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Abstract Skates (Elasmobranchii, Rajiformes) are a
morphologically conservative group of bentophagous
chondrichthyan fishes with a high degree of ende-
mism, that occur on marine soft bottoms. Subtle
morphological aspects and bathymetric distribution
are traits that vary among skate species that could have
implications for their feeding ecology. We test how
body size, snout length and bathymetric distribution
influence the feeding habits and dietary niche breadth
in skates using data on 71 species taken from the
literature. We hypothesized that snout length has an
effect on diet composition. We also hypothesized that
dietary niche breadth increases with increasing depth
range and decreases with increasing body size of skate
species. Generalized additive models for location
scale and shape were fitted with taxonomic level
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(genera nested within family) included as a random
effect term in each model. A model selection approach
to test the level of support for alternative models was
applied. We found that skate species that forage on
large prey have the largest body size and skate species
with the smallest body size prey on small and medium-
sized invertebrates. The results indicated that body
size has an effect on feeding habits of skates, whereas
an effect of snout length was not supported. Bathy-
metric variables have an effect on the diet of skates.
Our prediction that dietary niche breadth increases
with increasing depth range and decreases with
increasing body size of skate species was supported
in part: in a first phase the relationship between dietary
niche breadth and body size is positive, then in a
second phase, including species larger than 1000 mm
total length, the relationship become negative.

Keywords Elasmobranch fishes - GAMLSS -
Levins’ standardized index - Macroecology -
Rajiformes

Introduction

Body size is a fundamental trait that varies over many
orders of magnitude among species, and has major
implications for life history and other aspects of an
organism’s ecology (Brown 1995; Costa et al. 2008).
Many patterns in macroecology are related to body
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size, such as geographic range size (Smith and Brown
2002; Goodwin et al. 2005), trophic level (Layman
et al. 2005; Tucker and Rogers 2014) and niche
breadth (Costa et al. 2008; Costa 2009). Intra-specif-
ically, many aquatic predators incorporate, multiple
prey in their diet as they grow, leading to a positive
relationship between predator body size and niche
breadth (e.g. Vogler et al. 2003; Lopez-Garcia et al.
2012; Kadri et al. 2014). However, according to
optimal foraging theory, large-bodied individuals may
have access to a wider range of prey, but they might
restrict their diet to only large prey to maximize their
energy intake. On the other hand, small-bodied
individuals should be more selective to optimize
energy intake because their diet is limited to small-
bodied prey (Costa et al. 2008). Among species,
contrasting patterns between predator body size and
dietary niche breadth emerge, exhibiting positive
(Brindle et al. 2002) and negative (Costa et al. 2008)
relationships.

Feeding habits may be strongly influenced by
processes involving traits associated with other niche
dimensions (Fitzgerald et al. 2017). Thus, the extent of
habitat breadth could influence the trophic ecology of
a predator (Winemiller et al. 2015). Species with a
broader habitat niche will have a greater amplitude in
resource use because they encounter a wider variety of
prey as compared with species with a narrower habitat
niche (Brown 1984; Gaston et al. 1997). In this way,
the combined effect of body size and habitat breadth
may explain macroecological patterns with respect to
diets and dietary niche breadth of predators.

In some cases, among related species, subtle
morphological differences are more important in
shaping ecological relationships than body size
(Brandl et al. 1994). For example, prey manipulation
may be correlated with morphological traits that cause
differences in feeding habits among closely related
species, such as bill size in birds (Diaz 1994), degree
of jaw protrusion in butterflyfishes (Motta 1988) and
skull shape in snakes (Klaczko et al. 2016). Ecomor-
phological studies have shown that even minor
morphological differences may have profound
impacts on ecology and evolution among closely-
related species (Motta 1988).

Skates (Elasmobranchii, Rajiformes) are good
models for macroecological studies because they are
a monophyletic group, show a wide range of maxi-
mum body size, occur at different depths and have
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subtle morphological variability among species.
Skates are the most speciose group of chondrichthyan
fishes with a high degree of endemism (Ebert and
Compagno 2007). These species are a morphologi-
cally conservative group that occur on marine soft
bottoms from the intertidal to depths of about 3000 m
(Ebert and Compagno 2007). As bentophagous preda-
tors, skates consume a wide range of prey: amphipods,
isopods, polychaetes, shrimps, crabs, cephalopods and
fishes (Wetherbee and Cortés 2004). It has been
hypothesized that large skate species are predatory on
fishes, that smaller skate species consume mainly
small benthic invertebrates, and that mid-sized skate
species feed on both small and large crustaceans, and
occasionally, on cephalopods and fishes (Orlov 1998;
Wetherbee and Cortés 2004). In this way, body size is
an important predictor of the feeding habits of skates.
However, although morphological aspects and bathy-
metric distribution are inter-specific traits that vary
even among closely related skate species, the potential
effects of these traits on feeding ecology remain
largely unexplored.

