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ABSTRACT Comparison of embryonic specimens with
juvenile and mature specimens of other skates indicates
that the relative developmental sequence of events is
maintained among several taxa within larger clades.
However, there is a fundamental difference between the
pattern of chondrification and the pattern of calcification
in skates. Early in ontogeny a short synarcual surrounds
the first free vertebral centrum. Additional neural arch
segments are incorporated from anterior to posterior
and the relative length of the synarcual cartilage to total
length of the body normalizes early. A secondary direc-
tion of chondrification, from ventral to dorsal, is also
present. Juveniles and subadults show that synarcual
calcification is relatively late compared to the calcifica-
tion of other regions of the skeleton and proceeds from
lateral to medial. Comparison with extinct taxa also
indicates that there is a decrease in vertebral centrum
involvement with the synarcual cartilage over the evolu-
tionary history of the clade. Results from exploratory
analyses of morphospace and taxonomy reveal that phy-
logeny explains part, but not all, of the data on the syn-
arcual in Rajidae. There is evidence of individual and
ontogenetic variation among all species of skates exam-
ined, however, phylogenetically informative variation
prevails. Comparison with other batoids demonstrates a
trend where the number of vertebral centra flanked by
the synarcual cartilage decreases among more derived
taxa indicating a high degree of convergent morphology
among batoids with potential functional significance.
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INTRODUCTION

Throughout the course of vertebrate evolution,
certain skeletal elements or anatomical complexes
stand out as significant in the origin of major
groups of vertebrates, for example, the monobasal
fin and the evolution of tetrapods (Shubin, 1995;
Coates et al., 2002), extensive fenestration in the
skull of archosaurs (Witmer, 1997), ear ossicles
and the evolution of mammals (Rowe, 1988;
Ekdale, 2009), and the cartilaginous skeleton in
chondrichthyan fishes (Goodrich, 1958; Clement,
1992; Miller et al., 2003). Vertebrae themselves
also underwent varying degrees of evolution across
vertebrates (Gadow and Abbott, 1895; Goodrich,
1958). Among chondrichthyan fishes, the vertebrae

have undergone drastic modification, and, specifi-
cally within batoids and chimaeriforms, they were
modified into an entirely new element, the synarc-
ual (Fig. 1), a complex cartilage immediately poste-
rior to the cranium that results from the fusion of
multiple aspects of two or more vertebrae (e.g., Gar-
man, 1913; Miyake, 1988; Didier et al., 1998). A
short synarcual is firmly fixed to the chondrocra-
nium in chimaeriforms and is articulated directly
with the basal cartilage of the first dorsal fin (Didier
et al., 1998). A long synarcual cartilage, with a
greater range of motion about the cranium than
that in chimaeriforms, is present in all batoids and
is a synapomorphy for the clade (McEachran et al.,
1996; McEachran and Aschliman, 2004).

Although much is known about cranial ontogeny
of several elasmobranch taxa (e.g., Haswell, 1897;
Holmgren, 1940; Smith, 1942; Didier et al., 1998;
Summers et al., 2004), gross-anatomical studies of
the synarcual during early life stages are scarce
for both chimaeriforms and batoids (Miyake,
1988). Examining this aspect of the vertebral–skel-
etal anatomy in terms of ontogeny, phylogeny, and
function will be critical for understanding the
diversification of chondrichthyans.

The synarcual lends itself to study because it is
possible to harvest a great deal of information
from fossils, embryos, fetuses, juveniles, and
adults of both sexes. The purpose of this article is
to describe the morphology of the synarcual carti-
lage at several growth stages among skates
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(Rajidae). Skates are an egg-laying group of
batoids with a relatively conservative body plan,
despite a high number of species (McEachran and
Miyake, 1990a). The majority of taxa examined
are from Rajinae, the least resolved clade within
Rajidae (McEachran and Dunn, 1998). Multiple
specimens from within Rajinae, in particular its
subclade Rajini, were available in museum collec-
tions or through ongoing collections efforts, mak-
ing it possible to comment on individual variation
as well as higher levels of variation among closely
related taxa.

Here, I present the first chondrification growth
sequence for the synarcual cartilage in the extant
skate Raja asterias and compare it to early stages

of Dipturus batis. Then I describe posthatch calcifi-
cation/mineralization sequences for the synarcual
of five extant rajid taxa and a Cretaceous rajid,
yCyclobatis. A morphometric analysis of shape is
also presented to explore the link between form,
function, and phylogeny. Variation of the synarcual
among rajids is discussed and is further compared
to the synarcual of other batoids.

The Generalized Skate Synarcual

Only one synarcual is present in all rajid-batoids
examined (Figs. 1 and 2). The fully formed synarc-
ual is composed of tessellated and uncalcified carti-
lage, not the densely packed rings of areolar carti-
lage associated only with the vertebral centra
(Dean and Summers, 2006). The tesserae fit to-
gether into a single layer of mineralized cartilage
that surrounds the uncalcified cartilage of the syn-
arcual in a crust-like manner. Those tesserae
remain in a single layer for all life stages (juvenile
through mature) examined, accommodating the
increase in uncalcified cartilage as the element
becomes more massive.

Anteriorly, the ventral rim of the synarcual
mouth projects as a lip and rests in the foramen
magnum of the chondrocranium (Fig. 2A). The
shape of the synarcual can be described as a tube
(the neural canal) that transmits the spinal cord
(Fig. 2). A median crest is always dorsal to the
neural canal (Fig. 2B–D). Suprascapular thorns
(Gravendeel et al., 2002) are situated dorsal to the
median crest. In specimens examined for this
study, thorns were not attached to the median
crest, and they were easily removed during dissec-
tion or by digital segmentation in VGStudio Max
2.0. The bases of thorns can be joined to the me-
dian crest in mature specimens. The anterior neu-
ral canal opening (mouth) is globular ventrally
and tapering dorsally (i.e., teardrop shaped). As
body size increases in fully formed taxa, the mouth
becomes more dorsoventrally elongate. The occipi-
tal cotyles of the synarcual articulate with the
occipital condyles of the chondrocranium.

The distal portions of the lateral stays are pres-
ent approximately halfway along the length of the
synarcual (Fig. 2C). Lateral stays are u-shaped in
anterior and posterior view (Fig. 2D). Spinal nerve
foramina are best viewed anterolaterally of the
neural canal. In lateral view, the proximal and dis-
tal portions of the lateral stay obscure the anterior
most spinal nerve foramina (Fig. 2C). The walls
and ventral base of the neural canal widen with
increasing body size (Claeson, 2008). Paired ven-
tral nerve foramina are positioned at different
points on the ventral base in different specimens.

Posterior to the lateral stays and dorsal to the
neural canal is the pectoral arch (Fig. 2). The pec-
toral arch is fused to the distal portion of the me-
dian crest and articulates with the scapulocoracoid

Fig. 1. Major clades of Batoidea. Modified from McEachran
and Aschliman (2004). The chimaeriform outgroup also pos-
sesses a synarcual, though the homology to the batoid synarc-
ual is unknown. Synarcual drawings reproduced from Garman
(1913).
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of the pectoral girdle laterally (Fig. 2A and B). In
anterior and posterior views, the pectoral arch is
narrowest proximally and expands dorsoventrally
toward the distal articular surface for the scapulo-
coracoid (Fig. 2D).

MATERIALS AND METHODS
Extant Specimens

I assembled an embryonic growth series for the skate Raja
asterias and Dipturus batis, using the histological preparations
made by Anton Dohrn in the mid-to-late 1800s, which are on
permanent loan at the Museum für Naturkunde in Berlin, Ger-
many. The majority of the histological material for skates was
cranial, although some postcranial material was available. I
also assembled juvenile through adult growth series for one
extinct and five different extant skates. For comparison, I also
examined the electric ray, Torpedo, and the stingray, Gymnura.
Embryonic histological specimens of Torpedo were assembled
from the collection at the Museum for Comparative Zoology in
Cambridge, Massachusetts. Specimens examined for the com-
parative synarcual study are listed in Supporting Information
Appendix 1. Skeletal morphology was accessed through several
techniques including traditional dissection, histology and skele-
tal preparation, X-radiography, and computed tomography (CT).
Alcohol-preserved specimens show minor damage from storage
in glass jars (e.g., bending and deformation of otherwise
straight elements), but all individuals were in good condition.

