al. 1971) for each prey category as IRI = %FO x (%N
+ %W). For interspecific comparisons, the IRI of each
prey category was divided by the sum of all IRI values
(%IRI, Cortés 1997).
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Dietary overlap was calculated for %N, %W, and
%IRI using Schoener's overlap index (Schoener 1970).
Values for this index range from 0 to 1, with 0 repre-
senting no overlap and 1 representing complete over-
lap. Overlap values of 20.6 are generally considered
biologically significant (Wallace 1981); however,
because this cutoff is arbitrary, we also used null mod-
els to determine if overlap values were higher than
predicted by chance. The null models create distribu-
tions of simulated overlap values by reshuffling the
values for each species. Observed values of overlap
differ from those predicted by chance if they are in the
highest or lowest 2.5% of the simulated distribution
(i.e. p < 0.05). For each null model, we ran 1000 simu-
lations in EcoSim v. 7.72 (Gotelli & Entsminger 2009)
using the RA3 algorithm for randomization (niche
breadth retained/zero states reshuffled).

We also calculated %N and %W at the individual
level so we could assess dietary differences between
species using a 1-way analysis of similarity (ANOSIM).
Prior to running the ANOSIM, these data were stan-
dardized, square-root transformed and used to con-
struct a Bray-Curtis similarity matrix. Upon finding
significant dietary differences between species, we
conducted a similarity percentages (SIMPER) analysis
to identify which prey categories contributed most to
the observed differences. ANOSIM and SIMPER were
performed using PRIMER 6.

RESULTS
Stable isotope analysis

Relationships between size and isotopic values were
found for 3 species. For Glaucostegus typus, the rela-
tionship was linear across the whole size range sam-
pled for both 83C (negative relationship) and 8°N
(positive relationship) (regression, t = -2.99, p = 0.005
and t = 3.81, p = 0.001, respectively). As a result, we
divided G. typus into 2 size classes based on the mean
size of sampled individuals: <150 cm TL and >150 cm
TL. With the exception of 3 points, §'3C and 8N val-
ues for pink whiprays Himantura fai appeared to stabi-
lize once individuals reached a size larger than 65 cm
DW. When the 3 aforementioned points were ex-
cluded, there was no relationship between §'3C and
8N values and size for individuals larger than 65 cm
DW (regression, t = 0.35, p = 0.732 and t =-1.30, p =
0.204, respectively), so H. fai was split into 2 sizes
classes: <65 cm DW and >65 cm DW. For cowtail rays
Pastinachus atrus, there appeared to be a natural
break in the data at a size of 60 cm DW for both §'*C
and 8'°N. For individuals greater than 60 cm DW there
was no relationship between size and 8°N (regression,

BN (%o)

t=1.25 p =0.228), although there was a negative rela-
tionship with 8°C (regression, t = -3.57, p = 0.002).
Despite the relationship with size and §'3C, we split
P. atrus into 2 groups using 60 cm DW as the dividing
point.

Species differed with regard to their average loca-
tion in isotopic niche space (MANOVA, F=31.28, p <
0.001). The observed differences were a result of dif-
ferences in both 8!°C and §'°N (ANOVA, F=32.51,p <
0.001 and F = 24.46, p < 0.001, respectively; Fig. 1,
Table 1). Glaucostegus typus <150 cm TL (313C = -6.54
+ 0.99%., mean = SD) was the most enriched in C,
while Chiloscyllium punctatum (8°C = -11.84 =+
1.13%0) was the least enriched. Rhynchobatus laevis
(81N = 8.90 + 0.76%0) had the highest 8'°N value and
Neotrygon spp. (8"°N = 5.93 + 1.04%.) had the lowest
value.

