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SUMMARY Instances of sexual dimorphism occur in a
great variety of forms and manifestations. Most skates
(Batoidea: Rajoidei) display some level of body shape
dimorphism in which the pectoral fins of mature males
develop to create a distinct bell-shaped body not found in
females. This particular form of dimorphism is present in
each of the sister species Leucoraja erinacea and
Leucoraja ocellata, but differences between sexes are
much greater in the former. In order to understand the
nature and potential causes of pectoral dimorphism, we
used geometric morphometrics to investigate allometry of
fin shape in L. erinacea and L. ocellata and its relationship
to the development of reproductive organs, based on
previous work on the bonnethead shark, Sphyrna tiburo.
We found that allometric trajectories of overall pectoral

shape were different in both species of skate, but only
L. erinacea varied significantly with respect to endoskeleton
development. Male maturation was characterized by a
number of sex-specific morphological changes, which
appeared concurrently in developmental timing with elon-
gation of cartilage-supported claspers. We suggest that
external sexual dimorphism of pectoral fins in skates is a
byproduct of skeletal growth needed for clasper develop-
ment. Further, the magnitude of male shape change
appears to be linked to the differential life histories of
species. This work reports for the first time that pectoral
dimorphism is a persistent feature in rajoid fishes, occurring
in varying degrees across several genera. Lastly, our
results suggest that pectoral morphologymay be useful as a
relative indicator of reproductive strategy in some species.

INTRODUCTION

Skates (Batoidea: Rajoidei), the most speciose elasmobranch
group (Chiquillo et al. 2014), share similar overall body plans
(McEachran and Dunn 1998). However, a fair amount of
variation does exist among rajoids andmay be related to lifestyle
diversity (Martinez et al. in review). Within species, males and
females often differ in morphological characteristics, with
several instances of sexual dimorphism having been identified
(Braccini and Chiaramonte 2005; Orlov and Smirnov 2011; Last
and Alava 2013). One commonly cited example of skate
dimorphism is their dentition (McEachran 1977; Scenna et al.
2006; Castillo-Geniz et al. 2007), where male teeth become
cusped during maturity (Supporting Information Fig. S1) in
order to grasp females during copulation. Other examples
include variation in electric organs (Morson and Morrissey
2007), alar, and malar thorns (Luer and Gilbert 1985;
McEachran and Konstantinou 1996) and the presence of paired,
external reproductive organs (claspers) in males (Pratt and
Carrier 2001).

Sexual dimorphism is common in nature and may arise from
a wide range of selective regimes (Lande 1980). Some of its

manifestations in skates, including those listed above, have
known functional implications for mating. Others, however, are
not well understood and their utility, if any at all, is not obvious.
For example, sexually dimorphic pectoral fins have been cited in
Neoraja stehmanni, Raja straeleni, and Raja miraletus (Ebert
et al. 2007) as well as Atlantoraja cyclophora (Oddone and
Vooren 2004). In all instances, males took on a “bell-shaped”
body form at maturity (Ebert et al. 2007). Other work has
identified sex-based differences in disc (¼body) width that may
also be associated with these shape variations (Orlov and Cotton
2011). Despite relatively few accounts, it appears as though the
bell-shaped body is a persistent characteristic of male skates,
occurring in species that span the diversity of Rajoidei (Fig. 1).
Such consistency in the direction of morphological variation
across genera suggests a common mechanism. In other words,
there is likely some shared characteristic among developmental
pathways of male skates that produces the distinctive pectoral
shape.

Aside from brief acknowledgments of its existence,
information regarding the aforementioned pectoral dimorphism
and its underlying causes are limited. However, one potential
clue to its origin may be found in the bonnethead shark, Sphyrna
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tiburo. Upon maturity, cephalofoil shape (the modified, flattened
and laterally expanded neurocranium) of male S. tiburo diverges
from females and becomes more sharply angled in dorsal profile
(Kajiura et al. 2005). Radiographs indicated that changes in head
shape were caused by anterior extension of the rostrum. Given,
the timing of change and its appearance in males only, it was
suggested that cephalofoil dimorphism inS. tiburowas a resulting
side effect of endocrine signals promoting growth of skeletal
elements in order to increase clasper length. Because pectoral
shape divergence also occurs at sexual maturity in male skates
(Ebert et al. 2007; personal observation of author CMM), we
investigated the relationship between dimorphism and develop-
ment of reproductive organs in two common species of northwest
Atlantic rajoids, the little skate (Leucoraja erinacea) and winter
skate (Leucoraja ocellata). L. erinacea and L. ocellata are
putative sister species (McEachran andMusick 1973;McEachran
and Martin 1977) and despite questionable monophyly of
Leucoraja (e.g., Chiquillo et al. 2014), molecular data suggests
that the two species in question are more closely related to each
other than to other congeners (Naylor et al. 2012).