Fossil Specimens

Fossils were preserved on limestone slabs and housed in
museums, worldwide. They were partially or fully prepared by
mechanical methods before I examined them. I observed and
documented the preserved skeletal morphology of fossil speci-
mens with the aid of hand lenses, dissection microscopes, cam-
era lucida, and digital photography. A list of specimens is pro-
vided in Supporting Information Appendix 2.

Institutional and Conventional Abbreviations

AMNH, American Museum of Natural History, New York;
CMNH, Carnegie Museum of Natural History, Pittsburgh; ESB,
Ecosystems Surveys Branch, Northeast Fisheries Science Center,

Woods Hole; FMNH, Field Museum of Natural History, Chicago;
HMI, Helmholtz Zentrum Berlin, Berlin; ZMB, Museum für Natur-
kunde zu Berlin, Berlin; MCZ, Museum for Comparative Zoology,
Cambridge; MNHN, Muséum national d’Histoire naturelle, Paris;
NHM, Natural History Museum, London; SMF, Senckenberg Mu-
seum, Frankfurt; ZMH, Museum für Naturkunde, Hamburg;
SMNS, Staatliche Museen für Naturkunde Baden-Württemberg,
Stuttgart; NHMW, Naturhistorisches Museum Wien, Vienna;
TNHC, Texas Natural History Collection, Austin; UF, University of
Florida, Gainesville; UTCT, The High-Resolution X-ray Computed
Tomography Facility at The University of Texas at Austin. The
daggar symbol ‘‘y’’ indicates that a taxon is extinct.

Dissection and Skeletal Preparation

I examined the thin sections made by Anton Dohrn and the
sections at the MCZ using a compound microscope. I digitized
the Dohrn collection using a high-pixel resolution digital flatbed
scanner. Fish collections assistant, Andy Williston digitized
MCZ slides at the museum.

Fetal (e.g., Gymnura and Torpedo) or embryonic (Rajiformes)
specimens were cleared and stained using a protocol modified
from the one published by Dingerkus and Uhler (1977). In that
modified protocol, the specimens were not soaked in water
before immersion in an Alcian Blue bath overnight. The Alcian
Blue bath was composed of 70% EtOH/30% HAc (vs. 80% EtOH/
20% HAc) and enough stain to turn the solution a light blue
color (<20 mg/1,000 l solution). After one night in the Alcian
Blue bath, the amount of staining was checked and left for up
to 24 h more. Next, the specimens were soaked for 24 h in
100% EtOH and then tap water for 24 h (vs. a graded series of
ethanol baths). Once rinsed, the specimen was placed in a tryp-
sin solution and checked daily until the specimen was limp and
cartilage could be easily seen. After the trypsin solution, the
nerves were stained using sudan black according to the proce-
dure published by Song and Parenti (1995). The remainder of
the procedure followed Dingerkus and Uhler’s protocol for min-
eralized tissues. All cleared and stained specimens were previ-
ously preserved in museum collections.

Fresh-frozen specimens, acquired from ESB, were dissected
and skeletonized. I first removed the integument and most mus-
culature before submerging the skeleton into hot, but not boil-
ing, water until any remaining tissue started to turn white.
When white, I removed the specimen from the hot water, rinsed
it under cool tap water, and used a small brush to take the
additional tissue off the skeletal cartilage. I repeated those
steps until the cartilage was completely cleaned. I wrapped

Fig. 2. Generalized rajid skeleton and synarcual. (A) Raja sp., MCZ 168862 dorsal to top of page; (B–D) stylized synarcual
based on Raja inornata FMNH 2754-D; (B) dorsal (left) and ventral (right) views, anterior to top of page; (C) left lateral view, ante-
rior to left of page; (D) anterior (left) and posterior (right) views, dorsal to top of page. Abbreviations: lsd, distal portion of lateral
stay; lsp, proximal portion of the lateral stay; mc, median crest; nc, neural canal; oct, occipital cotyle; pa, pectoral arch; pf, posterior
flange; snf, spinal nerve foramen; sp, suprascapular (nuchal) thorn; vb, ventral base; vc1, first free vertebral centrum. Scale bars 5
5 mm.
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clean specimens in cotton fabric and stored them in a 70%
EtOH 1 5% Glycerol solution. Specimens are now deposited at
TNHC (Supporting Information Appendix 1).

X-Radiography

The majority of radiographs were taken using digital X-radiog-
raphy in the Ichthyology Collection of the MCZ. Additional film-
based radiographs were taken in the Ichthyology Collections of
the NHM, SMF, and ZMH. I also examined projection data
acquired by computed tomography. Mineralized, or hard, tissues
were easily identified on radiographs, allowing for further com-
ment on the relative growth and calcification of the skeleton.

Computed Tomography

X-Radiographic tomographic scans were acquired from two
sources. Staff at the UTCT conducted scans of larger speci-
mens housed in museum collections in the United States and
reconstructed projection datasets into digital cross-sections. In
several cases, multiple specimens from a single lot of speci-
mens were scanned simultaneously. Specimens were stacked
and separated by a small piece of foam. Most specimens were
positioned with their body axis parallel to the center of scan
rotation for the highest scan resolution. For full details on
scanning parameters used at UTCT, see Supporting Informa-
tion Appendix 3.
I conducted the additional scans of European collections ma-

terial at the HMI, using their in-house microfocus CT scanner.
The majority of the specimens I scanned were posthatch juve-
niles. One or two specimens were scanned at a time. Each spec-
imen was wrapped in bubble wrap and wedged in a 10-cm di-
ameter clear plastic PVC tube that was capped on both ends to
prevent dehydration during scanning. For full details on scan-
ning parameters from the HMI, see Supporting Information Ap-
pendix 4. I reconstructed projected datasets into digital cross-
sections using the software Octopus (inCT, Gent, Belgium).
I used VGStudio Max v1.2 and v2.0 (Volume Graphics, Heidel-

berg, Germany) to further interpret all digital cross-sections. Syn-
arcuals and associated vertebrae were digitally dissected from the
remainder of the dataset using contrast thresholding and opacity
optimization. When multiple specimens were scanned simultane-
ously, phase contrast in cross-sectional slice data was lower for the
smallest specimens than for larger specimens.

Morphometrics

The phylogenetic relationships of genera within Rajidae are
fairly well understood and are based on complex morphological
character suites (McEachran and Miyake, 1990a; McEachran
and Dunn, 1998). However, some areas of the tree remain unre-
solved. Most notably, the relationships within Rajini are
unclear. Furthermore, morphological evidence indicates that
this group is monophyletic, but its relationship to the other two
clades within Rajinae (Amblyrajini and Gurgesiellini) is unre-
solved. In this study, I used a pruned version of the strict con-
sensus tree published by McEachran and Dunn (1998) to assess
the relationships among synarcual shape, morphospace occupa-
tion, and phylogeny.
A total of 49 specimens and 13 extant taxa were examined

representing all of the members of Rajini, three members of
Amblyrajini, two members of Arhynchobatini, and one member
of Gurgesiellini. These four clades are collectively referred to as
‘‘higher-level clades’’ throughout the remainder of the text. No
extinct taxa were included in this portion of the study because
the strict consensus tree to which I refer does not include them.
I quantified synarcual shape variation using two-dimensional
(2D) landmark-based geometric morphometrics. Synarcual
images were compiled from radiographs, CT scans, and photo-
graphs of cleared and stained or dissected specimens using
tpsUtil 1.38 (Rohlf, 2006a). Synarcuals were positioned with
their body axis in the horizontal plane and their pectoral arch

in the vertical plane. A scale was included with the images to
record the size of each specimen. I digitized a total of 13 land-
marks on the images using tpsDig 2.10 (Rohlf, 2006b) (Sup-
porting Information Appendix 5). Nine of the landmarks are
bilaterally symmetrical, but recorded only on one side, and
three are located along the midline of the skull. All nine are
Type-2 landmarks (Bookstein, 1991), because the fused nature
of these elements provides only extreme end points or starting
points of cartilaginous processes.