Elasmobranchs concentrate high densities of sen-
sory organs in the oro-nasal region of their heads, that
aid them in prey detection. Some species have an
enlarged oro-nasal area, which increases their elec-
troreceptive ability. For example, hammerhead sharks
(Carcharhiniformes, Sphyrnidae) have a dorso-ven-
trally compressed and laterally expanded head, called
cephalophoil, that enhances prey detection (Kajiura
2001). This unmistakable morphological trait of
hammerhead sharks provides a greater electrosensory
search area and increases the probability of detecting
prey, as compared with similar sized shark species that
lack a cephalophoil (Kajiura and Holland 2002). Also,
the elongated rostrum of sawfishes enhances their
electroreceptive search area in the bottom and into the
water column enabling them to target free-swimming
prey (Wueringer et al. 2012). Snout length (i.e.
distance from tip of snout to the anterior margin of
the orbit) varies greatly among skate species. This
suggests that sensory capabilities for prey detection
may also vary with snout length. In addition, differ-
ences in snout length of skates could translate into
different capabilities to handle and capture prey. It has
been shown that skates also use their snout to stun and
handle prey (Wilga et al. 2012).

The present study is a macroecological examination
to test how body size, snout length and bathymetric
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distribution influence feeding habits and dietary niche
breadth in skate species. We hypothesized that snout
length has an effect on the diet composition of skates,
because this morphological trait may influence the
detection, capture and manipulation of prey. For
example, a diet based on teleosts is a phenomenon
widely observed in skates with an elongated snout, as
in some species of the genera Dipturus (Forman and
Dunn 2012; Mulas et al. 2015), Dentiraja (Kyne et al.
2008), Zearaja (Lucifora et al. 2000; Koen Alonso
et al. 2001; Belleggia et al. 2016), Sympterygia
(Barbini and Lucifora 2016), and Beringraja (Bizzarro
et al. 2007; Robinson et al. 2007). Furthermore, we
hypothesize that dietary niche breadth increases with
increasing depth range, since a wide habitat (i.e.
depth) range provides an opportunity to encounter a
variety of prey. Finally, we also test two competing
hypotheses regarding the relationship between niche
breadth and body size. The first hypothesis is that, as
observed in many aquatic predators, niche breadth
increases with skate body size, since they are able to
incorporate multiple prey as they grow. The second
hypothesis, based on optimal foraging theory as stated
above, is that niche breadth decreases with increasing
body size of skate species.

Materials and methods
Data collection

We used data obtained from published literature on
maximum body size and minimum and maximum
depth distributions of species of skates (Appendix S1
in the Supplementary Material). We interpreted min-
imum and maximum values of depth as lower and
upper bathymetric limits of the distribution. Depth
range was calculated as the difference between
maximum and minimum depth. Depth range was
interpreted as a measurement of the extent of niche
breadth of skates in the habitat dimension (Winemiller
et al. 2015). We considered depth range a good
indicator of habitat breadth, because it provides an
indirect measurement of tolerance with respect to
different abiotic factors. To confirm the taxonomic
validity of skate species we used the work by Last et al.
(2016).

We quantified snout length of each species with
digital images. Fourteen images were obtained from

authors, and 58 images were obtained from biodiver-
sity websites (Appendix S2 in the Supplementary
Material). All photographs used were from the dorsal
side and the taxonomic identification was checked.
From each digital image, we took two measurements:
snout length, as the distance from tip of snout to the
anterior margin of the orbit in pixels; and total length,
as the distance from tip of snout to posteriormost point
of tail in pixels. The measurements followed the
definitions of these morphometric variables for skates
proposed by Last et al. (2008). Then, we calculated the
proportion of snout length relative to total length, as
the ratio between the number of pixels of snout length
and the number of pixels of total length multiplied by
100. The measurements in the digital images were
obtained using the ImageJ software (http://imagej.nih.
gov/ij/).

