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Knowledge of the feeding ecology and trophic interactions of marine species is essential to understanding food
web dynamics and developing ecosystem-basedmanagement approaches. Given thatmany top predatory fishes
have experienced large population declines from coastal ecosystems, it is critical to understand the role of
smaller, mesopredators in coastal foodwebs. This study used stomach content (SCA) and stable isotope analyses
(SIA) of muscle tissue (δ13C, δ15N) to examine the feeding ecology of four common demersal elasmobranchs
(Mustelus henlei, Raja velezi, Zapteryx xyster and Torpedo peruana) from the Pacific coast of Costa Rica, Central
America. Specifically, we investigated: (i) size- and sex-related changes in diet; (ii) dietary changes between
seasons; (iii) dietary changes across depth and latitudinal gradients; and (iv) the degree of diet overlap among
species. SCA showed that M. henlei, R. velezi and Z. xyster were feeding on a wide range of teleost and decapod
species, whereas teleosts dominated the diet of T. peruana. Torpedo peruana had a lower prey diversity and die-
tary breath than the other species. Interestingly, SIA revealed a significantly larger isotopic niche breath in
Z. xyster, indicating that SIA can provide a broader perspective of diet than SCA. Both SCA and SIA showed rela-
tively low dietary overlap among species, except between R. velezi and Z. xyster which have a similar size,
mouth morphology and potentially feeding behaviour. Latitude and size were identified as important drivers
of the feeding ecology of elasmobranchs; however, their effect varied considerably among species and was
often influenced by other factors such as sex and depth. Season had little influence on elasmobranch diet, but
our data suggested that isotopic baseline values differ between geographic regions due to differences in local bio-
geochemical processes and/or prey availability, and possibly in response to seasonal nutrient fluctuations. This
may also indicate that some of these elasmobranchs tend to usemore localized habitats along the coast. The pres-
ent study increased our understanding of the feeding ecology of common demersal elasmobranch species. More-
over, trophic information of elasmobranchs provided an important baseline record to understanding how
trawling fisheries may impact demersal ecosystems in Costa Rica and the Central American region.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Large population declines of top predatory fishes have been widely
documented (Dulvy et al., 2014; Lotze and Worm, 2009; Myers and
Worm, 2003). This has raised concern as large marine predators
such as sharks are thought to have an important role in the structure
and function of marine communities through direct and indirect
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interactions with prey, and their removal may result in trophic cascad-
ing effects (Heithaus et al., 2008, 2014;Myers et al., 2007; Stevens et al.,
2000). Therefore, given that many top predatory fishes have experi-
enced large population declines in coastal ecosystems, knowledge of
the feeding ecology and trophic interactions of mesopredators is
essential to understanding food web dynamics (Ferretti et al., 2010;
Trueman et al., 2014; VaudoandHeithaus, 2011). Detailed trophic infor-
mation of a species is also essential to defining its role in the ecosystem
and developing ecosystem-based management approaches.

Ecological theory predicts a high level of separation among
coexisting sympatric species along at least one of three niche dimen-
sions: food, habitat, and/or time (Heithaus et al., 2013; Knickle and
Rose, 2013). Trophic niche partition (e.g., separation in the use of differ-
ent food resources) is presumed to reduce overlap within and among
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elasmobranch species (Heithaus et al., 2013; Papastamatiou et al., 2006;
Platell and Potter, 2001; White et al., 2004). Elasmobranchs typically
change their diet with size because of changes in cranial morphology
throughout ontogeny (Dean et al., 2007; Lowry et al., 2007) or due to
higher metabolic requirements (Kim et al., 2012; Lowe et al., 1996). As
a result, body size is an important driver reducing the degree of dietary
overlap (Espinoza et al., 2012; Papastamatiou et al., 2006; White et al.,
2004). Many coastal elasmobranchs also segregate spatially by sex,
size and depth during specific times of the year (Clarke et al., 2014;
Mollet and Cailliet, 2002; Springer, 1967); therefore, detailed knowl-
edge of the spatial and seasonal distribution of a species is critical to
understanding its feeding ecology.

The diet and trophic ecology of sharks and rays have traditionally
been studied using stomach content analysis (SCA) (Cortés, 1997;
Ebert and Bizzarro, 2007; Hyslop, 1980). The use of SCA can provide
high taxonomic details on the diet of a species but is often time consum-
ing, typically lethal, and only provide a “snap shot” of what a species has
recently consumed (Hussey et al., 2011). In contrast, stable isotope
analysis (SIA) provides long-term integrated dietary information using
methods that are generally cost-effective and potentially non-lethal.
This information is also valuable to examine broader dietary changes
and trophic dynamics (Fisk et al., 2002), habitat utilization (Heithaus
et al., 2013; Hussey et al., 2011), and movement patterns of sharks
and rays (Carlisle et al., 2012; Couturier et al., 2013). Stable isotopes of
carbon (13C/12C expressed relative to a standard as δ13C) provide a
useful tool to track movements between isotopically distinct habitats,
whereas stable isotopes of nitrogen (15N/14N expressed relative to a
standard as δ15N) are often used to examine dietary shifts and trophic
relationships in food webs (Hussey et al., 2011; Post, 2002). Long-
term integrated stable isotope values also provide important informa-
tion on the ecological role of elasmobranchs within a food web
(Vaudo and Heithaus, 2011).

Recent studies have shown that twenty-five species of sharks and
rays are captured as by-catch in the commercial trawling fishery of
Costa Rica, representing over 36% of the elasmobranch richness report-
ed for the entire Pacific coast (Bussing and Lopéz, 2009; Clarke et al.,
2014). From these, the brown smooth-hound (Mustelus henlei), rasptail
skate (Raja velezi), southern banded guitarfish (Zapteryx xyster) and
Peruvian torpedo (Torpedo peruana) represent four of the most
common species caught in waters deeper than 50 m (Clarke et al.,
2014; Espinoza et al., 2012, 2013). These species are commonly found
in the Eastern Tropical Pacific (ETP), have wide depth distributions
(approx. 18–300 m), and are subjected to various levels of fishing
(Allen and Robertson, 1994; Clarke et al., 2014; Mejía-Falla and Navia,
2011). All except T. peruana are relatively small (b1 m total length),
slow-moving, demersal species that feed primarily on epibenthic prey
(Allen and Robertson, 1994; Bussing and López, 1993).

