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ABSTRACT: Tropical elasmobranchs could play significant roles in connecting coastal and river
ecosystems, yet few studies have explored the trophic ecology of elasmobranch species that may
link these biomes. We investigated the trophic niches of 7 such species in northern Australia dur-
ing the tropical monsoonal wet and dry seasons, using stable carbon (§'*C) and nitrogen (§'°N) iso-
topes (SI), and fatty acid (FA) biomarkers taken from muscle tissue. Both SI and FA metrics sug-
gested significant niche partitioning between species, with 2 distinct guilds: a marine food web
based on epiphytes and seagrass (low 8'3C), and an estuarine/freshwater food web with a seston
base (higher §!3C). A large overlap in SI niche areas and higher mean trophic positions (4.1-4.8)
were evident in species accessing marine diets (Carcharhinus leucas, Rhizoprionodon taylori)
when compared with species predominantly feeding in estuaries (3.2-3.6; Glyphis garricki, G.
glyphis). Across all seasons, G. garricki had the greatest FA niche space, and variable overlap
with 2 other species (R. taylori, C. leucas). Although limited seasonal effects were apparent for
individual FA biomarkers, SI niche metrics revealed greater niche areas and inter-specific parti-
tioning during the dry season for 3 species. Subtle differences in niche metrics derived from SI and
FAs were likely due to disparate turnover times, and the statistical approach of each metric
(2-dimensional versus multi-dimensional). Collectively, our analyses suggest that these tropical
coastal and euryhaline elasmobranchs consume prey from a range of sources to provide trophic
connections across marine, estuarine and freshwater biomes.
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INTRODUCTION

Resource partitioning, whereby species vary their
use of habitat and dietary items over space and time
(Ross 1986), is fundamental to our understanding of
coastal ecosystem structure and function (Kitchell et
al. 2002). As elasmobranchs (sharks and rays) have
key roles in aquatic food webs (Stevens et al. 2000)
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and are demographically vulnerable predators
(Dulvy et al. 2014), it is important to understand how
they utilize these resources. Elasmobranchs are typi-
cally mid to upper level predators, and can provide
ecosystem stability by influencing the abundance
and health of prey species at multiple trophic levels,
and connect otherwise distinct food webs (Rooney et
al. 2006, Heithaus et al. 2013). To understand these

© Inter-Research 2017 - www.int-res.com



182 Mar Ecol Prog Ser 565: 181-196, 2017

trophic interactions, it is important to define elasmo-
branch niches, connections to different biomes, sea-
sonal shifts, and the potential for dietary overlap
between species.

Niche theory suggests that species use a set of
resources that form their unique space, an ‘n-dimen-
sional niche hypervolume' (Hutchinson 1957), which
may be measured and compared among locations,
seasons and species. In some cases, species can share
resources to produce niche overlap. Whether such
overlap leads to competition is dependent on the spa-
tial and temporal extent of shared resource use. In
the case of trophic overlap, sympatric species may
target different prey items (Yick et al. 2011) and/or
have temporal or spatial differences in consumption
that negate competitive interactions (Ross 1986).
Indeed, the extent of trophic overlap has been found
to be highly variable in a number of elasmobranch
assemblages (Papastamatiou et al. 2006, Yick et al.
2011, Tilley et al. 2013, Heithaus et al. 2013). Such
variation demonstrates the differences between the
trophic resource use of elasmobranchs and highlights
the importance of determining diet for each species,
particularly in assemblages where there are limited
data, such as in species that are rare, threatened
and/or data deficient, for instance, euryhaline elas-
mobranchs (Lucifora et al. 2015).

Euryhaline elasmobranchs are capable of tolerating
a wide range of salinities and may complete different
life history stages in marine, estuarine or freshwater
habitats. Tropical regions are particularly important
in this regard, given the high diversity of euryhaline
elasmobranchs in these biomes (Lucifora et al. 2015).
Due to their reliance on rivers and estuaries, euryha-
line elasmobranchs must adjust to fluctuations in
salinity and turbidity over tidal and seasonal cycles.
These fluctuations affect not only their physiology,
but also the abundance of their potential prey. Envi-
ronmental changes are particularly pronounced in
tropical rivers due to the variation between high-flow
monsoonal ‘wet’ seasons and low-rainfall ‘dry’ seasons
(Douglas et al. 2005, Warfe et al. 2011). Such changes
may affect the utilization of trophic resources and
partitioning within tropical elasmobranch assemblages
that are poorly understood at present. However, re-
cent studies have indicated the existence of dietary
overlap among juvenile pigeye shark Carcharhinus
amboinensis and bull shark C. leucas in northern
Australia (Tillett et al. 2014) and among C. leucas and
largetooth sawfish Pristis pristis in Western Australia
(Thorburn et al. 2014).

Traditional trophic niche metrics reflecting diet
breadth or richness are based on prey composition

data from stomach content analysis, which can be
invasive or fatal, often requires large sample num-
bers, and provides only a brief temporal snapshot of
diet (Hussey et al. 2012). By analyzing small tissue
samples for biochemical tracers, a more time-inte-
grated assessment of trophic resource use can be
obtained in a relatively non-invasive manner. Stable
isotopes (SI) and fatty acids (FAs) are biotracers
found in animal tissues that can be analyzed to esti-
mate time-integrated trophic niches (Hussey et al.
2011, Jackson et al. 2011, Sardenne et al. 2016). An
understanding of the fractionation of SI (e.g. 8°C,
81°N) through food webs allows isotopes to be used
for a variety of applications, including estimation of
niche area, resource partitioning and dietary over-
lap. Specifically, values of §'*C may be used to iden-
tify species habitat associations through the compar-
ison of 8!3C values with primary producers. The base
of a food web may consist of C3 or C, plants, bacteria
or detrital matter, each having different biochemical
pathways (Peterson & Fry 1987). These differences
may result in §'3C values that can be used to deter-
mine which species utilize those food webs. Values of
3!°N can estimate trophic position, because 3N is
passed up food chains via the consumption of pro-
teins so that higher order predators tend to be more
enriched in §'°N (Hussey et al. 2012).

FAs can also be traced through food webs, and are
particularly useful for detecting basal sources and
trophic interactions via essential FAs (EFAs) that can
only be obtained through dietary sources (Iverson
2009). These EFAs are synthesized by different pri-
mary and secondary producers such as dinoflagel-
lates, diatoms and algae or during microbial and bac-
terial processes (Dalsgaard et al. 2003, Parrish 2013).
FAs often have faster turnover rates than isotopes
(e.g. 14 wk in shark muscle tissue [Beckmann et al.
2014], cf. 612 mo for §'*C and §'°N [Malpica-Cruz et
al. 2012, Hussey et al. 2012]), and have been used to
reveal physiological and environmental changes
over relatively fine scales, such as the EFA trophic
biomarker ratio omega 3 [®w3]/omega 6 [w6], which
can be used to find seasonal differences within spe-
cies. For example, albacore tuna Thunnus alalunga
caught in waters off eastern Australia had an
increased ratio of m3/w6 with decreasing water tem-
peratures (Pethybridge et al. 2015). The ratio of
o3/w6 can be influenced by changes in salinity,
either increasing (e.g. sturgeon Acipenser naccarii;
Martinez-Alvarez et al. 2005) or decreasing (e.g.
white-edge freshwater whipray Himantura signifer;
Speers-Roesch et al. 2008) with increasing salinity.
Fatty acid 18:2w6 (LA) is another biomarker that may
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be useful in estuarine environments, as it can indi-
cate terrestrial sources when compared with marine
phytoplankton (Napolitano et al. 1997, Budge & Par-
rish 1998).

