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ABSTRACT The Comparative anatomy of the 11 recog-
nized genera within Torpediniformes is described, system-
atically categorized, and illustrated in a comprehensive
photo-atlas. Data are compiled into a character matrix
and cladistically analyzed using parsimony to test
hypotheses about the previously recognized subfamilies,
while reconstructing the possible evolutionary history of
Torpediniformes. Results are consistent with the previous
rank-based classifications, regardless of the parsimony
criteria used to generate the phylogenetic hypothesis,
with one notable exception: a monophyletic Narcininae
was never recovered. Torpedinoidea (5Hypnos 1 Torpedo)
is supported by the presence of long, slender, flexible jaw
cartilages, absence of a large rostral fontanelle, presence
of suprascapular antimeres that are each shorter than
the scapular process of the scapulocoracoid, antorbital
cartilages that articulate on the anterior aspect of the
nasal capsules and absence of a frontoparietal fontanelle.
Subfamilial names Hypninae and Torpedininae are
redundant with the genus names Hypnos and Torpedo
and are not adopted here. Narcinoidea (5nontorpedinoid
torpediniforms) is supported by unambiguous character
transformations to the presence of a divided lower lip,
labial cartilages, laterolingually compressed palatoqua-
drates, bifurcated antorbital cartilages, a rostral fonta-
nelle, ventrally projecting nasal capsules, a dorsal rim of
the synarcual mouth posterior to occipital condyle, poste-
riorly positioned lateral stays, and obtuse anterior mar-
gins of lateral stays. Narkidae is supported by
unambiguous character transformations to the presence
of an uncovered eye that protrudes above dorsal surface,
a shared rim between the spiracle and the eye, an ante-
rior nasal turret that projects ventrally, a nasal curtain
that covers the upper lip and dentition when the mouth is
closed, tab-like prepelvic processes, a mesopterygium that
is shorter than propterygium but longer than metaptery-
gium, a slender median rostral cartilage, and a basibran-
chial cartilage with an anterior margin that is depressed
medially and a posterior margin that tapers. J. Morphol.
275:597–612, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Batoidea (sawfishes, skates, electric rays, sting-
rays, and “guitarfishes”) is a diverse clade within
Chondrichthyes (Fig. 1). Batoids are distinguished

from other chondrichthyans (i.e., chimaeroids and
sharks) by several unique apomorphies. For exam-
ple, batoids possess a euhyostylic jaw (Compagno,
1973; Shirai, 1992; McEachran et al., 1996;
McEachran and Aschliman, 2004), joined supra-
scapulae (Compagno, 1973; Shirai, 1992), and the
synarcual, representing a variable number of
fused anterior vertebrae (Garman, 1913; Com-
pagno, 1973; McEachran et al., 1996; Claeson,
2011). Among batoids, perhaps none are so special-
ized as Torpediniformes (electric rays). Torpedini-
form batoids are small to moderately large in size
with round fleshy, disc-like bodies (McEachran
and Carvalho, 2002). They are distinguished from
all other batoids by possessing massive electric
organs that develop between the axial and pectoral
skeleton (Davy, 1829) and possessing anteriorly
directed, fan or antler-shaped antorbital cartilages
(Compagno, 1977). They also share many plesio-
morphic characters with their (historically consid-
ered) close relatives, galeomorph sharks,
squalimorph sharks, and their extinct relatives,
including aspects of branchial arch structure and
their power-stroking precaudal tail (Compagno,
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1977; Maisey, 1984). According to the most recent
morphological studies, Torpediniformes share no
known synapomorphies with any other particular
taxon within batoids and are presently considered
the sister clade to a clade comprising all of the
other batoid taxa (McEachran and Aschliman,
2004; Aschliman et al., 2012a). However, the only
molecular phylogeny to simultaneously consider
all major clades of batoids recovered Torpedini-
formes as sister to Platyrhinidae (Aschliman et al.,
2012b), which are a group of “guitarfishes.”