The curves generated to examine the effect of sam-
ple size on TA reached an asymptote for the reticulate
whipray Himantura uarnak and both size classes of
Pastinachus atrus and Glaucostegus typus, indicating
that most of the individual variation within isotopic sig-
natures was captured (Fig. 2). An asymptote was also
reached for H. fai >65 cm DW with and without the 3
anomalous values. Therefore, for these species, sample
sizes were likely adequate to estimate 8'°C range, §"°N
range, and TA for the size range examined. For the
remaining species examined, 8'°C range, 8'°N range,
and TA are likely to be underestimated. Anomalous
values, however, may have affected the bootstrap
results for the Indo-Pacific spotted eagle ray Aetobatus

m Aetfobatus ocellatus
101 A Glaucostegus typus <150cm TL
® Glaucostfegus typus =150ecm TL
+ Himantura astra / H. toshi
B Himantura fai <65cm DW
4 Himantura fai 65 DW

9- T ® Himantura uvamak
’%‘;ﬁ—' T + Neotrygon spp.
l '_l_' w Pastinachus atrus <60cm DW

4+ Pastinachus atrus =60cm DW

o Rhynchobatus laevis
e + Carcharhinus cautus
81 i O Chiloscyflium punctatum
7

12 -1 -10 -9 -8 -7 <6
813C (%o)

Fig. 1. 813C-8"N biplot of the nearshore elasmobranch com-

munity of Shark Bay (mean + SE) in isotopic niche space. See

Table 1 for statistical contrasts among species. TL: total
length; DW: disc width
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7.27 + 0.34 WxY

7.58 + 0.34 V'V
7.51 + 0.92 wvwx

8.81 +0.86 %t

7.51+0.83"%

Size
range
(cm)
64-155
62-148
151-232
62-65
66-100

44-76

16
17
21
8
39

Glaucostegus typus <150 cm
Glaucostegus typus >150 cm

Aetobatus ocellatus®
Himantura astra / H. toshi®
Himantura fai <65 cm
Himantura fai >65 cm

Table 1. Summary of isotopic metrics and body size range for elasmobranchs caught in the nearshore waters of Shark Bay, Western Australia. Size ranges for Glaucostegus
Species

typus, Rhynchobatus laevis, Carcharhinus cautus, and Chiloscyllium punctatum are total lengths (TL). Size ranges for all other species are disc widths (DW). Mean values
(=SD) with different letters (s—z) are significantly different at p < 0.05. SDNND: standard deviation of nearest neighbor distances; SDND: standard deviation of neighbor
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Fig. 2. Size of isotopic niche space (total area: mean + SE) from bootstraps in relation to the number of individuals sampled for the
nearshore elasmobranch community of Shark Bay. Himantura fai <65 cm DW (disc width) is shown in gray to increase its visibility
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4
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Fig. 3. All elasmobranch individuals plotted in isotopic niche

space. Black lines outline the convex hulls of the individual

groups illustrating a high degree of overlap in isotopic niche
space

Based on published estimates of isotopic fractiona-
tion, calculated elasmobranch trophic levels and the
assumption that elasmobranchs are limited to phyto-
plankton, algal and seagrass resource pools in Shark
Bay, most of the elasmobranchs examined are highly
dependent on the seagrass-based food web. The

median contribution of the seagrass resource pool to
elasmobranchs ranged from 35 % (Chilosyllium punc-
tatum) to 85% (Glaucostegus typus <150 cm TL) and
for 10 of the 13 groups, seagrass contribution exceeded
50% (Table 2). In the 3 species divided into size
classes, the contribution from the seagrass food web
increased with size for Pastinachus atrus and Himan-
tura fai, while it decreased for G. typus.

Stomach content analysis

We recovered stomach contents from 114 individuals
(17 Glaucostegus typus <150 cm TL, 34 G. typus
>150 cm TL, 10 Himantura fai <65 cm DW, 27 H. fai
>65 cm DW, 14 H. uarnak, 6 Pastinachus atrus, and 6
H. astra/H. toshi). The proportion of lavaged individu-
als from which we collected stomach contents was sim-
ilar across species (63% G. typus <150 cm TL, 72%
G. typus >150 cm TL, 100% H. fai <65 cm DW, 5%
H. fai >65 cm DW, 69 % H. uarnak, 60% P. atrus, and
75% H. astra/H. toshi).