To test for allometry, a multivariate regression analysis of
shape versus centroid size was conducted using tpsRegr (Rohlf,
2006c). Additionally, MorphoJ 1.01c (Klingenberg, 2011) was
used to investigate shape variation related to phylogeny and
ecology. I performed Procrustes fit for the data and then
searched for outliers. Principle components analysis was used
to examine the main features of shape variation among the spe-
cies examined here. Morphometric data were then mapped onto
a pre-existing skate phylogeny (McEachran and Dunn, 1998) to
assess hypotheses of homology and homoplasy in the morpho-
logical trends discovered. Finally, I conducted a canonical vari-
ate analysis of shape, maximized by higher-level clade (Amblyr-
ajini, Arhynchobatini, Gurgesiellini, and Rajini) and by genus.

RESULTS
Chondrification Pattern of the Skate
Synarcual

The synarcual forms by the coalescence of several
vertebral chondrification centers. Specimens of Dip-
turus batis at 38 mm (Fig. 3A–C) do not exhibit syn-
arcual chondrification, and the first free vertebral
centrum is far anterior, approximately at the midsec-
tion of the gill arches. Larger specimens of Dipturus
batis were unavailable to study. Vertebral chondrifi-
cation centers are already coalescing to form the syn-
arcual of the 35 mm TL Raja asterias (Fig. 3D). My
description of chondrification is, thus, based only on
Raja asterias, and it refers to the relative sequence
of events during chondrification, not the actual stage
at which it occurs for Raja asterias.

At 35 mm, Raja asterias has a short synarcual,
which posteriorly surrounds the first free vertebral
centrum, at approximately the midsection of the
gill arches (Fig. 3D). There are two to three incom-
plete neural arch segments in the posterior region
of the dorsal component of the synarcual in embry-
onic specimens of 42–64 mm TL (Fig. 3E–G). Com-
parison of sagittal sections of specimens at 35, 42,
50, and 64 mm TL indicates that additional neural
arch segments are incorporated from anterior to
posterior (Fig. 3D,E). Segment addition ceases and
the relative length of the synarcual cartilage to
total length of the body appears to normalize by 42
mm (Fig. 3E–G). I infer the direction of additional
segments based on the posteriormost point of the
synarcual cartilage and the position of the first
free vertebral centrum, which are both more poste-
rior (approximately posterior to the gill arches) in
larger specimens than smaller ones (Fig. 3D–G).

In the 50 mm specimen, the dorsal component of
the synarcual is not fully connected to the lateral
walls (Fig. 3H,I). In the axial cross-section, there
is a gap between the lateral walls and the chondri-
fication of the median crest, dorsal to the spinal
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nerve foramina (Fig. 3H,I). In the ‘‘fully developed’’
specimen, the dorsal aspect of the neural canal is
fully closed off (Fig. 3J). Also visible in the axial
cross-section of the 50 mm specimens is a void in
the ventral base of the synarcual (Fig. 3H,I). That
void is continuous into the base of the chondrocra-
nium. In the fully developed specimen, the noto-
chordal void is absent in the chondrocranium and
synarcual (Fig. 3J).

The Synarcual of Okamejei Kenojei

Five individuals of Okamejei kenojei range 11.4–
12 cm of total length (Fig. 4). The size range of

specimens of this taxon was more restricted than
for other taxa, because only a few juveniles were
available for study from museum collections. The
synarcual possesses 24–25 paired spinal nerve fo-
ramina. In dorsal view, two large median dorsal
thorns obscure the median crest and part of the
pectoral arch (Fig. 4B). The median crest is short
relative to the total height of the synarcual. Ante-
riorly, the median crest is wide and ends slightly
posterior to the dorsal margin of the synarcual
mouth. The crest widens and supports the full di-
ameter of the base of the first median suprascapu-
lar thorn and then tapers again toward the pecto-
ral arch. The relative width of the crest to the

Fig. 3. Histological cross sections of skate embryos. (A–C) Dipturus batis; (D–J) Raja asterias. (A) Sagittal section through chon-
drified cranium and axial skeleton; (B and C) frontal sections at the approximate level of the notochord; (D–G) sagittal sections
through chondrified cranium and synarcual wall, at the level of the spinal nerve foramina; (H–J) axial sections; (H and J) are
slightly anterior to the articulation of the occipital condyles-cotyles of the chondrocranium and synarcual; (I) midway along length
of lateral stay. (A–G) Anterior is to left of page and (H–J) dorsal is to top of page. Dirt on slides does not obscure regions of interest.
Yellowed slides are an artifact of aging (ca. 150 years).

SYNARCUAL OF RAJIDAE 5

Journal of Morphology



width of the synarcual is consistent at all sizes
and does not narrow in larger specimens. However,
as noted, the size range available for this taxon
was limited. Additional larger specimens are nec-
essary to confirm this observation. The synarcual
is streamlined posterior to the lateral stays and is
narrowest at the posterior flanges (Fig. 4B,C).

The base of the synarcual is narrow and only
slightly wider at the occipital cotyles and proximal
portion of the lateral stays (Fig. 4C). When viewed
ventrally in extant taxa, the synarcual has a me-
dian seam that is closed off anteriorly in all speci-
mens. The anterior extension of the closed seam
may terminate just posterior to the distalmost
margin of the lip or as far back as the level of the
lateral stays. Computed tomography axial cross-
sections reveal the presence of a small rod situated
dorsal to the seam on the base of the synarcual
(Fig. 4F). When present, this rod is continuous
along the length of the synarcual. More posteriorly
along the synarcual, this seam often is incom-
pletely calcified and not closed, especially in
younger specimens. When the median seam is not
calcified completely, it is often observed that the
median crest on the dorsal aspect of the synarcual
is also incompletely calcified.

The distal end of the lateral stays is present
midway along the synarcual (Fig. 4B,D). The mor-
phology of the lip in lateral view was only

observed for a single specimen within which it is
continuous with the gradual, somewhat shallow,
anteroventrally sloping lateral rims of the synarc-
ual mouth. The lip juts outward only slightly. Occi-
pital cotyles of the synarcual are shallow (Fig. 4E).

The proximal portion of the anterior margin of the
pectoral arch forms an obtuse angle with the body
axis, and it is not flush with, but is slightly further
anterior than, the anterior margin of the scapulo-
coracoid cartilage (Fig. 4B,G–J). The articular sur-
face of the pectoral arch is a smooth convex curve
that rests in a concave socket of the scapulocoracoid
(Fig. 4G,J). The posterior margin of the pectoral arch
is perpendicular to the axis of the body.

The Synarcual of Amblyraja Radiata

The synarcual of Amblyraja radiata has 28–31 lat-
eral paired spinal nerve foramina present (Fig. 5). In
dorsal view, there is a notch behind the occipital
cotyles in the proximal portion of the lateral stays
(Figs. 5 and 6). The distal aspect of the lateral stays
is present slightly anterior to midway along the syn-
arcual and contributes to the widest part of the syn-
arcual base (Figs. 5B–E and 6). The distal ends of
the lateral stay curve slightly ventrolaterally and
almost reach the level of the ventral margin of the
pectoral arch (Fig. 6, anterior and cross-sectional

Fig. 4. Okamejei kenojei (Müller and Henle, 1841). (A) Dorsal view of ZMB 15512; (B–F) volume rendered 3D images of synarc-
ual of ZMB 15512; (B) dorsal view; (C) ventral view, (D) lateral view; (E) anterior view; (F) cross section of anterior view; (G–J) ra-
diographs and synarcual line drawings superimposed on radiographs in dorsal view. (G) MCZ 40332; (H) MCZ S834; (I) MCZ
S1240; (J) MCZ 40331. Abbreviation: snf, spinal nerve foramina. Anterior to top of page except when noted. Scale bar 5 5 mm.
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views). The breadth of the lateral stays is only
slightly less than the breadth of the pectoral arch.