Despite the common occurrence and high spatial interaction with
commercial trawling fisheries, little is known about the feeding ecology
of common demersal elasmobranchs in ETP (Clarke et al., 2014;
Mejía-Falla and Navia, 2011; Navia et al., 2007). Previous studies
showed that R. velezi and Z. xyster have similar diets, which consist
primarily of decapod shrimps during early life-stages and teleost and/
or larger prey as they mature (Espinoza et al., 2013; Navia et al.,
2007).Mustelus henlei is a more opportunistic epibenthic mesopredator
with a highly diverse diet consisting of larger proportions of teleosts and
cephalopods (Cortés, 1999; Espinoza et al., 2012; Navia et al., 2007).
Although these studies reported detailed information about the diet
composition of M. henlei, R. velezi and Z. xyster, our knowledge about
how other factors (e.g., season, depth and latitude) influence their feed-
ing ecology is scarce. The diet of T. peruana remains poorly known
throughout their distribution, but based on studies from a closely-
related species (Torpedo californica; Lowe et al., 1994), this species is
presumed to feed more on epipelagic teleosts. Catch data from the
Costa Rican trawling fishery revealed sex and size segregation patterns
associated with depth in some of these elasmobranchs (Clarke et al.,
2014). Therefore, depth is expected to be an important factor influenc-
ing their diet. Here we combined information from SCA and SIA of
muscle tissue to examine the feeding ecology of R. velezi, M. henlei,
Z. xyster and T. peruana along the Pacific coast of Costa Rica, Central
America. Specifically, we investigated: (i) size- and sex-related changes
in diet; (ii) dietary changes between seasons; (iii) dietary changes
across depth and latitudinal gradients; and (iv) the degree of diet
overlap among species.

2. Materials and methods

2.1. Study site and sampling

The Pacific coast of Costa Rica has a highly irregular coastline and a
continental shelf of approximately 15,600 km2 (Fig. 1; Wehrtmann
and Cortés, 2009). Based on geographic features, the Pacific coast was
divided in three regions: North, Central and South (see Wehrtmann
and Cortés, 2009). The North Pacific region has limited freshwater
input due to the absence of large rivers and is influenced by strong
seasonal upwelling that occurs between December and April (Jiménez,
2001). The Central Pacific is bordered by two large estuarine systems
(Golfo de Nicoya and the Humedal Nacional Térraba-Sierpe — HNTS).
The South Pacific region has a steep continental slope, and is adjacent
to the Golfo Dulce, a large tropical fjord (Quezada-Alpizar and Cortés,
2006). Costa Rica has a pronounced dry (December–May) and rainy
(June–November) season. Seasonal changes in the amount of nutrient
input from large rivers are known to influence coastal productivity,
particularly in the central and southern Pacific regions (Wehrtmann
and Cortés, 2009).

Fieldwork was conducted on-board commercial shrimp trawlers
along the entire Pacific coast of Costa Rica (Fig. 1). Vessels were
22.5 m long and equipped with two standard epibenthic nets (20.5 m
long; mouth opening: 5.35 × 0.85 m; mesh size: 4.45 cm; cod-end
mesh size: 3.0 cm). The duration of each haul varied between 15 min
to 6 h, and trawling speed fluctuated between 2 and 3 knots. Both
fishery-independent and dependent surveys were conducted between
March 2010 and December 2011 along the entire Pacific coast. Howev-
er, fishing effort was concentrated in the Central Pacific region at depths
between 25 and 250 m (Fig. 1). Captured elasmobranchs were
identified, sexed, weighed, and measured (stretch total length — STL:
tip of the snout to posterior tip of the tail, with the tail flexed down;
disc width — DW: distance between the wing tips). Hereafter, elasmo-
branch size referred to TL in M. henlei and DW in R. velezi, Z. xyster and
T. peruana. Individuals were classified as immature (neonates and
juveniles) or mature (adults) based on the stage of calcification of the
claspers (males), and the development of the oviductal gland, uterus
and egg development stage (females) (see Clarke et al., 2014).

2.2. Diet composition and overlap

Stomachs were extracted at sea, placed in labelled plastic bags,
stored on ice and frozen upon returning to the laboratory. Stomach
contents were emptied on a 500-μm mesh sieve, rinsed with water,
and identified to the lowest taxonomic level possible under a dissecting
microscope. Prey items were counted, weighted and when possible
measured to the nearest mm. Unidentified prey items were excluded
from subsequent analyses. An index of vacuity was used to express
the number of empty stomachs encountered as a percentage of the
total stomachs examined. Net feeding was not considered an issue as
most prey items examined showed an advanced stage of digestion
(see Espinoza et al., 2012, 2013). The diet composition of elasmobranchs
was analysed at two taxonomic levels. First, prey items were pooled at
the family and/or order level. Second, all prey items were pooled into
six major categories: (1) teleosts, (2) shrimps, (3) crabs, (4) stomato-
pods, (5) cephalopods, and (6) other invertebrates (this category
included other crustaceans, polychaetes and unidentified worms).



Fig. 1. Trawling locations sampled along the Pacific coast of Costa Rica. Shaded colour areas indicate the division of North (blue), Central (red) and South Pacific (green). Lines indicate 50
and 200 m depth contours. GN: Golfo de Nicoya; Q-MA: Quepos-Manuel Antonio wetland; T-S: Térraba-Sierpe wetland; GD: Golfo Dulce.
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Cumulative prey curves were constructed for species to determine if an
adequate number of stomachswas analysed to accurately describe their
diets (Ferry and Cailliet, 1996). The order in which stomachs were
analysed was randomized 99 times and the cumulative number of
new prey items was counted for each randomization. Subsequently,
the number of analysed stomachswas plotted against themeannumber
of prey items (±SD) encountered in the stomachs. Prey–stomach
curves that reached a stable asymptote were considered sufficient to
describe their diet (see Fig. S1).

An index of prey-specific abundance (%PAi) was calculated based on
the methodology proposed by Brown et al. (2012): %PAi = Σ%Aij / ni,
where %Aij is the abundance (by counts — %PNi or weights — % PWi) of
prey category i in stomach sample j and ni is the number of stomachs
containing prey i. The Index of Relative Importance (IRI) was modified
and replaced by the Prey-Specific Index of Relative Importance (PSIRI)
to incorporate prey-specific abundances (%PNi and %PWi) in the calcula-
tions (see Brown et al., 2012): %PSIRI = %FOi × (%PNi + %PWi) / 2. The
PSIRI is additive with respect to taxonomic levels, providing a more
robust dietary index for comparisons between studies. Prey diversity
and niche breadth were also determined for each species using the
Shannon–Wiener diversity index and Levin's standardized niche
breadth, respectively (Krebs, 1999).

Non-metric multidimensional scaling (NMDS) ordination plots
followed by a Permutational Multivariate Analysis of Variance
(PERMANOVA; 1000 permutations) of the six major prey categories
were used to test for significant differences in diet composition among
elasmobranch species. Stomachs were randomly sorted into groups of
five to ten (depending on the sample size) andmean gravimetric values
(%W — the total weight of each prey category i divided by the total
weight of prey items in the stomachs) from these groups were deter-
mined to obtain the samples used in further dietary analysis. The
randomization and subsequent grouping of gravimetric data were
designed to reduce the number of prey categories in the samples with
zero values, thus increasing the effectiveness of multivariate analysis
(see White et al., 2004). Gravimetric data were log-transformed before
analysis and a Bray–Curtis dissimilarity matrix was constructed (Platell
and Potter, 2001). These analyseswere done using the “vegan” library in
R statistical package v.3.0.2 (R Development Core Team, 2014).