Diet composition data were obtained from peer-
reviewed articles and theses (Appendix S1 in the
Supplementary Material). In order to compare diet
among skate species, prey were grouped into eigth
general categories: teleost fishes, chondrichthyan
fishes, cephalopods, hard molluscs such as gastropods
and bivalves, small benthic crustaceans such as
amphipods, isopods and cumaceans, euphausiids and
mysids, decapods and stomatopods, and polychaetes.
These categories were chosen because they reflected
the ecological variability of the diet among skate
species. As different dietary indices exist and more
than one diet study was available for many species, we
calculated an index of standardized diet composition
to determine the proportion of each prey category in
the diet of a species (Cortés 1999; Ebert and Bizzarro
2007). The equation is the following:

p—_ i1 PNi
J n
Z]g:l (Zi:l PtjiNi)

where P; is the proportion of each prey category, P;; is
the proportion of prey category j in study i, N; is the
number of stomach samples containing food used to
calculate Pj; in study i, n is the number of studies, j is
the number of the prey categories, and ) P; = |
(Cortés 1999). For each feeding study, the proportion
of each prey category P; was determined using the
quantitatve method in the original study, following the
ranking criteria proposed by Cortés (1999). Ebert and
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Bizzarro (2007) presented a global standardized diet
composition of skate species, but we updated this
information with new published literature.

Statistical analyses

To determine how body size, snout length and depth
influence diet among different skate species we
adopted a multiple hypothesis modelling approach
(Symonds and Moussalli 2011). To test these hypothe-
ses, we fitted generalized additive models for location
scale and shape (GAMLSS) (Stasinopoulos and Rigby
2007). GAMLSS are defined as semi-parametric
regression type models, where a general distribution
family can be adopted in the models, including highly
skewed, kurtotic, continuous or discrete distributions,
and the systematic part is extended to allow modeling
the parameters of a given distribution by parametric
and/or nonparametric functions of explanatory vari-
ables and/or random-effects terms (Stasinopoulos and
Rigby 2007). In each model, the response variable was
the proportion of each prey category P; and the
explanatory variables were maximum body size,
minimum depth, maximum depth, depth range and
proportion of snout length relative to total length.
Models with combinations among explanatory vari-
ables were fitted. To avoid multicollinearity among
explanatory variables, pairs of predictors that had a
correlation coefficient > 0.5 were not included
together in the same model. Models without any of
the explanatory variables (i.e. null models) were also
fitted to test whether none of the candidate set of
models had an effect on P;. The response variables
took values in a known restricted range including the
endpoints of the range (i.e. 0-1), therefore we fitted the
models assuming a beta-inflated error distribution
(Stasinopoulos et al. 2008). Because the P; values
were very small for chondrichthyans, cephalopods,
hard molluscs and euphausiids and mysids, we fitted
GAMLSS assuming a binomial distribution. Thus, in
these prey categories the P; values were changed to
presence-absence response. The models were fitted
with a cubic smoothing splines function for each
explanatory variable (Stasinopoulos et al. 2008).
Studies that compare traits of species must include
phylogenetic relationships because closely related
species tend to resemble each other (Pyron 1999).
The taxonomic level (genera nested within families)
was included as a random effect term in each model in
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order to correct for any phylogenetic non-indepen-
dence among samples (species). The classification
scheme of Last et al. (2016) was used.

We applied a model selection approach to test the
level of support for alternative models. (Franklin et al.
2001). The Akaike information criterion (AIC) was
calculated for each GAMLSS and the model with the
lowest AIC value was chosen as the model with the
highest support (Johnson and Omland 2004).

For each skate species, we calculated Levins’
standardized index of niche breadth (Krebs 1989)
using standardized diet composition. Levins’ stan-
dardized index provides a continuous measure of
niche breadth on a scale from 0 to 1. Species closer to 0
have a narrower diet and are more specialized than
species with values closer to 1, which have a broader
diet and are more generalist (Krebs 1989). Then, to test
the two competing hypotheses that diet breadth
increases or decreases with increasing body size and
increases with depth range, we fitted GAMLSS, where
the response variable was Levins’ standardized index
and the explanatory variables were maximum body
size, depth range and proportion of snout length
relative to total length. Combinations among explana-
tory variables were fitted. We fitted a null model to
judge whether or not explanatory variables had an
effect on niche breadth. The models assumed a beta-
inflated error distribution (Stasinopoulos et al. 2008)
and random effect terms (genera nested within fam-
ilies) were included in each model. The best model
was selected by minimising AIC (Johnson and
Omland 2004).