Like many closely related taxa, L. erinacea and L. ocellata
are similar in appearance at the juvenile stage. During this
period, species discrimination is notoriously difficult (McEach-
ran and Musick 1973; Bremer et al. 2005). As the transition to
sexual maturity begins, however, their adult forms become
increasingly distinguishable. In both species, males and females
display dimorphic pectoral fin shapes, although it is much more
pronounced in L. erinacea (Fig. 2). Relative to females, adult
males have a distinctly concave anterior pectoral fin region and
exaggerated lobe-like posterior fin area that give them their
distinctive bell-shaped appearance.

A major distinction between the closely related L. erinacea
and L. ocellata is found in their evolved life histories. Both male
and female L. erinacea display more rapid growth, approaching
their asymptotic maximum body length (L1 in the von
Bertalanffy growth function) at two to three times the rate (k)

of L. ocellata (Frisk and Miller 2006) (Supporting Information
Table S1). In addition, female L. erinacea reach peak
reproduction rapidly and decline shortly thereafter, whereas
female L. ocellata have several years at or near their
reproductive maximum (Frisk et al. 2002; Frisk 2010). As a
consequence of its overall rapid lifestyle, L. erinacea is much
smaller in size and shorter-lived than L. ocellata, withmaximum
ages of 12.5 and 20.5þ years, respectively (Frisk and Miller
2006). Growth and maturation of skates also determines the
timing and rate of clasper elongation in males (Sosebee 2004).
If, as in S. tiburo, clasper elongation of skates is related to
growth of other skeletal structures then we propose that
variation in life histories (particularly related to growth and
maturation rates) may influence the expression and intensity of
sexual dimorphism.

The overall goal of this research was to document a common
but poorly understood form of sexual dimorphism in skates
using the species L. erinacea and L. ocellata to serve as
examples for the more widespread morphological pattern.
Given, the apparent dependence of pectoral fin dimorphism on
the maturation process, we investigated variation of shape with
size (allometry) in these species. We expected differences in
allometric shape trajectories among sexes to be larger in
L. erinacea than L. ocellata, as the magnitude of dimorphic
variation is larger in the former. We also compared pectoral
shape to development of reproductive organs (male claspers and
female cloacae) in both species. Due to the proposed effect of
clasper elongation and skeletal growth on external pectoral
shape, we expected to find characteristics of endoskeleton
development that were specific to males, coincident in
developmental timing with pectoral outline changes and
comparable in magnitude. We projected that male pectoral
and endoskeleton shapes should display a stronger association
with clasper length than would female shapes with cloaca depth.
Moreover, the effect would be more evident in male L. erinacea
than L. ocellata.

Fig. 1. Deformation grids comparing pectoral shape transformations of male skates (black dots) relative to females in four species; (A)
Rajella fyllae, (B) Fenestraja plutonia, (C) Raja eglanteria and (D) Bathyraja maculata. Each panel is based on a pair of specimens (one
male, one female). Note varying degrees of divergence between males and females (degree of grid warping) in different species.
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MATERIALS AND METHODS

Specimen collection and imaging

Two hundred and thirty skate were collected during research
trawls in the New York Bight during 2012 and 2013, including
136 L. erinacea (73 male, 63 female) and 94 L. ocellata (49
male, 45 female). Fish were caught throughout the year, but
most were captured during fall and summer months. Individuals
ranged from 10.0 to 49.4 cm total length (TL) for L. erinacea
and 18.8 to 95.0 cm TL for L. ocellata. For each species,
specimens represented an ontogenetic sequence from recently
hatched juvenile skate to sexually mature adults. All individuals
were euthanized with Tricaine-S (MS-222) directly after being
caught and were subsequently frozen until imaging. The
treatment of specimens followed Institutional Animal Care
and Use Committee (IACUC) permit number 2012-1994-NF-
10.12.15-FI at Stony Brook University.

