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Abstract Predation is one of the most fundamental
and unifying concepts in ecology, and we are begin-
ning to obtain a more complete understanding of how
predators drive community structure and ecosystem
function through their impacts on prey. We know
considerably less about how predators affect each
other through intraguild interactions, which is surpris-
ing considering predators often occur simultaneously
and may compete for resources while avoiding being
killed themselves. In the present study, we examined
aspects of inter- and intra-specific resource use among
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three species of large-bodied predatory sharks (black-
tip, bull, lemon) co-occurring within a subtropical,
protected bay in the southeastern USA. Specifically,
we inferred relative trophic position, isotopic niche
overlap, and patterns of resource use of sharks using
stable isotope analysis of carbon-13 and nitrogen-15
from blood and fin cartilage samples. We also com-
bined these approaches with estimates of abundance
and occurrence from empirical shark surveys to
consider whether these species may exhibit resource
partitioning in space and time. We found that all three
species overlapped in space, and there was some
isotopic niche overlap between the species. We also
found evidence of temporal isotopic niche stability,
suggesting that co-occurring shark species may com-
pete for available prey resources, but individuals of
those species may have similar patterns of resource
use over time. We discuss our findings as they relate to
the ecologies of the species in question and how sound
conservation and management of ecosystems can
allow for predator diversity, sympatry, and stable use
of resources at the top of the food chain.

Keywords Feeding - Intraguild - Partitioning -
Predation risk - Predator - Shark

Introduction
Foraging activities of predators can initiate trophic

cascades via both predation and risk effects on their
prey (Werner and Peacor 2003; Creel and Christianson
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2008; Matassa and Trussell 2011). Furthermore,
predator diversity can increase the prevalence and
strength of trophic cascades (Estes et al. 1998;
Silliman and Bertness 2002; Byrnes et al. 2006), a
phenomenon which is reinforced by patches of
predictable resources or nutrients (Frederiksen et al.
2006). Predators are typically considered to be dietary
generalists (i.e., feeding on multiple prey types), and
many have adopted strategies to exploit persistent and
profitable resource regions (Costa 1993). However, at
the community level, resource partitioning can also
occur among sympatric predators (e.g., White and
Potter 2004; Papastamatiou et al. 2006); yet, under-
standing the conditions under which varying degrees
of resource portioning will occur among predators
remains relatively poorly understood.

Sharks often occupy apex or top predatory trophic
roles in aquatic ecosystems (Cortés 1999). In recent
years, sharks have become the focus of conservation-
based research primarily due to widespread population
declines from overfishing (e.g., Baum et al. 2003;
Gallagher et al. 2012; Dulvy et al. 2014). Research has
shown that predation risk from large sharks may cause
changes in the distribution, foraging, and habitat use of
their prey species (Madin et al. 2010; Barnett and
Semmens 2012; Hammerschlag et al. 2012). However,
relatively less is known about how sharks affect the
resource use of sympatric shark species (Kinney et al.
2011), depite the fact that many species often co-
occur.

Stable isotope analysis uses isotopic ratios of
carbon (C13/C12) and nitrogen (N15/N14), which
are enriched within consumers in a stepwise and
predictable way and can be used to infer patterns of
resource use among consumers (Peterson and Fry
1987). Carbon ratios are used to infer the carbon
source at the base of a food web (e.g., coastal vs.
offshore, Peterson and Fry 1987), while nitrogen ratios
are often correlated with trophic position (Post 2002).
The isotopic niche of a species includes, but is distinct
from, an ecological or dietary niche (reviewed in
Layman et al. 2012). Since different consumer tissues
incorporate stable isotopes from their environment at
different rates (e.g., bone/cartilage: months to years;
plasma/muscle: days to months), comparing isotopic
signatures between two tissues can reveal the temporal
stability of an individual’s patterns of resource usage
(e.g., Beaudoin et al. 1999; Knudsen et al. 2011).
Stable.isotope.analysis.is.increasingly.being used to
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study aspects of elasmobranch resource use (reviewed
in Hussey et al. 2012; Shiffman et al. 2012).