The adequacy of model assumptions and fit were
examined using Filliben coefficient, Worm plots and
residual analyses (Stasinopoulos et al. 2008). The
analyses were performed using the GAMLSS package
(Stasinopoulos and Rigby 2007) under the R statistical
environment, version 3.1.0 (R Core Team 2018).

Results

Data from 71 skate species were obtained, that
included three families and 19 genera. Maximum
body size ranged from 346 to 2440 mm for Psammo-
batis extenta and Beringraja binoculata, respectively.
The longest snout belonged to Dipturus oxyrinchus
with 24.29% of the total length. The maximum depth
was 2300 m for Rajella bathyphila and the widest
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depth range was 1880 m for Bathyraja matsubarai. On
a presence-absence basis of prey categories among all
considered skate species in this study, decapods and
stomatopods had the highest occurrence with a
98.61%. Teleosts was the second major prey category
among skate species, contributing with values of
93.05% of occurrence, followed by small crustaceans
(80.55%), cephalopods (70.83%) and polychaetes
(69.44%). Euphausiids and mysids, hard molluscs
and chondrichthyans had occurrences of 50, 34.72 and
25%, respectively.

Standardized diet compositions of skate species are
available in Appendix S3 in the Supplementary
Material. Decapods and stomatopods was the main
prey category (> 90%) in six species: Neoraja
stehmanni, Sympterygia lima, Dentiraja cerva, Leu-
coraja garmani, Okamejei kenojei and Amblyraja
doellojuradoi. The species that consumed a very high
proportion of teleosts (> 90%) were Atlantoraja
castelnaui and Bathyraja spinicauda. Seven species,
Bathyraja brachyurops, B. griseocauda, Leucoraja
erinacea, L. ocellata, Psammobatis rudis, Rajella
bathyphila and R. bigelowi, had a diet represented with
more than 50% of small crustaceans. Polychaetes were
of great importance to the diet of Bathyraja maclo-
viana (84%), followed by B. albomaculata (58%),
Amblyraja radiata (45%) and Psammobatis lentigi-
nosa (41%). Euphausiids and mysids was the main
prey consumed (37.6%) by Cruriraja parcomaculata.
In three species of the genus Bathyraja (B. maculata,
B. matsubarai and B. parmifera), cephalopods were an
important prey (> 20%).

For some prey categories the AIC value of the
second best model was very close to the AIC value of
the best model (Tables 1, 2). This means that the
second model can be considered to be essentially as
good as the best model (Richards 2005; Symonds and
Moussalli 2011). In this way, for cephalopods and
chondrichthyans the second best model is shown
because this model includes the variables of the best
model (Table 2). In the same way, for decapods and
stomatopods AIC values of the best model (null) and
the second best model (maximum body size) differ
very little (Table 1). Therefore, the effect of maximum
body size for the consumption of decapods and
stomatopods is shown.

Skate maximum body size had a significant effect
on the consumption of teleosts, chondrichthyans,
decapods and stomatopods, small crustaceans and

hard molluscs. The consumption of teleost and
chondrichthyan prey increased with increasing max-
imum body size of skate species (Fig. 1a, e, respec-
tively). In contrast decapods and stomatopods
decreased with increasing maximum body size
(Fig. 1b). A humped relationship between small
crustaceans and maximum body size was found with
a maximum peak at a maximum body size of about
1000 mm (Fig. 1c). The occurrence of hard molluscs
as prey of skates increased with maximum body size
until about 1700 mm, and then at higher maximum
body size this trend became negative (Fig. 1d).

Snout length affected the consumption of only a
few invertebrate prey. The use of prey category
polychaetes as prey by skates decreased with snout
length (Fig. 2a). Also, the occurrence of euphausiids
and mysids showed a decreasing trend with a
minimum between 16 and 18% of snout length
(Fig. 2b). Clear trends between cephalopods with
snout length were not found (Fig. 2c¢).