2.3. Dietary changes from SCA

A PERMANOVA was also used to examine intra-specific variation in
diet composition among geographic regions and between seasons.
Other categorical variables such as sex and stage of maturity were also
included in these comparisons to assess potential interacting effects.
Due to insufficient sample size a single model with region and season
as the only factor was run for T. peruana. Given the low number of
stomachs collected from the north and south Pacific regions (see
Table 1), a redundancy analysis (RDA)was used to investigate the effect
of continuous predictors (e.g., size, depth, latitude and sex— coded as a
binomial factor) on the diet composition of each species within the
central Pacific. RDA is a type of constrained ordination that examines
the amount of variation in a group of response variables that is
explained by continuous predictors (Legendre et al., 2011). The
Hellinger transformation (square root of the proportional abundance
of a prey category in a stomach sample) was applied to the prey abun-
dance data prior to the analysis (Legendre and Gallagher, 2001), follow-
ing the methodology proposed by Brown et al. (2012). Continuous
predictors and their two-way interaction terms were tested for collin-
earity/variance inflation factors (vif) using the “vegan” library in R
3.0.2 (R Development Core Team, 2014). Only interactions between
sex and depth, and sex and size were examined in R. velezi and
Z. xyster due to high collinearity (vif N 10). Forward selection of predic-
tors that explained significant changes in diet was assessed with Monte



Table 1
Sampling data of elasmobranch species examined for stomach content (SCA) and stable
isotope analysis (SIA), Pacific coast of Costa Rica. Numbers in parenthesis indicate the
proportion of empty stomachs (%). Sections of SCA and SIA indicate the number of
stomach and muscle tissue samples, respectively, used in the analyses.

Mustelus
henlei

Raja
velezi

Zapteryx
xyster

Torpedo
peruana

Size range (cm) 16.20–66.5 13.2–76.9 14.0–78.3 14.2–88.9
No. stomachs examined 341 (17%) 517 (14%) 235 (20%) 105 (65%)
No. stable isotope samples 76 98 84 55

SCA SIA SCA SIA SCA SIA SCA SIA
Sex

Males 235 49 267 46 78 32 46 25
Females 106 27 250 52 157 52 59 30

Life-stage
Immature 142 28 240 43 112 50 88 43
Mature 199 48 277 55 123 34 17 12

Region
North Pacific 6 8 52 22 43 10 5 6
Central Pacific 307 22 331 20 163 28 93 39
South Pacific 28 46 134 56 29 46 7 10

Season
Dry (Dec–May) 53 29 188 51 139 49 59 28
Rainy (June–Nov) 288 47 329 47 96 35 46 27
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Carlo permutations (10,000) using the “packfor” function in R version
3.0.2 (R Development Core Team, 2014). Visualization of RDA biplot
for each elasmobranch species was done using the “vegan” library in R
3.0.2 (R Development Core Team, 2014).

2.4. Dietary changes from SIA

Subsets of the net-caught elasmobranch species were sampled for
SIA (Table 1). Approximately 5 g of muscle tissue was collected from
the dorsal musculature at the base of the first dorsal fin in sharks or
from the dorsal side of rays. Samples were frozen, dried at 60 °C for
48 h and ground to a fine powder for subsequent analyses. Lipids
were extracted using a solution of chloroform and methanol (1:1)
from all samples as lipids are depleted in 13C compared with proteins
and carbohydrates (MacNeil et al., 2005). The resultant C:N ratio for
all samples ranged from 3.07 to 3.90 (mean ± SD = 3.32 ± 0.1).
These values suggested lipid extraction was sufficient. Stable
isotopes ratios of 13C/12C and 15N/14N were determined by a Thermo
Finnigan DeltaPlus mass spectrometer at the Great Lakes Institute of
Environmental Research (GLIER) in Canada. Ratios of heavy to light
isotopes were expressed in δ according to the following equation:
X = (RSample / RStandard − 1) × 1000 (‰), where X was the heavy iso-
tope, Rsample is the ratio of heavy to light isotope in the sample, and
Rstandardwas the ratio of heavy to light isotope in the reference standard.
Pee Dee Belemnite and atmospheric N2were used as standard reference
materials for carbon and nitrogen, respectively. Laboratory andNational
Institute of Standards and Technology (NIST) standards were analysed
every 12 samples to determine analytical precision. The analytical
precision (standard deviation) for NIST standard 1577c (bovine liver,
n = 93) and an internal laboratory standard (tilapia muscle, n = 93)
were 0.07‰ and 0.11‰ for δ13C and 0.11‰ and 0.11‰ for δ15N.

Multiple linear regression models were used to test relationships
between δ13C/δ15N and sex, size, depth, season, and latitude for each
species. Models with up to two-way interactions were tested for collin-
earity and high variance inflation factors (vif) using the “car” library in R
(R Development Core Team, 2014). In instances of high collinearity
(vif N 5) factors and/or interactions were removed from the models.
Season was excluded from the model in R. velezi due to the strong
relationship with size. In Z. xyster, the interaction between latitude
and season was dropped from the model due to high collinearity. A
criterion for significance of α = 0.01 was set for all tests to account
for the low sample size in some of the interacting factors. The isotopic
niche breadth and isotopic overlap among species were calculated
using the “SIAR” library (see Jackson et al., 2011) in R version 3.0.2 (R
Development Core Team, 2014). The smallest convex hulls that contain
all individual δ13C and δ15N values within a group were calculated to
represent total niche breath of each population (Layman et al., 2007).
Bayesian standard ellipses (SEAb), which represent the “average” isoto-
pic niche breadth of the population (Jackson et al., 2011), were also
calculated. Differences in SEAb size were considered significant if the
95% credibility intervals of posterior draws did not overlap. Bayesian
standard ellipses were used to calculate isotopic niche overlap among
species and were measured as a percent (%) of the shared isotopic
space of each species. Where applicable, data were checked for
normality and homogeneity of variance using diagnostic plots in R, ver-
sion 3.0.2 (R Development Core Team, 2014).

3. Results

A total of 341 samples ofM. henlei, 517 of R. velezi, 235 of Z. xyster and
105 of T. peruanawere used for SCA (Table 1). The index of vacuity was
relatively low inM. henlei (17%), R. velezi (14%) and Z. xyster (20%), but
high in T. peruana (65%). Similar proportions ofmales and females were
examined in R. velezi and T. peruana; however, stomach samples were
skewed towards males in M. henlei and females in Z. xyster (Table 1).
Significant differences in size distribution of the sexes were found in
all the species (K–S test, p b 0.05), except for T. peruana where males
and females had similar sizes. Most maleM. henlei caught were mature
(65%), while immature females (83%) dominated the catch. In both
R. velezi and Z. xyster mature males and females were more abundant
than immature individuals; interestingly intermediate size classes
(30–60 cm DW) of both male and female R. veleziwere virtually absent
from the sample. Immature males and females of T. peruana (86%)were
more common than adults. Cumulative prey–stomach curves showed
that enough samples were examined to accurately describe the diets
of M. henlei, R. velezi and Z. xyster, but more samples were needed for
T. peruana (Fig. S1).