Within Torpediniformes, two families (sensu Nel-
son, 2006; 5clades of McEachran and Aschliman,
2004) and 11 extant genera are recognized (Nelson,
2006; Compagno and Heemstra, 2007). Though
widely acknowledged, the phenetically recognized
subfamilies Torpedininae, Hypninae, Narcininae,
and Narkidae have yet to be evaluated phylogeneti-
cally as a whole. Nine informative characters were
used to establish relationships within a monophy-
letic Torpediniformes by McEachran et al. (1996),
McEachran and Aschliman (2004), and Aschliman
et al. (2012a). Their conclusions were consistent
with the previously proposed subfamilies; however,
they did not examine all known genera together.
Hypothesized relationships are summarized among
members of Narcinoidea (Fig. 1, node-a) to reflect
the probable split of taxa into the clades Narcini-
nae/Narcinidae (Fig. 1, node-b) and Narkinae/Nar-
kidae (Fig. 1, node-c). The distribution of taxa
within Narcininae/Narcinidae is based on the clado-
gram depicted by Carvalho (2010; Fig. 9).

Cladistic hypotheses provide a framework for
examining previously suggested groups and their
interrelationships. In this article, I present new
results from the first comparative anatomical analy-
sis of electric rays to include simultaneously all gen-
era that constitute the previously recognized
subfamilies within Torpediniformes. I describe char-
acters from integumentary and skeletal anatomy,
and for the first time describe the morphological pat-
terns of the torpediniform synarcual cartilage. This
is an area of the skeleton mostly overlooked in phylo-
genetic studies (see Aschliman et al., 2012a). These
new data are quantified, discussed, and incorporated
into a character matrix compiled from personal
observations and morphological descriptions in the
literature (e.g., de Beer, 1932; Holmgren, 1940, 1941,
1942; Fechhelm and McEachran, 1984; Walton, 1987;
Baranes and Randall, 1989; Carvalho, 1999; McEach-
ran and Aschliman, 2004; Compagno and Heemstra,
2007; Carvalho, 2010; Aschliman et al., 2012a).
Based on my parsimony analysis, I provide a new
hypothesis of the relationships of Torpediniformes.

Lastly, researchers historically have opted to use
and include discrete and qualitative data when pro-
posing, describing, and implementing morphological
characters for phylogenetic analysis (Platnick,
1982; Kitching et al., 1998). Discrete, qualitative
morphological characters, however, can be difficult

to identify and describe. Some argue that although
matrices may be coded with discrete characters and
states, only field-specific semantics permits the
original observations of qualitative ranges of data
to be filtered and discretized (Stevens, 1991). It is
thus important to be explicit with descriptions in
order to facilitate discussion and improve communi-
cation about phylogenetic and comparative biology
(Joyce and Bell, 2004). Therefore, I not only provide
simplified character states in Table 1 but detailed
descriptions in the supplemental character analysis
and a comprehensive supplemental photo-atlas to
illustrate the characters I include. I do this with an
expressed goal of delimiting and defining charac-
ters for acquiring a rigorously tested phylogenetic
hypothesis of electric rays.

Institutional Abbreviations

AMNH, American Museum of Natural History,
New York; CMNH, Carnegie Museum of Natural
History, Pittsburgh; ESB; Ecosystems Surveys

Fig. 1. Hypothesized relationships of Torpediniformes among
Chondrichthyes based on Nelson (2006), Carvalho (2010), and
Aschliman et al. (2012a). Node-a 5 Narcinidae, Node-b 5 Narcini-
nae/Narcinidae, and Node-c 5 Narkinae/Narkidae, sensu Nelson
(2006).
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TABLE 1. Characters, states, and corresponding supplemental photo-atlas plate number

1. Pectoral electric organs: (0) absent; (1) present (not figured).
2. Skin texture: (0) scales or thorns present; (1) smooth, naked skin (not figured).
3. Eyeball: (0) uncovered eye, flush with dorsal surface; (1) uncovered eye, protrudes above dorsal surface; (2) ‘eyelid’ or partial

integumentary covering; (3) covered by integument (Plate 1).
4. Spiracle relationship to eye: (0) continuous with eye; (1) narrow bridge between spiracle and eye; (2) no shared rim, widely sepa-