Due to small sample sizes for Himantura astra/
H. toshi and Pastinachus atrus, quantitative analyses
were only performed for H. fai <65 cm DW, H. fai
>65 cm DW, H. uarnak, Glaucostegus typus <150 cm
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Fig. 4. Centroid distance (CD), nearest neighbor distance

(NND), and neighbor distance (ND) (mean distance + SE) for

the nearshore elasmobranch community of Shark Bay. Values

with different letters are significantly different at p < 0.05.
TL: total lenghth; DW: disc width

TL and G. typus >150 cm TL. For these species groups,
crustaceans dominated the diet for all 4 metrics. In par-
ticular, penaeid shrimp appear to be quite important;
they were found in >60 % of samples from each species
group (Table 3). In addition, for H. uarnak, H. fai (both
sizes classes) and G. typus <150 cm TL, penaeids made
large contributions to %N, %W, and %IRI (Table 3).
Penaeids and brachyuran crabs made similar contribu-
tions to the diets of G. typus <150 cm TL, and brachyu-
rans dominated the diet of G. typus >150 cm TL based
on %IRI (Table 3). Crabs were found in 82% of G.
typus samples (both size classes) and despite making
up 10% (<150 cm TL) and 6% (>150 cm TL) of prey
items by number, they composed 51% (<150 cm TL)
and 67% (>150 cm TL) of prey items by weight
(Table 3). Portunid crabs made up the majority of crabs
consumed by all 3 species, but adult blue crabs Por-
tunus pelagicus were only found in the contents of
G. typus. Additionally, shrimp-like crustaceans (~1 cm
in length) were only found in G. typus and in large
numbers, making them the most numerous prey items
in the diets of G. typus (both size classes). Prey items
collected from the stomachs of H. astra/H. toshi
matched those of the other Himantura spp., while the
stomach contents of P. atrus differed dramatically.
Polychaetes, including tubeworms, made up the bulk
of collected P. atrus stomach contents and holo-
thuroideans were also collected; holothuroideans were
not found in the contents of any other species.

We found high values of dietary overlap between
Himantura uarnak and both size classes of H. fai.
Overlaps between the 3 groups for %N and %IRI
were biologically significant (Schoener's index >0.6;
Table 4) as was the overlap in %W between both size
classes of H. fai. Overlaps in %W between both size
classes of H. fai and H. uarnak were much lower due to
the higher mass of polychaetes found in H. uarnak.
The polychaetes found in stomachs of H. uarnak, how-
ever, all came from 1 individual. Removal of this indi-
vidual from the data set resulted in significant overlap
in %W between H. uarnak and both sizes classes of H.
fai (H. fai <65 cm DW: Schoener's index = 0.89 and H.
fai >65 cm DW: Schoener's index = 0.76). Null models
confirmed that %N overlap values between H. fai size
classes, overlap values between H. fai size classes and
H. uarnak for %N and overlap values for H. fai <65 cm
DW and H. uarnak for %IRI were higher than pre-
dicted by chance (Table 4). When the H. uarnak con-
taining the large mass of polychaetes was removed,
the overlap value for %W between H. uarnak and H.
fai <65 cm DW was higher than predicted by chance
(p < 0.001), but the overlap in %W for H. uarnak and
H. fai >65 cm DW was not (p = 0.118). Neither Himan-
tura spp. showed high overlap with either size class of
Glaucostegus typus for any metric (Table 4), nor were
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Table 2. Estimated trophic positions of and median (5th to 95th percentile) contributions of basal resource pools to elasmobranchs

caught in the nearshore waters of Shark Bay, Western Australia. Resource pool values used for the MixSIR model are shown be-

low. Filter-feeding bivalves were used as a proxy for the phytoplankton resource pool and considered one trophic level higher
than the basal level (i.e. trophic level 2)