3.1. Diet composition and species overlap

Stomach content analysis (SCA) revealed thatM. henlei, R. velezi and
Z. xyster were feeding on a wide range of prey items, but teleosts and
decapods were the main prey categories in their diet (Table 2).
Torpedo peruana on the other hand fed almost exclusively on teleosts
(93.1% PSIRI). Prey diversity and dietary breadth were similar in
M. henlei, R. velezi and Z. xyster, but considerably lower in T. peruana
(Table 2). The NMDS showed a distinct separation in the diets of
M. henlei and T. peruana, but not in R. velezi and Z. xyster (Fig. 2A;
PERMANOVA F3, 36 = 14.94, p b 0.001). Teleosts and decapods
dominated the diets of R. velezi and Z. xyster (90.2% and 87.2% PSIRI,
respectively); however, these categories only represented 57% PSIRI of
the diet of M. henlei (Table 2). Other prey categories such as cephalo-
pods (22.0% PSIRI) and stomatopods (17.2% PSIRI) were also important
components of the diet ofM. henlei, but were less important in R. velezi
(9% PSIRI) and Z. xyster (12.4% PSIRI).

Bayesian isotope analysis indicated that Z. xyster had a significantly
larger isotopic niche breath than the other species (Fig. 2B; Fig. S2).
The isotopic niche breath size of R. velezi, M. henlei, and T. peruana
were relatively similar. Isotopic niche breadth overlap between species
was generally low. There was no isotopic overlap between T. peruana
and M. henlei or R. velezi. Isotopic overlap between R. velezi and
M. henlei (10.5% and 12.9%), and Z. xyster and M. henlei (5.5% and
13.0%) were also low. There was, however, a relatively large percentage
of isotopic niche overlap between Z. xyster and T. peruana (10.3% and
32.0%), and Z. xyster and R. velezi (32.1% and 65.1%).

Diet composition did not vary significantly between males and
females; however, PERMANOVA revealed significant differences
between the stages of maturity in M. henlei, R. velezi and Z. xyster
(Table S1, Fig. 3). In these three species, diets of immature individuals



Table 2
Prey-specific index of relative importance (%PSIRI) for prey items in the diet of four elasmo-
branch species, Pacific coast of Costa Rica.

Prey items Mustelus
henlei
(n = 341)

Raja
velezi
(n = 517)

Zapteryx
xyster
(n = 235)

Torpedo
peruana
(n = 105)

Teleosts 30.44 36.11 28.37 93.12
Anguilliformes – – – 2.63
Aulopiformis – 0.47 – –

Batrachoidiformes – 1.17 1.51 –

Gadiformes – – – 5.26
Lophiiformes 0.39 0.24 – –

Ophidiiformes 1.33 2.72 1.67 2.63
Perciformes 0.24 3.48 1.46 4.46
Pleuronectiformes 0.41 2.06 3.15 1.18
Scorpaeniformes – 0.25 – 10.53
Unid. teleosts 28.08 25.74 20.58 66.43

Decapoda 27.13 54.09 58.82 1.42
Pandalidae 2.59 3.19 0.72 –

Penaeidae 0.39 1.21 1.11 –

Sicyoniidae – 2.22 1.49 –

Solenoceridae 5.77 18.55 12.17 –

Unid. shrimps 10.17 27.70 34.84 1.42
Axiidae – 0.05 0.00 –

Calappidae 0.91 – 0.82 –

Dorippidae 0.59 – 2.84 –

Majidae – – 0.17 –

Portunidae 0.42 0.18 0.26 –

Raninidae – – 0.22 –

Unid. crabs 6.28 0.98 4.18 –

Stomatopoda 17.17 2.59 2.79 –

Other crustaceans 0.04 0.06 – –

Mollusca 22.01 6.44 9.60 5.46
Cephalopods 22.00 5.88 9.42 5.46
Bivalves 0.02 0.56 0.18 –

Polychaeta 3.22 0.71 0.41 –

Levin's index 0.327 0.253 0.238 0.146
Shannon–Wiener index 2.137 2.218 2.155 1.416

Fig. 2. (A) Non-parametric multidimensional scaling (nMDS) plot of the diet composition
of common demersal elasmobranchs, Pacific coast of Costa Rica. Gravimetric data (% prey
weight) of the six major prey categories (teleost, shrimps, crabs, stomatopods, cephalo-
pods, and other invertebrates) were used to examine dietary overlap. (B) Values of δ13C
and δ15N (mean ± SD) of elasmobranch species. Bayesian standard ellipses (dashed
lines) indicate average isotopic niche breadth of Mustelus henlei (black dots), Raja velezi
(red diamonds), Zapteryx xyster (green squares) and Torpedo peruana (blue triangles).
Error bars indicate 95% confidence intervals.
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had larger proportions of invertebrates (e.g., mainly shrimps, stomato-
pods, and polychaetes), while teleosts were more important for adults
(Fig. 3). This shift from a crustacean to a teleost-dominated diet was
most evident in R. velezi (Fig. 3B). Although the relative importance of
teleosts in the diets of mature M. henlei and Z. xyster also increased,
other prey categories contributed to the observed differences. For
example, stomatopods and cephalopods were a large component of
the diet of mature female and male M. henlei, respectively (Fig. 3A),
whereas the proportion of crabs increased in the diet of mature
Z. xyster (Fig. 3C). Mature individuals of all examined species also had
higher δ13C and δ15N than immature individuals, as shown by their
relative positions in isotopic niche space (Fig. 4). The SEAb results indi-
cated that there was little isotopic overlap between immature and
mature M. henlei (b4%), R. velezi (b1%) and Z. xyster (5.8% and 9.6%)
(Fig. 4). Immature and mature T. peruana exhibited a high isotopic
overlap (33.5% and 58.5%; Fig. 4), which was largely due to the similar
δ13C across sizes. There was also a moderate degree of overlap in δ15N
values between size classes; however, larger T. peruana still appeared
to feed at higher trophic levels than smaller individuals.

3.2. Dietary changes from SCA

Season had no effect on the diet composition of any of the species,
except for R. veleziwhere differenceswere likely driven by the low sam-
ple size of stomachs from immature individuals collected during the dry
season (Table S1, Fig. S3). The PERMANOVA also revealed significant
regional differences in the diets of M. henlei, R. velezi and Z. xyster. All
these species consumed a larger proportion of teleosts and cephalopods
in the North Pacific compared to the Central and South Pacific regions
(Table S1, Fig. S3). However, this result may have been influenced by
the low number of stomachs from immature individuals collected in
the North and South Pacific regions (Table 1). Therefore, stomach
samples from the study species were pooled by season, and only the
Central Pacific region was considered in further analyses.