The median crest is moderately tall, shorter
than the neural spines of more posterior vertebrae
(Fig. 6B and C, lateral view). Anteriorly, the me-
dian crest is narrow and ends posterior to the dor-
sal margin of the synarcual mouth. Two median
suprascapular thorns obscure the median crest
and part of the pectoral arch. The crest widens
and supports the full diameter of the first median
dorsal thorn and then tapers again toward the pec-
toral arch (Fig. 6, dorsal). The relative width of
the crest to the synarcual width is more narrow
and elongate in larger specimens. The synarcual is
streamlined posterior to the lateral stays and is
narrowest at the posterior flanges.

The morphology of the lip varies little among
the specimens examined (Fig. 6). The lip transi-
tions smoothly into the lateral rims of the synarc-
ual mouth, and they slope steeply toward the dor-
sal rim. Both the dorsal and ventral rims project
past the occipital cotyles; the ventral rim projects
only slightly more than the dorsal rim. As body
size increases, however, the dorsal rim of the syn-
arcual mouth becomes slightly angular and
remains posterior to the ventral rim (Fig. 6C).
Occipital cotyles of the synarcual are shallow.

The pectoral arch varies little among individu-
als. In anterior and posterior views, the pectoral
arch is much narrower proximally than it is dis-
tally at the scapulocoracoid articular surface (Fig.
6, anterior). In dorsal view, the proximal portion of
the anterior margin of the pectoral arch forms an
obtuse angle with the body axis (Figs. 5 and 6).
The posterior margin of the pectoral arch is
approximately symmetrical with the anterior mar-
gin and is also obtusely oblique to the body axis.
The pectoral arch is anteroposteriorly longest
medially and tapers toward the articulation with
the scapulocoracoid cartilage. Distally, the anterior
margin is flush with the anterior margin of the
scapulocoracoid cartilage. The articular surface of
the pectoral arch is a smooth convex curve that
rests in a concave socket in the scapulocoracoid
(Fig. 5B2E).

One specimen labeled as Amblyraja radiata,
MCZ 40496, is unlike the other specimens of A.
radiata examined and may represent a different
species (Fig. 5F). At roughly the same size as MCZ
98243_sm, there are only 24 spinal nerve foramina
(vs. 28–31 observed in other specimens), and the
median crest is measurably wider than the median
crest in other specimens. The synarcual appears
dorsoventrally shortened. The lateral stays project
dorsomedially, not posterodorsally. In dorsal view,
the proximal portion of the anterior margin of the
pectoral arch is roughly perpendicular to the body
axis, and does not form an obtuse angle. The pos-
terior edge of the pectoral arch in MCZ 40496 is
similar to the pectoral arch in other specimens of

A. radiata. In general, the entire pectoral arch is
anteroposteriorly shorter than other specimens of
A. radiata.

The Synarcual of Leucoraja erinacea and
L. naevus

In specimens of Leucoraja, the thorns were eas-
ily removed from above the median crest and part
of the pectoral arch to reveal a narrow crest that
is only slightly wider midway along its length than
elsewhere. The median crest begins slightly poste-
rior to the dorsal margin of the synarcual mouth
and is not incorporated into the mouth (Fig.
7B,F,J,K). The relative width of the crest to the
synarcual width is generally the same in small
and large specimens. The synarcual is streamlined
posterior to the lateral stays and is narrowest at
the posterior flanges. There is a strong notch in
the proximal portion of the lateral stays, just pos-
terior to the occipital cotyles.

As body size increases, the neural canal becomes
more vertically elongate than it does in Amblyraja
radiata and Raja inornata (Fig. 7I). The lip is pro-
nounced in specimens of Leucoraja erinacea. It is
widest distally and narrows near the occipital
cotyles. The lip slopes gradually in less mature
specimens and juts outward abruptly in more
mature specimens (Fig. 7D,H). In anterior view,
occipital cotyles of the synarcual are shallow, and
the distal ends of the lateral stay in AMNH
2257558S point laterally (Fig. 6E,I).

The pectoral arch is more variable among indi-
viduals of Leucoraja erinacea than in other exam-
ined taxa. The proximal portion of the anterior
margin of the pectoral arch forms an obtuse angle
with the body axis (Fig. 7B,F). This angle
increases with body size. The pectoral arch and
the anterior margin of the scapular process of the
scapulocoracoid cartilage form an angle and are
not flush to one another. The articular surface of
the pectoral arch is a straight surface that rests in
a socket of the scapulocoracoid (Fig. 7F). In L. nae-
vus, the articulation is rounded (Fig. 7J,K). In
smaller specimens, that surface is sometimes
slightly curved. The posterior margin of the pecto-
ral arch is smooth and perpendicular to the axis of
the body. In L. naevus, the posterior margin is con-
cave (Fig. 7J,K).

The Synarcual of Malacoraja senta

The synarcual of Malacoraja senta has 26–28
paired spinal nerve foramina present. As body
size increases, the dorsal rim of the synarcual
mouth changes shape; it becomes more angular
and posteriorly positioned (Fig. 8B2E). This
change is similar to the change in Amblyraja
radiata, and probably means that the synarcual
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mouth is teardrop shaped in Malacoraja. The
morphology of the lip varies little among the
specimens examined. Both the dorsal and ventral
rims project past the occipital cotyles; the ventral
rim is only slightly more anterior than the dorsal
rim in smaller specimens. Occipital cotyles of the
synarcual are shallow.

The base of the synarcual is wide between the occi-
pital cotyles and the lateral stays (Fig. 8B–E). The
distal portions of the lateral stays are present
slightly anterior to midway along the synarcual and
contribute to the widest part of the synarcual base.
The lateral stays are weakly notched anteriorly. The
mediolateral width of the lateral stays is only slightly
less than the width of the pectoral arch.

The median crest is moderately tall compared to
more posterior neural spines, and it is uniformly
wide (not figured). The crest is difficult to identify
in small specimens. The synarcual is streamlined
posterior to the lateral stays and is narrowest at
the posterior flanges. The left and right posterior
flanges do not always wrap around the same num-
ber of free vertebral centra.

The pectoral arch was difficult to differentiate in
radiographs, because it was not heavily mineral-
ized (Fig. 8B–E). The proximal portion of the ante-
rior margin of the pectoral arch is perpendicular
to or forms an obtuse angle with the body axis.
The distal portion of the anterior margin of the
pectoral arch and the anterior margin of the scap-

Fig. 5. Amblyraja radiata (Donovan, 1808). (A) Dorsal view ESB AL200707_289_001; (B–F) radiographs and line drawings
superimposed on radiographs. (B) MCZ 98243_sm; (C) MCZ 98243_md; (D) MCZ 98243_lg; (E) MCZ S870; (F) MCZ 40496. Abbrevi-
ations: snf 5 spinal nerve foramina. Anterior to top of page. Scale bar 5 5 mm.
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ulocoracoid cartilage are not flush with one
another. The articular surface of the pectoral arch
is a smooth convex curve that rests in a concave
socket in the scapulocoracoid (Fig. 8B–E). The pos-
terior margin of the pectoral arch is approximately
parallel with the anterior margin unlike the condi-
tions in other taxa illustrated in this study. Two
median suprascapular thorns are situated dorsal
to the median crest and part of the pectoral arch.

A third thorn is present, dorsal to the free verte-
bral centra.

The Synarcual of yCyclobatis major,
yC. longicaudatus, and yC. oligidactylus

Of the 27 specimens of Cyclobatis examined, 20
had a partially preserved synarcual cartilage, and
12 of those synarcuals are represented in Figure 9.