In this study, we took an eco-physiological
approach to examine aspects of inter- and intra-
specific resource use of top predatory fishes within a
productive subtropical bay protected from commercial
fishing (Florida Bay in Everglades National Park,
USA). Specifically, we evaluated four primary ques-
tions: (1) Do shark species in this productive system
occur similarly over space and time? (2) Do these
shark species exhibit overlap in isotopic niche inferred
by stable isotope analysis, and if so, what is the degree
of this overlap? (3) Do the focal species exhibit
temporal stability in isotopic niche space? Taken
together, (4) Do these species show evidence of
possible partitioning of their resource use (e.g.,
Kinney et al. 2011)? To answer these questions, we
investigated inferred trophic position, isotopic niche
overlap, and patterns of resource use for three species
of sharks in our system, using stable isotope analysis
of carbon-13 and nitrogen-15 from blood and fin
samples. Further, we coupled this analysis with an
examination of the difference in abundance of these
three species within the study area. We discuss our
findings as they relate to intraguild predator interac-
tions, the importance of predator effects on marine
food webs, and the conservation implications of these
intraguild interactions.

Methods
Study system and sample collection

Sampling was conducted in the northwest edge waters
of Everglades National Park, Florida, USA,
(~25.0°N, 81.0°W; Fig. 1). This region within
Florida Bay is a productive marine ecotone containing
by a diverse assemblage of teleost fishes and sharks
year-round (e.g., Torres et al. 2006). Shark fishing and
research surveys were conducted in the study area
monthly across the wet and dry seasons from Decem-
ber 2009 to February 2011. Our study focused on the
three relatively large (i.e., >140 cm TL) and common
shark species: blacktip sharks (Carcharhinus lim-
batus), bull sharks (Carcharhinus leucas), and lemon
sharks (Negaprion brevirostris), sampled within an
area of ~ 10 km?®. We focused on these species for
three reasons. First, all three co-occur in the study area
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Fig. 1 Map of study area, 82°0'0"W 81°0'0"W 80°0'0"W
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(Wiley and Simpfendorfer 2007). Secondly, these
species are known to feed primarily on fishes and
occasionally elasmobranchs, and thus could poten-
tially compete for the same prey in Florida Bay
(Hoffmayer and Parsons 2003; Newman et al. 2010).
Lastly, the area of greatest bull shark core habitat
occurred right on our sampling area (Hammerschlag
et al. 2012).

All sharks were captured using circle-hook drum-
lines, a standardized and minimally invasive fishing
technique following Gallagher et al. (2014). The
fishing gear consisted of a submerged weight tied to a
line running to the surface by means of an attached
inflatable buoy. A 23-m monofilament ganglion line

(~400 kg test) was attached to the submerged weight
by a swivel, which terminated at a baited 16/0 5°—
offset circle hook. This method permitted sharks to
swim in a 23-m radius circle around the base when
captured. The proximal end of the monofilament line
was connected to the weight. Two sets of five baited
(barracuda. Sphyrna barracuda) drumlines were
deployed roughly ~500 m apart from 1100 to
1430 h and were allowed to soak for an hour. After
an hour from the first deployment, each drumline was
sequentially checked for shark presence. If a shark was
present, it was immediately brought to the boat for
processing. A saltwater pump was placed in the
sharks’ mouth to permit oxygenation of the gills
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during the workup process. All sharks were then sexed
and measured for total length (TL, cm). Two tissue
samples were taken: whole blood and a fin clip from
the trailing edge of the dorsal fin (specifically to later
analyze the basal cartilage/fin rays, hereafter termed
‘fin’). Whole blood was obtained through caudal
venipuncture using 18-gauge needles and 10-mL
syringes (Gallagher et al. 2014). Approximately,
7 mL of whole blood was taken from each shark and
aliquoted into serum collection vacutainers for future
stable isotope analysis. Fin clips were taken by
trimming approximately 7 mm off the trailing edge
of the first dorsal fin. Collected samples were put on an
ice-slurry until we returned to dry land, after which
they were all frozen at —20 °C until further
processing.

Shark abundance and analyses

We used two metrics to evaluate relative abundance
patterns of the focal species. First, we calculated catch
per unit effort (CPUE) for each species expressed as
the number of sharks captured per set of five drum-
lines, averaged by the total number of sets (i.e.,
number of sharks per set/number of total sets; with a
‘set’ assumed to be independent) following the
approach of Hammerschlag et al. (2012). Second, we
calculated the frequency of occurrence for each
species expressed as the proportion of drumline sets
positive for a given species (i.e., number of sets
containing that species/number of total sets) following
an approach modified from Hammerschlag and Serafy
(2010). Since CPUE data were not normally dis-
tributed, we tested for differences among and between
species using Kruskal-Wallis tests. For frequency of
occurrence data, we applied Chi-squared analysis to
test for statistical differences among and between
species. To investigate whether species were poten-
tially avoiding one another or spatially partitioning
habitat, we used Spearman correlation to look for
correlations between CPUE and occurrence data
among species (i.e., whether abundance of one species
was positively or negatively correlated with another).