Prior to imaging, specimens were thawed such that pectoral
fins were pliable and easily placed into a flat resting
orientation. In addition, pelvic fins were removed to aid in
visualization of the pectoral margin near the posterior point of
attachment to the body. Fish were imaged with photography
and radiography. Dorsal photographs were taken with a 10.1

megapixel Canon Rebel xsi DSLR camera attached to a tripod.
Radiographs were taken from a ventral perspective as this
yielded images that best displayed the desired skeletal
structures relevant to pectoral fin shape. Specimens were x-
rayed at one of two locations; larger skates were imaged in the
marine veterinary facility at the Riverhead Foundation
(Riverhead, NY) while smaller individuals were processed in
the Department of Ichthyology at the American Museum of
Natural History, AMNH (New York, NY).

Whenever possible, we collected specimen data that
included total length, clasper length (males) and cloaca
depth (females). As mentioned previously, species determi-
nation is difficult for juvenile L. erinacea and L. ocellata at
superficial levels. However, a meticulous morphological
investigation found that species differ in number of pectoral
radials (McEachran and Musick 1973), with L. erinacea
having 63–67 and L. ocellata with 71–81. Radial counts were
made from radiographs and were confirmed for mature
individuals where species identity was known. Sex was
determined by the presence or absence of claspers, which
develop at embryonic stages (personal observation of author
CMM), making their presence indicative of sex for all life
stages investigated here.

Fig. 2. Photographs of pectoral fins for (A) male L. erinacea, (B) female L. erinacea, (C) male L. ocellata and (D) female L. ocellata.
Juvenile stages are shown on the left with 1 cm scale bars and adults are on the right with 5 cm scale bars.
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Shape acquisition
We used geometric morphometrics to evaluate overall pectoral
fin shape (outline of outer fin margin) and endoskeleton
morphology. The pectoral fin outline was defined from the
fin’s posterior point of attachment with the body to anterior-most
point of radial extension (blue line, Fig. 3), using 35 landmarks
(33 sliding semilandmarks, flanked by a fixed landmark on each
end). Semilandmarks are commonly used to analyze outlines and
surfaces where designation of homologous points is difficult
(Gunz and Mitteroecker 2013). Endoskeleton morphology was
similarly evaluated, with 94 landmarks (85 sliding semiland-
marks and 9 fixed landmarks) distributed amongfive outlines that
collectively defined a skeletal complex that serves as the
structural base of the pectoral fin (red lines, Fig. 3). Outlined
structures included the pectoral girdle (scapulocoracoid) and
three basal radials (propterygium, mesopterygium, and meta-
pterygium). For both sets ofmorphological analyses, points along
outlines were created in tpsDIG2 (Rohlf 2013) and shape
alignment was achieved with generalized Procrustes analysis
(GPA) in the package geomorph (Adams and Ot�arola-Castillo
2013) in R (R Core Team 2014). GPA is an iterative procedure
that scales, rotates and translates landmarks to reduce the sum of

squared distances of specimen landmarks to an average shape
(Adams et al. 2013).

Allometry and sexual dimorphism
Weregressed shape on log-centroid size (CS) to obtain individual
allometric relationships for all combinations of sex and species
(male L. erinacea; female L. erinacea; male L. ocellata; female
L. ocellata). CS is the square root of the sum of squared residuals
of distances from landmarks to the shape’s centroid and is
commonly used to investigate allometry inmorphometric studies
(Fr�ed�erich andVandewalle 2011). The percent of shape variation
accounted for by regression with log-CSwas used as an indicator
of the relative strength of relationships. We also computed the
common allometric component (CAC) of shape change with the
plotAllometry function in geomorph. The CACconsists of slopes
from a pooled regression of shape variables on log-CS, corrected
by group means (Mitteroeker et al. 2004).