Depth range affected the consumption of six prey
groups, namely, teleosts, polychaetes, small crus-
taceans, euphausiids and mysids, cephalopods, and
hard molluscs. Teleost consumption was negatively
related with depth range (Fig. 3a), while, on the
contrary, polychaetes were positively related with
depth range (Fig. 3b). The relationship between
consumption of small crustaceans and depth range
was hump shaped, peaking at about 900 m of depth
range (Fig. 3c). Use of euphausiid and mysid prey had
a sinusoidal relationship with depth range, with a
minimum and maximum of occurrence at about 500
and 1400 m, respectively (Fig. 3d). A clear relation-
ship between consumption of cephalopods and depth
range was not found (Fig. 3e). The occurrence of hard
molluscs in the diet of skates smoothly increased with
increasing depth range (Fig. 3f).

Minimum depth of occurrence was a predictor of
the consumption of teleosts, polychaetes, euphausiids
and mysids, hard molluscs, and cephalopods. Teleosts
were increasingly preyed upon with increasing min-
imum depth until about 300 m, then their consumption
by skates started to decline (Fig. 4a). Polychaete
consumption had a weak negative trend with mini-
mum depth until about 500 m, where the trend became
positive (Fig. 4b). Euphausiids and mysids had a
minimum occurrence in the diet of skate species at
about 300 m of minimum depth (Fig. 4c). The occur-
rence of hard molluscs and cephalopods smoothly
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Table 1 Performance of generalized additive models for location scale and shape (GAMLSS) fitted between the proportion of
consumed prey (Pj) by skate species and the explanatory variables with cubic smoothing spline function

AIC
Explanatory variables Teleosts Polychaetes Decapods and Small
stomatopods crustaceans
Maximum body size — 1.64 — 86.36 20.42 (0.99) — 55.12
Maximum body size + depth range — 6.61 — 84.79 23.47 — 62.48 (0.99)
Maximum body size + minimum depth — 521 — 80.57 23.84 —51.29
Maximum body size + maximum depth — 736 — 83.92 25.84 — 59.83
Maximum body size + depth range + Minimum — 16.58 (0.99) — 80.36 25.29 — 5732
depth

Snout length — 297 — 88.08 25.20 — 4431
Snout length + depth range 0.53 — 81.61 29.02 — 47.53
Snout length + minimum depth — 691 — 81.96 29.06 — 38.60
Snout length + maximum depth — 2.88 — 83.01 30.05 — 46.55
Snout length + depth range + minimum depth — 12.34 — 99.01 (0.98) 23.26 — 48.48
Depth range 5.07 — 86.13 24.92 — 51.03
Minimum depth 1.70 — 85.18 24.21 — 4297
Maximum depth 221 — 86.36 26.10 — 50.15

1* 3.42 —91.52 20.34 (0.99) — 48.20

All models included a random term (genera nested within family)

AIC Akaike information criterion

*Null model. The Filliben coefficientes are given in parentheses (Filliben coefficient > 0.95 means high goodness of fit performance

of the model). AIC in bold denote the smallest for each prey

decreased with increasing minimum depth (Fig. 4d, e,
respectively).

Maximum depth of skate occurrence had an effect
on only one prey group. The consumption of chon-
drichthyan prey by skates slightly decreased with
increasing maximum depth (Fig. 5).

Our prediction that diet breadth decreased with
increasing body size and increased with increasing
depth range was supported only in part. The best
model included the combined effects of maximum
body size and depth range (Table 3). The relationship
between Levins’ standardized index and maximum
body size had a quadratic shape with a maximum peak
at about 1000 mm (Fig. 6). On the other hand, Levins’
standardized index clearly increased with increasing
depth range (Fig. 6).

The Filliben coefficients of all the best models were
higher than 0.95 (Tables 1, 2, 3). The Worm plots and
residual analyses also showed that the models had a
good fit (Appendix S4 in the Supplementary Material).
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Discussion

This study tested whether body size, snout length and
bathymetric distribution influence the feeding habits
and dietary niche breadth in skate species. The
hypothesis that snout length has an important effect
on the diet composition of skates was not supported. In
contrast, body size has an important influence on the
feeding habits of skates, as suggested earlier (Orlov
1998; Wetherbee and Cortés 2004). On the other hand,
our prediction that dietary niche breadth increases
with increasing depth range and decreases with
increasing body size of skate species was supported
in part.

