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Strategies to minimise intraspecific competition are common in wild animals. For example, individuals
may exploit food resources at different levels of the food chain. Analyses of stable isotopes are particularly
useful for confirming variations in an intraspecific niche because the chemical composition of animals tends
to reflect both the food consumed and the habitats occupied by the species. However, studies using this
methodology to investigate neotropical crocodilians are scarce. This study aimed to verify the existence of
ontogenetic and sexual niche variation in broad-snouted caiman in a silvicultural landscape in Brazil through
the use of carbon and nitrogen stable isotopes. The isotopic ratios of carbon and nitrogen were determined
in claw samples collected from 24 juveniles, 8 adults, and 16 hatchlings of C. latirostris. We identified a
discrete ontogenetic variation in the isotopic niche and sexual difference only for juveniles. These results
may indicate differences in the exploitation resources and a consequent reduction in competition between
age classes.

Keywords: carbon-13; crocodilians; food resources; isotope ecology; niche variation; nitrogen-15

1. Introduction

The ecological niche is traditionally defined as the multidimensional space comprising the
resources used by an organism [1]. However, conceptual advances and technological developments
in isotope ecology in recent decades have caused an increase in the application of this methodol-
ogy to investigate niche relationships between organisms, and these advances and developments
have caused the concept of the niche to be adapted. The isotopic niche can be defined as the area
in space of § values (n-dimensional), with the isotopic values (8 values) as the coordinates [2].
The analysis of stable isotopes is particularly useful within this context because the chemical
composition of animals (isotope ratio) tends to reflect both the food consumed and the habitats
occupied by the species [3-5], providing an integrated representation in space and time. Therefore,
the isotopic niche is not the same as the dietary niche because isotopic axes can provide information
on the bionomic and scenopoetic aspects traditionally used to define niche hypervolumes [6].
The carbon isotope ratio ('*C/'2C) is widely used to differentiate carbon sources in diets [7,8].
Similarly, the nitrogen isotope ratio ('>N/!#N) is used to determine the trophic level of an organism
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in view of the progressive increase in '>N from the base to the top of the food chain [9]. This
isotope methodology can also serve to identify differences in resource use at different time scales
[10], favouring the ecological assessment of long-term trends in management and conservation
projects [2].

Strategies to minimise intraspecific competition are common in wild animals because they
can maximise the exploitation of available resources (e.g. habitat or food) and increase the
fitness of competitors [11,12]. Intraspecific variations in resource use have important evolutionary
implications for the ecological attributes of species [13] and may occur during the ontogenetic
development of individuals [14,15] and/or between the sexes [16].

Body size is an important factor in the biology of animals because it directly influences energy
requirements [15]. Ontogenetic niche variation can involve changes in habitat use and in the
exploitation of food resources [11], and ontogenetic variation in resource exploitation has been
extensively studied in a wide range of taxa, including invertebrates [17], amphibians [18], reptiles
[19,20], birds [21,22], and mammals [23,24]. Niche variation between sexes is also common
[25,26].

Crocodilian species show a dramatic increase in body mass from hatchling to adult, which
results in changes in the exploitation of food resources [27]. An understanding of changes in diet
is of key importance for species conservation and is directly related to changes in ecological niches
[28]. Although occasionally vague [29], the concept of niche is of fundamental importance for
the understanding of life history strategies and ecological interactions [30]. However, few studies
using this approach have been conducted in neotropical crocodilians, particularly in anthropic
environments, where resource availability may be altered.

This study aimed to test the possible occurrence of ontogenetic and sexual niche variation in
broad-snouted caiman in a silvicultural landscape of Southeastern Brazil through the use of stable
isotopes of carbon and nitrogen. The null hypothesis in this study is that no intraspecific niche
variation (ontogenetic or sexual) occurs in this species under such circumstances.

2. Materials and methods

2.1. Study area

This study was conducted at two silvicultural farms (Trés Lagoas: 23°22'0" — 23°20'41”S/48°28'
0" — 48°27'57"W and Arca: 23°20'0” — 23°18'51”S/48°27'30” — 48°28'20"W) located in the
municipality of Angatuba, state of Sdo Paulo, Brazil. The climate is considered subtropical, with
slight variation occurring along the Alto Paranapanema watershed [31].