In this study, we use SI and FA biochemical tracers
to evaluate trophic resource partitioning and sea-
sonal variation in trophic resource utilization among
7 species of euryhaline and coastal elasmobranchs in
the wet-dry tropical region of northern Australia.
Northern Australia provides an excellent setting for
studying elasmobranch trophic ecology due to the
relatively pristine state of the estuarine and riverine
ecosystems (Warfe et al. 2011) and the high diversity
of sympatric elasmobranch species (Last 2002). The
objectives of our study were to use SI and FA tracers
to (1) estimate and compare trophic position esti-
mates among species, (2) identify basal source contri-
butions (marine, estuarine, freshwater), and (3) apply
biochemical niche metrics (measurement of the dis-
tance between biochemical tracers) (Jackson et al.
2011, Swanson et al. 2015) to determine the extent of
dietary overlap within and among species and across
seasons.

MATERIALS AND METHODS
Site description, sample collection and preparation

Seven species of euryhaline and coastal elasmo-
branchs were collected in the South Alligator River,
Northern Territory, Australia from March 2013 to
July 2014 (Table 1, Fig. 1). This is a relatively pris-
tine, macro-tidal river system with an ~5 km wide
mouth (Wolanski & Chappell 1996), and tidal influ-
ence to 100 km upstream (Wolanski & Chappell

1996), where it narrows to ~20 m wide. The mean
channel depth is ~7.5 m with a largely muddy bed
(Wolanski & Chappell 1996), and mangroves domi-
nate the estuary up to the limit of tidal influence
(Mitchell et al. 2007). Strong seasonal fluctuations in
rainfall, which can be broadly classified as wet sea-
son (November to April; 2013-2014 mean [+SE] total
rainfall 241.3 + 36.2 mm per season) and dry season
(May to October; 2013-2014 mean total rainfall
18.2 + 12.7 mm per season; Australian Government
Bureau of Meteorology 2016), contribute to large
changes in river hydrology, turbidity and salinity.
The mouth of the river had mean salinity values
(=SD) of 34.5 £ 0.2%0 (dry) and 17.1 + 4.3%. (wet),
whereas in the mid-lower region of the river it was
21.9 £ 5.3%0 (dry) and 0.4 + 1.5%. (wet).

Four main sampling sites (Fig. 1) were chosen
along the river to encompass a range of distances
from the river mouth and where elasmobranchs were
captured (limited by the rarer species). As such,
these sites included a spectrum of salinities (see
Fig. 1) and habitat characteristics (e.g. distance from
mouth, river flow, width of river, abundance and spe-
cies composition of riparian vegetation). A range of
techniques was used at each site to capture species
and obtain tissue samples during the live capture and
release of individuals in the wild. Rhizoprionodon
taylori and Carcharhinus amboinensis were captured
with baited line in the lower estuary and coastal
region of the South Alligator River, Kakadu National
Park (Fig. 1). Northern river shark Glyphis garricki,
speartooth shark Glyphis glyphis, Carcharhinus leu-
cas, Pristis pristis and freshwater whipray Urogym-
nus dalyensis were caught in mid-lower estuarine
reaches with a combination of 10.2 to 15.2 cm gill
nets and baited lines.

Table 1. Number and total length (TL, range) of 7 euryhaline and coastal elasmobranch species from the South Alligator River,
Kakadu National Park, Australia, from which muscle tissue samples were taken for stable isotope (SI) and fatty acid (FA)
analysis. Included is the division of species between the wet and dry seasons and the sex ratio (male to female)

Taxon Common name Number (n) TL (cm) Sex ratio  Habitat
Total FA SI FA M:F
Wet Dry Wet Dry SI FA

Carcharhinus Pigeye shark 2 0 2 0 1 68 68 1:1  0:1 Coastal/
amboinensis marine
Carcharhinus leucas Bull shark 34 28 6 20 2 72-93  72-139 18:16 13:9 Euryhaline
Glyphis garricki Northern river shark 42 22 20 12 13 56-141 45-61 23:19 15:10 Euryhaline
Glyphis glyphis Speartooth shark 8 2 3 2 6 71-120 78-136 1:4  2:6 Euryhaline
Urogymnus dalyensis  Freshwater whipray 2 0 2 0o 2 56-110 56-110 0:2  0:2 Euryhaline
Pristis pristis Largetooth sawfish 2 2 0 0o 0 87-96 - 1:1  0:0 Euryhaline
Rhizoprionodon Australian sharpnose 38 8 30 1 28 34-87 34-87 11:27 23:6 Coastal/
taylori shark marine
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Fig. 1. Map of the South Alligator River, Northern Territory,
Australia, showing capture locations of elasmobranchs. Dot-
ted lines represent the approximate boundary of each sam-
pling site. Inset shows where the river is in relation to north-
ern Australia. (Background map from Stamen Toner, and
formed using Quantum GIS Development Team 2015). Red
(blue) text indicates dry (wet) season salinity (%.) values. For
species names, see Table 1

A 5 mm biopsy punch (Stiefel) was used to collect
muscle tissue from between the second dorsal and
the caudal fin, just anterior and lateral to the caudal
peduncle. Total, standard and precaudal length and
clasper size were also measured and umbilical scar-
ring in neonates was noted. Within 5 min of capture,
the tissue sample was immediately placed on liquid
nitrogen (-196°C) for preservation and initial storage
in the field. Salinity and other water quality parame-
ters were measured at each site using a hand-held
multi-parameter instrument (Sonde 6000, YSI)
(Fig. 1) during each sampling event.

Within 1 wk, tissue samples (mean wet mass 30.0 +
20.0 mg) were transferred to a -20°C freezer, and
then later freeze-dried (Alpha 1-4 LSC, Christ) at
—20°C for 21 h and then -30°C for 3 h. To avoid
degradation of the sample by defrosting and refreez-
ing, frozen muscle samples were dissected in the
freezer to remove dermal layers and as much connec-
tive tissue as possible. Where sample tissue masses

were low, tissue was only used for SI and not FA
analysis (Table 1) except for G. glyphis, where the
opposite was true. Mean (+SD) tissue wet mass for SI
was 2.0 + 1.0 mg and for FAs was 36.0 + 28.0 mg.