Stable isotope ratios and analyses
Stable isotope analyses were conducted in a contin-

uous flow isotope ratio mass spectrometer (CFIRMS)
atthe Laboratory..of . Stable Isotope.. Ecology in
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Tropical Ecosystems, at the University of Miami
(Florida, USA). Approximately, I mL of whole blood
and 0.5 mm of fin sample were dried for 48 h and then
homogenized (we excluded the skin of fin samples).
An aliquot of about 5.0 mg from each sample was then
weighed in tin cups and combusted in a Eurovector
Elemental Analyzer (Milan, Italy) at 1050 °C. The
resulting gases were separated and analyzed in an
Isoprime isotope ratio mass spectrometer (GV,
Manchester, England) for carbon stable isotope ratios.
CFIRMS involved the automated sequential measure-
ment of samples (unknowns) together with reference
material. Stable isotope ratios are expressed in d-
notation as parts per thousand (%o) deviations from the
international standards PDB (carbon) according to the
equation: 83 or 3N = [(Rsample/ Rstan-
dard) — 11 #1000 and R is *C/"2C or N/™N (the
ratio of ‘heavy carbon’ to ‘light carbon’) and nitrogen,
3'°N (the ratio of ‘heavy nitrogen’ "N to ‘light
nitrogen’ "*N). All isotope data were log-transformed
prior to analysis to meet the assumptions of normality
and homogeneity. All statistical analyses were per-
formed on blood-isotope data, except for the evalua-
tion between-tissue variation (described below). To
investigate whether there were any effects of size on
shark isotopic values, we evaluated for each species
the relationship between shark length and 3'°C and
3'°N using regression analysis. Since we did not
assume that the relationship between variables would
be linear, both linear and second-order polynomial
equations were used, with the best fit line reported
when data were significant (defined by the highest R*
value).

We also examined isotopic (a) niche width,
(b) niche space, and (c) niche overlap between species
pairs. To evaluate for potential differences in isotopic
niche width between species, we calculated and
compared a metric of dispersion on 8'°C and §'°N
bivariate data following the approach of Turner et al.
(2010) and Hammerschlag-Peyer et al. (2011). Dis-
persion is a measure of the average trophic variability,
and thus niche width, between shark species. To
calculate dispersion, we computed the mean distance
to centroid (3'>C and 8'°N bivariate mean) for each
shark species separately using nested linear models
and a residual permutation procedure (Turner et al.
2010; Hammerschlag-Peyer et al. 2011). Next, the
absolute of the difference in these mean values was
calculated. An absolute value greater than zero
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indicates a difference in isotopic niche width between
shark species (Turner et al. 2010). To evaluate
potential differences in isotopic niche space, we
calculated and compared difference in central ten-
dency of 8'°C and 8'°N bivariate data between
species. Central tendency is a measure of isotopic
niche space, and differences between species are
measured by computing the FEuclidean distance
between the centroids of the two species (Turner
et al. 2010). The isotopic niche position between two
shark species was considered to be different if the
Euclidean distance between the two species was
significantly greater than zero (R codes for the test
of dispersion and central tendency are provided in
Appendix of Turner et al. 2010). The test statistics for
dispersion and central tendency are herein referred to
as ‘mean distance to centroid’ and ‘Euclidean dis-
tance,” respectively.

To measure isotopic niche, we calculated each
species convex hull area (Vaudo and Heithaus 2012),
which is the area of the smallest convex polygon that
contains all individuals of a species in a 8'°C—3'°N-
biplot (Layman et al. 2007). We also calculated the
small sample size corrected SIBER ellipse area
(SEAc, Jackson et al. 2011), and we estimated isotopic
niche overlap among species using species-specific
SIBER ellipses generated via Bayesian modeling in
the SIAR package in R (R Core Team 2013). Non-
overlapping isotopic niche space suggests resource
partitioning between species, but overlapping isotopic
niche space does not necessarily suggest shared
resource usage (reviewed in Layman et al. 2012).
Additionally, larger values for convex hulls, SEAc,
3'3C range, and 3'°N range indicate a relatively larger
isotopic niche.