The study area has experienced cycles of deforestation and the regeneration of native vegetation
[32]. The Trés Lagoas and Arca farms present total areas (TAs) of 3242 and 1122 ha, respectively.
The landscape on the two farms is a mosaic formed by a matrix of eucalyptus plantations, fragments
of native vegetation (transition between Cerrado and Atlantic Forest) [33], and water bodies (lakes,
ponds, and streams).

2.2. Methods of capture and immobilisation of animals

Captures were performed from February 2010 to April 2011 during the night with the aid of
steel cable snares and sealed-beam headlights to locate the animals. The approach was performed
by boat, as described by Hutton et al., [34] or by foot at the edge of the water body (if small)
while imitating hatchling vocalisation. We also used baited traps (three iron hoops, one metre in
diameter, with 6 cm mesh size) placed within the water bodies near the edge. The animals were
physically restrained and blindfolded with a cloth, and the mouth was closed with adhesive tape.
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The individuals were marked by cutting single and double tail scutes [35,36], with a previ-
ously established combination of numbers, in addition to microchips (transponders) (Destron,
TX1414B). The total length (TTL) and snout—vent length (SVL) were measured with a measur-
ing tape of 1 mm precision [37]. The animals were sexed by visual examination of the genitalia
morphology, using a speculum of appropriate size [36,38]. Claw fragments (the terminal 5 mm
of the claw in adults and juveniles and the entire claw in hatchlings) were collected from all of
the captured animals to analyse stable carbon and nitrogen isotopes. Claws are considered to be
metabolically inert tissues, thus recording the isotopic composition of food resources close to the
time of formation [39].

2.3. Sample preparation

The claw samples were washed with a solution of chloroform and methanol to extract the lipids,
dried at 50°C to a constant mass, and homogenised and powdered using a grinder. The resulting
material was weighed (0.8—1.0 mg) and placed in small tin capsules.

The isotopic composition of carbon and nitrogen was determined by the combustion of an
‘online’ sample with CF-IRMS on a Carlo Erba elemental analyser (CHN-1110) coupled to a Delta
Plus mass spectrometer. The analysis was conducted in the Laboratério de Ecologia Isotdpica of
the Centro de Energia Nuclear na Agricultura of the Universidade de Sdo Paulo, in Piracicaba,
Sao Paulo, Brazil. The calculation of the isotopic composition of carbon and nitrogen was based
on the following equation:

s13C or 8PN = (;:”ﬂ)—l,

standard

where R denotes the '3C/'2C or >N /!N molar ratio in the sample and standard [40]. The results
are presented in delta (§) per mil (%o). The international standards used for nitrogen and carbon
were atmospheric N, (Air) and Vienna Peedee Belemnite, respectively. The standard deviations
of secondary isotopic reference materials (sugarcane leaves) were 0.08 %o for §'°N and 0.14 %o
for 8'*C based on seven within-run samples during two runs.

2.4. Data analysis

The captured animals were separated into the following age classes adapted from Larriera et al.
[41]: hatchlings (class I) <50 cm, juveniles (class II) 50-129.9 cm, and adults (class III and
IV) >130cm TTL. These age classes were converted into measures based on SVL, according
to the regression equations available in Verdade [42] for C. latirostris (TTL-SVL relationship:
r? = .97, p < .001) because crocodilians usually lose part of their tail in agonistic interactions
[43]. Therefore, the age classes can be represented as follows: hatchlings (class I) < 25cm,
juveniles (class IT) 25-67.9 cm, and adults (class III and IV) > 68 cm SVL. The §'3C and §°N
values of the captured hatchlings were not incorporated in the analyses because the individuals
were captured from the same nest, possibly resulting in sampling bias due to pseudoreplication.
However, the means and standard deviations are presented.

The ontogenetic niche was evaluated according to the hypothesis-testing framework proposed
by Hammerschlag-Peyer et al. [44] for stable isotope ratios. Incorporating important character-
istics of food resource use, such as niche widths (Bayesian standard ellipse), niche position (test
of central tendency), and niche overlap, this framework identifies three possible types of situa-
tions: 1 — no niche shift, 2 — niche expansion/reduction, and 3 — discrete niche shift between size
classes [15].
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Quantitative metrics based on the position of individuals within the §'>N-§'3C data were used
to reveal aspects of the trophic structure of wild animals at the population and community levels
[45-47]. The TA metric (the convex hull area formed by extreme individuals within 8 Y'N-§'3C)
indicates the niche widths of the population or community studied [45]; however, the area of the
polygon is strongly influenced by the sample size, making it impractical to compare groups having
different sample sizes [48]. Therefore, we used the Bayesian standard ellipse metric (SEAg) to
measure the niche widths to ensure robustness with regard to the variation in sample size [48].
This metric was calculated from the variance and covariance of x and y data (bivariate data-set),
containing approximately 40% of the data and determining the core niche. Probability values for
differences between the groups were obtained by calculating the proportion of the total number of
simulations (10,000), where one group had a larger SEAg than the other. Details of the calculations
can be found in Jackson et al. [48] The metrics were calculated using Stable Isotope Analysis in
the R package [49] for R [50].