Species Estimated Resource pool
trophic level Phytoplankton Algae Seagrass

Aetobatus ocellatus 3.16 0.15 (0.02-0.27) 0.14 (0.02-0.32) 0.71 (0.61-0.80)
Glaucostegus typus (<150 cm) 3.50 0.05 (0.00-0.14) 0.09 (0.01-0.21) 0.85 (0.75-0.93)
Glaucostegus typus (>150 cm) 3.51 0.08 (0.01-0.20) 0.17 (0.03-0.29) 0.74 (0.66-0.83)
Himantura astra / H. toshi 3.53 0.16 (0.03-0.31) 0.17 (0.02-0.37) 0.66 (0.54-0.78)
Himantura fai (€65 cm) 3.52 0.14 (0.02-0.30) 0.27 (0.05-0.48) 0.59 (0.43-0.74)
Himantura fai (>65 cm) 3.52 0.07 (0.01-0.17) 0.16 (0.05-0.26) 0.77 (0.70-0.84)
Himantura uarnak 3.53 0.06 (0.01-0.14) 0.10 (0.01-0.19) 0.84 (0.78-0.91)
Neotrygon spp. 3.53 0.25 (0.07-0.38) 0.08 (0.01-0.27) 0.65 (0.55-0.78)
Pastinachus atrus (<60 cm) 3.53 0.20 (0.09-0.31) 0.19 (0.07-0.33) 0.63 (0.53-0.68)
Pastinachus atrus (>60 cm) 3.53 0.09 (0.01-0.19) 0.09 (0.01-0.21) 0.81 (0.73-0.90)
Rhynchobatus laevis 3.78 0.41 (0.15-0.62) 0.22 (0.03-0.52) 0.36 (0.18-0.54)
Carcharhinus cautus 4.10 0.31 (0.09-0.51) 0.18 (0.02-0.45) 0.49 (0.33-0.66)
Chiloscyllium punctatum 3.78 0.48 (0.37-0.58) 0.18 (0.06-0.29) 0.35(0.28-0.42)

Resource pool values  Filter-feeding bivalves Algae Seagrass

313C (%o) (mean + SD) -17.49 =+ 1.70 -15.47 £2.58 -9.41 +1.32

3N (%o) (mean + SD) 4.39 £ 0.68 3.52+0.74 0.77 + 1.62

values higher than predicted by chance (Table 4). High DISCUSSION

values of overlap for all indices were found between
the 2 size classes of G. typus and were supported by
null models (Table 4).

Using ANOSIM, we found differences in the dietary
compositions by numerical abundance between Hi-
mantura fai >65 cm DW and both Glaucostegus typus
size classes (G. typus <150 cm TL: R = 0.479, p < 0.001
and G. typus>150 cm TL: R =0.209, p < 0.001). SIMPER
analysis revealed that differences in the abundance of
penaeid shrimp (27.9% of dissimilarity), shrimp-like
crustaceans (25.0% of dissimilarity) and brachyuran
crabs (21.5% of dissimilarity) contributed the most to
the observed difference between H. fai >65 cm DW and
G. typus <150 cm TL. Penaeids and brachyurans
(34.0% and 25.8% of dissimilarity, respectively) con-
tributed the most to differences between H. fai >65 cm
DW and G. typus >150 cm TL. H. fai <65 cm DW and
H. uarnak also differed from G. typus <150 cm TL (R =
0.324, p =0.004 and R = 0.310, p = 0.002, respectively).
G. typus <150 cm TL differences from H. fai <65 cm DW
and H. uarnak were primarily due to differences in
abundances of penaeids (31.9 and 27.8 % of dissimilar-
ity, respectively), shrimp-like crustaceans (27.1 and
26.3% of dissimilarity, respectively) and brachyurans
(26.1 and 22.7 % of dissimilarity, respectively). Analysis
by weight revealed that differences existed between all
Himantura groups and both G. typus size classes
(ANOSIM, R = 0.185 to 0.408, p = 0.001 to 0.032).
Brachyuran crabs and penaeid shrimp contributed the
most to the observed differences, making up 30.1 to
41.5% of the observed dissimilarities.