Different tissues incorporate isotopes at different
rates; shark whole blood has a faster turnover rate (up
to 265 days; MacNeil et al. 2005) than shark fin
(~400-600 days; Matich et al. 2011). To investigate
the potential temporal isotopic niche stability of
individuals, we regressed blood against fin values of
8'°C and 8'°N (for individuals with paired fin/blood
samples, from each species separately and for all
sharks combined). This allowed us to compare the
isotopic niche from a hard tissue (i.e., cartilage/fin ray)
to a more metabolically active tissue (whole blood),
which have broadly different turnover rates, there-
fore to determine if it varied over time. We compared
the paired blood and fin.8°C and 6N, values each

using paired ¢ tests. Analysis of occurrence data was
computed using SAS Statistical Software (SAS Insti-
tute, NC, USA). All other analyses were performed in
the program R (R Core Team 2013), and significance
was declared at p < 0.05.

Results

A total of 1010 individual drumlines from 202 sets
were analyzed for shark density, detecting a total of
176 sharks across the three species (blacktip, n = 86;
bull, n = 22; lemon, n = 68).

The largest species in our study was the lemon
shark (mean &= SD cm TL, 191.3 4 24.5 cm,
Table 1), followed by the bull shark
(1769 £ 148 cm) and the Dblacktip shark
(145.1 £ 27.4 cm). The ranges of sizes encountered
suggest that our sample of individuals captured was
likely sub-adult or adult; no young-of-year or neonates
of any species were captured (Table 1).

Significant differences in CPUE among sharks were
detected (Kruskal-Wallis, p < 0.0001, Fig. 2). The
CPUE of bull sharks was significantly lower
(mean £+ SD = 0.1 £ 0.37) than that of lemon
(0.34 £ 0.67) and blacktip sharks (0.43 £ 0.67;
p < 0.0001, Fig. 2a), whereas the CPUE between
blacktip and lemon sharks was not significantly
different (p = 0.06). Occurrence significantly differed
among the three species (Chi-squared, p < 0.0001,
Fig. 2b), with the highest occurrence found for
blacktip sharks (34% of sets), followed by lemon
sharks (24%) and bull sharks (10%). Pairwise com-
parisons revealed significant differences between all
species: lemon versus blacktip sharks (p < 0.05),
blacktip versus bull sharks (p < 0.0001), and lemon
versus bull sharks (p < 0.001). No correlations existed
among the three species in CPUE or occurrence
(Table 2). Thus, the abundance of one species did not
appear to be correlated with the density of another
species.

Bull sharks (n = 18) had the highest mean 8!5N in
whole blood (mean £ SD, 12.1 4+ 1.2%o), followed
by blacktip sharks (n = 40, 11.4 £ 0.6%o0) and lemon
sharks (n = 30, 10.2 £ 0.7%o; Table 1). The most
enriched mean 8'°C was found in lemon sharks
(—12.6 £ 2.2%0), followed by blacktip sharks
(—13.3 £ 1.2%o0) and then bull sharks
(—14.7 £ 2.8%o, Table 1). We also obtained means
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Table 1 Summary of 8'°C and 8'°N isotope samples and mean shark size and range for each of the three species assessed in the

present study for both blood and fin clip samples

Species n 13C n 15N Size (all individuals)
Mean £+ SD Min Max Mean £+ SD Min Max Mean £+ SD Range
Blacktip 145.1 + 274 67-182
Blood 40 —133 £+ 1.2 —17.1 —11.5 40 114 +£ 0.6 10.0 12.7
Fin 14 —125+ 14 —15.2 -9.6 14 10.6 + 0.7 9.6 11.6
Bull 1769 + 14.8 150-200
Blood 18 —147 £ 2.8 —18.8 —10.5 18 121 £ 1.2 10.6 14.6
Fin 9 —12.6 £ 2.2 —18.6 —10.1 9 10.2 £ 0.7 11.0 16.0
Lemon 191.3 £ 24.5 130-233
Blood 30 —12.6 £2.2 —18.6 —10.1 30 10.2 £ 0.7 9.3 12.0
Fin 21 —1124+22 =170 -82 21 9.6 + 1.0 81 120
1.2 Table 2 Spearman correlations among catch per unit effort
(a) a a (CPUE) and occurrence between the three shark species in the
1.0 4 present study
0.8 - CPUE Occurrence
1] Lemon Blacktip Lemon Blacktip
E 0.6 b
) Blacktip
04 1 p —0.12 —0.11
0.2 4 P 0.07 0.12
Bull
0.0 p 0.06 0.02 0.06 0.02
0.4 )4 0.37 0.72 0.44 0.76
() a
0.3 1
8 a from whole blood (Table 1). Blacktip sharks (n = 14)
< exhibited the highest mean fin 8'°N (10.6 £ 0.7%o),
5 024 followed by bull sharks (n = 9, 10.2 & 0.7%0) and
] lemon (n = 21, 9.6 £ 1.0%o, Table 1). Lemon sharks
© o b displayed the most enriched mean fin &"°C
(—11.2 £ 2.2%0), followed by blacktip (—12.5 £
1.4%o) and bull sharks (—12.6 &= 2.2%o., Table 1).
0.0 Based on our pairwise comparisons using the mean