The niche position was evaluated by a test of central tendency that was based on the Euclidean
distance between the groups’ centroids [51]. Nested linear models and residual permutation pro-
cedures were generated, and the measurements (Euclidean distance) were compared between the
groups. The tests were conducted using R software [50] following the script provided by Turner
etal. [51].

The question of whether isotopic compositions (§'°N and §'3C) vary between age classes
(juvenile and adults) and sexes was addressed using MANOVA. In case of significance, ANOVA
was performed for each isotope composition to determine which of these contributed to any of the
significant effects found in the MANOVA results considering a Bonferroni correction. An analysis
of mean (ANOM) was used as a post hoc test. Linear regression was applied to the juvenile males
and juvenile females to verify the possible relationship between the isotopic compositions and
body length (i.e. SVL). In addition, an analysis of covariance (ANCOVA) was applied to verify the
interaction between sex and body length (SVL) in juveniles. The normality and homoscedasticity
of the data were analysed prior to the application of the statistical analyses, which were performed
with Minitab 16. The significance level was set at « = 0.05 for the statistical analyses and the
measurements are expressed as the mean =+ standard deviation.

3. Results

In total, 48 broad-snouted caiman were captured (16 hatchlings, 24 juveniles, and 8 adults). The
average TTLs were 22.8 &+ 0.6 cm (range: 21.5-23.5 cm) for hatchlings, 80.0 &= 13.4 cm (range:
56.5-108.5 cm) for juveniles, and 164.6 £ 19.0cm (range: 136.0-198.0cm) for adults. Their
respective SVLs were 10.9 &= 0.3 cm (range: 10.2-11.4 cm), 37.8 &= 6.1 cm (range: 27.0-49.0 cm),
and 82.2 £ 9.1 cm (range: 72.0-98.0 cm).

Discrete niche variation between the age classes was found using the framework of hypothesis-
testing proposed by Hammerschlag-Peyer et al. [44]. The niche widths calculated for each age
class by SEAg using Bayesian inference were statistically similar (juveniles — mean: 2.89 %,
median: 2.81 %02, 95% Cr.L. : 1.85-4.11 %¢*; adults — mean: 2.63 %02, median: 2.43 %%, 95%
Cr.l: 1.22-4.73 %d?; p = .631; Figure 1). However, the positions of the isotopic niches were
significantly different (Euclidean distance = 5.75; p = .001), with no niche overlap between the
two age classes (Figure 2).

The stable isotope compositions were significantly different among the age classes (MANOVA:
Fi31 = 66.0; p < .001), and separate ANOVA indicated that both § I5N and 8'3C were different
among the age classes (8"N: Fi31 =852;p < .001; s1C: Fi31 = 115.3; p < .001). A similar
pattern was found for sex because the isotope compositions were different between the sexes
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Figure 1. Similarity between estimates of Bayesian standard ellipse areas (SEAp) in juveniles and adults of
broad-snouted caiman (C. latirostris) inhabiting silvicultural areas in Southeastern Brazil. The black points correspond
to the mean SEAg for each group, while shaded boxes representing the 50%, 75% and 95% credible intervals from dark
to light grey.
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Figure 2. Spatial divergence of standard ellipse between juveniles (white balls) and adults (black balls) of broad-snouted
caiman (C. latirostris) in 8""N-813C space.

(MANOVA: F;3; = 25.5; p < .001), and ANOVA indicated that both 815N and 813C were differ-
ent between the sexes (8'°N: Fi131 =72.2;p < .001; sBc: Fi31 =58.7; p < .001). There was
no difference between the adult males and females, but there was a significant difference between
the sexes in juveniles (Table 1).