Despite the diversity and abundance of the nearshore
elasmobranch community of Shark Bay (Vaudo & Hei-
thaus 2009), many of the species appear to occupy sim-
ilar trophic positions based on their diets. In fact, most
species occupied very little unique isotopic niche space
(TA), although mean isotopic values did differ between
species. In addition, mixing models suggest that most of
the elasmobranch community is highly dependent on a
seagrass carbon source. Prey, however, may not neces-
sarily come from the seagrass beds. Many invertebrates
from the sandflats, including shrimp, have 313C values
similar to those of seagrass (M. R Heithaus unpubl.
data), indicating that seagrass may provide an impor-
tant carbon source for the sandflats via detrital path-
ways. However, despite the number of elasmobranch,
especially batoid, sightings and batoid feeding pits on
the nearshore sandflats during the warm season (Sep-
tember to May; Vaudo & Heithaus 2009), seagrass beds
may provide the primary foraging grounds for this elas-
mobranch community based on the depauperate sand-
flat prey base of Shark Bay (Wells et al. 1985, Black et
al. 1990) and stomach content analysis (see below). The
fact that the seagrass beds in Shark Bay may be sup-
porting a diverse and abundant batoid community fur-
ther emphasizes the importance of seagrass bed pro-
duction in marine systems (Heck et al. 2008) and, in this
system, extends it to a group of species that are not typ-
ically associated with seagrass.

However, despite the overall similarity in mean iso-
topic niche position and high degree of overlap in
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Table 4. Pairwise comparisons of the diets for Glaucostegus typus, Himantura fai, and H. uarnak. Values for Schoener's index of overlap

(%N 7/ %W / %IRI, see Table 3) are in the lower half of the matrix. Bold values are considered biologically significant (>0.60). p-values from

null model simulations are in the upper half of the matrix. Bold values indicate that corresponding overlap values in the lower matrix are
higher than those predicted by chance. TL: total length; DW: disc width

Glaucostegus typus
<150 cm TL

Glaucostegus typus
>150 cm TL

Himantura fai Himantura uarnak

>65 cm DW

Himantura fai
<65 cm DW

Glaucostegus typus <0.001 / 0.008 / <0.001

<150 cm TL

Glaucostegus typus
>150 cm TL

Himantura fai
<65 cm DW

Himantura fai
>65 cm DW

Himantura uarnak

0.81/0.72/0.72
0.34/0.39/0.39 0.2470.12/0.20
0.35/0.43/0.39 0.26/0.19/0.20

0.42/0.54/0.51 0.28/0.30/0.32

0.204 / 0.234 7/ 0.098

0.238/0.418 / 0.266

0.318/0.308/0.104 0.292/0.138/0.058

0.196/0.532/0.318 0.378/0.510/0.316
0.004/0.094 /0.058  0.042/0.264 / 0.042
0.95/0.76 / 0.97 0.030 / 0.354 / 0.076

0.63 /0.37/ 0.83 0.64 /0.38/0.83

observed 8'°N and §!3C values, subtle differences were
observed between species. Not surprisingly, the Neo-
trygon spp. and Aetobatus ocellatus on average had
lower 8N, often indicative of feeding at a lower
trophic level. The Neotrygon spp. are much smaller
than the other batoids in the system (maximum size =
~30 cm DW) and as such are limited to smaller prey
(Darracott 1977), which are generally low level con-
sumers. A. ocellatus, on the other hand, tends to be one
of the larger batoids observed in the nearshore flats,
growing to over 3 m DW (usually less than 2 m DW
within our study site), but tends to feed on low-order
consumers such as gastropods and bivalves (Schlues-
sel et al. 2010). Feeding on such low-level consumers
should result in the lower §'°N values observed. The
high contribution of the seagrass resource pool in A.
ocellatus could mean that individuals in Shark Bay are
not as dependent on bivalve prey as previously
thought or that the bivalves eaten are detritivores. Sev-
eral detritivorous bivalves are found in the shallow
waters of Shark Bay. Further diet studies on A. ocella-
tus in Shark Bay are required to investigate these pos-
sibilities.