Our results clearly show that feeding habits in skate
species are strongly associated with body size. In
general, we found that skate species that forage on
large prey (i.e. teleost and chondrichthyan fishes) have
the largest body size. On the contrary, skate species
with the smallest body size prey on small and medium-
sized invertebrates, mainly decapods, amphipods and



Rev Fish Biol Fisheries (2018) 28:625-636

631

Table 2 Performance of generalized additive models for location scale and shape (GAMLSS) fitted between occurrence of prey
(presence-absence response) by skate species and the explanatory variables with cubic smoothing spline function

AIC

Explanatory variables Euphausiids and mysids Cephalopods Hard molluscs Chondrichthyes
Maximum body size 99.20 93.92 94.54 75.77 (0.98)
Maximum body size + depth range 103.23 96.45 95.49 78.45
Maximum body size + minimum depth 98.34 89.08 90.38 (0.99) 78.89
Maximum body size + maximum depth 103.05 96.64 97.42 76.35 (0.99)
Maximum body size 4 depth range 4+ minimum depth 100.30 92.01 90.24 (0.99) 81.71

Snout length 98.19 97.16 99.63 79.87

Snout length + depth range 92.47 98.57 99.92 86.46

Snout length + minimum depth 88.28 92.49 96.16 81.26

Snout length + maximum depth 93.56 98.67 102.13 85.10

Snout length + depth range + minimum depth 84.74 (0.99) 88.47 (0.99)  90.90 86.76
Depth range 98.40 94.94 94.01 88.26
Minimum depth 94.15 88.42 (0.99)  90.77 84.57
Maximum depth 98.19 95.05 96.31 86.85

1% 94.34 93.19 94.09 81.79

All models included a random term (genera nested within family)

AIC Akaike information criterion

*Null model. The Filliben coefficientes are given in parentheses (Filliben coefficient > 0.95 means high goodness of fit performance
of the model). AIC in bold denote the smallest for each prey
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Fig. 3 GAMLSS cubic smoothing spline curves fitted to partial
effects of depth range for the consumption of a teleosts,
b polychaetes, ¢ small crustaceans, d euphausiids and mysids,

cumaceans. Contrary to our expectation, snout length
has no effect on the feeding habits of skates. In models
where snout length was selected, like those for
polychaetes and euphausiids and mysids, a negative
relationship with increasing snout length was found.
These findings suggest that a large snout size in skates
could not be a factor determining the improvement of
the handling and capture of prey. Skates use their firm
snout during suction feeding, but the pressures that
they produce are weaker than that of stingrays
(Myliobatiformes), which have a more flexible snout
than skates (Wilga et al. 2012). Skates have also been
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e cephalopods and f hard molluscs by skate species. The models
had a beta inflated (a, b and ¢) and binomial (d, e and f) error
distribution. The shaded region represents standard errors

observed to use their firm snout to excavate for buried
prey (Wilga et al. 2012). This indicates that an
elongated snout in skates has multiple functions
during feeding and that the effect of snout use on
skate foraging ecology could not be measured in terms
of diet composition, but in a different aspect of the
prey acquisition process such as prey detection.

Prey capture behaviour and morphology are highly
variable in elasmobranch fishes (Dean et al. 2005;
Wilga et al. 2007). Prey-capture mechanisms that have
allowed elasmobranchs to radiate in numerous niches
comprise mainly three types: biting, suction-feeding
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Fig. 5 GAMLSS cubic smoothing spline curves fitted to partial
effects of maximum depth for the consumption of chon-
drichthyans by skate species. The model had a binomial error
distribution. The shaded region represents standard errors

and filter-feeding (Motta 2004). In skates, prey capture
performance combines both biting and suction. For
example, in captivity, the little skate, Leucoraja
erinacea, captures its prey by grasping them with the
jaws, through biting combined with weak suction; then
the little skate exerts a stronger suction to transport the
prey inward (Wilga et al. 2007). Besides, skates are
gape-limited because their teeth are not able to cut
prey. Mouth size and morphology are important
determinants of variation in prey types and sizes

100 200 300 400 500 600

e hard molluscs by skate species. The models had a beta inflated
(a and b) and binomial (¢, d and e) error distribution. The shaded
region represents standard errors

Table 3 Performance of generalized additive models for
location scale and shape (GAMLSS) fitted between Levins’
standardized index by skate species and the explanatory vari-
ables with cubic smoothing spline function

Explanatory variables AIC
Maximum body size — 4991
Maximum body size + depth range — 54.19 (0.99)
Snout length — 43.80

Snout length + depth range —43.20
Depth range —43.15

1% — 4435

All models included a random term (genera nested within
family)