There was a significant relationship between 8 '°N and SVL for the juvenile males (F 116 = 40.4;
p < .001; 7> = .73) but not for the females (F ¢ = 0.2; p = .650; r> = .04; Figure 3). In addition,
there was no significant relationship between §'*C and SVL for the juveniles (males: F 15 = 2.60;
p = .124; r? = .09; females: Fi16 =1.60; p = .251; r?2 = .01; Figure 4). SVL in juveniles was
found to be a significant covariant of sex to §""'N (ANCOVA: F) »; = 19.90; p < .001), but not
to §"°C (ANCOVA: F|,3 = 0.20; p = .649).

The mean 8N and §'3C values for the hatchlings were 5.6 & 0.1 %0 (5.4-5.9 %o) and —18.6 &
0.1 %o (—18.8 to —18.4 %o), respectively. However, the hatchlings were not considered for the
above analysis, as the individuals captured in the same nest are likely siblings, potentially resulting
in sampling bias due to pseudoreplication [52].
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Table 1. Stable isotope compositions (8'°N and §'3C) differ between age classes and sexes of
broad-snouted caiman (Caiman latirostris) inhabiting silvicultural areas in Southeastern Brazil
as revelled by ANOVA and ANOM tests (superscript letters indicate similarities or differences).

813C (%o) SN (%o)
Juveniles —21.54£0.74 (=22.5t0 —19.2) 2.6 +1.3%(1.0 t0 5.3)
Adults —18.1+0.6% (—19.4 to —17.4) 7.3 4 0.98 (6.0 to 8.5)
Juveniles: males —21.8 £ 044 (=22.5to —21.0) 2.0+ 0.8% (1.0 to 3.4)
Juveniles: females —20.7 £ 0.98 (—=21.7 to —19.2) 424098 (3.1t05.3)
Adults: males —18.0£0.9€ (—19.4 to —17.4) 7.8 +0.9€ (6.4 to 8.5)
Adults: females —18.340.3€ (—18.6 to —17.9) 6.8 0.8 (6.0 to 7.9)
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Figure 3. Progressive increase of stable isotope compositions (8'*N and §'3C) in relationships of SVL in broad-snouted
caiman (C. latirostris) in silvicultural areas in Southeastern Brazil.

4. Discussion

Crocodilians are top predators in the food chain in most freshwater ecosystems [53]. These animals
can exploit a wide range of food resources and occupy a variety of habitats, such as wetlands,
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Figure 4. Different relationships between stable istope compositions (8'°N and §'3C) and (SVL) of males and females
juveniles of broad-snouted caiman (C. latirostris) in silvicultural areas in Southeastern Brazil.

floodplains, lakes, rivers, streams, and ponds [53—57]. C. latirostris has a broad latitudinal range
within its geographical distribution [55]. Therefore, this species exploits a wide variety of prey,
including invertebrates (e.g. anthropods and crustaceans) and vertebrates (from fish to mammals)
[58,59].

Distinct isotopic niches between juveniles and adults may be due to ontogenetic differences
in diet. This is consistent with the data obtained using traditional diet analyses in this species
[58,59] and other crocodilians [60—63] in which a diet shift from invertebrate to vertebrate items
occurs with ontogenetic development. Considering that there is a dramatic change (1000x) in body
size for this species from hatchling (50 g) to adult (50 kg), we can expect a dramatic ontogenetic
change in prey size. As a matter of fact, crocodilian (from hatchling to adult) feeding behaviour is
typically characterised by inertial ingestion of any possible food item they can grab and manage
to swallow [64], and this ontogenetic shift in diet may result in a decrease in intraspecific niche
competition [65]. However, there is generally a consistent intraspecific variation in crocodilian
growth rates, with a possible influence on this pattern.

Traditional techniques of diet analyses based on stomach-flushing are considerably invasive.
Radloff et al. [28] proposed a new approach to crocodilian studies based on stable isotope
composition (§'*C and §'°N) and, as a result, found an ontogenetic shift in the isotopic niche
of Nile crocodiles (Crocodylus niloticus), a finding that is corroborated by the present study.
Age/size classes can be identified by marked changes in isotopic composition in comparison to
body size.