Stable isotopes

Muscle tissue was rinsed in milli-Q water and
sonicated to remove excess urea as per Kim & Koch
(2012). Tissues were then freeze-dried to a constant
mass and pulverized using a combination of micro-
scissors and micro-pestle or a coarse pestle and
ceramic mortar. A subset of material was weighed
to between 400 and 1000 ng in tin cups for com-
bustion in a Sercon Europa EA-GSL elemental ana-
lyzer (Sercon Ltd), which were then analyzed with a
Sercon Hydra 20-22 duel-inlet gas isotope ratio
mass spectrometer at the Australian Rivers Institute,
Griffith University, Queensland. The international
standards used to determine the relative §°C and
3!°N were Peedee Belemnite Carbonate and Atmo-
spheric Nitrogen with a precision of (x1 SD) 0.03
and 0.09%. for 8!°N and 8'3C, respectively. We did
not use mathematical models to correct §'3C values
for lipids as lipid content in all samples was deemed
to be low as inferred by the percent ratios of carbon
to nitrogen (C:N; mass percent composition of tissue
sample) being <3.5 (Table 2; Post et al. 2007) and by
the low lipid levels inferred from total FAs (Every et
al. 2016).

Trophic positions (TPs) for each species were cal-
culated using narrowing discrimination with in-
creasing dietary 8"°N values (Hussey et al. 2014a,b).
This works on the concept that as TP increases, the
dietary discrimination factors (the increase of §°N at
each TP) decreases (Hussey et al. 2014a,b). Popeye
mullet (Rhinomugil nasutus, 8'°N 6.6 + 1.2 %o, TP 2.9;
Froese & Pauly 2015) was used as the baseline con-
sumer collected at the same location and over the
same time period as the elasmobranchs. Popeye mul-
let were chosen because they have a wide distribu-
tion throughout the river, covering a range of salini-
ties and habitat type (Carpenter & Niem 1999). Also
their 8'°N values were similar regardless of where
they were caught within the river, negating the need
to account for differing baselines. Finally, we suggest
that the TP of 2.9 for R. nasutus is a reasonable esti-
mate as other Mugilidae grazers— Mugil bananen-
sis, M. curema and Liza falcipinnis—have TPs of 2.8,
2.7 and 3.0, respectively (Faye et al. 2011), and feed
in a manner similar to that of R. nasutus, consuming
algae and insects along the water surface and bank
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Table 2. Mean (+SD) values of fatty acids (FA) (% mean of the relative abundance of FA >0.5 %), §'*C (%o )Jand 8'°N (%) in mus-
cle tissue from 7 elasmobranch species collected from the South Alligator River, Kakadu National Park, Australia. Included are
calculations for trophic position (TP), total area of stable isotope convex hulls (TA, %.%), ellipse area of stable isotopes (SEA(,
%0?) and essential fatty acids (EFA) used to calculate niche space (bold). SFA: saturated fatty acids; MUFA: monounsaturated

fatty acids; PUFA: polyunsaturated fatty acids; wet:dry: wet and dry seasons

SI Carcharhinus Carcharhinus Glyphis Glyphis Urogymnus Pristis Rhizoprionodon
amboinensis leucas garricki glyphis dalyensis pristis taylori
(@ -13.4 -14.9+2.3 -18.9+1.3 -18.9+1.7 -20.2 -13.4 -15.1+1.3
31N 11.7 12.95+2.8 9.3+1.9 7.6+3.6 8.9 12.6 11.1£2.5
C:N 2.6 2.8+0.2 2.8+0.2 2.7+0.1 3.2 2.7 2.8+0.4
TP 4.2 4.8+0.9 3.6+0.4 3.2+0.8 34 4.5 4.1+0.6
SEAc 18.5 6.9 10.3
(wet:dry) (16.9:17.1) (9.8:7.0) (2.1:11.7)
TA 79.1 28.9 39.1
FA
XSFA 42.5 31.9+8.7 30.4+8.1 27.5+7.2 30.3 43.6+12.3
IMUFA 24.7 29.7+5.0 22.2+3.6 18.8+2.6 26.1 20.9+3.5
ZPUFA 26.2 30.3+2.2 38.4+34 44.0+4.3 34.7 30.9+3.4
18:1m9 14.1 16.2+6.3 11.2+4.9 8.2+3.6 13.8+0.5 9.5+2.7
18:2b% 0.6 0.6+0.4 0.2+0.2 0.5+0.2 0.4+0.3 0.1+0.1
18:2¢* 0.1 0.9+0.8 0.1+0.3 0.1+0.1 0.1+0.1 0.13+0.02
18:206 0.6 0.8+0.9 1.8+1.1 1.8x1.1 3.8+3.7 0.9+1.0
20:2¢ 0.2 2.8+2.2 0.5+0.8 0.3+0.2 0.2+0.1 0.1+0.1
20:2m6 0.4 0.5+0.8 0.9+0.4 0.8+0.2 0.3+0.0 0.6+0.2
20:3@9” 0.8 7.6+6.2 1.4+3.4 0.3£0.3 0.3x£0.1 0.1x0.1
20:306 0.2 0.4+0.3 0.8+0.4 0.6+0.3 0.3+0.1 0.4+0.2
22:3% 1.7 1.01+0.7 1.7+1.8 2.6+2.4 2.9+3 1.1+1.2
20:4m6 9.6 5.3+5.5 11.3+4.7 14.1+4.4 14.4+2.4 8.1x2.1
22:4m6 3.5 2.1%2.1 6.4+4.2 8.0£6.5 0.2+0.2 3.0+1.4
20:5w3 0.9 0.5+0.2 0.9+0.8 1.1+0.6 52+6.8 1.6+0.8
22:5m3 0.9 1.9+1.2 1.5+2.0 1.6+1.8 1.1+1.6 1.1+1.7
22:5m6 1.8 1.2+0.7 2.3x1.1 2.3x1.1 1.2+0.8 2.2+0.8
22:6m3 4.8 4.8+2.3 8.3+4.6 9.8+8.8 4.3+0.2 11.4+5.6
Z03/Z06 0.4 0.70+0.4 0.5+0.6 0.4+0.8 0.5+0.0 09+1.4
EFA niche space 13413.7 114886.8 455.6
(wet:dry) 40732.8:64824.2
“Unable to identify bonds as standard was not available at the time of analyses
»20:3w9 identified based on comparison with other C. leucas fatty acid literature; a standard was not available at the time
of analysesinaerg

edges (Faye et al. 2011). The following equation was
used, with B, and B, values from the meta-analysis of
Hussey et al. (20144a,b):

TP =
10g (8" Nijy = 8" Nyyse ) ~10g (8" Ny = 8'°Npp)
k

(D

+ TPbase

where TPy, is the trophic position of 'baseline’ con-
sumer (R. nasutus) and §'°Nrp is the consumer §'°N
value. k (rate at which 8" Np approaches 8 Nyy,) is
calculated via the formula:

(BO — 8151\111111)

k = -log
IENN (2)
where: -B
8Ny = 5 &)
1

Here, By is the slope, B, is the intercept and k is cal-
culated from B, = 5.9 [4.5, 7.3] and B; = -0.3 [-0.4,
—0.1] (highest posterior density median [95 % uncer-
tainty intervals]) from Hussey et al. (2014a,b).