Dietary changes in response to biological and spatial drivers varied
considerably among species (Table 3, Fig. 5). The predictors from the
RDA only explained 7% of the variance in the diet ofM. henlei. Forward
selection revealed that dietary changes were influenced by latitude,
depth and size (Table 3). Teleosts were a more important prey in the
diet of largerM. henlei, while decapod shrimps and other smaller inver-
tebrates (e.g., polychaete worms, crabs and other crustaceans) were
more important for smaller individuals. Similarly, decapod shrimps
were less important at higher latitudes and cephalopods were associat-
ed with deeper waters (Fig. 5A). In R. velezi and Z. xyster, the predictors
from the RDA explained 27% and 13% of the variance in their diet,
respectively. Forward selection revealed that in both species size
explained most of the variability from the factors examined. However,
depth was also selected as an important predictor of the diet of
R. velezi (Table 3). Teleosts were associated with the diets of larger
R. velezi and Z. xyster, while decapod shrimps were more important in
smaller individuals (Fig. 5B,C). Stomatopods were also an important
component of the diet of R. velezi in shallower waters. The predictors
from the RDA explained 12% of the variance in the diet of T. peruana
(Fig. 5D). However, forward selection showed that none of these
variables had a significant contribution to the species' diet.

3.3. Dietary changes from SIA

Multiple linear regression models showed that size (Fig. 6A) and
latitude (Fig. 6B) were important drivers of δ13C in M. henlei (R2 =
0.79, Table 4). Significant interactions between sex and size, and sex



Fig. 3.Diet composition of commondemersal elasmobranchs from thePacific coast of Costa Rica by sex and stage ofmaturity. Bar charts showthe prey-specific index of relative importance
(%PSIRI) of the six major prey categories (teleost, shrimps, crabs, stomatopods, cephalopods, and other invertebrates) found in (A)Mustelus henlei, (B) Raja velezi, (C) Zapteryx xyster and
(D) Torpedo peruana. Numbers in parentheses above bars indicate stomach sample size for each combination.
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and depth were also detected in this species (Table 4). Larger male
M. henlei had higher δ13C values than females (Fig. 6A); females also
showed more negative δ13C values than males with increasing depth
(Fig. 6C). In R. velezi, there was a significant increase of δ13C with
increasing size and latitude (R2 = 0.60, Table 4, Fig. 6). Season was
the only factor that influenced δ13C in Z. xyster, with significantly higher
δ13C values observed during the dry than rainy season (R2 = 0.58,
Table 5). In T. peruana, the model showed a negative effect of depth
and a positive effect of season on δ13C (R2 = 0.45, Table 5, Fig. 6).
There was also an interaction between size and depth where larger
individuals had larger δ13C values in deeper waters.

All species showed a significant increase in δ15Nwith size, providing
further evidence of ontogenetic dietary shifts (Tables 4, 5). InM. henlei,
the multiple regression model showed a significant increase of δ15N
with increasing size (Fig. 7A), depth (Fig. 7B) and latitude (Fig. 7C)
(R2 = 0.82, Table 4). In R. velezi there was a significant interaction
between sex and size, and sex and latitude on δ15N (R2 = 0.66,
Table 4). Larger male R. velezi had higher δ15N values than females
(Fig. 7D). Additionally, while δ15N did not change with latitude in
male R. velezi, there was an increase in δ15N with increasing latitude in
females (Fig. 7E). Size was the only factor that had a significant effect
on δ15N in Z. xyster (R2 = 0.64, Table 5, Fig. 7). In T. peruana, size and
latitude had a positive effect on δ15N, whereas depth had a negative
effect (R2 = 0.60, Table 5).

4. Discussion

This study contributes to an integral view of some of the factors that
influence the feeding ecology of elasmobranchs along the Pacific coast
of Costa Rica, and provides an important baseline to understanding
foodweb dynamics in demersal ecosystems. Latitude and elasmobranch
size were identified as important drivers of the feeding ecology of
elasmobranchs. However, the effect of latitude and size on the diet
composition and isotopic values varied considerably among species,
and were often influenced by other interacting factors such as sex,
depth and season. Our findings provide some evidence supporting



Fig. 4. Isotopic niche overlap plot of immature (black filled circles) and mature (red filled squares) individuals of (A)Mustelus henlei, (B) Raja velezi, (C) Zapteryx xyster and (D) Torpedo
peruana. Convex hulls are indicated by black dashed lines. Standard Bayesian ellipses are indicated by solid coloured lines.
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trophic partitioning and habitat shifts in elasmobranchs, which is
important for reducing the degree of dietary overlap within and
among species. Few studies have simultaneously used SCA and SIA to
examine the feeding ecology of co-existing demersal elasmobranchs
(Blanco-Parra et al., 2011; Fisk et al., 2002; Hussey et al., 2011). Combin-
ing these two techniques allowed tracking dietary changes at different
spatial and temporal scales, thus increasing our understanding of
Table 3
Predictors from theRedundancyAnalysis (RDA) explaining changes in thediet of common
demersal elasmobranchs, Central Pacific of Costa Rica. Only significant predictors are
shown.

Species Predictor R2 R2 cumulative F p-Value

Mustelus henlei Latitude 0.041 0.041 9.64 0.001
Depth 0.012 0.053 2.97 0.020
Size 0.011 0.064 2.58 0.033

Raja velezi Size 0.144 0.144 35.57 0.001
Depth 0.097 0.241 26.74 0.001

Zapteryx xyster Size 0.078 0.078 10.54 0.001

Forward selection of predictors explaining statistical differences (α = 0.05) in diet was
assessed with Monte Carlo permutations (10,000).
potential trophic interactions, habitat shifts and niche partitioning of
common demersal elasmobranchs in Central America and the ETP.

4.1. Species diet overlap

Our results showed relatively low dietary overlap among elasmo-
branch species, except between R. velezi and Z. xyster. High diet overlap
between R. velezi and Z. xyster may be explained by similarities in their
body size, mouth morphology and potentially feeding behaviour (Dean
et al., 2007; Platell et al., 1997). Navia et al. (2007) reported a similar
diet composition for these two species in the Pacific coast of Colombia,
and suggested that R. velezi and Z. xyster feed opportunistically on
benthic prey that spatially overlapped with their distribution. While
these two species are commonly found in similar areas throughout the
Pacific coast of Costa Rica, R. velezi tend to use deeper waters
(N100 m) than Z. xyster (Allen and Robertson, 1994; Clarke et al.,
2014), which could reduce trophic interactions. Morphological and
behavioural differences can also explain the low overlap in the diets of
M. henlei and T. peruana. Mustelus henlei is an epibenthic predator
with a highly diverse diet consisting of decapods, cephalopods and
small teleosts (Espinoza et al., 2012; Navia et al., 2007). In contrast,
T. peruana had a more specialized piscivorous diet than any of the