Blacktip Bull Lemon

Fig. 2 a Mean catch per unit effort (CPUE) and b occurrence
values for bull, lemon, and blacktip sharks obtained from
sampling during the study period. Error bars are one standard
deviation. Lower-case letters represent significant differences

for both isotopes from fin samples for a subset of
individuals and observed a smaller range in both 8'°N
and 8'C values among species compared to values

@ Springer

distance to centroid (mdc) measure, isotopic niche
width between all species pairs was significantly
different (blacktip—bull: mdc = 1.63, p < 0.005;
blacktip-lemon: mdc = 0.8, p < 0.01; bull-lemon:
mdc = 0.82, p < 0.05; Table 3). Similarly, our pair-
wise comparisons using the Euclidean distance mea-
sure (md) revealed that isotopic niche space differed
significantly between all shark species’ pairs (black-
tip-bull: md = 1.18, p < 0.05; blacktip—lemon:
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md = 1.64, p < 0.005; bull-lemon: md = 2.81,
p < 0.005; Table 3).

Our isotopic niche overlap measures showed that
blacktip sharks” SIBER ellipse overlapped almost
completely with that of bull sharks (93.6%), though
only 20.11% of the bull shark ellipse overlapped with
that of blacktips. Lemon sharks’ SIBER ellipse
overlapped very little with blacktip sharks (4.1%)
and bull sharks (2.02%). Bull sharks had the highest
total occupied isotopic niche area (Figs. 3, 4), more
than twice that of blacktip sharks, as well as the
highest SEAc values (Tables 4, 5; Fig. 4). Lemon and
bull sharks had similar 8'°N ranges, which were each
more than twice as large as that of blacktip sharks.
Blacktip sharks had the highest 5'°C range of any of
the three species investigated (Table 4).

We fitted first- and second-order polynomial equa-
tions to carbon and nitrogen isotopes from whole
blood as a function of length for each species. There
were no significant relationships between length and
blood 8'°C for blacktip sharks (Fy30 = 1.76,
p = 0.09, R? = 0.04) and lemon sharks
(Fr0 = 1.57, p =023, R*=0.10), nor among
blood 8'"°N for both species (Fy30 = 1.22, p = 0.31,
R>=0.06; Fy,0 =170, p=0.18, R*>=0.12).
There was no significant trend between bull shark
length and blood 8'C (F,;; = 1.54, p = 0.25,
R* = 0.17), but we did detect a significant quadratic
relationship between bull shark length and blood §'°N
(Fy17 = 9.10, p < 0.01, R* = 0.55).

For the individuals for which there were paired
blood and fin samples, we evaluated blood—fin rela-
tionships for both isotopes. We detected tight, signif-
icant relationships between blood and fin 3'*C values
for blacktip sharks (F; ;3 = 60.17, p < 0.0001,
R? = 0.834, Fig. 5a) and bull sharks (F; g = 13.65,
p < 0.01, R> = 0.66, Fig. 5b), as well as for both
species” 8'°N (Fy 3 = 18.25, p < 0.01, R* = 0.60;
Fi3=2794, p<0.01l, R? = 0.80, respectively,

15
--@-- Blacktip
14
—&— Bull
13
—h& —Lemon
=z 12
L2
1w
11
*
10 \
9 —A
8
-20 -18 -16 -14 -12 -10 -8

Fig. 3 Niche overlap among the three shark species in the
present study based on the specific convex hull estimates
generated via Bayesian modeling in the SIAR package in R

© * Blacktip
¢ Bull
® Lemon
-
Z
n N
yw ¢
w
e_
-
-20 -18 -16 -14 -12 -10 -8

813C

Fig. 4 Small sample size corrected SIBER ellipses (SEAc) for
the three species of sharks evaluated here using data from blood
samples only