Fatty acids

Lipid was extracted quantitatively using the modi-
fied Bligh & Dyer (1959) method (detailed in Every et
al. 2016), which utilizes an overnight one-phase ex-
traction process of methanol:dichloromethane (DCM):
milli-Q water (2:1:0.8 by volume). The following
day, DCM and saline milli-Q water were added so
that the final volume was 1:1:0.9. The lower phase
was removed into a round bottom flask and solvents
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were evaporated using a rotary evaporator in a bath
of 40°C. Remaining lipid was transported with DCM
into a pre-weighed vial, blown down with nitrogen
gas and dried to a constant mass. All vials were made
up to final concentration of 10 mg lipid to 1.5 ml DCM
and were stored in a -20°C freezer until further
analysis within a couple of days.

To liberate the FAs from the lipid backbone, the
total lipid extract was transmethylated based on the
methods used in Parrish et al. (2015) and Miller et al.
(2006). Briefly, 50 pl of the extract was transferred to
a test tube and blown down with nitrogen gas before
adding 3 ml of a methylating solution (methanol,
hydrochloric acid and chloroform at a ratio of 10:1:1
volume). After heating for 2 h at 100°C and cooled,
1 ml of milli-Q water was added to the test tube, and
then extracted with 1.8 ml of hexane and chloroform
(4:1), vortexed and centrifuged for 5 min. The upper,
organic layer containing the fatty acid methyl esters
(FAMESs) was placed into a clean vial. This extraction
process was repeated 3 times. After adding a known
amount of internal standard (C23 or C19 FAME),
0.2 pl was injected into an Agilent Technologies
7890B gas chromatograph (GC) equipped with an
Equity-1 fused silica capillary column (15 x 60.1 mm
internal diameter and 0.1 pm film thickness), a flame
ionization detector, a splitless injector and an auto-
sampler. Peaks were quantified using Agilent Tech-
nologies ChemStation software. Confirmation of
peak identifications was by GC-mass spectrometry
(GC-MS), using a column of similar polarity to the
Equity-1 fused silica capillary column and a Finnigan
Thermoquest DSQ GC-MS system.

Statistical analysis

ANOVA was used to determine differences in sta-
ble isotopes among the fixed factors of species and
seasons. Due to a significant relationship between
813C and total length (TL) in C. leucas (which was not
evident in the other taxa), an analysis of covariance
(ANCOVA) was run with TL as a covariate to account
for this species. Assumptions of normality, variance,
homogeneity of slopes and colinearity were tested
through visual inspection of boxplots, calculating
leverage, residuals and Cook's D, and graphed in a
residual versus fitted, normal Q-Q and residual ver-
sus fitted values plots prior to accepting the models.
No transformations were necessary.

FAs were calculated as a percentage of total FAs,
and those with group means of <0.5 % were excluded
from further analyses. To evaluate interspecific dif-

ferences in FA profiles among species, a permuta-
tional multivariate ANOVA (PERMANOVA) was
applied to a Euclidean distance matrix comprising
the FAs (variables) for all elasmobranch samples,
using Type III sum of squares (partial) and a mini-
mum of 9900 unique permutations. To determine
which FAs contributed most to the observed interspe-
cific differences, an analysis of similarity (SIMPER)
was conducted. To explore FA profiles between the
species and season, a principal coordinates analysis
(PCA) was constructed and arranged into a differ-
ence matrix based on Euclidean distances. PERM-
ANOVA analysis was used to explore the signifi-
cance of seasonal effects in G. garricki (the only
species with sufficient seasonal replication; Table 1).
ANOVA was then used to explore interspecific dif-
ferences in m3/w6 between G. garricki, G. glyphis, C.
leucas and R. taylori. As significant effects were
found, we then used an ANCOVA with TL as a
covariate between each shark's ®3/w6 ratio to con-
sider possible allometric effects. 18:2m6 (LA) was also
explored for interspecific differences to determine
which species of shark may have the most terrestrial
input, which is suggestive of floodplain resources
(Napolitano et al. 1997).

Univariate analyses were performed in R using the
R core packages (R Development Core Team 2014),
SIBER (Jackson et al. 2011) and one FA multivariate
analysis used the package NicheROVER to deter-
mine overlap between sharks (Swanson et al. 2015).
All other multivariate analyses were performed in
PRIMER (v.6) and PERMANOVA®* (v.1) (Clarke &
Gorley 2006). All p-values 0.05 and below were con-
sidered significant.

Niche area calculations

Using the R package Stable Isotopes Analysis in R
(SIAR), a SI Bayesian ellipse model was calculated
and the SI ellipse area (%0%) was corrected for sample
size (SEAc) (Jackson et al. 2011). SEA- was calcu-
lated from the covariance matrix determined via
Bayesian inference. Another metric of isotopic niche
areas, the convex hull total area (%) (TA) was also
calculated (Layman et al. 2007a, Jackson et al. 2011);
however, this was not compared across seasons due
to low sample numbers. Although TA in a §°N-§°C
biplot is strongly affected by sample size (Jackson et
al. 2011, Syvaranta et al. 2013), it was calculated to
explore total niche width as a proxy for the extent of
trophic diversity within a food web, presence of out-
liers, and a conservative estimate of maximum poten-
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tial overlap among species (Layman et al. 2012, Hei-
thaus et al. 2013). Drawing SEA¢ in isotopic space
(8'3C and 8!°N) that incorporates ~40% of the sam-
pled individuals is thought to provide a more accu-
rate measure of niche width than TA, and is less
biased by sample size (Jackson et al. 2011, Syvaranta
et al. 2013). Ellipse confidence intervals for the area
of the ellipses were calculated from Bayesian likeli-
hoods, whereby the probability of one ellipse being
bigger than the other can be determined by the
uncertainty in the probable values. Overlaps of SEA-
were calculated by finding the area of species ‘a’
ellipse and the area of the overlap of species 'b" with
species ‘a' and then converting to a percentage. This
could only be performed for the 3 species C. leucas,
G. garricki and R. taylori, for which total n-values for
samples over both seasons were >30, which is con-
sidered optimum for these analyses (Syvaranta et al.
2013). It should be noted that samples were not even
across seasons, with wet:dry sampling for C. leucas
and R. taylori being 28:6 and 8:30, respectively. As
such, the C. leucas dry season ellipse may be slightly
biased due to their small n-value (8 is considered the
minimum; Jackson et al. 2011), yet it was included to
provide a descriptive comparison. Glyphis garricki
seasonal samples were relatively even, at 22:20
wet:dry. Ellipses were also calculated for the com-
bined sampling period to ensure that these results
were not overly biased.