Comparisons of shape trajectories
We compared growth trajectories of skate groups (defined
above) with a multivariate analysis of covariance (MANCOVA)

Fig. 3. Diagram of skate endoskeleton from a ventral view (right), with features of interest labeled; rostrum (ros), rostral appendix (rap),
propterygium (pt), mesopterygium (msp), metapterygium (mtp) and scapulocoracoid (sc). In addition, the outlines used for morphological
analyses are shown (left), with the number of landmarks on each provided. The pectoral fin margin was evaluated as a single outline (blue
dashed line) and the endoskeleton configuration included five outlines (red dashed lines).
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on aligned specimens, with log-centroid size (CS) as the
covariate. Significance was assessed with 10,000-replicate
permutation tests. To do this we used the procD.lm function in
geomorph, which employs a matrix of pairwise Procrustes
distances among specimens (instead of a variance-covariance
matrix) for statistical comparisons.

Pectoral morphology and development of
reproductive organs
Reproductive organs were measured using the methods
described by Sosebee (2004). On each male, both claspers
were measured to the nearest millimeter with vernier calipers
(small specimens) or a ruler (large specimens) and then
averaged to generate a single value per specimen. Cloaca depth
was measured to the nearest millimeter by insertion of the end of
the calipers. We performed separate regressions of shape on
clasper length for male L. erinacea and L. ocellata, repeating the
analyses for shape and cloaca depth in females. Again, the
percent of shape variation accounted for was used to compare
relationships in different groups.

Rostrum length
We measured rostrum length from radiographs to the nearest
0.01 cm.The rostrumwasmeasured from the posterior base of the
anterior neurocranial fontanelle to the end of the visually
identifiable forked tip of the rostrum, not including the rostral
appendix (Supporting Information Fig. S2). We compared TL-
corrected rostrum length between skates separated into groups
based on species, sex, and maturity (using maturity estimates
from Sosebee 2004).We used Tukey’s honest significance test to
performpost hoc comparisonsof intraspecific rostrum length.We
were interested in differences between males and females of the
same maturity stage (dimorphism) and also differences between
maturity stages within the same sex (developmental changes).

Male gonadosomatic index
For further understanding of differences in reproductive
strategies, we calculated the gonadosomatic index (GSI) for
male L. erinacea and L. ocellata over a range of sizes. GSI was
calculated as testes mass divided by total body mass, times 100.
It provided information about species’ investment in testes,
which is used as an indicator of sperm production and for the
potential for polyandry and/or sperm competition in a wide
range of taxa (Parker et al. 1997), including elasmobranchs
(Fitzpatrick et al. 2012). Due to impacts of freezing and
subsequent thawing on the structural integrity of testes,
additional individuals not included in morphological analyses,
were collected for GSI measurements (37 L. erinacea and 47
L. ocellata). These individuals were obtained on the 5th and 6th
of May 2013. Often, GSI data are collected throughout the year
to account for variation in testes weight relative to peak

reproductive season (e.g., Flammang et al. 2008). However,
Sulikowski et al. (2004) showed that male L. ocellata in the Gulf
of Maine display relatively stable GSI throughout the year
(Supporting Information Fig. S3) and that reproductive peaks
are not well defined. In addition, L. erinacea is known to mate
throughout the year (Bigelow and Schroeder 1953), suggesting
that it too may display some level of consistency in GSI.

RESULTS

Allometry and sexual dimorphism
Each of the groups of skate evaluated displayed significant
allometric change in both overall pectoral fin shape and
endoskeleton structure (Table 1). With respect to pectoral
outline shape, size accounted for approximately equivalent
amounts of overall change observed in female L. erinacea and
L. ocellata (31.7 and 32.2%, respectively). Conversely in male
L. erinacea, size accounted for 40.1% of overall pectoral shape
variation, versus just 23.5% in male L. ocellata. Shape changes
in males of both Leucoraja species are characterized by two
primary transformations with size, an increasing concavity in
the anterior half of the fin and expansion of the posterior fin,
causing a more rounded and lobe-like appearance relative to
females (Fig. 4). The magnitude of these changes, however, is
much more pronounced in mature male L. erinacea. In mature
females, much of the change with growth was concentrated in
the posterior pectoral fin, with this area becoming compressed
and consequently flatter in appearance.