Albeit based on only 4 individuals, Rhynchobatus
laevis had the highest §!°N values and the lowest §'*C
values of the batoids examined. Mixing models sug-
gest that these values may be the result of R. laevis
being less dependent on the seagrass food web than
other batoids in the system. R. laevis is also a large
mobile species (up to 3 m TL) with a body that more
closely resembles pelagic sharks than it does most
batoids, and as a result its size and motility open up the
possibility of it feeding on larger more mobile prey,
which may have higher §'°N values than smaller ben-
thic prey species; teleost prey have frequently been
found in the diet of congeners (Darracott 1977). In
addition, it is the only species examined that we have

not observed in the study area during the cold season
(June to August; Vaudo & Heithaus 2009), so its iso-
topic signature is reflective of prey not only from the
study site, but also from areas where it spends the rest
of the year, which may exhibit different baseline car-
bon and nitrogen values.

The 2 shark species from the shallow flats tended to
have higher 8°N values and lower enrichment of 3C,
although their values were not distinct from many of
the batoid species. The trend toward higher §'°N val-
ues for Carcharhinus cautus and Chiloscyllium puncta-
tum is likely the result of the higher proportion of fish
in their diets. Teleosts make up ~70% of the diet of
C. cautus by number and volume in Shark Bay (White
et al. 2004) and ~30% of the IRI of C. punctatum in
other locations (Stead & Bennett 2008), although the
mixing models also suggest that these species are less
reliant than the batoids examined on the seagrass food
web, which had a lower §'°N baseline.

Interestingly, isotopic values from the most common
elasmobranchs (Glaucostegus typus, Himantura spp.,
and Pastinachus atrus) on the nearshore flats of Shark
Bay were similar, although there were differences
between species groups with regard to mean §'°N and
813C values. H. fai <65 cm DW and P. atrus >60 cm DW
had the highest and lowest 8N values of these
groups, respectively, and differed by 2.4%.. The 8'°N
range of the rest of these elasmobranchs was only
1.1%o, emphasizing their similarity. The 83C range of
these common elasmobranchs was 2.7 %o, with G. typus
<150 cm TL the most enriched in *C and P. atrus
<60 cm DW the least enriched.

Despite the abovementioned similarities, we did find
isotopic differences between size classes for 2 of the 3
species divided by size. Pastinachus atrus size classes
differed in both 8'°N and 8'°C values, while Himantura
fai size classes only differed in 8'°N values. For both
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species, the smaller size classes were more enriched in
N and mixing models suggested an increased re-
liance on seagrass carbon with increased size, imply-
ing an ontogenetic shift in foraging behavior. Like
many fish species, such shifts have been observed in
batoids using stomach content analysis (e.g. Bizzarro
et al. 2007, Marshall et al. 2008).

The high overlap in isotopic niche space and depen-
dence on seagrass-derived carbon observed for the
most common species based on stable isotope analysis
were supported by traditional stomach content analy-
sis. With the exception of Pastinachus atrus stomach
contents, the breadth of species found in the stomach
contents of Glaucostegus typus and the Himantura
spp. (all size classes) was similar and these prey spe-
cies are not typically found on the sandflats of Shark
Bay (Wells et al. 1985, Black et al. 1990, J. J. Vaudo un-
publ. data). Some of the species, such as juvenile pe-
naeid shrimp, which made up large proportions of the
diets of G. typus, H. fai, and H. uarnak, are well estab-
lished seagrass-associated species (Coles et al. 1987,
Kenyon et al. 1997) and previous work in Shark Bay
has shown that crustaceans are common in seagrass
habitats and rare on the sandflats (Wells et al. 1985).
Even though diet breadth was similar for G. typus and
the Himantura spp., there was some evidence of re-
source partitioning. Diet overlap was low between G.
typus and both Himantura spp. for all size classes due
to the differences in the proportions of prey categories
consumed, although overlap was higher than expected
by chance for G. typus <150 cm TL and both H. fai <65
cm DW and H. uarnak. Both size classes of G. typus
consumed a larger proportion of crabs and because of
its larger size, G. typus >150 cm TL was able to make
use of a resource not available to the Himantura spp.:
adult blue crabs Portunis pelagicus. Similar partition-
ing of food resources has been noted in several sym-
patric elasmobranchs, including batoids (Platell et al.
1998, White et al. 2004, Marshall et al. 2008).