FA niche space and overlap was explored by calcu-
lating hyper-ellipses, using a multivariate extension
on the bivariate approach of Jackson et al. (2011)
described above. Here, Bayesian priors are used to
determine the hyper-volume and the probability of
finding one species in another species’ niche space
(Swanson et al. 2015). To avoid degenerate covari-
ance matrices in the absence of prior information, the
number of niche dimensions fitted from the depend-
ent variables should be lower than the number of
sample observations (Swanson et al. 2015). There-
fore, only the 5 most abundant EFAs were selected
(20:406, 20:3m9, 22:5m06, 22:603 and 22:4w6), given
the sample numbers (~20) for each of the 3 shark spe-
cies analyzed (G. garricki, C. leucas, R. taylori). Each
EFA was then represented as an axis, calculated in
FA hyperspace and projected onto a 2-dimensional
plot as a probabilistic projection to display FA niche
space. Niche space was calculated based on the vol-
ume of ellipses, under the assumption that they were
multivariate normal. This differs from niche area cal-
culations for SI, as they are not multi-dimensional
and area is calculated from 2 dimensions. Percentage
overlap was calculated based on the probability that

8N (%o)

one species would be found in the niche of another
species.

Throughout this article, we refer to niche metric as
the measurement of the 2-dimensional bivariate
aspect of niche, niche area (as for SI) and the multi-
variate niche space (as for FAs).

RESULTS

Stable isotope values, trophic position estimates,
and niche metrics

Muscle §!°C and 8'°N values in the 7 elasmobranch
species revealed 2 distinct trophic guilds (Fig. 2). The
highest values of both elements were in Carcharhi-
nus leucas, Rhizoprionodon taylori, Carcharhinus
amboinensis and Pristis pristis (Table 2, Fig. 2). The
elasmobranch guild with the lowest mean §*C and
8!°N values included Glyphis glyphis, Urogymnus
dalyensis and Glyphis garricki (Table 2, Fig. 2). Taxa

Species
i i c glyphis

% C. amboinensis v U. dalyensis

@ C leucas ﬂ £ pristis
A G garricki @ R raplori
16 1 _
............................... {- 5
Y
12 %
........ Jeoooeee e a7t 4
— A
V L
8.
i
............................... L 3
4 L
-20 18 -16 14
Seston Epiphytes Seagrasses
63C (%o)

Fig. 2. Biplot of mean (+SD) 8"*C and §"°N values for 7 spe-

cies of euryhaline and coastal elasmobranchs from South

Alligator River, Kakadu National Park, Australia. Primary

producer values along the x-axis are §'°C ranges for seston,

epiphytes and seagrasses from the combined wet and dry

season, Embley River Estuary, Gulf of Carpentaria (Loneragan
et al. 1997)

Trophic position
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had a significant effect on §"°N values (p < 0.01, F; 115
= 16.6, R? = 0.3) and 8'3C values (p < 0.01, F; 35 =
50.7, R? = 0.6). The post hoc test for 3'*N showed no
significant differences between R. taylori and C. leu-
cas, or between G. garricki and G. glyphis, whereas
all others species differed significantly. For 83C val-
ues, only G. garricki and G. glyphis were not signifi-
cantly different from each other (Table 3).

The relationship between isotope values and TL of
sharks were compared and were not significant
except for §'°C values in C. leucas, which had a neg-
ative relationship with TL (p < 0.01, F; 50 = 10.3, R? =
0.3). There was a significant relationship between
the C:N ratio and 83C (p < 0.01, F; 117 = 14.8.7, R? =
0.1). Seasonal effects for 8'3C values were not found
in C. leucas, as the inclusion of TL as a covariate
negated the seasonal effect and revealed TL to be the
only significant variable (Table 3). Based on §'°N val-
ues, the calculated TP ranged from 3.2 + 0.8 to 4.8 =
0.9 and was lowest in G. glyphis and highest in C.
leucas (Table 2).

Of the 3 species for which convex hull TA was cal-
culated, C. leucas was the largest followed by R. tay-

Iori and G. garricki. Carcharhinus leucas moderately
overlapped with R. taylori, although some individu-
als almost fell into the isotopic niche area of G. gar-
ricki. Glyphis garricki had the least overlap with
other species: only the outliers of R. taylori and C.
leucas shared their TA.

SEA- of stable isotopes ranged from 6.86 to
18.46 %0%, with confidence intervals ranging from 97
to 99%. Carcharhinus leucas had the largest SEAc,
followed by R. taylori and G. garricki (Table 4, Fig. S1
in the Supplement at www-int-res.com/articles/
suppl/m565p181_supp.pdf). When both seasons were
combined, the SEA( of C. leucas and R. taylori over-
lapped and were clearly separated from G. garricki
(Table 4, Fig. S1). The wet season SEA¢ of R. taylori
was almost completely within the wet season ellipse
of C. leucas and over the dry season niche space
increased in both species, particularly in R. taylori
(Table 4, Fig. 3). Seasonal differences in niche met-
rics (Table 2, Fig. 3) and overlap (Fig. 2, Table 4) of
SEAc were found in each of the 3 species, with the
least change occurring in G. garricki. The SEA¢ of
C. leucas in the dry season overlapped with that of

Table 3. ANOVA and ANCOVA (shaded) of stable isotope values, the ratio of ®3/w6 and the fatty acid 18:2w6 from the muscle
of Carcharhinus leucas, Glyphis garricki, G. glyphis and Rhizoprionodon taylori from the South Alligator River, Kakadu
National Park, Australia, compared with the ‘wet’ and 'dry’ season, with total length (TL) as the covariate. Significant values

are in bold
Species Test Variable(s) Tracer df F p Residual R? t- Significant Tukey
standard value post hoc comparisons
error (p <0.05)
All ANOVA Species 3N 115 16.6 <0.01 2.5 0.3 G. garricki — C. leucas
G. glyphis — C. leucas
R. taylori — G. garricki
R. taylori — G. glyphis
§BC 115 50.7 <0.01 1.7 0.6 G. garricki — C. leucas
G. glyphis - C. leucas
R. taylori — G. garricki
R. taylori — C. leucas
R. taylori — G. glyphis
w3/w6 3,76 7.2 <0.01 0.6 0.2 G. garricki — C. leucas
G. glyphis — C. leucas
18:2w6 3,76 6.4 <0.01 1 0.2 G. garricki - C. leucas
R. taylori — G. garricki
C. leucas ANOVA Season N 30 038 0.4 2.6 0
(@ 30 54 0.03 1.9 0.2
ANCOVA Season + TL dt3c 29 5.1 0.01 1.8 0.3
Season dtc 0.7 0.4
TL stc 0.05 -2.1
G. garricki ~ANOVA Season SN 40 O 0.9 1.9 0
st 40 1.3 0.2 1.3 0
R. taylori Season SN 36 14 0.2 2.5 0
3t 36 1.7 0.2 1.3 0
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Table 4. Isotopic overlap (%) of stable isotopes (SI) ellipses (SEAc) and convex
hull total area (TA) of Carcharhinus leucas, Glyphis garricki and Rhizoprion-
odon taylori from the South Alligator River, Kakadu National Park, Australia.
Also included are the probabilities of sharks being in the major essential fatty
acids (EFA) niche space of each other with a set confidence interval (CI) of

95%. —: no test completed

There were significant differences
in FA profiles among species (PERM-
ANOVA: F; = 9.2, p < 0.01) and there
was no effect of season on the FA pro-
file of G. garricki (F; = 0.7, p = 0.60).