Endoskeletons of L. erinacea displayed stronger allometric
relationships (43.5 and 25.9% of male and female variance,
respectively) than did L. ocellata (17.1 and 12.2%) (Table 1).
The larger disparity in relationship strength between male and
female L. erinacea likely reflects the more extreme dimorphism
in this species (Fig. 5). In females, the scapulocoracoid was
elongate, the mesopterygium was smaller and the proximal end
of propterygium was more gracile than in males (Fig. 4). In

Table 1. Regressions of pectoral outline (A) and
endoskeleton (B) shapes on log-centroid size (CS)

Group % variance n P

(A)
L. erinacea (male) 40.1 73 <0.001
L. erinacea (female) 31.7 63 <0.001
L. ocellata (male) 23.5 48 <0.001
L. ocellata (female) 32.2 45 <0.001

(B)
L. erinacea (male) 43.5 72 <0.001
L. erinacea (female) 25.9 63 <0.001
L. ocellata (male) 17.1 49 <0.001
L. ocellata (female) 12.2 45 <0.001
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contrast, endoskeletons of males became increasingly stout upon
maturation. In male L. erinacea, there is conspicuous growth of
several skeletal structures, including the proximal base of the
propterygium, the mesopterygium and the posterior dorsolateral
arm of the scapulocoracoid, leading to the metapterygium.
Similar morphological changes can be observed in L. ocellata,
but are much more subtle.

Comparisons of shape trajectories
Allometric shape trajectories were significantly different among
skate groups in separate analyses of overall pectoral outlines
(P< 0.0001) and endoskeletons (P< 0.0001) (see Fig. 5 for
visualization of allometries). However, interaction terms were
also significant in each analysis (P< 0.0001), indicating
regressions of shape on log(CS) did not share a common slope.
Comparisons of slope characteristics between groups were
made simultaneously with MANCOVA randomizations and
revealed further information about relative differences in
allometric trajectories. In analyses of pectoral outlines, female
L. ocellata surprisingly displayed the most shape change per
unit size (slope length¼ 0.042, P< 0.0001), followed by male
L. erinacea (slope length¼ 0.040, P< 0.0001), female
L. erinacea (slope length¼ 0.036, P< 0.0001), and finally

male L. ocellata (slope length¼ 0.025, P¼ 0.0015). In
comparison, endoskeleton shape change with size was larger
in L. erinacea males (slope length¼ 0.047, P< 0.0001) and
females (slope length¼ 0.037, P< 0.0001) than in L. ocellata
males (slope length¼ 0.022, P¼ 0.022) and females (slope
length¼ 0.020, P¼ 0.034). Here skeletal shape variation was
consistently larger in males than females within each species.

Differences in slope magnitudes between males and females
were greater inL. erinacea thanL. ocellata (Table 2), a distinction
that was larger in analyses of endoskeletons than overall fin
outlines. In fact, the magnitude of allometric slopes in L. ocellata
endoskeletons was not significantly different between males and
females. Interspecific comparisons indicated that males differed
more with respect to allometric slope magnitudes than did
females (Table 2), and the pattern was again clearer in the
endoskeleton analysis. There were no differences in the angles
between slopes for any of the pairwise comparisons (Table 2).

Pectoral morphology and development of
reproductive organs
Clasper length and cloaca depth increased rapidly as individuals
reached sexual maturity, making relationships with TL highly
nonlinear (Fig. 6). In male L. erinacea, clasper length was

Fig. 4. Deformation grids of mean adult shapes
(filled circles) relative to mean juvenile shapes,
representing transformations associated with matu-
ration in each skate group. Overall pectoral outlines
(left) and endoskeletons (right) are shown, with
magnified inserts for visualization of the scapulo-
coracoid and proximal basal radials in L. erinacea.
Designation of specimens as juvenile or mature was
based on estimates provided in Sosebee (2004).
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associated with 39.6 and 49.7% of variation in pectoral outline
and endoskeleton shape, respectively (Table 3). As expected,
relationships between cloaca depth and shape were much
weaker for female L. erinacea, with the endoskeleton having the
strongest association at 17.6% of variance. In L. ocellata,
relationships were more similar between the sexes than they
were in L. erinacea, accounting for 10.5–21.0% of shape
variation (Table 3).

Rostrum length
We found that within species the size-corrected rostrum length
declined from immature to mature specimens (Fig. S4), but
the difference was only significant in males (L. erinacea,
mean(immature)¼ 0.086 cm, mean(mature)¼ 0.077 cm, P< 0.0001;
L. ocellata, mean(immature)¼ 0.096 cm, mean(mature)¼ 0.089 cm,
P¼ 0.00058). Consistent with our other morphometric results, the
magnitude of change was largest in male L. erinacea. There was

also a significant difference in rostrum length betweenmaturemale
and mature female L. erinacea (mean(male)¼ 0.077, mean(female)

¼ 0.085, P¼ 0.00012), suggesting rostral dimorphism of adults in
this species.