rated (Plate 1).
5. Spiracular papillae: (0) absent; (1) present (Plate 1).
6. Spiracular papillae: (0) button-like papillae; (1) finger-like papillae (Plate 1).
7. Spiracular rim: (0) flush with dorsal integument; (1) rigid and elevated above integument; (2) depressed below integument (Plate 1).
8. Anterior nasoral turret: (0) flush with body, not projecting; (1) projects ventrally (Plate 2).
9. Circumnarial folds: (0) present; (1) absent (Plate 2).
10. Circumnarial fold shape: (0) semi-circle; (1) semi-oval; (2) full circle (Plate 2).
11. Nostrils: (0) incompletely divided; (1) completely divided (Plate 2).
12. Nasal curtain: (0) present; (1) absent (Plate 2).
13. Medial groove on nasal curtain: (0) absent; (1) present (Plate 2).
14. Sensory pores of ventral lateral line system on nasal curtain: (0) inconspicuous; (1) sparse; (2) dense (Plate 3).
15. Caudal margin of nasal curtain: (0) arched margin; (1) straight margin; (2) medial projection; (3) v-shaped notch (Plate 3).
16. Extent of nasal curtain when mouth is closed: (0) ends anterior to upper lip; (1) covers upper lip and dentition (Plate 3).
17. Lateral tabs of nasal curtain: (0) absent; (1) present (Plate 3).
18. Divided lower lip: (0) absent, lower tooth row does not divide lip; (1) present, lower tooth row divides lip (Plate 3).
19. Mental groove: (0) absent; (1) present (Plate 3).
20. Labial cartilage: (0) absent; (1) small, combined are less than the length of the Meckel’s cartilage; (2) large, combined are

greater than the length of the Meckel’s cartilage (Plate 4).
21. Jaw shape: (0) short and stout jaw cartilages; (1) long, slender, flexible jaw cartilages (Plate 4).
22. Relative size of mandibular arch cartilages in dorsoventral view: (0) approach same size; (1) palatoquadrate labio-lingually

compressed (narrower than Meckel’s cartilage) and tapers toward symphysis (Plate 4).
23. Hyomandibula: (0) narrow and elongate; (1) medially expanded and plate-like; (2) expanded only at the oto-occipital articula-

tion (Plate 4: modified from character 35 [McEachran et al., 1996], character 40 [McEachran and Aschliman, 2004], and charac-
ter 44 [Aschliman et al., 2012a]).

24. Number of dorsal fins: (0) zero or absent; (1) one fin; (2) two fins (Plate 5).
25. Precaudal tail: (0) long tail; (1) short and stout precaudal tail; (2) inconspicuous (Plate 5).
26. Lateral tail folds: (0) inconspicuous; (1) narrow; (2) broad (not figured).
27. Pelvic fin lobes in females: (0) free-hanging with medial margin of pelvic fin lobes free of precaudal tail; (1) medial margin of

pelvic fin lobes attached to precaudal tail; (2) medial margin of pelvic fin lobes join together to form ‘apron’ (Plate 6).
28. Pelvic fin (0) single lobed (1) double lobed (Plate 6).
29. Length of clasper: (0) extends past posterior tips of pelvic fin lobes; (1) does not extend past posterior tips of pelvic fin lobes

(Plate 6).
30. Iliac process length: (0) short and stout; (1) long and slender; (2) inconspicuous (Plate 7).
31. Iliac process curvature: (0) curved; (1) straight (Plate 7).
32. Prepelvic process length: (0) short; (1) long, i.e., greater than 2x the caudorostral depth of the ischiopubic bar (Plate 7).
33. Prepelvic process shape: (0) pointed; (1) flat and tab-like; (2) wider towards tip than along shaft (Plate 7).
34. Suprascapular antimere fusion: (0) fused without visible suture; (1) fused with visible suture (Plate 8).
35. Suprascapulae-vertebral association: (0) not articulated or fused to one another; (1) articulates with vertebrae posterior to the

synarcual; (2) fused with the synarcual (not figured).
36. Suprascapular projection: (0) lateral; (1) ventrolateral (not figured).
37. Shape of suprascapulae: (0) straight; (1) anteriorly bowed (Plate 8).
38. Length of suprascapula: (0) suprascapular antimere is longer than scapular process; (1) suprascapular antimere is equal to

scapular process; (2) suprascapular antimere is shorter than scapular process (Plate 9).
39. Suprascapula-scapulocoracoid articulation: (0) unforked; (1) interdigitating fork; (2) tight, socket articulation (Plate 9).
40. Anterior extension of mesopterygium: (0) shorter than propterygium and metapterygium; (1) shorter than propterygium but