Fig. 6a, b). Lemon sharks also showed similar patterns
for both 8'°C (F) 50 = 85.85, p < 0.0001, R* = 0.82,
Fig. 5¢c) and 8N (Fj, = 46.24, p < 0.0001,
R* = 0.71, Fig. 6¢). When pooling all individuals
from all species, we detected strong and significant
relationships for 8'*C (F, 4 = 272.30, p < 0.001,
R> =087, Fig.5d) and 8N (F,43 = 247.40,
p <0.001, R* = 0.85, Fig. 6d). Within individuals,

Table 3 Differences in niche width (mean distance to centroid) and trophic niche space (Euclidean distance) and their associated

p values for the three shark species in the present study

Species comparisons Mean distance to centroid p value Euclidean distance p value
Blacktip—bull 1.63 0.003 1.18 0.028
Blacktip-lemon 0.80 0.006 1.64 0.002
Bull-lemon 0.82 0.019 2.81 0.001
@ Springer
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Table 4 Range of 8'°C and 5'°N values for blood samples only from each species, as well as their calculated total occupied niche
area generated based on the specific convex hull estimates generated via Bayesian modeling in the SIAR package in R

Species 8'3C range 35N range Total occupied niche area SEAc
Blacktip 5.56 2.68 8.16 2.24
Bull 8.3 4.03 21.28 10.42
Lemon 8.5 2.7 15.74 4.30

Table 5 Area of overlap between small sample size corrected
SIBER ellipses of different shark species using blood samples
only

Blacktip Bull Lemon
Blacktip X 2.096 0.18
Bull 2.096 X 0.087
Lemon 0.18 0.087 X

fin cartilage 613C values were significantly more
enriched than those from the blood (p < 0.05, Fig. 7),
whereas there were no significant differences between
3'°N values between the two tissues (Fig. 7).

Discussion

For the three shark species evaluated here, we found
spatial overlap and isotopic niche overlap, and we
detected evidence of temporal stability in isotopic
niche. The presence of partially overlapping isotopic
niches may, but does not necessarily, suggest com-
petition for resources between these shark species—
at the very least it fails to provide strong evidence of
resource partitioning between those species (with the
possible exception of lemon sharks). Additionally,
we detected little differences in isotopic signatures
between two tissues with different isotopic turnover
rates, suggesting isotopic niche stability over time.
Together, these results suggest that shark species
which are found in the same location may compete
for resources, but individuals within those species
may have consistent patterns of resource usage over
time.

Many strategies for alleviating competition and
predation risk in co-occurring predatory species have
been identified (Lima and Dill 1990), ranging from the
shifting of habitat or timing of reproduction

@ Springer

(Ghalambor and Martin 2000; Heithaus et al. 2006),
to utilizing fat reserves or hoarding food and hiding
(Lucas and Walter 1991), and altering foraging habits
or resource preferences (Hawlena and Pérez-Mellado
2009). We tested for and found temporal isotopic
niche stability in tissues, in a population of overlap-
ping shark species. Given low competition due to
available resources (Simpfendorfer and Milward
1993; the lack of non-overlapping isotopic niches in
the present study), we interpret this finding as sharks
being selective and thus exploiting the same preferred
resources over the time scale in which we investigated.

Bull sharks in this study exhibited the highest mean
3'°N value although this could be related to some
transient inshore feeding or other factors not evaluated
here. Whereas much of the blacktip total occupied
niche area fell within that of lemon or bull sharks, bull
sharks had a wider isotopic niche area that largely did
not overlap with that of either other species (Table 3;
Figs. 3, 4). Lemon sharks’ total occupied niche area
overlapped with blacktip and bull sharks to a relatively
intermediate degree. Our isotopic results are consis-
tent with these findings based on stomach content
analyses, suggesting that the three species investi-
gated here are occupying approximately the same
relative trophic level in the Everglades system. Based
on previously published stomach content analysis,
lemon and blacktip sharks are considered to be
generalist teleost predators occupying a similar
trophic level, with 92.9 and 88.9% of their standard-
ized diet, respectively, composed of teleost prey
(Cortés 1999). Also, based on previously published
stomach contents, bull sharks are considered to occupy
a similar, but slightly higher, trophic level (4.3, Cortés
1999) than both lemon and blacktip sharks (4.2, Cortés
1999), despite having a more variable diet, primarily
composed of teleosts (52.3%) and chondrichthyans
(sharks, rays, skates, chimaeras; 35.4%, Cortés 1999).
Taken together, these findings suggest that bull sharks
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Fig. 5 Linear regressions showing the relationship between
8'3C values between fin (relatively slower turnover rate) and
whole blood (relatively faster turnover rate) as a means for
estimating temporal diet stability among individuals for