Male gonadosomatic index
The gonadosomatic index (GSI) increased with TL in males of
both species, but did so much more rapidly in L. erinacea
(Fig. 7). AlthoughGSI comparisons have TL on the abscissa and
not CS (used in shape analyses), the relationship between the
two is very strong and scales linearly for all groups (Supporting
Information Fig. S5).

DISCUSSION

In male skate, a number of specific morphological changes
appear at maturity that contribute to much of the observed
pectoral fin dimorphism. These include a distinct concavity of
the anterior portion of the fin and a more-rounded or lobed
posterior fin relative to females (Figs. 2 and 4). However, it has
not been obvious which underlying skeletal changes, if any,
coincide with the external transformation. Our research revealed
a number of differences in the endoskeletons of mature male and
female Leucoraja skates. First, the scapulocoracoid is longitu-
dinally shorter in mature males, with the dorsolateral region
becoming more broad and bulky and increasing in curvature
leading up to the metacondyle. In contrast, females are
characterized by an elongated and gracile scapulocoracoid.
Additionally, the male mesopterygium expands in an

Fig. 5. Common allometric component (CAC) of pectoral outline
(A) and endoskeleton shape (B) versus log-centroid size in
Leucoraja skate groups. Weighted local regression lines are
provided for comparison.

Table 2. Pairwise tests of allometric slopes for pectoral
outline (A) and endoskeleton (B) shapes, with P-values in

parentheses

Comparison Magnitude Angle

(A)
L. erinacea (M) v. L. erinacea (F) 0.033 (0.0013) 0.88 (0.88)
L. ocellata (M) v. L. ocellata (F) 0.029 (0.036) 0.75 (0.93)
L. erinacea (F) v. L. ocellata (F) 0.025 (0.080) 0.64 (0.96)
L. erinacea (M) v. L. ocellata (M) 0.031 (0.0030) 0.88 (0.89)
L. erinacea (F) v. L. ocellata (M) 0.025 (0.044) 0.78 (0.93)
L. erinacea (M) v. L. ocellata (F) 0.048 (<0.0001) 1.27 (0.68)

(B)
L. erinacea (M) v. L. erinacea (F) 0.033 (<0.0001) 0.77 (0.97)
L. ocellata (M) v. L. ocellata (F) 0.015 (0.47) 0.70 (0.98)
L. erinacea (F) v. L. ocellata (F) 0.029 (0.014) 0.88 (0.94)
L. erinacea (M) v. L. ocellata (M) 0.039 (0.0002) 0.96 (0.91)
L. erinacea (F) v. L. ocellata (M) 0.040 (<0.0001) 1.40 (0.63)
L. erinacea (M) v. L. ocellata (F) 0.036 (0.0004) 0.79 (0.96)

M, males; F, females.

Martinez et al. Pectoral dimorphism in skates 111



anteroposterior direction, becoming more oblong in comparison
to females. Finally, the propterygium becomes bulbous in males
at its proximal base and increases in curvature over the length of
the structure. Although the magnitude of morphological
changes was greater in male L. erinacea than L. ocellata, there
was a general consistency between species in the nature of those
changes (Supporting Information Fig. S6).

The increased skeletal growth and general bulkiness in
males, as described above, lends to the argument that
endoskeletal changes (resulting in sexual dimorphism) are
secondary consequences of a general acceleration of growth of
skeletal material that is necessary for rapid elongation of male
claspers. The manner by which endoskeletal changes impact the
simultaneous transformation of the external appearance of the

pectoral fin is not abundantly clear (whether it be direct or
indirect, through impacts on skeletal muscle or otherwise),
although the two are almost certainly linked. Relatively short
and stout rostrums of mature male L. erinacea provided further
evidence for dimorphic skeletal features not associated with
pectoral fins. Overall, the endoskeleton is likely a more
appropriate morphological comparison than the pectoral outline
itself because of its direct relation to the suggested mechanism.
In other words, the relationship between external pectoral shape
and clasper size is at least partly mediated by endoskeletal
changes in the basal radials and scapulocoracoid, much in the
way that head shape in S. tiburowas the indirect effect of clasper
elongation on rostrum growth (Kajiura et al. 2005).