longer than metapterygium; (2) longer than propterygium and metapterygium (Plate 9).
41. Antorbital cartilage: (0) no branching; (1) bifurcating; (2) broadly branching (Plate 10).
42. Antorbital-nasal capsule articulation: (0) antorbitals articulate on lateral aspect of nasal capsules; (1) antorbitals articulate on

anterior aspect of nasal capsules (Plate 10).
43. Rostral fontanelle: (0) absent; (1) present (Plate 10).
44. Frontoparietal fontanelle: (0) absent; (1) present (Plate 10).
45. Internasal plate: (0) flat and wide (1) flat and narrow; (2) small or inconspicuous (Plate 11).
46. Nasal capsules in dorsoventral view: (0) project anteriorly; (1) project laterally; (2) compressed laterally (Plate 11).
47. Nasal capsules in lateral view: (0) flush with basal plate; (1) project ventrally (not figured).
48. Median rostral cartilage: (0) trough-shaped and expanded; (1) slender; (2) inconspicuous or absent (Plate 11).
49. Lateral rostral cartilages: (0) absent; (1) articulated with nasal capsule; (2) continuous with chondrocranium (Plate 11).
50. Hypobranchial plate: (0) unfused hypobranchials; (1) posterior hypobranchial cartilages fused (Plate 12).
51. Size of basibranchial copula: (0) large; (1) small (Plate 12).
52. Shape of basibranchial copula: (0) inverted triangle (wide anteriorly, narrow posteriorly); (1) rounded with a small caudal

point/tab; (2) heart-shaped (anterior margin is depressed medially, posterior margin tapers); (3) tack- or t-shaped (Plate 12).
53. Dorsal marginal clasper cartilage (MA character 68; ACM character 75): (0) lacks distomedial extension/medial flange; (1) pos-

sesses distomedial extension/medial flange.
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Branch, Northeast Fisheries Science Center,
Woods Hole; FMNH, Field Museum of Natural
History, Chicago; HZB, Helmholtz Zentrum Berlin,
Berlin; ZMB, Museum f€ur Naturkunde, Berlin;
MCZ, Museum of Comparative Zoology, Cam-
bridge; MNHN, Mus�eum national d’Histoire
naturelle, Paris; NEFSC, Northeast Fisheries Sci-
ence Center of the National Oceanographic and
Atmospheric Administration, Woods Hole; NHM,
Natural History Museum, London; SIO, Scripps
Institution of Oceanography; SMF, Senkenberg
Museum, Frankfurt; ZMH, Museum f€ur Natur-
kunde, Hamburg; SMNS, Staatliche Museen f€ur
Naturkunde, Baden-W€urttemberg; NHMW, Natur-
historisches Museum, Wien; TNHC, Texas Natural
History Collection, Austin; UCSD, University of
California, San Diego; UF, University of Florida,
Gainesville; UT, The University of Texas, Austin;
UTCT, The High-Resolution X-ray Computed
Tomography Facility at The University of Texas,
Austin.

MATERIAL AND METHODS
Specimen Preparation

A growth series of Torpedo torpedo gathered from specimens
housed at Museum f€ur Naturkunde, as well as new dissections
of T. nobiliana, was compiled to estimate the variation among
embryonic, juvenile, and adult specimens of Torpediniformes.
One to several specimens of each remaining taxon were also
sampled and examined using dissections, clearing and staining,
radiographs, and computed tomography. A list of specimens
examined is provided in Appendix A. Few extinct torpediniform
taxa are known to exist in museum collections, and those that
do are primarily preserved as isolated teeth. Torpedo, Narcine,
†Eotorpedo, and †Titanonarke are the described genera repre-
sented in the fossil record, and all merit further investigation
(see Carvalho, 1999 and 2010 for review); they are not included
in my analysis because they are currently under proprietary
study (Marcello R. de Carvalho, personal communication; Car-
valho et al., 2004).

Dissection and skeletal preparation. I conducted dis-
sections of fresh specimens at the NEFSC and also at UT fol-
lowing the procedure described in Claeson (2011). I wrapped

clean specimens in cotton fabric and stored them in a 70%
EtOH 1 5% Glycerol solution. Especially for specimens of T.
nobiliana that have soft skeletons with a gelatinous consis-
tency, it was important not to allow specimens to dry.