Biochemical method: SI SI
Niche metric: % of species a %
among species b

ellipse (SEA()
Season: Both Dry Wet Both

Overlap Overlap

Elasmobranch FAs showed some

EFA grouping between and within species,

% such as in R. taylori and G. garricki

TA  probability® (Fig. 4). The greétest overlap v'vas.
Both between G. glyphis and G. garricki

and a few individuals of C. leucas.

Species comparisons (a x b)

C. leucas x G. garricki 0 27.4 0 22.5
C. leucas x R. taylori 369 276 122 37.0
G. garricki x R. taylori 0 0 0 8.4
G. garricki x C. leucas 0 66.5 0 -
R. taylori x C. leucas 66.1 40.2 99.8 -
R. taylori x G. garricki 0 0 0 -
Season comparisons

G. garricki Dry x Wet 94.5 - 50.3

G. garricki Wet x Dry 67.8 - 354

C. leucas Dry x Wet 36.3 - -

C. leucas Wet x Dry 36.6 - -

R. taylori Dry x Wet 79.0 - -

14.1 - -
“of one species being in another's niche space

R. taylori Wet x Dry

The least overlap was in R. taylori,

61.7 separated by the SFAs 17:0, 18:0 and
0.4

06 16:0. However, there were also a few
13.2 dry season R. taylori outliers near G.
11.2 glyphis and U. dalyensis. A large sub-
79.9 group of C. leucas (and some individ-

uals of G. garricki) were also sepa-
rated from the other species by the
FAs 18:2¢, 20:3m9, 18:2b, 18:1m9 and
20:2, and notably these sharks did not
appear to have any unique differences
such as those related to size or sex. In
contrast, the Glyphis spp. were

G. garricki. However, there was no overlap between
C. leucas and G. garricki when all samples were
combined (Fig. 3, Table 4).

Fatty acid biomarkers and niche metrics

Sixty-five FAs were identified in the elasmobranch
muscle tissue, of which 31 were detected with mean
values above 0.5% for any one species (Table 2,
Table S1 in the Supplement). Relative abundance of
saturated FAs (SFAs) were similar in C. leucas, G.
garricki, G. glyphis and U. dalyensis, ranging from
27.5+7.2t032.0 £ 8.7 %, but were higher in R. taylori
and C. amboinensis (43.6 = 12.3% and 42.5, respec-
tively). The monounsaturated FAs (MUFAs) were rel-
atively low in G. glyphis, G. garricki and R. taylori
(means ranging from 18.8 to 22.2 %) compared with
the other elasmobranchs, whose mean relative abun-
dance ranged from 24.8 to 29.7 %. Relative amounts
of polyunsaturated FAs (PUFAs) were highly variable
between species (means ranging from 26.2 to 44.0 %),
with the lowest in C. amboinensis and highest in the
Glyphis species. PUFAs were similar between C. leu-
cas and R. taylori (30.3 = 2.2% and 30.9 = 3.4%,
respectively) and were dominated by 3 EFAs: 20:406
(ARA), 22:603 (DHA) and 22:4®6 (adrenic acid).

largely separated by the EFAs 20:3w6,
22:6m3, 22:4m06, 22:506 (06 DPA) and
20:406 (ARA). There was a shift in posterior means
from the dry to the wet season from ~35 to 50 %,
which may suggest an increase in niche space during
the wet season (Fig. 5, Fig. S2B in the Supplement).

The highest mean ratio of ®3/w6 was in R. taylori
and the lowest was in G. glyphis, ranging from 0.9 +
1.4 to 0.4 = 0.8 (Table 2). An ANOVA using shark
species (consisting of C. leucas, G. garricki, G.
glyphis and R. taylori) and ®3/w6 as factors revealed
significant interspecific differences (p = 0.01, F; 75 =
7.2, R? = 0.2), whilst post hoc tests found significant
differences between G. garricki and C. leucas, and
G. glyphis and C. leucas, but not between R. taylori
and the other sharks (i.e. G. garricki, G. glyphis and
C. leucas). TL had a positive significant effect on
®3/06 ratios in C. leucas (p = 0.05, Fy 53 = 4.2, R? =
0.18) and G. garricki (p = 0.02, F; 53=6.2, R2=0.9) but
not in R. taylori or G. glyphis. A significant difference
was also found between the elasmobranches using
the terrestrial marker 18:2w6 (p < 0.01, F3 75 = 6.4,
R?=0.2), and post hoc tests found that G. garricki and
C. leucas, and G. garricki and R. taylori (Table 3),
were the only pairs that had significantly different
means.

The largest FA niche space occurred in G. gar-
ricki, followed by C. leucas and R. taylori (Table 2,
Figs. 5 & 6) across all sites and seasons. The
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Dry Wet PR EFA niche spaces. Between the 2 SI niche metrics,
163 g";;‘lj?:ki °e TA consistently gave larger area values and showed
14 R taylori o ‘ greater percentage overlap between species com-
pared with SEA.. Despite this, the ordering of spe-
Ll cies niche areas was similar, being highest in C. leu-
104 * cas followed by R. taylori, and G. garricki (Table 2).
: . In contrast, FA niche spaces were highest in G. gar-
81 ricki, followed by C. leucas and R. taylori (Table 2).
6 a8 . o When comparing percent overlap in SEA- and EFA
. i N . niche metrics, differences in model output were
44 . . observed (Table 4). The greatest differences between
. . . l w w methods were observed between R. taylori and G.
22 20 -18 515G (%_01)6 -4 -12 garn'cki, Where there was a lgrge chance of overlap
in EFA niche space but not in SEA.. Carcharhinus
30 — C. leucas G. garricki R. taylori leucas and R. taylori overlap was also different, with
less chance of overlap for SI than EFA niche metrics
25 (Table 4). Seasonal differences between G. garricki
SI and FA niche metrics were also apparent, with
20 + greater overlap in SI SEAc (67.8 to 94.5%) and FA
w niche space (35.4 to 50.3 %).
DISCUSSION
5- &
é The complementary analyses of SI and FA niche
0 metrics in the present study revealed significant dif-
Dy  Wet Dry Wet Dry  Wet ferences in the trophic resource use of tropical elas-

Season

Fig. 3. (a) Bivariate plot of isotopic space depicting wet ver-
sus dry season niche areas within standard ellipse (SEA() of
313C and 8N values of Carcharhinus leucas (blue), Gly-
phis garricki (black) and Rhizoprionodon taylori (red) from
Kakadu National Park, Australia. (b) Bayesian confidence
intervals of isotopic niche area; black dots represent their
mode, shaded boxes represent the 50, 75 and 95 % credible
intervals from dark to light grey

chance of G. garricki being in another species’ FA
niche space was low (0.6% for R. taylori and
13.2% for C. leucas) yet C. leucas and R. taylori
had larger probabilities for overlapping with G.
garricki FA niche space (79.9% for R. taylori and
61.7% for C. leucas). Slight seasonal differences
were evident in G. garricki FA niche space, with a
15% probability of overlap between the wet and
dry seasons (Fig. 5).