Fig. 5. Redundancy analysis biplot showing changes in the diet of commondemersal elasmobranchs explainedby size (cm), depth (m), latitude and sex. (A)Mustelus henlei, (B) Raja velezi,
(C) Zapteryx xyster and (D) Torpedo peruana. Prey categories (SH— shrimps; TE— teleosts; ST— stomatopods; CR— other crustaceans; CE— cephalopods; OT— other invertebrates) are
indicated with open arrow heads. Explanatory variables (depth, latitude and size) are indicated by closed arrow heads.
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other elasmobranch species examined in this study. Similar findings
have been reported in other Torpedo spp., including T. californica from
California (Bray and Hixon, 1978; Lowe et al., 1994), and T. marmorata
and T. torpedo from the Mediterranean Sea (Karpouzi and Stergiou,
2003), which feed primarily on teleosts. Previous work has also shown
that some Torpedo spp. are ambush predators and actively prey on fish
in the water column with the aid of electric discharges (Bray and
Hixon, 1978; Karpouzi and Stergiou, 2003; Lowe et al., 1994;
Michaelson et al., 1979). Although T. peruana has been poorly studied,
this species is thought to exhibit similar behaviours as other Torpedo
spp. Interestingly, higher muscle δ13C values reported here suggest
that T. peruana was actually feeding more on benthic resources near
the bottom, which may explain its distinct isotopic niche breadth
(Knickle and Rose, 2013). Higher δ13C values in muscle tissue from
T. peruanamay also reflect seasonal differences in habitat use, for exam-
ple, individuals feeding more in nearshore habitats during the rainy
season.

Nitrogen isotopic data (δ15N) suggested thatM. henleiwas feeding at
a higher trophic position (TP) than the other species. Although baseline
δ15N values for primary producers were not recorded in this study,
comparisons with isotopic data from lower TP species examined in
this system also seem to indicate that M. henlei occupy a higher TP
(Fig. S4,M. Espinoza unpublished data). This could be attributed tomul-
tiple factors, including: (i) a diet with a lower amount of crustaceans;
(ii) a diet with higher amount of cephalopods and teleosts, which tend
to have high δ15N values (Pauly and Christensen, 1995); (iii) a diet
with larger teleost species that typically occupy higher TP; or (iv)
because of different diet tissue discrimination factors between species
(Hussey et al., 2010;Olin et al., 2013). Potential variation in diet tissue dis-
crimination between species could not be accounted for in this study, but
may be in part responsible for the inter-specific differences in isotopic
values. Based on stomach content data from California, Cortés (1999) re-
ported a TP of 3.6 forM. henlei in southern California. According to Cortés
(1999), crustaceanswere themost important prey category (~70%) in the
diet ofM. henlei. Our study, however, showed that teleosts and cephalo-
pods made up over 50% of their diet, which suggests that in Costa Rica
this species may occupy a higher TP than in California.

Given the large proportion of teleosts in the diet of T. peruana (N93%),
this species was expected to have a higher TP than the other species. Our
study, however, revealed that T. peruana had a lower range of δ15N com-
pared to M. henlei. One explanation may be that stomach content data
from T. peruana did not reflect the full extent of its diet: fewer
T. peruana stomachswere collected relative to the other species and ama-
jority of these were empty (65%). The advanced digestion stage of some
prey also limited identification and thus a more detailed examination of
its diet. Muscle tissue can integrate dietary information over several
years, while SCA provides data only on what an individual has eaten
most recently (“snapshot”). Therefore, SIA may be accounting for a
more complete record of the diet of T. peruana, which could include a
wider range of crustaceans and other smaller invertebrates not
documented by SCA. Alternatively, T. peruana may have been feeding
more selectively on different teleost species with a lower range of TPs,
and thusmuscle tissues examinedmayhave integrated lower δ15N values
relative toM. henlei over longer periods.



Fig. 6. Effect of size, latitude and depth on δ13C values for Mustelus henlei, Raja velezi, Zapteryx xyster and Torpedo peruana, Pacific coast of Costa Rica. Grey circles and dotted black lines
represent males and red circles and dotted red lines represent females. Significant effects of size, latitude and depth from multiple regression models are shown in each panel. NS: not
significant.
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4.2. Ontogenetic dietary shifts

Larger sharks tend to have higher metabolic requirements than
smaller ones, and consequently the size of their activity space may
increase as they grow (Kim et al., 2012; Lowe and Bray, 2006;
Morrissey and Gruber, 1993). This increase in activity space would
result in larger elasmobranchs using a wider range of habitats with ac-
cess to a higher diversity of prey resources (Papastamatiou et al.,
2006; Platell and Potter, 2001). Other reasons for size and/or age-
related changes in diet include: (i) larger elasmobranchs can feed on
larger prey (Lowe et al., 1996; Lucifora et al., 2008); (ii) older and expe-
rienced individuals may be faster andmore efficient in capturing larger,
evasive prey that tend to occupyhigher trophic levels (Lowe et al., 1996;
Lucifora et al., 2008; Stergiou and Karpouzi, 2002); and (iii) the cranial
morphology and feeding apparatus of a species typically changes
throughout ontogeny, which is presumed to enhance the ability to
exploit awider range of resources and facilitate a diverse diet under var-
iable environmental conditions (Dean et al., 2007; Lowry et al., 2007).

The results from SCA and SIA revealed that size is an important driv-
er of the diet in demersal elasmobranchs. This is consistent with
previous studies that reported shifts from crustacean-dominated diets
in juvenile demersal elasmobranchs to diet dominated by teleosts
and/or larger prey in adults (Blanco-Parra et al., 2011; Ebert and
Bizzarro, 2007; Espinoza et al., 2012; White et al., 2004). Although the
low sample size of stomachs limited diet comparisons between life-
stages of T. peruana, SIA revealed that this species also exhibits an
ontogenetic dietary shift. For example, the increase of δ15N values
with size demonstrated that larger T. peruana were feeding at higher
TP than smaller individuals. The increase of δ13C values with size and
the low dietary overlap between stages of maturity of M. henlei,
R. velezi and Z. xyster also indicated that these species change their
diet as they grow or experienced ontogenetic habitat shifts. The lack
of change in δ13C values with size in T. peruana, however, suggests
that individuals from this species continue to feed from similar carbon
sources (i.e., same habitat) as they grow. However, the effect of size
on δ13C/δ15N values for most of the species examined was partially
influenced by other factors (e.g., sex, latitude, and depth). This suggests
that although size is an important factor in the diet of these elasmo-
branchs, it may be dependent on other influences such as capture
location.



Table 4
Mustelus henlei and Raja velezi. Coefficients table frommultiple linear regression models testing the effects of biological, spatial and temporal drivers on δ13C and δ15N. Factors and covar-
iates not shown were removed from the model due to high variance inflation.