X-Radiography. Radiographs were taken using digital X-
radiography by staff in the Ichthyology Collections of the ANSP
and MCZ. Staff in the Ichthyology Collections of the Scripps
Institute, NHM, SNF, and ZMH took additional film-based radi-
ographs. Projection images that I acquired during CT scanning
at HZB were also examined.

Computed tomography. I collected tomographic scans of
electric rays housed in European Museums at the HZB, using
their in-house microfocus CT scanner. The majority of those
specimens were late-stage fetuses or early-stage juveniles and
considered relatively mature. One or two specimens were
scanned at a time. Each specimen was wrapped in bubble wrap
and wedged in a 10-cm-diameter clear plastic PVC tube that
was capped on both ends to prevent dehydration during scan-
ning. For full details on scanning parameters from the HZB see
Claeson and Hilger (2011). I reconstructed projected datasets
into digital cross sections using the software Octopus (Ghent).
Then I used VGStudio Max v1.2 and v2.0 (Volume Graphics,
Heidelberg, Germany) to interpret further all digital cross sec-
tions. Skeletal elements were digitally dissected from the
remainder of the dataset using contrast thresholding and opac-
ity optimization.

Phylogenetic Analysis

Interrelationships of taxa are of fundamental importance for
answering questions pertaining to biological systematics, diver-
sity, ancestry, function, behavior, and adaptation. There is no
doubt that Torpediniformes is monophyletic but morphological
and molecular data evidence are at odds when it comes to plac-
ing Torpediniformes among other batoids (McEachran et al.,
1996; McEachran and Aschliman, 2004; Aschliman et al.,
2012a, 2012b).

I use genera as my operational taxonomic unit (OTU)
throughout this analysis, and multiple species represent an
OTU in several cases (Appendix A). My data matrix includes a
total of 65 characters and 14 OTUs (Appendix B). Eleven of
those OTUs are torpediniform ingroup taxa (all nominally rec-
ognized genera) and three are outgroup taxa (Pristis, Platyrhi-
noidis, and Raja). Pristis, Platyrhinoidis, and Raja were run
simultaneously with the ingroup Torpediniformes to acquire
most parsimonious trees (MPTs) hypothesizing a phylogeny of
Torpediniformes, in the absence of a clear origin of the group. I
chose to include Pristis as an outgroup because, in some mor-
phologically driven hypotheses of elasmobranch relationships,

Table 1. (continued).

54. Ligamentous sling on Meckel’s cartilage (MA character 76; ACM character 83): (0) absent; (1) present.
55. Coracobranchialis (MA character 80; ACM character 87): (0) consists of three to five components; (1) single component.
56. Coracohyomandibularis (MA character 81; ACM character 88): (0) single origin; (1) separate origins on the fascia supporting

the insertion of the coracoarcualis and on pericardial membrane.
57. Dorsal rim of anterior neural canal opening (synarcual mouth): (0) anterior to occipital cotyle; (1) posterior to occipital cotyle

(Plate 13).
58. Ventral rim of the anterior neural canal opening (synarcual lip): (0) smooth single curve; (1) notched or bifurcated (Plate 13).
59. Synarcual-occipital articulation: (0) lip rests in foramen magnum; (1) lip rests in concavity beneath foramen magnum; (2) lip

rests in paired concavity beneath foramen magnum (Plate 13).
60. Lateral stay: (0) present; (1) inconspicuous (Plate 13).
61. Position of lateral stay: (0) midway along length of synarcual; (1) anterior one-third of length; (2) posterior one-third of length

(Plate 14).
62. Distal end of lateral stays: (0) tab; (1) point; (2) wide (Plate 14).
63. Anterior margin on lateral stay: (0) approximately perpendicular to axis of synarcual; (1) acute angle to axis; (2) obtuse angle

to axis (Plate 14).
64. Position of anteriormost free vertebral centrum: (0) surrounded by posterior flanges of synarcual; (1) posterior to synarcual (Plate 14).