Fig. 6. Amblyraja radiata (Donovan, 1808). (A–C) Volume rendered 3D images of three speci-
mens from lot ESB AL200707_327. Anterior to left of page except when noted. Scale bar 5 1 cm.
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The synarcual was usually flattened but not dis-
torted along any particular plane. The result is the
appearance of a somewhat short and stout synarc-
ual, which was likely more narrow in life (Fig.
9A). The preservation makes it impossible to dif-
ferentiate the number of spinal nerve foramina in
the synarcual (Fig. 9B,C). There were a greater
number (at least seven) of well-developed free ver-
tebral centra associated with the synarcual, which
is unlike any modern skate. The first free centrum
is positioned between the lateral stay and pectoral
arch, not beneath or behind the pectoral arch (Fig.
9B and C).

It was possible to delimit the occipital–synarcual
articulation in only a few specimens (Fig. 9D–F).
In those specimens, the occipital cotyles appear
slightly convex or relatively flat, but not concave
as they are in extant rajid specimens. The synarc-
ual lip is not long and the distal margin of the
ventral rim ends only slightly anterior to the occi-
pital cotyles (Fig. 9D). The small synarcual lip is
narrowest distally and slightly wider posteriorly.
The width of the lip is relatively equal to the
width of each occipital cotyle.

The anterior margin of the lateral stays was
faint in most specimens (Fig. 9B,D,E). That is

Fig. 7. Leucoraja erinacea (Mitchill, 1825) and L. naevus (Müller and Henle, 1841). (A) Dorsal view ESB 200707_265_002; (B–
H) dissected synarcuals of L. erinacea. (B–E) ESB 200707_265_001; (F–I) AMNH 225755SW. (J and K) Radiographs and line draw-
ings superimposed on radiographs in dorsal view of L. naevus. (J) SMF 175148A; (K) SMF 175148B. Anterior to top of page except
when noted. Scale bar 5 1 cm.
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probably a reflection of low mineralization, as is
the case in extant taxa. When the lateral stay was
distinguishable, the anterior margin of the proxi-
mal portion was smooth and not notched (Fig. 9B).
The distal end of the lateral stay is wide and tab-
like (Fig. 9B–M).

There were no median suprascapular thorns dis-
cernable on specimens preserved in dorsal view
(Fig. 9F). No median crest could be distinguished,
and this may reflect the absence of a median crest
or perhaps the presence a wide median crest. The
junction where the suprascapulae fuse to form the
pectoral arch is not well defined near the midline,
leading me to favor the interpretation of a wide
median crest.

The pectoral arch is well defined in most speci-
mens (Fig. 9B–M). The anterior and posterior mar-
gins of the pectoral arch are both perpendicular to
the axis of the body in all species of yCyclobatis
examined. The articulation with the scapulocora-
coid is unlike the articulation in any modern
skate; that is, the articulation is sinuous and is at
the distal extreme of the pectoral arch, roughly
parallel with the axis of the body (Fig. 9B). In
modern skates, the articulation is a smooth curve
or a straight edge that is on the posterior aspect of
the distal end of the pectoral arch.

Morphometrics

Multivariate regression showed that centroid
size and shape (defined as Procrustes distances)
was significantly correlated (Wilks’ k 5 0.42684, P
5 0.21412; Goodall’s F 5 1.6753, P 5 0.0266), but
the correlation was rather weak and size explains
only 3.7% of recorded shape change. Based on the
PCA, performed to extract the main components of
shape variation among species examined, the first
two PCA axes explain over 50% of the variance
among these data, and are plotted in Figure 10.
PC1 (x-axis) accounts for 35.9% of the variance
and represents a shape change in the anteroom-
posterior direction along the synarcual. PC2 (y-
axis) accounts for 21.4% of the variance and repre-
sents mediolateral shape change. Rajini occupies
morphospace in quadrants I, II, and III. Rajini is
distinguishable from all other higher-level clades,
except for where the taxon Anacanthobatis over-
laps marginally into the Gurgesiellini/Malacoraja
zone (Fig. 10; quadrant I).

Results from the two different canonical var-
iance analyses (CVA) are plotted in Figure 11. Ca-
nonical variance analyses results scatter differ-
ently from one another depending on whether
groupings are based on the genus classifier or the
higher-level clade classifier. However, the results
from both demonstrate a strong phylogenetic sig-
nal. According to the higher-level analysis (Fig.
11B), it is possible to confidently assign a specimen
to Arhynchobatini, Amblyrajini, Gurgesiellini, or

Fig. 8. Malacoraja senta (Garman, 1885). (A) Dorsal view,
ESB 200707_282_1; (B–D) radiographs and synarcual line
drawings superimposed on radiographs in dorsal view. (B) MCZ
98252_sm; (C) MCZ 98252_lg; (D) MCZ 162432; (E) MCZ 34226.
Anterior to top of page. Scale bar 5 0.5 cm.
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Rajini. According to the genus-level analysis (Fig.
11C), the specimens of the same genus tend to
cluster together with little exception. There is less
confidence when assigning a specimen to genus
than to higher-level clade, unless that genus is
within the clade Rajini.

DISCUSSION
Development of the Skate Synarcual

Specimens of Dipturus batis (Fig. 3A–C) at 38
mm do not yet exhibit synarcual chondrification;
however, the first free vertebral centrum is located

Fig. 9. yCyclobatis. (A) Whole skeleton of AMNH 3610; (B–M) Close up on synarcual. (B) MNHN HDJ 504; (C) MNHN SHA
1567 (1946-17-298A); (D) MNHN HAK 550A (1939-13-44); (E) AMNH 3711; (F) MNHN HDJ 503; (G) MNHN HAK 547 (1939-13-
344); (H) AMNH 3712; (I) AMNH 7142; (J) SMNS 5928; (K) MNHN HDJ 505; (L) AMNH 10362; (M) AMNH 109046. Anterior is to
top of page. Scale bar 5 1 cm.

12 K.M. CLAESON

Journal of Morphology



far anterior, approximately at the midsection of
the gill arches. This indicates a major delay in
chondrification timing relative to overall size com-
pared to Raja asterias (Fig. 3D–J). Thus, interpre-
tations for a taxon at a given size should be re-
stricted to that taxon only. The discussion below is
for Raja asterias, not Dipturus batis.

There is no finite number of spinal nerve foram-
ina observed among taxa and a correlation
between the number of spinal nerve foramina and
synarcual length is not present. There are two to
three incomplete neural arch segments in the pos-
terior region of the dorsal component of the syn-
arcual in embryonic specimens of 42–64 mm TL
(Fig. 3E–G). This indicates that the neural canal is
essentially fully formed early in development; and
there is no increase in the relative length of the
synarcual later in its development resulting from
additional segment incorporation in skates. During
the posthatch growth of members of Rajidae, how-
ever, the total length of the synarcual remains the
same relative to the length of the vertebral col-

umn, and no additional centra become flanked lat-
erally by the posterior flanges.

The synarcual is present in early growth stages
(35-mm minimum, Fig. 3) in specimens of Raja
asterias. The synarcual forms by the coalescence of
several vertebral chondrification centers (Miyake,
1988), and this coalescence appears accelerated in
R. asterias compared to that described for Leucor-
aja erinacea (Miyake, 1988). Comparison of sagittal
sections of specimens at 35, 42, 50, and 64 mm TL
indicates that additional neural arch segments are
incorporated from anterior to posterior (Fig. 3D,E)
until segment addition in that direction ceases. At
that point, the relative length of the synarcual car-
tilage to total length of the body normalizes (Fig.
3E–G), which was not described for Leucoraja
(Miyake, 1988). In other words, once fully coalesced,
the synarcual in R. asterias undergoes little modifi-
cation in shape, despite major increases in size.
This is supported by low statistical significance
from multiregression analysis and a low PCA1
(35.9%) for postembryonic specimens in other taxa.