Model 1: δ13C Model 2: δ15N

Estimate SE t-Value p Estimate SE t-Value p

Mustelus henlei
Intercept −16.480 0.048 −345.22 b0.001 15.435 0.053 293.37 b0.001
Size 0.024 0.004 5.47 b0.001 0.043 0.005 8.76 b0.001
Depth 0.000 0.001 0.315 0.754 0.003 0.001 3.06 0.003
Latitude 0.597 0.139 4.292 b0.001 0.618 0.153 4.03 b0.001
Sex 0.225 0.111 2.034 0.046 0.075 0.122 0.61 0.543
Season −0.028 0.100 −0.281 0.780 −0.040 0.110 −0.36 0.718
Sex × Size 0.026 0.009 3.011 0.004 0.024 0.010 2.45 0.017
Sex × Depth 0.005 0.002 2.790 0.007 0.002 0.002 1.16 0.253
Sex × Latitude 0.012 0.248 0.050 0.961 0.265 0.273 0.97 0.334
Sex × Season 0.026 0.239 0.108 0.914 −0.081 0.263 −0.31 0.758
Size × Depth 0.000 0.000 −0.900 0.372 0.000 0.000 −0.81 0.420
Size × Latitude 0.000 0.023 0.011 0.992 −0.020 0.025 −0.81 0.422
Size × Season 0.018 0.023 0.784 0.436 −0.025 0.026 −0.97 0.338
Depth × Latitude 0.001 0.002 0.328 0.744 0.001 0.002 0.56 0.575
Depth × Season 0.001 0.001 1.061 0.293 0.003 0.002 2.06 0.044
Latitude × Season −0.215 0.208 −1.036 0.304 0.030 0.229 0.13 0.897

Raja velezi
Intercept −16.510 0.055 −299.50 b0.001 14.617 0.061 237.90 b0.001
Size 0.011 0.004 2.90 0.005 0.022 0.004 5.08 b0.001
Depth −0.002 0.002 −1.39 0.169 −0.002 0.002 −1.09 0.277
Latitude 0.463 0.145 3.19 0.002 0.227 0.162 1.41 0.163
Sex −0.096 0.074 −1.29 0.200 0.171 0.083 2.08 0.041
Sex × Size 0.004 0.005 0.85 0.399 0.018 0.005 3.32 0.001
Sex × Depth 0.004 0.003 1.37 0.175 −0.001 0.003 −0.29 0.775
Sex × Latitude −0.147 0.145 −1.01 0.313 −0.511 0.161 −3.17 0.002
Size × Depth 0.000 0.000 2.42 0.018 0.000 0.000 1.51 0.134
Size × Latitude −0.021 0.009 −2.36 0.021 −0.012 0.010 −1.24 0.219
Depth × Latitude −0.010 0.004 −2.48 0.015 −0.004 0.005 −0.83 0.407

Note: A criterion for significance of α = 0.01 was set for all tests.

Table 5
Zapteryx xyster and Torpedo peruana from the Pacific coast of Costa Rica. Coefficients table from multiple linear regression models testing the effects of biological, spatial and temporal
drivers on δ13C and δ15N. Factors and covariates not shown were removed from the model due to high variance inflation.

Model 1: δ13C Model 2: δ15N

Estimate SE t-Value p Estimate SE t-Value p

Zapteryx xyster
Intercept −16.090 0.088 −182.32 b0.001 14.826 0.076 194.01 b0.001
Size 0.009 0.012 0.74 0.465 0.058 0.010 5.74 b0.001
Depth −0.015 0.009 −1.69 0.097 0.013 0.008 1.70 0.094
Latitude 0.507 0.216 2.34 0.022 0.254 0.187 1.36 0.179
Sex 0.261 0.169 1.55 0.127 0.035 0.146 0.24 0.812
Season −0.681 0.224 −3.04 0.003 0.114 0.194 0.59 0.560
Sex × Size 0.014 0.027 0.54 0.593 0.016 0.023 0.70 0.489
Sex × Depth −0.003 0.009 −0.36 0.718 −0.001 0.008 −0.15 0.885
Sex × Latitude 0.371 0.318 1.17 0.248 0.048 0.275 0.17 0.862
Sex × Season −0.234 0.322 −0.73 0.469 0.092 0.279 0.33 0.743
Size × Depth −0.001 0.000 −1.38 0.173 0.000 0.000 0.58 0.563
Size × Latitude 0.041 0.018 2.28 0.026 0.019 0.016 1.24 0.221
Size × Season −0.008 0.027 −0.30 0.768 −0.008 0.023 −0.35 0.726
Depth × Latitude 0.038 0.016 2.42 0.018 0.007 0.014 0.54 0.591
Depth × Season −0.031 0.024 −1.29 0.201 0.025 0.021 1.19 0.237

Torpedo peruana
Intercept −15.260 0.074 −205.54 b0.001 14.885 0.087 170.15 b0.001
Size 0.007 0.006 1.17 0.248 0.019 0.007 2.49 0.010
Depth −0.003 0.001 −3.12 0.003 −0.004 0.001 −3.13 0.003
Latitude 0.391 0.204 1.92 0.063 0.689 0.240 2.87 0.007
Sex −0.021 0.115 −0.19 0.854 0.078 0.136 0.57 0.572
Season 0.420 0.134 3.14 0.003 0.054 0.158 0.35 0.732
Sex × Size −0.001 0.013 −0.08 0.935 0.002 0.015 0.15 0.883
Sex × Depth 0.002 0.002 1.10 0.278 0.002 0.002 1.04 0.303
Sex × Latitude −0.449 0.461 −0.97 0.336 0.887 0.543 1.63 0.110
Sex × Season −0.187 0.240 −0.78 0.441 −0.344 0.283 −1.22 0.231
Size × Depth 0.000 0.000 2.52 0.010 0.000 0.000 1.52 0.137
Size × Latitude −0.025 0.018 −1.41 0.166 0.012 0.021 0.54 0.591
Size × Season −0.028 0.013 −2.15 0.038 −0.008 0.015 −0.55 0.586
Depth × Latitude 0.000 0.003 −0.06 0.952 −0.007 0.003 −1.99 0.054
Depth × Season 0.001 0.003 0.30 0.770 0.000 0.003 −0.15 0.885
Latitude × Season 0.056 0.392 0.14 0.887 0.433 0.462 0.94 0.355

Note: A criterion for significance of α = 0.01 was set for all tests.
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Fig. 7. Effect of size, latitude and depth on δ15N values for Mustelus henlei, Raja velezi, Zapteryx xyster and Torpedo peruana, Pacific coast of Costa Rica. Grey circles and dotted black lines
represent males and red circles and dotted red lines represent females. Significant effects of size, latitude and depth from multiple regression models are shown in each panel. NS: not
significant.
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4.3. Habitat shifts

There was no evidence that prey composition variedwith sex in any
of the species examined. The fact that sex had little influence on δ13C/
δ15N suggests that males and females generally have a similar diet
and/or feed from similar habitats. This is supported by the fact that
some of these species typically segregate by size but not by sex
(Clarke et al., 2014). However, significant interactions between sex
and other factors (i.e., size, depth and latitude) were observed in
M. henlei and R. velezi. Possible explanations of these differences are
that: (i) male and female M. henlei were feeding from different δ13C
sources as they grow larger (e.g., δ13C values from females were lower
than males in deeper waters); (ii) larger males of R. veleziwere feeding
at higher TPs than females; and (iii) female R. velezi changed their diet
with latitude, while males showed little change in diet. Interestingly,
habitat differences between sexes of M. henlei were not reflected in
δ15N values, which mean that this species may be foraging on similar
prey available throughout their depth distribution. Clarke et al. (2014)
reported a large number of gravid female M. henlei in nearshore estua-
rine habitats from the Central Pacific coast of Costa Rica, and suggested
that gravid females may be using these shallow habitats for parturition.
Although the timing and duration of these events is unclear, large aggre-
gations of gravid female M. henlei have been reported twice a year
(January–February; September–October) in these areas (Arauz et al.,
2007). Seasonal migrations of gravid females to and from nursery
grounds are known to occur in many elasmobranch species (Springer,
1967), and may explain interaction effects between sex and size, and
sex and depth on δ13C observed inM. henlei. The use of shallow, warmer
habitats by gravid elasmobranchs is believed to provide thermal physi-
ological benefits (e.g., increase of metabolic functions associated with
growth and reproduction) (Hight and Lowe, 2007; Jirik and Lowe,
2012). It is also important to mention that differences in diet between
sexes of R. velezi with latitude were likely influenced by season. Only a
small sample of immature R. velezi was collected from low latitudes
(b9° N) during the rainy season, and therefore the results for this
species should be interpreted with caution.