For complete descriptions, see character descriptions in the Supporting Information.
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Pristis is the sister taxon to all remaining batoids (e.g., Shirai,
1996). I chose to include Platyrhinoidis as an outgroup because
platyrhinid-guitarfishes (Platyrhinidae) or guitarfish-like taxa
(e.g., †Spathobatidae) appear earliest in the fossil record
(Underwood, 2006; Claeson et al., 2013). In addition, the only
molecular analysis to treat all major clades of batoids simulta-
neously places electric rays and platyrhinids as sister taxa
(Aschliman et al., 2012b). I chose to include Raja as an out-
group because in recent molecular analysis, skates (Rajidae,
e.g., Raja) are the sister taxon to remaining batoids (Heinicke
et al., 2009; Aschliman et al., 2012b). Because of the amount of
variation known to exist among members of Rajidae (McEach-
ran and Miyake, 1990; McEachran and Dunn, 1998), selection
of a “representative” rajid was made with caution.

Nine of the 65 characters in the phylogenetic analysis were
previously defined by McEachran and Aschliman (2004). Forty-
five of the characters were derived from previously published
species descriptions and major taxonomic reviews (e.g., Fech-
helm and McEachran, 1984; Compagno and Heemstra 2007),
then further defined based on personal observations of speci-
mens. Newly derived characters resulted from my comparative
study. A list of characters, states, and their corresponding
photo-atlas plate number are available in Table 1.

Information was scored from the literature when original
material could not be accessed (e.g., the taxon Electrolux is
known from only two specimens from South Africa and now
housed in the South African Institute of Aquatic Biodiversity
and the Iziko-South Africa Museum, Compagno and Heemstra,
2007). Characters were scored as missing data (?) in cases
when it was not possible to score characters states owing to
preservation or preparation limitations on specimens. Charac-
ters were scored as not-applicable (-) in cases when it was not
possible to score characters states owing to the absence of
homologous structures in taxa (i.e., in the absence of a struc-
ture, qualities of that structure cannot be addressed).

The data matrix was compiled using MacClade 4.08 for OS X
(Maddison and Maddison, 2005), Mesquite 2.0 (Maddison and
Maddison, 2007), and MorphoBank (O’Leary and Kaufman,
2007). Characters are illustrated in the supplemental photo-
atlas accompanying this article (Supporting Information). The
entire data matrix is retrievable with additional supporting
images at MorphoBank.org.

Three specific analyses were run. The first is an all-inclusive
analysis, while the second excludes characters 31 and 32 (see
supplemental character description for discussion). A third anal-
ysis was conducted constraining particular clade arrangements.
Individual tests for character strength were also conducted on
an individual basis and are noted in the remarks sections of per-
tinent character descriptions. The data matrix was analyzed
using PAUP* 4.0b10 (Swofford, 2002) using the maximum parsi-
mony optimality criterion. Polymorphisms were treated as poly-
morphic. I employed heuristic searches with 1,000 replicates of
random stepwise addition (branch swapping: tree-bisection-
reconnection) holding one tree at each step and a Branch-and-
Bound search. Branches were collapsed to create soft polytomies
if the minimum branch length was equal to zero (amb-option). I
calculated Bremer support (Bremer, 1994) for nodes in all MPTs
in PAUP* using constraint trees generated in MacClade from
the “Decay Index PAUP* File” command. An additional con-
straint tree analysis was implemented based on hypothesized
familial relationships. Character states were optimized using
ACCTRAN and DELTRAN algorithms to evaluate character con-
sistencies. I recovered unambiguous optimizations for all nodes
retained in the consensus tree as reported by MacClade.

RESULTS
Phylogenetic Analysis

Fifty-six of the 65 characters are parsimony
informative and the matrix has 3.96% missing