Within a species, dietary overlap was high and
greater than predicted by chance. Despite the high
overlap and indistinguishable §'°N and §'3C values be-
tween size classes, Glaucostegus typus may experi-
ence an ontogenetic shift in diet; crabs were almost
twice as important in the diets of larger individuals.
This diet shift is consistent with a previous study on the
diet of G. typus (White et al. 2004). Despite a difference
in the 8N values of Himantura fai, we were not able
to detect evidence of an ontogenetic diet shift based on
stomach contents. This may be a result of the small
number of H. fai <65 cm DW stomachs examined or
could possibly reflect habitat differences in the bay,
such that prey items (i.e. penaeid shrimp) are more
dependent on the algal carbon pool in areas used by
small H. fai.

Although sample sizes were small, the presence of
tubeworms and sea cucumbers from the sandflats and
absence of crustaceans in Pastinachus atrus >60 cm
DW stomach contents suggests that P. atrus >60 cm
DW forages differently than other batoids in the sys-
tem, including P. atrus <60 cm DW, which differed iso-
topically from larger individuals. It may also explain
the large number of foraging pits found on the sand-
flats during the warm season and the different jaw
morphology of this species. However, despite foraging
on soft-bodied invertebrates, P. atrus >60 cm DW had
similar nitrogen and carbon values to Himantura uar-
nak, which feeds predominantly on crustaceans. The
isotopic similarity of these species despite dietary dif-
ferences underscores the importance of using these
methods together during studies of foraging ecology
because several types of diet can lead to similar and
indistinguishable positions in isotopic niche space. In
this case, stable isotopic analysis suggests that P. atrus
>60 cm DW and H. uarnak are both dependent on sea-
grass-derived carbon and may occupy similar trophic
levels, but cannot differentiate between the diets of
these 2 species or the habitats in which they feed.

Many studies have found that resource partitioning
is a common feature within marine fish communities
(e.g. Beyst et al. 1999, Darnaude et al. 2001, Guedes &
Araujo 2008). For example, Platell & Potter (2001)
examined a guild of 18 benthic carnivores and found
that in only 1 of 153 pairwise diet comparisons species
did not differ and those 2 species occupied different
depth distributions. Dietary partitioning is also well
established in several elasmobranch species (e.g.
White et al. 2004, Marshall et al. 2008), including sym-
patric, congeneric batoids (Platell et al. 1998). Al-
though differences in diet and isotopic niche space
were observed for some species and size classes, given
the abundance and diversity of batoids in Shark Bay,
the similarity in isotopic niche space and diet breadth
within this guild of predators is surprising.

High values of dietary overlap within a guild of sym-
patric predators would suggest that prey are not limit-
ing. Several studies have found that dietary breadth is
inversely related to prey abundances, with predator
diets skewed toward abundant prey species and com-
petition relaxed when prey are abundant, leading to
dietary similarity (Croxall et al. 1999, Tinker et al.
2008). Such occurrences happen seasonally in some
systems, as prey species undergo dramatic seasonal
pulses in abundance (e.g. Lucena et al. 2000).
Although present in Shark Bay year round, batoids are
only abundant on the nearshore flats and therefore
catchable during the warm season (September to May;
Vaudo & Heithaus 2009), so we were unable to exam-
ine if the diets of batoids in Shark Bay only converge
seasonally.
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Alternatively, if batoid populations are below that
which could be supported by prey resources, prey may
effectively be an unlimited resource throughout the
year. Shark Bay is a relatively pristine system and is
home to large populations of batoid predators (tiger
and hammerhead sharks). Risk and direct predation
effects from predators can maintain consumer popula-
tions below the carrying capacity set by the consumer's
prey (Creel et al. 2007, Heithaus et al. 2008), and if this
is the case in Shark Bay, batoid populations may be
released from prey limitation, allowing for dietary con-
vergence at the population level and maintaining high
levels of batoid diversity.