Both SCA and SIA revealed that the diets of elasmobranch species
varied between sampling locations. Geographic and latitudinal differ-
ences in diet composition may have been the result of changes in prey
availability between different environments. Geographic variation in
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diet has been documented in a number of shark species, including
bonnethead, Sphyrna tiburo (Bethea et al., 2007), lemon, Negaprion
brevirostris (Cortés and Gruber, 1990), starspotted-dogfish, Mustelus
manazo (Yamaguchi and Taniuchi, 2000), Australian sharpnose,
Rhizoprionodon taylori (Munroe et al., 2015) and sandbar, Carcharhinus
plumbeus (McElroy et al., 2006) sharks. Changes of δ13C and δ15N in
relation to latitude may also be indicative of variations in local biogeo-
chemical processes (Boutton, 1991; Munroe et al., 2015). The Pacific
coast of Costa Rica has a highly irregular coastline with very distinct
environments. The North Pacific, for example, is typically more arid
compared to the Central and South Pacific regions, which have a more
pronounced rainy season and freshwater discharges from large rivers
year-round (Wehrtmann and Cortés, 2009). These conditions have re-
sulted in the formation of numerous wetlands and large estuarine eco-
systems in the central and southern Pacific coast which are considered
to be important for early life-stages of many marine species, including
elasmobranchs (Clarke et al., 2014). Moreover, the North Pacific region
is characterized by a strong seasonal upwelling that increases coastal
productivity between December and April (Wehrtmann and Cortés,
2009). Therefore, baseline isotope signatures and different prey types
are likely to differ spatially and seasonally along the coast. Our results
showed positive linear relationships between δ13C values and latitude
for M. henlei and R. velezi. The fact that isotope values from lower TPs
species examined in this system also showed a similar pattern (M.
Espinoza unpubl. data) suggest that baseline isotopic values were likely
changing between geographic regions, and thus are reflected in the δ13C
and δ15N of elasmobranch tissues. This may also indicate that some of
our study species tend to use more localized habitats along the coast.
However, further studies are needed to investigate the movement of
demersal elasmobranchs along the Pacific coast of Costa Rica.

Depth-related changes in δ13C/δ15N valueswere found in only two of
the species, and were probably a response to changing prey composi-
tion/availability and local biogeochemical processes (Boutton, 1991).
Depth is considered to be an important driver influencing size distribu-
tion patterns of elasmobranchs (Clarke et al., 2014; Henderson et al.,
2005), and therefore could play an important role in demersal feeding
relationships (Lucifora et al., 2008; Polunin et al., 2001; Trueman et al.,
2014). In many coastal elasmobranchs, neonates and juveniles are
generally found in bays and estuaries, as these habitats typically offer
highly productive grounds and presumably lower predation risks
(Espinoza et al., 2011; Heupel et al., 2007; Holland et al., 1993). In
contrast, adults are mainly found offshore in deeper waters along the
continental shelf (Holland et al., 1999; Ketchum et al., 2014). Therefore,
many coastal elasmobranchs exhibit ontogenetic habitat shifts, moving
between inshore and offshore habitats as they reach sexual maturity. In
this study, a significant interaction between size and depth on δ13C was
found in T. peruana, indicating that small-sized individuals were feeding
on more benthic prey at shallow depths. Conversely, our study also
showed that dietary changes with depth were generally influenced by
elasmobranch size and latitude. Therefore, although depth may be
important other factors also play a role in their feeding ecology.

This study demonstrated that two different dietary techniques led to
similar patterns among elasmobranch species. However, SCA typically
explained a lower proportion of dietary variation than SIA. These differ-
encesmay have been attributed by several seasons. First, dietary chang-
es based on SCA were investigated by pooling prey items into broader
categories. This can reduce considerably the resolution of dietary
information, particularly when prey-specific items are restricted to a
certain depth or may vary with latitude. For example, although both
Squilla biformis and Squilla panamensis (Stomatopoda) are a common
component of the diet of M. henlei (Espinoza et al., 2012), S. biformis is
more abundant at depths between 240–260 m (Hernáez et al., 2011),
while S. panamensis typically occurs at shallower waters (Wehrtmann
and Echeverría-Sáenz, 2007). Second, the low sample size of stomach
analysed across interacting factors (e.g., depth, latitude, size, sex) may
have influenced some of the observed patterns from SCA. As revealed
in this study, factors such as size and catch location or sex and depth
can interact with each other, and simultaneously influence isotopic
values and/or diet composition. Therefore, interpreting the distinct
effect of an individual factor and its relative importance to the feeding
ecology of a species can be challenging. Given that collecting large
samples of stomachs across multiple factor levels is often difficult in
most ecological studies, using both SCA and SIA simultaneously can
improve the quality of the data and help elucidate complex feeding
relationships.

In Costa Rica and the Central American region, commercial trawling
fisheries are not well-managed or regulated, and a large portion of the
catch is discarded due to its low economic value (Clarke et al., 2014;
Wehrtmann and Echeverría-Sáenz, 2007; Wehrtmann et al., 2012).
Given the high exploitation level of coastal resources and general lack
of adequate fisheries management measures, we assume that trawling
fisheries operating in this region have a large impact on the demersal
community, which could include considerable declines in abundance,
changes in species composition and/or their functional absence. For
example, long-term trawl surveys conducted in coastal and shelf waters
along the entire Pacific coast of Costa Rica have already documented
substantial declines of target shrimp species (e.g., Heterocarpus
vicarius and Solenocera agassizii), followed by a 40% increase in the
abundance of stomatopods and other demersal species (Wehrtmann
and Echeverría-Sáenz, 2007; Wehrtmann and Nielsen-Munoz, 2009).
Although it is still unclear how this fishery is affecting the population
of demersal elasmobranchs, shifts in abundances and species composi-
tion are expected to affect the trophic structure and function of demer-
sal food webs (Dulvy et al., 2000). Therefore, knowledge of the feeding
ecology of common demersal mesopredators interacting with trawling
fisheries is critical for defining their role in the food web and assessing
ecosystem health.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jembe.2015.04.021.
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