data and 2.86% nonapplicable data. Three MPTs
resulted from the analysis that included all char-
acters (Fig. 2A–C: tree length 5 164, CI 5 0.6341,
HI 5 0.4207, RI 5 0.6532, RC 5 0.4142). The differ-
ence between the two tree topologies related to the
position of a clade composed of Narci-
ne 1 Discopyge and pertained to transformations
associated with characters 28, 31, 32, and 38.
Character 28 contributed to uncertainty related to
placement of the clade because Discopyge pos-
sesses an autapomorphic state and character 38
contributed to uncertainty because Narcine is pol-
ymorphic for two states. Characters 31 and 32 con-
tributed to uncertainty because of ontogenetic
variation (see remarks section of character discus-
sions) but were excluded in the follow-up analysis.
The follow-up analysis excluding characters 31
and 32 resulted in a single MPT that matched the
third of three trees from the first analysis (Fig.
2C), where Discopyge and Narcine do not form a
clade (Fig. 2C: tree length 5 146, CI 5 0.6301,
HI 5 0.3699, RC 5 0.6766, RC 5 0.4264). When a
heuristic search was conducted that forced the
constraint “Narcininae/Narcinidae,” that is, where
Benthobatis, Diplobatis, Discopyge, and Narcine
formed a monophyletic clade, 1 MPTs was recov-
ered that required an additional two steps (Fig.
2D: tree length 5 148, CI 5 0.6216, HI 5 0.3784,
RI 5 0.6647, RC 5 0.4132). Within “Narcinidae”
Benthobatis is the sister taxon to [Discopy-
ge 1 (Narcine 1 Diplobatis)]. Unambiguous charac-
ter transformations were mapped onto the tree
recovered from the second analysis because it
excluded the ontogenetically variable characters 31
and 32 (Fig. 2E: see character remarks). Unambig-
uous character transformations leading to major
nodes Torpedinoidea, Narcinoidea, “Narcinidae,”
and Narkidae are depicted in Figure 2F.

Node names, when given, are derived from pre-
viously proposed rank-based names sensu Com-
pagno (1973). Names are derived from Compagno
(1973) because his is the oldest and most inclusive
publication to establish rank classifications that
correspond to the clades in this article (see discus-
sion for additional reasoning). In all trees (Fig.
2A–D), Torpediniformes was fully resolved
(Bremer value 5 4). Hypnos and Torpedo form the
clade Torpedinoidea (Bremer value 5 4 or 5), that
is, sister taxon to Narcinoidea (Bremer value 5 8).
Taxa within Narcinoidea form a single clade that
excludes the rank-based group, Narcininae/Narci-
nidae (Fig. 2A–C,E). Narkidae (Bremer value 5 6)
is a well-supported clade, which includes {Electro-
lux (Heteronarce [Narke (Typhlonarke 1 Temera)])}.

In the absence of “Narcinidae,” Narcinoidea
(Fig. 2) is inconsistent with the taxonomic
arrangement proposed by Compagno (1973, 1977)
and the tree topology presented by Carvalho
(2010). It is consistent with the tree topology of
McEachran and Aschliman (2004) and Aschliman

601ANATOMY OF ELECTRIC RAYS

Journal of Morphology



Fig. 2. New phylogenetic hypotheses of Torpediniformes. A. First of three MPTs from most inclusive analysis with Bremer values
to the right of each node; B. second of three MPTs from most inclusive analysis with Bremer values to the right of each node; C. sin-
gle MPT from analysis excluding characters 31 and 32 with Bremer values to the right of each node—equivalent to third of three
MPTs from most inclusive analysis; D. single MPT based on “Narcininae/Narcinidae” constrain analysis; E. tree from figure 2C with
unambiguous character transformations mapped on all branches; F. unambiguous character transformations mapped onto major
clades from Figure 2D.
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et al. (2012a); however, this is an artifact of the
limited number of “narcinin/narcinid” taxa
included in those analyses. In the constraint tree,
the arrangement of “narcinin/narcinid” taxa is con-
sistent with Carvalho (2010) with the additional
resolution of the placement of Diplobatis as sister
taxon to Narcine.

Generally, the use of different outgroups to root
the tree has the greatest effect on character opti-
mizations toward the base of the tree and leading
to Torpedinoidea. In the case of using all three
taxa, Pristis, Platyrhinoidis, and Raja, and
anchoring the tree with any one of those taxa, the
only changes in character polarity on those trees
are among the outgroup taxa. Ingroup relation-
ships for Narcinoidea remain the same and char-
acters do not optimize differently. Trees are
depicted with Raja anchoring the tree with Pris-
tis 1 Platyrhinoidis as sister clade to Torpedini-
formes. There was no way to anchor the tree such
that Platyrhinoidis was the sister taxon to
Torpediniformes.