may exhibit wider and more diverse use of resources
than either other species, including feeding on higher
trophic level prey, results consistent with diet studies
by Cortés (1999). Moreover, our comparison of
isotopic signatures of whole blood and fin suggests
that these patterns of resource use are consistent over a
8- to 18-month period (blood and fin tissue turnover
times, MacNeil et al. 2005). Recent work evaluating
energetics in large sharks via plasma lipids from the
area found that blacktip and bull sharks had high
concentrations of metabolic fuels such as free-fatty
acids, with bull sharks showing the highest cholesterol
of all sharks studied (Gallagher et al. 2017). The
authors hypothesized this could be a result of feeding
on high protein diets. Determining the actual resources
used via additional non-lethal methods (i.e., stomach

a blacktip sharks, b bull sharks, ¢ lemon sharks, and d all
sharks pooled together. To promote ease of access and
comparability with other studies, the data plotted represent
untransformed values

content analyses, energetic metabolism sensu Gal-
lagher et al. 2017), combined with fine scale tracking
studies could provide greater insights into this.
Information on the behavior and movements of the
species in our study and other locations may help
explain some of our findings. Telemetry studies of adult
bull sharks off Florida have revealed high residency to
coastlines with spatial exploitation of regional hot-spots
(likely in pursuit of food, Hammerschlag et al. 2012),
whereby individuals will then initiate coastal migra-
tions (Graham et al. 2016). Acoustic tracking data from
Australia and Southern Africa indicate that bull sharks
also appear to range up and down regional coastlines
and individuals will venture to adjoining continental
shelves in accordance with summer months (Werry
et al. 2012; Daly et al. 2014); however, this species is

@ Springer

www.manaraa.



444

Aquat Ecol (2017) 51:435-448

12.5 4

12.0 A

11.5 A

11.0 A

315N Blood

10.0

(b)

12.5

12.0 4

11.5 A

11.0 A

10.5 A

315N Blood

10.0 A

9.5 4

9.0 4

8.5

4
i1 T T T T T T 1

12.010 1 12 13 14 15 16 17

615N Fin

Fig. 6 Linear regressions showing the relationship between
8'°N values between fin (relatively slower turnover rate) and
blood (relatively faster turnover rate) as a means for estimating
temporal diet stability among individuals for a blacktip sharks,

-8 —_ 16 - )
T — : —
| 14 8
o -12 |
o e :
14 : = 12
-16 7 i ; 10 . E
18 : : :
T

. — 8 -

T T
Blood Fin Blood Fin
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generally more restricted in their migratory move-
ments than other large predatory sharks (i.e., tiger
sharks). Juvenile bull sharks have high affinities and
residency in coastal estuaries and river systems in the
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b bull sharks, ¢ lemon sharks, and d all sharks pooled together.
To promote ease of access and comparability with other studies,
the data plotted represent untransformed values

southeastern USA, which serve as nursery habitats
for this species as well as for blacktip and lemon
sharks (which show loosely similar movement pat-
terns; Yeiser et al. 2008; Ortega et al. 2009; Heupel
et al. 2003).

By comparing the range of carbon isotope signa-
tures from our sharks to other species from Florida
Bay (Chasar et al. 2005), it is possible lemon sharks
could be primarily consuming small fishes inhabiting
the seagrasses such as snapper (8'°C range from
~—11.0 to —13.0%0), whereas a slightly similar
pattern of inshore feeding may be occurring in
blacktips, albeit on slightly higher trophic level fishes
such as jacks (8'°C range —12.0 to —13.0%o; Chasar
et al. 2005). These inferences are entirely speculative
since we did not study prey species (and we cannot
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comment on the legacy of the isotopes collected
>10 years ago); however, they help put our findings
into context. Our isotope signatures may be more a
function of the production resources (e.g., mangrove
vs. seagrass). Bull sharks exhibited the greatest range
in isotopic niche breadth, with less enrichment in
carbon suggesting possible greater use of offshore
resources, possibly including more mobile prey such
as small coastal sharks and larger fishes known to be
consumed by this species (Cortés 1999). Large sharks
do predate naturally on other smaller shark species
(e.g., Springer 1961; Snelson et al. 1984), and the area
of Florida Bay studied here has been previously found
to contain the highest proportion of sharks year-round
in the entire Florida Bay and Everglades ecosystem
(Torres et al. 2006). Indeed, within this region, Torres
et al. (2006) found a positive correlation between the
abundance of teleost prey and the abundance of sharks,
suggesting that the food web is dynamic over large
spatial scales. During this study, we encountered
instances of shark depredation on line-caught blacktip
and bull sharks. Thus, it is reasonable to assume this is
an area of high predation risk for the shark community.