Trophic niche metric comparisons
Differences in niche metrics, including inter-spe-

cific overlap, were apparent between the 2 SI niche
metrics (SEAc and TA) and between both these and

mobranchs, with indications of resource partitioning
among 3 species (and limited evidence in another 4
species) occupying the South Alligator River and
adjacent coastal waters. Although SI niche metrics
indicated clear separation between coastal/marine
and eurvyhaline elasmobranchs, the difference was
less pronounced based on FA niche metrics alone.
This is likely due to the faster turnover of FAs (Kirsch
et al. 1998, Beckmann et al. 2014) compared with SI
(Logan & Lutcavage 2010), differences in the statisti-
cal methods employed, and the fact that both tracers
provide different representations of an organism's
niche. Among a community of organisms, FA niche
space reflects the trophic transfer of marker FAs from
basal sources to predators, whilst SI niche areas rep-
resent both an organism's trophic position and its
basal carbon source. Not surprisingly, differences
between these biochemical niche metrics and more
traditional niche metrics based on taxonomic
descriptions of diet composition have also been ob-
served through recent efforts to compare SI, TA and
the omnivory index derived from the Ecopath ecosys-
tem modeling framework (Layman et al. 2007a,
Navarro et al. 2011). Despite these differences, each
method gives complementary understanding of eco-
logical interactions and habitat use.
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TP (4.8 £ 0.9). This result conforms with C.
leucas stomach contents analyzed in north-
ern Australia, which mainly consisted of
teleost fish and occasional larger predators
such as P. pristis and the freshwater croco-
dile Crocodylus porosus (Thorburn & Row-
land 2008). Although our analysis used juve-
niles, our TP estimates were higher than
adult TP (4.6 + 0.2) and sub-adult TP (4.4 +
0.3) values for C. leucas reported in Mozam-

® bique (Daly et al. 2013) and Western Aus-
tralia TP (~4.4) (Thorburn et al. 2014), and in
o the same range (~3.8 to 5.4) as those from

South Africa (Hussey et al. 2014a). This vari-
ation is likely due to the different statistical
methods of determining TP as well as
dietary and environmental variation (Peter-
son & Fry 1987). There is currently no litera-
ture reporting TP estimates for Glyphis spp.
and U. dalyensis, and this is only the second
report of TP for P. pristis, which was in the
] same range (3.6 to 4.7) as Thorburn et al.
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Fig. 4. Principal coordinates analysis of fatty acids in muscle tissues of
Carcharhinus amboinensis, Carcharhinus leucas, Glyphis garricki,
Glyphis glyphis, Urogymnus dalyensis and Rhizoprionodon taylori in
both wet and dry seasons from the South Alligator River, Kakadu

National Park, Australia

In this study, interspecific differences in the SI
niche area of elasmobranchs appear to be largely
driven by 8'3C, indicating that the feeding locations
of each species are variable or that mobile prey spe-
cies are being consumed by specific elasmobranchs.
Several species (Rhizoprionodon taylori, Carcharhi-
nus amboinensis, C. leucas and Pristis pristis) were
characterized by values that are typically reported in
marine environments (-14 to —-16%.; Hussey et al.
2011, Munroe et al. 2015). 8'3C values for P. pristis
and C. amboinensis were similar to those from previ-
ous studies (Thorburn et al. 2014, Tillett et al. 2014),
which may have been sourced from seagrass, whilst
C. leucas values were between both marine epi-
phytes and seagrass, and R. taylori had values closer
to epiphytes (Loneragan et al. 1997). In contrast,
Glyphis garricki, G. glyphis and Urogymnus dalyen-
sis had lower 8'°C values, suggestive of estuarine/
freshwater seston signatures (-18.8 to —23.2%o; Lon-
eragan et al. 1997).

In terms of TP, the 7 elasmobranch species were
broadly similar, based on the spread of 8'°N values,
with C. leucas having the highest values and mean

30 (2014). The low TP calculated in this study
for G. glyphis (3.2 = 0.8) suggests that they
consume lower order prey and that their TP
was more similar to rays than sharks of this
body size (Hussey et al. 2014a). The TPs in
R. taylori were in the same range as those of
specimens caught in Cleveland Bay,
Queensland, but were higher than those
caught in nearby bays (Munroe et al. 2014a). This
could be attributed to differences in prey TP, envi-
ronmental conditions or baseline §'°N values, which
are all closely coupled.

Based on the analysis of elasmobranch FA profiles
and biomarkers, clear interspecific differences were
apparent which mostly supported the 2 guilds found
from SlIs. All species had marked variation in their
individual FAs, which was similar to other northern
Australian tropical sharks (Nichols et al. 2001) and
C. leucas (Belicka et al. 2012). The Glyphis spp.
grouped together and had high levels of w6 FA bio-
markers and 18:2w6 (LA), which are all characteristic
of terrestrial and freshwater sources (Napolitano et
al. 1997, Budge & Parrish 1998). In contrast, R. taylori
had higher relative levels of the EFAs 20:5w3 (EPA)
and 22:6m3 (DHA), which are characteristic of marine
food webs based on diatoms and flagellates, respec-
tively (Parrish 2013). Higher relative levels of the FA
biomarker 18:1®9, linked to piscivory (Dalsgaard et
al. 2003, Kelly & Scheibling 2012), was reported for
C. leucas, which supports the high TP estimates
based on &'°N values. However, the complete FA
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Fig. 5. Comparisons of the posterior distributions of the probabilistic niche overlap metrics of 5 major essential fatty acids

(EFAs) between 3 shark species: Carcharhinus leucas (blue), Glyphis garricki (black) and Rhizoprionodon taylori (red) from

the South Alligator River, Kakadu National Park, Australia. Also shown on the bottom row is seasonal overlap for G. garricki

(wet season = black, dry season = grey). Niche overlap is characterized by the probability that an individual from one shark

species (or season) is found within the niche region of another shark species (or season). Posterior means and 95 % credible
intervals are displayed in light blue

profile of C. leucas, which consisted of high relative
levels of 18 PUFA, 16:107 and low 22:6w3 (DHA),
suggests a greater intake of estuarine than marine
prey, contrary to the predominantly marine-based SI
signatures. This suggests that C. leucas are utilizing
food webs across the marine to freshwater spectrum,
which was previously found in this species (Matich &
Heithaus 2014). Glyphis spp. also had links to marine
sources, indicated by the moderate proportion of
22:603 (DHA) and a higher amount of 20:406 (ARA),
which implies links between benthic marine and
estuarine/coastal prey (Hall et al. 2006, McMeans et
al. 2013).