Fig. 10. Principle component analysis (PCA) results. (A) Plot showing the distribution of specimens according to the first
(35.898% of variance) and second (21.371% of variance) principal components; (B) key to taxonomic units depicted in plot. Shaded
polygons represent higher-level clade boundaries without statistical meaning. Solid lined and opened polygons represent genus lim-
its without statistical meaning. Malacoraja and Gurgesiellini are graphically equivalent. Abbreviations: AAA 5 Amphi-American
Assemblage of Raja, NPA 5 North Pacific Assemblage of Raja.
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Fig. 11. Canonical variate analysis (CVA) results. (A) Modified tree from McEachran and Dunn (1998) including only the taxa
examined for this study; (B) CVA distribution maximized by higher-level clade; (C) CVA distribution maximized by genus. Polygon
boundaries are without statistical value. See Figure 11B for key to taxonomy.
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By examining axial cross-sections of 50 mm and
a fully developed specimen (over 64 mm with no
specific total length), a second direction of chondri-
fication is evident. In the 50 mm specimen, the
dorsal component of the synarcual is not fully con-
nected to the lateral components (Fig. 3H,I). A gap
persists between the lateral walls and the chondri-
fication of the median crest both near the cranio-
vertebral joint and closer to the pectoral arch (Fig.
3H,I). This indicates that the second axis of chon-
drification proceeds from ventral to dorsal to meet
the median chondrification center (Fig. 3I). In the
fully developed specimen (Fig. 3J), the dorsal as-
pect of the neural canal is connected to the lateral
component.

Additionally, a void is present in the ventral
base of the synarcual where the notochord would
be in specimens of R. asterias, which are less than
or equal to 50 mm TL (Fig. 3H,I). That void is con-
tinuous into the base of the chondrocranium. In
the fully developed specimen, the notochordal void
is no longer present in the chondrocranium or the
synarcual (Fig. 3J). It is not known in which direc-
tion this void is filled.

The synarcuals of juvenile and mature speci-
mens have a median seam in the ventral base,
which is evidence of coalescence between lateral
basiventral components. That median seam is
closed off anteriorly in all specimens. In some
specimens this seam is incompletely calcified and
not closed more posteriorly along the synarcual
(Fig. 6, ventral view). The anterior extension of
the closed-seam may terminate just posterior to
the distalmost margin of the lip or as far back as
the level of the lateral stays.

Comparison of the embryonic specimens with
the juvenile and mature specimens of other skates
indicates that there is a fundamental difference
between the pattern of chondrification and the pat-
tern of calcification in skates. Differential calcifica-
tion in the occipital cotyles, lateral stays, and ven-
tral base of the synarcual, coupled with the pres-
ence of a median seam in extant taxa and in
several vertebral centra of extinct taxa, indicates
that calcification does not proceed strictly from
ventral to dorsal, as does the initial chondrification
of the basiventral and basidorsal cartilages
(Miyake, 1988:399). Instead, calcification of basi-
ventral cartilages proceeds in multiple directions,
from anterior to posterior and from lateral to
medial in certain regions of the synarcual.

In axial cross-sections of some specimens (i.e.,
Okamejei kenojei; Fig. 4), however, there is a small
rod situated dorsal to the median seam on the
base of the synarcual. When present, this rod is
continuous anterior to the level of the lateral stay.
I interpret this rod to be the constricted and calci-
fied notochord. No rod can be distinguished in
cross-sections of fully developed specimens of Raja
asterias (Fig. 3J). By my interpretation, this rod

indicates that the notochord did project anteriorly
and was either restricted, resorbed, or incorpo-
rated into the synarcual. Further investigation
into the presence or absence of this rod is neces-
sary to determine if this is an apomorphic charac-
ter for Okamejei and Raja binoculata or if it was
possible to see this rod only because of the method
of data collection (microfocus CT vs. high-resolu-
tion CT).

In addition, it will be critical to determine the
type of cartilage that this rod is composed of in
Okamejei. The tesserae of the mineralized synarc-
ual is typical of the cartilage found in the majority
of other skeletal elements, including neural
arches, in extinct and extant chondrichthyan
fishes (Dean and Summers, 2006; Coates and
Gess, 2007). The presence of tessellated and uncal-
cified cartilage in the body of synarcual, rather
than areolar cartilage, indicates that the vertebral
centra are not actually part of the synarcual com-
position. If the calcified rod in Okamejei is com-
posed of areolar cartilage, it would be evidence
that the vertebral centra play a much more signifi-
cant role in the synarcual composition than cur-
rently acknowledged. The morphology of the syn-
arcual in other extant skates, as well as
yCyclobatis suggests that the calcification pattern
in skates mimics that of a closing zipper, where
first a strong link of paired elements is initiated
and envelopes the notochord from anterior to pos-
terior until calcification coalescence is restricted
posteriorly by areolar vertebral centra; the ulti-
mate fate of the notochord varying depending on
the taxon.

Morphometric Shape Explanation

Results from exploratory shape analysis and tax-
onomy reveal that phylogeny explains part, but not
all, of the data on the synarcual in Rajidae. In the
principle components analysis, two large groups
are observed, Rajini and Arhynchobatini, Amblyra-
jini, and Gurgesiellini (Fig. 10). Rajini, which rep-
resents a monophyletic group with the greatest
number of taxa examined, occupies quadrants I, II,
and III. The Rajini zone is distinguishable from all
other higher-level clades, except for where the
taxon Anacanthobatis overlaps marginally into the
Gurgesiellini zone (Fig. 10; quadrant I).

No clear distinction of the other higher-level
clades could be seen from the PCA. The members
of Arhynchobatini are the most variable, because
the two representative taxa sampled (Bathyraja
maculata and Sympterygia bonapartei) do not scat-
ter near one another (Fig. 10, quadrants I, III, and
IV). This could be a reflection of the disparate geo-
graphical distributions of the two species. Bathy-
raja maculata is known from the Pacific near the
Bering Sea, whereas S. bonapartei is known from
the southwest Atlantic, near the coast of Argentina
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(McEachran and Miyake, 1990b). Both Bathyraja
and Sympterygia have many more species, which
occupy a greater range of the Pacific Ocean
(McEachran and Miyake, 1990b), and it is possible
that the Arhynchobatini morphospace predicted by
the principle components analysis will be filled in
more substantially with additional sampling of
those species.

The Amblyrajini zone overlaps the Arhynchoba-
tini zone and Malacoraja, the single genus repre-
sentative of Gurgesiellini, overlaps them both. The
specimens of Malacoraja senta used in this study
are known from the northwest Atlantic and so are
the members of Amblyrajini used in this study
(McEachran and Miyake, 1990b). The overlapping
distribution of rajid PC scores, in particular among
Sympterygia, Amblyraja, and Malacoraja could be
related to biogeography, as all specimens were
from the western Atlantic. However, their morpho-
metric similarities indicate that additional tests on
the functional and ecological similarities associ-
ated with habitat, diet, or locomotion, are war-
ranted.

The results from the two canonical variance
analyses are plotted differently from one another
depending on whether groupings were based on
the genus classifier or the higher-level clade classi-
fier. According to the higher-level CVA, it is possi-
ble to assign a specimen to the correct clade based
on differences in canonical variates of shape.
There is one exception, where one specimen each
of Amblyrajini and Gurgesiellini approach one
another in quadrant III (Fig. 11B). This close clus-
tering may be an indication that Gurgesiellini and
Amblyrajini are more closely related to, or that
they are functionally the same as, one another
than either is to the other clades. Generally speak-
ing though, this pattern supports the most
recently published phylogeny on skate systematics
(McEachran and Dunn, 1998).

According to the genus-level CVA (Fig. 11C),
specimens of the same genus tend to cluster to-
gether with little exception. The only area where
there is much overlap is across quadrants I and II,
where Dactylobatus crosses the morphospace of
Amblyraja. This is fairly consistent with the phy-
logeny I used, because the two taxa are members
of Amblyrajini. However, if clustering were based
solely on phylogeny, Dactylobatus would be nearer
the Leucoraja morphospace, because those two
taxa are more closely related than either is to
Amblyraja (Fig. 11A). Dactylobatus and Amblyraja
have similar pectoral arch regions in that the
proximal portion of their pectoral arches is both
anteroposteriorly longer than the distal portion.
Leucoraja has a more uniform pectoral arch across
its length. This indicates that the morphology is
linked to something additional to phylogeny.