Fig. 6. Clasper length (A) and cloaca depth (B) versus total length
in L. erinacea (filled circles) and L. ocellata (filled triangles). Plots
include data collected for this study (black symbols) and an
extensive dataset from the NMFSNortheast Fishery Science Center
(gray symbols), added for reference. Dark gray bars show length
ranges from first maturation (Sosebee 2004) to the largest
specimens used in this study.

Table 3. Regressions of pectoral outline (A) and
endoskeleton (B) shapes on clasper length (male) and

cloaca depth (female)

Group % variance n P

(A)
L. erinacea (male) 39.6 62 <0.001
L. erinacea (female) 9.4 53 0.003
L. ocellata (male) 15.1 45 <0.001
L. ocellata (female) 21.0 43 <0.001

(B)
L. erinacea (male) 49.7 61 <0.001
L. erinacea (female) 17.6 53 <0.001
L. ocellata (male) 16.7 46 <0.001
L. ocellata (female) 10.5 43 <0.001

Fig. 7. Gonadosomatic index (GSI) versus log-total length for male
L. erinacea (filled circles) and male L. ocellata (filled triangles).
Weighted local regression lines added for visualization of relative
rates of increase.
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Given the morphological variation between species and sexes,
it follows that skates often displayed differences in allometric
trajectories of their pectoral fins and endoskeletons. The strongest
individual allometric trends (Table 1) and largest observed
differences in allometric trajectories (Table 2) were associated
with male L. erinacea. These results are clearly linked to the large
and rapid morphological transformation with maturity in male
L. erinacea, relative to the others (Fig. 5). Although overall
pectoral variationwas large in femaleL. ocellata, closer inspection
shows that most changeswere localized near the posterior point of
attachment to the body, with no clear connections to skeletal
changes (Fig. 4). Nevertheless, differences in allometric trajec-
tories between sexes were larger in L. erinacea than in L. ocellata
(Table 2), which was consistent with our original hypothesis.

The growth and development of reproductive organs
(claspers and cloacae) coincided, to varying degrees, with
overall shape variation within different groups. As with the
allometric relationships, associations between pectoral shape
and reproductive organs were most evident in male L. erinacea.
Clasper development in male L. erinacea was associated with
nearly two times the amount of external shape variance than in
corresponding regressions in male L. ocellata, female
L. erinacea, and female L. ocellata (Table 3); for the
endoskeleton, it was almost three times the variance.

We initially believed that relationships between male fin
morphology and claspers would be stronger than those for
conspecific females and cloacae. While this was true in
L. erinacea, male L. ocellata had a weaker relationship than
females for the pectoral outline analysis and only marginally
stronger in the endoskeleton analysis (Table 3). We believe that
this discrepancy is related to the difference in magnitude of
morphological changes in males, and ultimately to the rate at
whichmaturation (and clasper elongation) occurs in both species.

Growth profiles showed that as male L. erinacea begin to
mature, their claspers become larger than that of similarly sized
L. ocellata, such that the clasper size of a 50 cm TL L. erinacea is
roughly equivalent toL. ocellataof75–80 cmTL (Fig. 6).Another
consequence of accelerated maturation rate in L. erinacea is that
this species undergoes full clasper elongation over amuch smaller
window of somatic (TL) growth relative to L. ocellata (dark gray
bars in Fig. 6). Although it is difficult to determine with precision
the initiation of the juvenile-to-adult transition in male L. ocellata
(see Sosebee 2004), even conservative estimates result in
maturation occurring over a larger TL span compared to
L. erinacea. Differences in the temporal duration of maturation
between species are even greater, considering that somatic growth
rates are slower in L. ocellata (Supporting Information Table S1).
Similar maturation rates have been found in females (Frisk and
Miller 2009), where analysis of oocytes indicated that the size
range (in cmTL) from the onset ofmaturity to functional maturity
occurred over 1 cm of growth in L. erinacea versus 10 cm in
L. ocellata. Therefore, a subtle bell-shape body inmaleL. ocellata
may result from their tendency to grow slower, spreading skeletal

growth over a much longer growth period. In contrast, the more
extrememorphology inmale L. erinaceamay signify that skeletal
changes occur at a faster rate compared to overall body growth.
Additional evidence of these rapid changes can be found in the
pectoral radials, where it was common to observe what we have
termed “radial compression” between the outer finmargin and the
growing propterygium in male L. erinacea (Supporting Informa-
tion Fig. S7). Comparisons of other species are needed to
substantiate these patterns, but if true, they suggest that the rate of
somatic growthmay set the upper threshold on rates of clasper and
skeletal growth for maturing males.