The FA biomarker m3/w6 can help further define a
species’ niche and their basal sources, as higher
ratios (>~1.5) indicate a preference for marine
resources whilst low ratios (<~1.5) suggest a depend-
ence on freshwater resources (Martinez-Alvarez et
al. 2005, Ozogul et al. 2007). The elasmobranchs in
the present study appeared to all have a freshwater

y /
/

Fig. 6. Schematic of the essential fatty niche space and

extent of overlap among 3 shark species, Carcharhinus leu-

cas (blue), Glyphis garricki (grey) and Rhizoprionodon tay-

lori (red), in the South Alligator River, Kakadu National

Park, Australia. Niche spaces are scaled relative to each
other; central axis omitted
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influence based on the above range; however, there
was a difference between species, in that R. taylori (a
marine species) had the highest ratio (0.9), whilst G.
garricki (0.5) and G. glyphis (0.4) collected upstream
tended to be lower. The m3/w6 ratio in C. leucas and
G. garricki were significantly different, which may
reflect a preference for feeding in differing salinities,
especially since C. leucas had §'3C values that were
more indicative of marine sources (although caught
in similar areas). The ®3/w6 ratio may also be related
to condition, growth and maturation in elasmo-
branchs, as a significant (positive) relationship was
found between TL and the ratio in C. leucas and G.
garricki, which were mostly juveniles. This relation-
ship may reflect physiological changes that occur
during sexual maturation, such as that found in juve-
nile teleost fish, where the ®3/w6 ratios decreased
during sexual maturation (Uysal & Aksoylar 2005), or
even changes in the way they use the river during
ontogeny.

The niche metrics of elasmobranch species in this
study suggest that there is a broad prey base in the
South Alligator River. The largest SI niche area was
observed for C. leucas, a species reported to consume
a broad range of taxa including catfish (ariids), rays
(batoids) and other carcharhinid sharks (Snelson et
al. 1984, Tillett et al. 2014). However, the FA niche
space for C. leucas was intermediate between that of
G. garricki (being very large) and R. taylori (very
small), which suggests individual dietary specializa-
tions in C. leucas (Matich et al. 2011), prey switching
according to the local abundance of prey (Matich &
Heithaus 2014) and/or that there is a maternal influ-
ence (Olin et al. 2011, and see below). In contrast, R.
taylori exhibited an intermediate SI niche area, and a
much smaller FA niche space, which is somewhat at
odds with the relatively broad diet (e.g. prawns
and teleost fishes) identified in stomach contents
(Simpfendorfer 1998). Interestingly, some R. taylori
in Queensland occupied areas near the river outflows
during the wet season rather than moving to seagrass
beds with the majority of the population (Munroe et
al. 2014b). In light of these findings, it may be that the
narrow niche of R. taylori in the South Alligator estu-
ary results from some individuals of this species tar-
geting prey around riverine outflows. Collectively,
these trophic niches suggest some important consid-
erations for conservation and management of these
species. For example, the strong overlap between R.
taylori and C. leucas and the relatively narrower
trophic niche of R. taylori suggests that this species
may be in competition with the more abundant C.
leucas and vulnerable to disturbances (Layman et al.

2007Db). Similarly, the greater dependence of G. gar-
ricki to riverine resources compared with the other
elasmobranchs highlights the importance of this
habitat to G. garricki in order for them to forage,
grow and maintain healthy populations.

Temporal changes in trophic niche size or overlap
among populations are likely in environments that
are highly dynamic. Seasonal differences in biota are
relatively common in tropical river systems due to the
large outflow of freshwater during the wet season,
changing the sources of energy and nutrients, and
increasing primary and secondary production (Wine-
miller & Jepsen 1998). Our results may indicate sea-
sonal changes in the niche metrics of all species
tested, but not in the individual SI or FA biomarkers.
This may be because the ellipses are highlighting
subtle population differences as they compare the
posterior mean values of the 2 isotopes and the
covariance matrix of each species, while PERM-
ANOVA and ANOVA compare individual treatment
means. The largest seasonal differences in niche
metrics were for SI areas for R. taylori, which were
much smaller in the wet than the dry season. This is
likely to reflect a preference for a particular food type
that is more prevalent in the wet season whereas in
the dry season they may need to source a variety of
food to meet their nutritional requirements. For both
C. leucas and G. garricki, larger SI areas were ob-
served in the wet than the dry season, reflecting a
greater breadth of available food and habitat,
although the large overlap between niche areas sug-
gests that they are consuming similar prey type over
both seasons. This was further supported by G. gar-
ricki having the larger wet season EFA niche space.

Observed differences between SI and FA niche
metrics, particularly within C. leucas, may also be a
result of maternal influences, driven by temporal dif-
ferences in muscle tissue turnover rates between the
2 biochemical tracers. The significant correlation
between TL and C. leucas §'°C values suggests that
these sharks rely on different food sources as they
grow. Maternal signatures have been found in C.
leucas in both 8'C and the FA 20:3m09, which was
used as a biomarker for EFA deficiency (Matich et al.
2010, Olin et al. 2011, Belicka et al. 2012), and very
weakly in 8N (Matich et al. 2010). The lack of
maternal signature in isotopes within our sharks may
be attributed to C. leucas feeding at a similar TP to
their mothers, to their size range being too small to
find a size-related difference or to differences caused
from the baseline consumer. Tissues in C. leucas
have shown a decline in isotopic values until they
reach 110 cm TL (Matich et al. 2010), whereas our TL



194 Mar Ecol Prog Ser 565: 181-196, 2017

range was from 72 to 93 cm and open umbilical scars
were found on ~50 % of individuals. The 2 juvenile P.
pristis may also have had some maternal influence as
they shared higher SI values.

Differences detected between the biochemical
niche metrics are also associated with the statistical
methods used. FA niche space is a probability projec-
tion rather than geometric (Swanson et al. 2015), and
thus calculates the likelihood of one species being in
the other's niche space. In contrast, SEA is reliant on
the confidence interval set for the ellipse and only
one measurement of overlap is calculated. For exam-
ple, R. taylori had a high probability of being in G.
garricki's FA niche space, but there was no SEAc
overlap between these species. In determining FA
niche space, only 5 EFAs could be used, which meant
there was an underlying assumption that these FAs
were the only FAs within the species that were
important for differentiating niches. A more com-
plete understanding of trophic niche based on FA
profiles could be achieved with larger sample sizes.
Better understanding of FA trophic markers in tropi-
cal watersheds would increase our ability to distin-
guish food sources within and among rivers, estuar-
ies and coastal ecosystems. Likewise, understanding
how biomarkers respond to environmental cues, and
profiling potential prey items, would greatly increase
our ecological knowledge of species resource use
and trophic interactions in coastal and estuarine eco-
systems.

This study identified 2 separate feeding guilds
and was the first to use SI and FA analysis in combi-
nation to measure trophic niche metrics and explore
resource partitioning among an assemblage of elas-
mobranchs. Differences in FA and SI niche metrics
highlighted the advantages of combining such
analyses. Our approach has demonstrated that elas-
mobranchs within the South Alligator River display
partitioning in trophic resource use, particularly
across marine and freshwater food webs. In particu-
lar, some species (C. leucas and G. garricki) are uti-
lizing food webs across the marine to freshwater
spectrum, which suggests that these fish provide
broad and important cross-biome trophic linkages
in tropical coastal ecosystems. In contrast, other
species (R. taylori) have a predominantly marine-
based niche that is relatively narrow but still pro-
vides limited connections through to the estuary.
Given the potential for complexity in resource use,
also highlighted by seasonal shifts in SI and FA
niche metrics, it appears likely these elasmobranchs
play important roles in food web connectivity in
tropical aquatic ecosystems.
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