The genera of Rajini are scattered far from one
another in the genus-level CVA (Fig. 11C). One

specimen represents each of the genera Anacan-
thobatis, Dipturus, Raja, and the Amphi-American
assemblage of Raja (AAA) represented by Raja
eglanteria. All of these taxa are morphometrically
distinct from one another and the other members
of Rajini. The relatively close morphospace proxim-
ity of Cruriraja and Dipturus (Fig. 11C) is prob-
ably a reflection of the morphology of the pectoral
arch. These are the only two taxa with specimens
possessing a narrow, posteriorly deflected pectoral
arch with straight, parallel anterior, and posterior
boarders.

According to the strict consensus tree published
by McEachran and Dunn (1998), Anacanthobatis
and Cruriraja are sister taxa, supported by a sin-
gle pelvic fin skeletal character. These two taxa
are located at opposite ends of the morphospace
from one another within the Rajini zone in all
plots.

Variation within Rajidae: Individual,
Ontogenetic, and Phylogenetic

Variation of the synarcual was recognized across
broad groups and illustrated by Garman (1913:
plate 55) for a limited sampling of batoid taxa.
Since then that variation seldom was quantified to
address the origin and radiation of batoids or the
groups that batoids include (e.g., Lovejoy, 1996).
There is a great deal of interspecific variation how-
ever, and systematically informative morphology is
recognized via study of the synarcual (Claeson,
2010). While it is possible to observe that the syn-
arcual differs widely across batoids, the differences
within a single group are more subtle.

Among the skate taxa examined, there are mor-
phological features that tend to vary more than
others and are examples of individual variation.
These are the number of lateral paired spinal
nerve foramina, the position of the ventral paired
nerve foramina, and the position of median thorns
relative to the median crest of the synarcual.
These may represent the types of variable mor-
phology that can be coded as frequency distribu-
tion characters (Wiens, 1995) and successfully be
used in phylogenetic analyses (Wiens and Serve-
dio, 1997). Use of frequency distributions is cur-
rently limited because there are not enough data,
thus, there is a need for more rigorous investiga-
tions of interspecific variation before phylogenetic
analysis. The results of this study serve as a first
measure toward quantifying variation of the syn-
arcual. Until additional specimens can be obtained
for frequency coding, I recommend that those com-
plexes be excluded from character delimitation but
be described accordingly in morphological studies.

Ontogenetic variation is explicitly present in
only two main areas of the synarcual: the mouth
and the median crest. The shape of the slope of
the mouth in anterior view is typically tear-drop
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shaped with variable amounts of dorsal tapering
or ventral widening. Furthermore, during ontog-
eny, there is an indication of dorsoventral height
increase. At present, there is not enough informa-
tion about the shape of the mouth in anterior
view, because most of the examined for this study
were restricted to dorsal views. The lateral shape
of the synarcual lip also is not readily scored,
because it is variable across ontogeny. In particu-
lar, the more mature a specimen is, the more pro-
nounced, or step-like the lip becomes. The median
crest of the synarcual is known to be wider in
younger/smaller specimens in any single taxon,
and, thus, it is difficult to quantify this as a char-
acter for cladistics without knowing the full range
of widths for all taxa examined.

There does seem to be enough sequence conserva-
tion within a taxon to indicate that a transforma-
tion sequence is present for the aforementioned
ontogenetic variation. In those transformation
sequences, the direction tends to go from a starting
point of ‘‘inherent evolutionary homology 5 x’’ dur-
ing early life stages, then reaching an end point of
x 1 n, where n is the value of change for any given
feature. This maintains the homologous identifica-
tion of the region of the synarcual, such as mouth,
lip, or median crest shape, but accounts for the var-
iation among taxa in a potential evolutionary
framework. Not until those transformations are
mapped on a phylogeny could we begin to decipher
if the transformations themselves were in fact in-
herent for certain groups, but at least for the spe-
cies level clade, they could be. Ideally, a high num-
ber of specimens encompassing a significant num-
ber of growth stages for all taxa raised under
unvarying conditions are still necessary to be able
to clearly score for dominant patterns of develop-
mental sequences. Once more of those types of data
are collected, transformational characters states
can be incorporated into phylogenetic analyses,
however, not with the intent of polarizing character
states with ontogenetic sequences. Instead, a combi-
nation of ontogenetic sequence analysis of individ-
ual taxa (compared among several different taxa)
and frequency methods could be used to develop
new characters for phylogenetic analysis.

There are also a great many aspects of the syn-
arcual that are consistent within each species of
skate examined, which may prove to be appropri-
ate character complexes for cladistic study. To
begin with, members of the North Pacific Assem-
blage of Raja (Claeson, 2008), Raja, Amblyraja,
and Malacoraja (Figs. 2B, 5, 6, and 8) have a syn-
arcual lip that is equal in width at its proximal
and distal portions when viewed dorsally. Okame-
jei and Leucoraja (Figs. 4 and 7) have a synarcual
lip that is narrow proximally and widest around
the ventral rim of the synarcual mouth. Several
other aspects of the synarcual with an apparent
phylogenetic signal are compared below.

Although much is known about the morphology
of the scapulocoracoid cartilage in batoids (see for
reference, McEachran and Dunn, 1998; McEach-
ran and Aschliman, 2004), the context of its inter-
action with the suprascapulae in Rajidae is
unknown. In all extant skates, the articulation
between the scapulocoracoid and suprascapulae is
posteriorly positioned (Figs 2–8). It is straight in
Raja, Amblyraja, and Leucoraja (Figs 2A, 5–7). In
dorsal view, the articulation is curved in the North
Pacific Assemblage of Raja (Claeson, 2008), and
Okamejei (Fig. 4). Specimens of Malacoraja exhibit
both a curved and a straight articulation (Fig. 8).
The articulation in specimens of yCyclobatis is lat-
erally positioned and sinuous or concave (Fig. 9).
In yCyclobatis, the distal margin of the scapular
process is slightly convex and the suprascapulae
are concave. This morphology is unique to
yCyclobatis.

The suprascapular cartilage in all members of
Rajidae was considered tightly connected to the syn-
arcual (Compagno, 1973; Miyake, 1988). New obser-
vations of taxa within Rajidae confirm that the
suprascapular cartilages are fused to the median
crest of the synarcual, forming the pectoral arch
that resembles paired wings (Fig. 5.13D–R: Gar-
man, 1913; Claeson, 2008; Figs. 2–9). This associa-
tion is likely a synapomorphy of the clade Rajidae.

The anterior end of the median crest is pointed in
members of the North Pacific Assemblage of Raja
(Claeson, 2008), Amblyraja, and Leucoraja (Figs. 5–
7). Furthermore, in Amblyraja and Leucoraja, the
anteriormost tip of the median crest is distinctly
posterior to the dorsal margin of the synarcual
mouth. In Raja, Okamejei, and Malacoraja, the me-
dian crest is more rounded and the anteriormost tip
of the median crest is approximately at the same
level as the dorsal margin of the synarcual mouth.
Curvature of the median crest was not assessed for
other taxa in the morphometric analysis, but the
position of the median crest was landmarked.

The angle at which the suprascapular and pecto-
ral arch cartilages are fused is variable in degree
and position. No member of Rajidae possesses an
acute angle of contact between the anterior border
and the median crest. In specimens representing
the North Pacific Assemblage of Raja (Claeson,
2008), Raja, Malacoraja, and yCyclobatis (Figs. 2A,
8 and 9). The anterior margin is obtuse to the angle
of the body axis in the Okamejei, Amblyraja, and
Leucoraja (Figs. 4–7). In other words, in these taxa
it is posteriorly directed. The angle of the posterior
margin is not correlated directly to the angle of the
anterior margin for all taxa. An obtuse angle is
observed in specimens of Amblyraja (Figs. 5 and 6).
The posterior margin is perpendicular to the body
axis in members of Raja, Leucoraja, Malacoraja,
and yCyclobatis (Figs. 2A, 7–9), and the North-Pa-
cific Assemblage of Raja (Claeson, 2008). Only in
some specimens of Okamejei (Fig. 4B and H) is
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there an acute angle between the posterior margin
of the pectoral arch and the body axis, such that
the pectoral arch appears to project posteriorly.