AIC Akaike information criterion

*Null model. The Filliben coefficientes are given in
parentheses (Filliben coefficient > 0.95 means high goodness
of fit performance of the model). AIC in bold denote the
smallest

consumed by predatory fishes (Karpouzi and Stergiou
2003). In general, gape size of fishes increases linearly
with body size, as for example in the winter skate,
Leucoraja ocellata (Scharf et al. 2000). Therefore, the
only way skates can to increase the consumption of
large prey would be by increasing body size.
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Fig. 6 GAMLSS cubic smoothing spline curves fitted to partial
effects of maximum body size and depth range with Levins’
standardized index of skate species. The models had a beta
inflated error distribution. The shaded region represents
standard errors

Bathymetric variables have an important effect on
the feeding habits of skates. These patterns may be
linked to biotic factors correlated with depth, such as
prey abundance and distribution. The biomass and
distribution of the benthic fauna varies with depth
(Witman and Roy 2009), but there is no available
information on macroecological patterns of prey
distributions. It remains a question for future studies
to determine a general macroecological relationship.

Species that are able to live under a wide variety of
conditions and use a broad range of resources should
also be able to obtain more resources (Brown 1984,
Gaston et al. 1997). The link between ecological traits,
such as habitat breadth and dietary breadth, has not
been described previously for elasmobranch fishes.
Our prediction that dietary niche breadth of skates
increases with increasing depth range is clearly
supported, indicating that the trophic niche dimension
of skates is influenced by their habitat niche dimen-
sion. A possible explanation of this relationship is that
skate species with a wide depth range occur in a wider
variety of benthic environments, therefore they
encounter a higher variety of prey compared with

@ Springer

skate species with narrow depth ranges. While our
results apply to a morphologically conservative group
of benthic species with a high degree of endemism,
other species of elasmobranch fishes may show
different relationships between these niche dimen-
sions. Many large shark species are migratory,
cosmopolitan and use a wide variety of marine
environments, but tend to be specialized on a small
set of prey (e.g. large white sharks, Carcharodon
carcharias, feeding predominantly on marine mam-
mals; Cliff et al. 1989).

General macroecological patterns between dietary
niche breadth and body size of predators are contra-
dictory and a general consensus has not emerged. For
example, in lizards a negative association between
both variables was found (Costa et al. 2008). A
relationship between body size and diet breadth for
passerine birds (Brandl et al. 1994) or marine preda-
tors (Costa 2009) was not found. Butterflies and moths
(Wasserman and Mitter 1978) and land birds (Bréndle
et al. 2002) exhibit positive relationships. To our
knowledge, this is the first study on this aspect focused
on elasmobranch fishes. For skate species, the rela-
tionship found between body size and dietary niche
breadth can be divided into two phases. In a first phase,
up to a maximum body size of 1000 mm total length,
the relationship between body size and dietary niche
breadth is positive. We hypothesize that the increase in
dietary niche breadth may be a result of an improved
ability to capture a high diversity of prey with
increasing body size. In a second phase, including
species larger than 1000 mm total length, the rela-
tionship becomes negative. We propose that larger
skate species avoid small and medium-sized prey (i.e.
benthic invertebrates), because large skates have a
competitive advantage to selectively catch large and
mobile prey (i.e. fishes) offering a higher net energy
gain. This translates in a narrowing of the dietary niche
breadth. An interesting observation is that both the
smallest and largest skate species have a narrow
dietary niche breadth, but most likely the processes
leading to this outcome are different.

Predicting the extinction risk of species is one of the
most challenging and urgent assignments facing
ecologists. Relative to bony fishes, elasmobranchs
such as skates are highly vulnerable to an intense
exploitation due to their large body size, late matura-
tion, low fecundity (Dulvy and Reynolds 2002) and
mainly to their late age at maturity (Hutchings et al.
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2012). Another challenge to ecologists is to evaluate
the relationship between ecological characteristics and
extinction risk. Narrow niches lead to an increment in
the dependence on some specific resources (Begon
et al. 2006). Hence, interspecific differences in dietary
niche breadth may be related to extinction risk because
dietary specialists should be more sensitive than
generalists to the loss of prey and/or the loss of prey
habitat (Boyles and Storm 2007). Among chon-
drichthyans, species with narrower depth ranges are
more likely to be threatened than species with wider
depth ranges (Dulvy et al. 2014), suggesting that
habitat specialists have a higher extinction risk. The
effect of dietary niche breadth on extinction risk
remains still to be tested.
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