The difference in isotopic niche found between C. latirostris juveniles and adults can be either
due to differential habitat use by age classes or to a distinct resource use on a microhabitat
scale. The stable isotope composition of a food web can vary spatially based on a variety of
biogeochemical processes [5]. In addition, recent studies with estuarine crocodilians, Crocodylus
acutus and Alligator mississippiensis, showed the importance of a marine environment compared
to an inland/freshwater environment to this species [66,67]. C. latirostris can also be found in
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an estuarine habitat [68], and these two environments (marine and freshwater) can be exploited
by the species in the search for resources necessary for their survival. However, the animals were
captured at the same site in this study, with most likely the same baseline isotopic values. Under
such a circumstance, the use of distinct food resources on a microhabitat scale would be most
likely.

The social behaviour of crocodilians can also influence the results of this study. Aggressive
interactions are usually related to the use of space in C. latirostris [43] and other crocodilians
[69]. Indeed, social hierarchy may limit the access of individuals to certain microhabitats and may
consequently produce a limitation of food resources [27].

C. latirostris individuals show consistent sexual dimorphism in the shape and size of the skull
[70,71], and this morphological variation between the sexes could result in intraspecific niche
variation [72]. However, the differences between sexes found in the juveniles in the present study
are likely due to the clutch effect [37]. The clutch effect — not sex — could also be responsible
for the difference in body size between the juvenile males and females in this study in which
we likely sampled a clutch of males and another clutch of females. Although there are molecular
markers that are sufficiently effective to identify siblings in this species [73-75], these analyses
were not performed in this study due to logistical reasons.

There appears to be a complex relationship between nesting habitat [76], temperature-dependent
sex determination [77], and growth rate [78] in this species and most likely in other crocodilians
[79]. These processes would, by hypothesis, affect dispersal patterns [80] and habitat use [81].
Consequently, the isotopic niche would be affected by the sex of the individual and by the genetic
and phenotypic compounds shared by siblings, usually called the clutch effect. Future studies
should focus on this issue.

The values of the isotopic ratios of nitrogen and carbon for hatchlings (mean §'N: 5.6 %o;
mean §'3C: —18.6 %) were closer to the values of the adult females than to those of the adult
males. The hatchling group captured in this study was apparently moving from the nest site to
the nearest pond and most likely had not started feeding yet, as they survive for some weeks or
months on the reserves of their yolk sac. For this reason, the hatchlings possibly still reflect their
maternal isotopic pattern [82]. Indeed, a maternal influence on the isotopic ratios of hatchlings
has been reported for snakes [83] and sea turtles [84], highlighting the need for future studies
that focus on understanding this relationship in crocodilian species. In addition, the possibility of
testing whether the isotopic ratios of the hatchlings could be used to estimate their maternal ratios
should be addressed; as such a measure can be useful in large species that are more difficult to
capture [84].

Woodborne et al. [85] investigated C. niloticus mass mortality events using claw tissues,
establishing the aquatic food web structure in the system in relation to the presence/absence
of pansteatitis (dietary disease). Being relatively inert, claws integrate the isotopic composition
of the time they are formed, as opposed to metabolically active tissues that alter their isotopic
composition during the replacement of dead cells [38]. The use of claws for isotopic studies as
a novel approach for crocodilians has the great advantage of indicating the relatively long-term
dietary isotopic composition without requiring the sacrifice of animals or the use of invasive proce-
dures (such as bone biopsy). However, claws can also record dietary temporal variations because
this tissue grows continuously [86]: the proximal region reflects the most recent diet/habitat,
whereas the distal region reflects the oldest. Therefore, the interpretation of the isotopic composi-
tion of claw tissue should be made with caution, as its turnover rate is likely to be slow. Rosenblatt
and Heithaus [87] found the isotope turnover rates of American alligators (A. mississippiensis) to
be considerably slower than those of most other taxa studied (blood plasma, red blood cells, and
scutes: 252, 566, and 590 d for §'3C and 249.6, 1109.2, and 414 d for §'°N, respectively). Caut
[88] found higher isotope turnover rates for broad-snouted caiman hatchlings (blood plasma, red
blood cells, and muscle: 83, 256-306, and 134 d for 8§13C and 48-91, 160-283, and 188 d for
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815N, respectively) than for alligators, possibly because the study was conducted with hatchlings,
which have a faster growth rate than juveniles and adults. Future studies should prioritise the
turnover rate in crocodilian claws by considering their distal gradient and the possible differences
between anterior and posterior claws parts. In addition, as claws are inert tissues, they can also
be useful to study differences among age classes.
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