The idea of male L. erinacea pushing the limits of maturation
speed is consistent with its life history and reproductive biology.
In addition to its elevated growth rates and shorter life span, we
found support for male L. erinacea allocating a disproportionate
amount of resources to testes growth (Fig. 7). Combined with
the observation of increased growth of claspers and several other
chondroskeletal structures (a likely byproduct of the former),
these expenditures must come at a cost and are unlikely to occur
if not for some benefit to individual male fitness. In fact, the
investment of resources for future reproductive gain represents a
fundamental trade-off in the evolution of life histories (Stearns
1989). For L. erinacea, one consequence of a brief reproductive
peak is that individuals must mature quickly to compete for
mating opportunities while it is most profitable to do so (Frisk
et al. 2002). Rapidly increasing GSI and clasper elongation in
L. erinacea suggests a race to maturation with an intensity that is
not realized in L. ocellata. Consequently, processes responsible
for the generation of divergent life histories may be the same
involved in creating pectoral dimorphism that differs in
magnitude between L. erinacea and L. ocellata.

One way to explore this system further would be to
investigate intraspecific patterns of sexual dimorphism across
a species’ range.Work by Frisk andMiller (2006, 2009) showed
that L. erinacea grow significantly slower at higher latitudes and
reach larger maximum size, a pattern also found in a number of
terrestrial and marine organisms (Conover et al. 2009). In the
discussion above, we linked the intensity of sexual dimorphism
in L. erinacea to rapid growth and maturation rates. Based on
this hypothesis, we might expect that the expression of sexual
dimorphism in L. erinacea should vary as growth rate does, with
latitude. Therefore we can propose, as a test of the mechanistic
framework presented herein, that dimorphism will be increas-
ingly muted at higher latitudes due to slower growth and
maturation. Studies of this nature will be critical for providing
additional support linking pectoral dimorphism to life history
variation and reproductive strategy.

CONCLUSIONS

Given the presence of pectoral fin sexual dimorphism in many
(if not most) skate species, our findings have wide-reaching
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relevance across Rajoidei and potentially to other elasmobranch
fishes. If the proposed relationships between rates of clasper
elongation, intensity of pectoral dimorphism and reproductive
biology hold for other species of skate, then the magnitude of
dimorphism (or more simply the degree of male allometric
shape change) may be a useful indicator for relative life history
information (e.g., rate of maturation). Further research is
certainly needed to confirm these relationships in other skates,
however, the appearance of dimorphism in so many species
suggests that selection for disparate maturation rates may be a
pervasive characteristic of diversification within rajoids.
Additional work will also be important to identify other factors
influencing the expression of pectoral dimorphism, including
hormone pathways involved in clasper elongation and also
potential connections between pectoral shape and the appear-
ance of alar/malar thorns in mature male skate.
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Table S1. von Bertalanffy growth parameters from Frisk and
Miller (2006).

Fig. S1. Photograph of jaws from mature female (left) and
mature male (right) L. erinacea.

Fig. S2. Radiograph of a Leucoraja skate, showing rostrum
length used in this research.

Fig. S3. Monthly mean gonadosomatic indices for male (black)
and female (gray) L. ocellata in the Gulf ofMaine, with standard
errors provided (vertical bars). Data from Sulikowski et al.
(2004).

Fig. S4. Boxplots of size-corrected rostrum length for L.
erinacea (gray boxes) and L. ocellata (white boxes), grouped by
sex and maturity.

Fig. S5. Relationships between total length and centroid size.

Fig. S6. Deformation grids of mean adult endoskeleton
shapes (filled circles) relative to mean juvenile shapes,
representing transformations associated with maturation in
(A) male L. erinacea magnified by a factor of two, (B) male
L. ocellatamagnified by two and (C) male L. ocellatamagnified
by four.

Fig. S7. Radiographs of male (A) and female (B) L. erinacea,
displaying “radial compression” in the former. Scale bars are
2cm in length.
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