In this study, we did not find significant effects of
total length on 8'°C or 8'°N for any of our three study
species with the exception of bull shark 3'°N blood.
One reason for this finding may be that the individuals
we sampled in our study were generally all relatively
larger (and thus older) than the size range over which
many ontogenetic shifts in resource use may occur.
For example, Shiffman et al. (2014) found an ontoge-
netic shift in isotopic niches between young-of-year
and juvenile sandbar sharks (Carcharhinus plumbeus),
but not a second shift between juvenile and adult
individuals. Similarly, Fisk et al. (2002) found a
significant effect of total length on 8'°N values in
Greenland sharks (Somniosus microcephalus), but
their study encompassed a larger size range of
individual sharks than the present study. Clearly,
more data are needed to better understand the com-
plexities of resource use among sympatric large
sharks, and future work using stable isotopes could
be integrated with acoustic telemetry, diet data, and
spatial modeling to correlate foraging with movement
(e.g., Papastamatiou et al. 2010; Daly et al. 2014;
Papastamatiou et al. 2015).

We realize that, although stable isotope analysis
can be a valuable and flexible method for studying
aspects.of food. web.interactions.and-habitat usage of

elasmobranchs under certain scenarios, there are many
limitations as they relate to our study (Hussey et al.
2012; Layman et al. 2012; Shiffman et al. 2012).
Firstly, we did not specifically test for individual
specialization; although we believe our comparison of
two metabolically different tissues provided a valid
comparison of patterns of resource use over time
(albeit shorter time periods if we had used blood
plasma). Also, if the isotopic signature of prey or
producers at the base of the food web varies spatially
or temporally (e.g., if there are slight unpredictable in-
terannual fluctuations in the isotopic signature at the
base of the food web in Florida Bay; Chasar et al.
2005), changes in the isotopic signature of a consumer
could have also resulted due to temporal variation in
producer isotopic signature rather than distinct pat-
terns of resource usage (e.g., Vizzini and Mazzola
2003). We also realize that while non-overlapping
isotopic niches would likely suggest strong resource
partitioning between species, overlapping isotopic
niches (as detected here) do not necessarily suggest
shared resource usage or competition (reviewed in
Layman et al. 2012). Thus, due to the spatial scale of
our study (despite the restricted home range of the
species evaluated here), we cannot extrapolate these
findings to the greater ecosystem, as these findings
may occur at the local level (i.e., Torres et al. 2006).
Many isotopic models require the use of an accurate
diet-tissue discrimination factor, which have not been
calculated for many elasmobranchs to date (Hussey
et al. 2010). A number of factors beyond diet or
resource use could lead to variability in isotopic
signatures, such as urea and lipids, which were not
removed from our samples here but could still be
present in blood and cartilage tissue, and could still
skew the 8'°C values (Hussey et al. 2011). Different
storage and sample preparation techniques can also
affect the isotopic signature of some elasmobranch
tissues (Kim and Koch 2012). Stable isotope analyses
also only present inferred averaged resource use, and
complementary data, such as movement or stomach
content analysis, can provide additional insights that
can also be used to validate or obtain more insights
from results of stable isotope analysis. We do not
know the degree of movement that our coastal sharks
exhibited during the study, although recent work on
bull shark movements in this area suggested that these
animals generally remain within the sampling area
throughout the year (Graham et al. 2016).
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Conclusions

Understanding how large consumers utilize important
inshore ecosystems can provide key insights into how
to best manage and conserve these areas. Our study
provides new insights into how individuals of large,
co-occurring marine predators are able to coexist in
localized, prey-rich systems. Specifically, we found
that three species of sympatric, large sharks, likely did
not partition the resources available to them but
instead they may have been selective in their prey over
time. Our work adds to the growing body of work on
resource use and partitioning among sharks using
isotopic data (e.g., Abrantes and Barnett 2011; Matich
etal. 2011; Speed et al. 2012; Kiszka et al. 2015). This
type of information collected for multiple species has
added value since the ecological roles of sharks as top
predators are currently debated, largely due to insuf-
ficient data (Frisch et al. 2016; Roff et al. 2016). When
prey and good habitat are not limiting, top predators
(even those of different trophic levels) can be diverse,
abundant, and can co-occur and lead to stable resource
use, a finding that has implications for continued
sound management and protection of ecologically
important environments.
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