The shape of the anterior and posterior margins
of the pectoral arch is smooth, without any recog-
nizable crenulations or waves in members of the
North Pacific Assemblage of Raja (Claeson, 2008),
Raja, Okamejei, Malacoraja, and yCyclobatis (Figs.
2A, 4, 8, and 9). There are uneven anterior and
posterior margins in members of the Amblyraja
and Leucoraja (Figs. 5–7). The uneven, wavy tex-
ture is most prominent proximally.

In anterior view, taxa examined for this study have
pectoral arch cartilages that are thin proximally at
the junction with the median crest. This is contrary
to the observations in the North Pacific Assemblage
of Raja, which has a wide proximal portion of pecto-
ral arch (Claeson, 2008). Figure 7I demonstrates
false widening due to forced perspective during pho-
tography, but in all other documented specimens, the
proximal portion of the pectoral arch is narrow.

The anterior portion of the lateral stay is a
smooth continuous surface the majority of taxa
examined. In several taxa examined, however,
there is a well-defined notch. These taxa include
Amblyraja, Leucoraja, and Malacoraja (Figs. 5–8).
Among taxa that possess this notch, it is most
prominent in Leucoraja erinacea (Fig. 7B,F). The
anteroposterior width and dorsoventral length of
the distal end of the lateral stay, when measured
relative to the overall length of the lateral stay
(parallel to the axis of the body), is also variable.
The widest distal end of the lateral stay is present
in the representatives of the North Pacific Assemb-
lages of Raja (Claeson, 2008), as well as Amblyr-
aja, Malacoraja, and yCyclobatis (Figs. 5, 6, 8, and
9). A relatively narrow distal end of the lateral
stay is present in Raja, Okamejei, and Leucoraja
(Figs. 2A, 4 and 7).

The vertebral centra are composed of areolar car-
tilage, and it is possible to distinguish them readily
from the tessellated portions of the synarcual carti-
lage. In ventral view, there are several centra that
are flanked laterally by tessellated cartilage. The
first free centrum is always the smallest. More pos-
terior centra increase in diameter until they are no
longer flanked by tessellated cartilage. In the
extinct taxon yCyclobatis, the first free centrum is
posterior to the lateral stay but anterior to the pec-
toral arch (Figs. 9). In individuals of Amblyraja and
Leucoraja, the first free centrum is located between
the boundaries of the anterior and posterior mar-
gins of the pectoral arch (Figs. 5–7). In all other
taxa observed in this study, the first free centrum
was always posterior to the pectoral arch.

The Synarcual of Batoidea

The presence of a synarcual is one of the few
synapomorphies uniting batoid fishes. It also

appears that there is a great deal of phylogenetic
variation to differentiate among, and potentially to
link, the various major clades within Batoidea.
Until now, however, the synarcual was largely
unstudied, especially for nonstingray taxa. Based
on CT scans of specimens of Rajidae, Torpedini-
formes, Pristiformes, and Myliobatiformes, it is
clear that the synarcual calcification occurs rela-
tively late compared to the calcification of other
regions of the skeleton. In taxa that are known to
reach maturity at a small size, synarcual calcifica-
tion is accelerated relative to the calcification in
taxa with a later time of maturity at a larger size.
I observed this for both viviparous and egg-laying
taxa.

The synarcual of rajids differs greatly from the
synarcual in other batoids (Figs. 1 and 2; Garman,
1913; Claeson, 2010), particularly in terms of its
relationship with the suprascapular cartilages. In
sharks, paired suprascapular cartilages are com-
pletely disassociated from the vertebral column
and do not meet medially. In Batoidea, the supra-
scapular cartilages are fused, or at least articu-
lated medially (Aschliman et al., in review). The
joined suprascapulae are completely free from the
vertebral column in electric rays, Torpediniformes
(Claeson, 2010). In guitarfishes and sawfishes, the
suprascapular cartilage articulates with the neural
arches of more posterior vertebrae (Garman, 1913;
Compagno, 1973; Miyake, 1988; Claeson, 2010). In
stingrays, the suprascapulae fuse to both the me-
dian crest and a distal component of the lateral stay
(Fig. 1). The pectoral arch in skates is the fused
paired suprascapular cartilages that are incorpo-
rated directly into the synarcual (Garman, 1913;
Compagno, 1973; Miyake, 1988; Claeson, 2008).

A second aspect of the synarcual that varies
greatly among all batoids is the relative position of
the first free vertebral centrum across the length
of the synarcual. The number of free vertebral cen-
tra that are surrounded by the posterior flanges of
the synarcual is greater in extinct batoids
(yCyclobatis and rhinobatiform guitarfishes) than
the number in extant batoids (both modern skates
and guitarfishes). In most extinct taxa that I
examined, the first free vertebral centrum was
located far anteriorly along the length of the syn-
arcual. In the oldest discovered batoid-like chon-
drichthyan that I examined (SMNS 52666), the
first free centrum is separated from the neurocra-
nium by only a short barrier of tessellated carti-
lage, and the first to fourth free centra are also
flanked laterally by a continuous section of tessel-
lated cartilage.

Among extant batoids, the first free centrum is
comparatively more posterior than in extinct
batoids, extending to at least at the posterior mar-
gin of the gill arch skeleton. The first free verte-
bral centrum was located furthest anteriorly in
guitarfishes (e.g., Rhinobatos), where it is posi-
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tioned anterior to the lateral stays. In the torpedi-
niform, Torpedo, the first free centrum is also an-
terior, but only to the level of the distal portion of
the lateral stays (Fig. 1). In stingrays, (e.g., Gym-
nura), the first free centrum is also just posterior
to the lateral stays; however, the lateral stays are
at the posteriormost portion of the synarcual carti-
lage (Fig. 2D). Interestingly, within each major
clade of batoid, there is a trend where the number
of vertebral centra flanked by the synarcual carti-
lage decreases among more derived taxa.

Form and Function

Much of the morphology described above appears
to be phylogenetically linked; however, there are
several instances where homoplasy may be present
such as in the anteroposterior length of the proxi-
mal portion of the pectoral arch. In addition, the
degree to which closely related taxa do not cluster
close together in either the PCA or CVA may be
related to function. At present, no published experi-
mental data addresses the functional significance of
the synarcual. The studies of developmental and
functional morphology can allow researchers to
document the relationship between anatomical and
ecological diversity as an expression of changes in
biomechanical performance (Westneat, 1994; Her-
nández et al., 2002). Combining these types of anal-
yses will be informative to our understanding of ev-
olutionary relationships.

Recent hypotheses about the function of the syn-
arcual in placoderms (Carr et al., 2009; Lelièvre
and Carr, 2009; Johanson et al., 2010) may provide
a framework for future examination of the vari-
ability of the structure in Rajidae as well as other
batoids. Researchers hypothesized that the mor-
phology of the craniovertebral articulation in pla-
coderms may have permitted a substantial range
of motion; including head lift during benthic suc-
tion feeding (Ritchie, 2005; Carr et al., 2009). In
addition to mouth protrusion, there is some
amount of head-lift in Rajidae during feeding that
may be associated with vertebral stiffening or
fusion as in placoderms. The connectivity of the
pectoral girdle, vertebral column, and skull in
Rajidae raises the possibility that feeding and loco-
motion have a coupled influence on each other and
on axial skeletal morphology. Future work investi-
gating the integrative nature of fusions and their
correlation to function will be necessary to exam-
ine whether or not variable synarcual morphology
present among Rajidae is linked to the evolution of
disparate locomotory styles and/or with the evolu-
tion of disparate feeding behaviors.
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