Similarities at the group level, however, may mask
underlying individual variation within each group.
Although often ignored, individual variation appears
to be a common feature in many systems (Bolnick et al.
2003) and isotopic values suggest that varying levels of
individual specialization are found within the batoid
populations of Shark Bay. Although inherent variabil-
ity of isotope values (i.e. variability due to physiologi-
cal differences in diet-tissue fraction between individ-
uals rather than dietary differences) has not been
explicitly examined in elasmobranchs, the observed
variation in 8N and §“C for Shark Bay elasmo-
branchs exceeds the variation observed in fish species
such as the European sea bass Dicentrarchus labrax
under controlled conditions (e.g. Sweeting et al. 2007,
Barnes et al. 2008); this suggests that the variation in
elasmobranch isotope values is due to dietary differ-
ences between individuals. The fin tissue used for iso-
topic analysis should turn over at a slower rate com-
pared to more metabolically active tissues such as
blood or muscle, which turn over slowly in elasmo-
branchs (0.0083 and 0.0041 d!, respectively; MacNeil
et al. 2006) and therefore represent a long-term aver-
age of assimilated materials. As a result, differences in
isotopic values should represent long-term consistent
dietary differences, further suggesting individual spe-
cialization within these populations. Bootstrap tech-
niques suggest that even more variation, and thus
greater individual specialization, exists within this
community for many species.

The amount of trophic diversity (CD), density (NND
and ND) and evenness (SDNND and SDND) in trophic
space, all measures that provide insight into individual
specialization, were similar across groups, with some
exceptions. Groups with low sample sizes and those
that were not adequately sampled according to boot-
strap analysis, including Aetobatus ocellatus and
multispecies groups, tended to show the most individ-
ual specialization in isotopic values (higher values of
CD, NND, ND, SDNND and SDND). This may be a
result of sample size (i.e. not enough sampling to fill in
the gaps) or the fact that groups contained multiple

species, or in the case of A. ocellatus, may reflect in-
creased plasticity due to jaw morphology. A. ocellatus
is the only species examined that has plate-like teeth
capable of crushing bivalve and gastropod shells,
allowing for a more variable diet.

While individual specialization is generally thought
to reduce competition, the individual variability ob-
served in isotopic values results in high degrees of
overlap between species and limited areas of unique
isotopic niche space, despite differences between spe-
cies means. This suggests that analyses focusing on
central tendency may be misleading and miss impor-
tant population aspects such as individual variation
and a large degree of overlap in species isotopic niche
spaces. We advocate the use of stable isotope metrics,
such as those presented by Layman et al. (2007a), at
the population or subpopulation level because they
can elucidate often ignored intrapopulation variability
(Layman et al. 2007a) and would facilitate comparisons
within systems that could provide new insights into
food web dynamics and the implications of declines in
top predators or other anthropogenic changes to com-
munities (e.g. Layman et al. 2007b). The high degree of
variability also underscores a need to be mindful of
sample size. Sample size has been shown to be an
important concern in isotopic studies of ontogenetic
shifts in trophic position (Galvan et al. 2010) and, as
seen in this study, isotopic metrics such as 83C range,
85N range, and TA may also be sensitive to sample
size. Some of the species groups examined were not
adequately sampled to capture the full extent of the
group's variability. This is particularly important for
large predators, for which conclusions are often made
from small sample sizes due to logistical concerns.

Overall, we found that despite its diversity, the elas-
mobranch community of the nearshore sandflats of
Shark Bay occupies a relatively small area of isotopic
niche space within the Shark Bay food web and is
heavily dependent on seagrass-derived carbon. Within
this isotopic niche space, we found that isotopic differ-
ences and dietary differences exist between species,
although the batoid species examined consumed the
same prey. Isotope values and diet data also suggest
that individual specialization, although rarely consid-
ered in elasmobranchs (Heithaus et al. 2010, but see
Matich et al. 2010), may play an important role in the
foraging ecology of elasmobranchs and may be crucial
to understanding the ecological role of these predators.
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