DISCUSSION
Consistency with Rank-Based Systematics
and the Nonmonophyly of “Narcinidae”

The cladograms presented in this article,
strongly support the rank-based names provided
by Compagno (1973). Furthermore, in a recent
exercise examining the synonymy of rank-based
names among Torpediniformes by Compagno and
Heemstra (2007), a thorough discussion and tables
demonstrate the redundant taxonomy that has
plagued Torpediniformes for centuries (see also
Gill, 1895). Their assessment provides the justifi-
cation for deriving clade names from rank-based
names in Compagno (1973).

Although (Bonaparte, 1838) largely is credited
with erecting Torpedinidae (5Torpedinoidea), the
group “Torpedinini” was the name for the group
actually established in that publication, which at
the time included only the genus Torpedo as well
as some of its junior synonyms. The genus Hypnos
was described by Dum�eril (1852), and was kept
apart from Torpedo in favor of aligning it to all
other batoids in “Narcininae” (Gill, 1862).
“Narcininae” became a wastebasket group for any
genus that was not Torpedo. As it pertains to the
group “Narcininae,” Gill (1862) did not erect
“Narcinidae” for which he is largely credited, in
part because of the exclusion of Hypnos. The first
to combine Hypnos and Torpedo (in
“Torpedininae”) was Fowler (1941) but he also
lumped them with Narcine, Heteronarce, and Ben-
thobatis based on the number of dorsal fins.
Despite recognized problems with binning together
genera based on number of dorsal fins (see Bige-
low and Schroeder, 1953), an alternative classifica-
tion based on skeletal morphology was not

presented until Compagno’s work (1973). The
ranking hypothesized by Compagno was the most
inclusive, separating Torpedo and Hypnos from
remaining electric rays, and further splitting those
remaining electric rays as well.

The MPT depicted in Figure 2C predicts torpedi-
niform relationships that are not fully consistent
with the taxonomic arrangements proposed by
Compagno (1973, 1977) and the tree topology pre-
sented by Carvalho (2010). Within Torpedini-
formes, two major clades are recovered;
Torpedinoidea (Hypnos 1 Torpedo) and Narcinoidea
(all remaining torpediniforms). The traditional
subfamily names Torpedininae and Hypninae,
which coincide with Torpedo and Hypnos, respec-
tively, are not adopted here. Further analysis of
the diversity of species, including increased species
sampling within Torpedo may warrant the resur-
rection of those groups.

The most notable inconsistency recovered during
each unconstrained analysis in this study is within
the Narcinoidea; specifically monophyly of subfam-
ily Narcininae was never supported (Fig. 2A–C).
Instead, there is strong support for the successive
sister taxon relationships of Benthobatis, Disco-
pyge, Narcine, and Diplobatis to a monophyletic
Narkidae. In analyses conducted by McEachran
et al. (1996), McEachran and Aschliman (2004),
and Aschliman et al. (2012a), Narcine was the
only member of “Narcininae/Narcinidae” so mono-
phyly was not specifically addressed. However, in
an separate analysis, characters and states that
previously supported a more inclusive and mono-
phyletic “Narcininae/Narcinidae” included antorbi-
tal cartilages that articulated with the lateral
aspect of the nasal capsules, a rostrum that is
anteriorly broad and trough like, and the presence
of a rostral fontanelle (Carvalho, 2010). Those
original descriptions were included in the present
analysis as characters 43, 44, and 49, respectively.
Character 43 is not supportive of a monophyletic
“Narcininae/Narcinidae” in my analysis because
the homologous condition of laterally articulating
antorbital cartilages also is present in outgroup
and Narkidae (Fig. 3). The derived condition of
anteriorly articulating antorbital cartilages is
present only in the Torpedinoidea (Figs. 2E and
3D). As an exercise during the course of the pres-
ent study, an arbitrary third state to represent an
alternative condition was created for the members
of “Narcininae/Narcinidae” and run in a new anal-
ysis to see if it would lead to monophyly of its
members. The result was the same tree topology
as the two-state character with a character trans-
formation at the base of Narcinoidea and a rever-
sal at the base of Narkidae.

Characters 44 and 49, which both pertain to the
median rostral cartilage, do include states that are
unique to the “Narcininae/Narcinidae” relative to
other Torpediniformes. They are not, however,
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enough to support monophyly. Benthobatis, Disco-
pyge, Narcine, and Diplobatis all possess a homolo-
gous rostral fontanelle (44:0–>1), but the state
appears at the base of Narcinoidea with a reversal
at the base of Narkidae (Fig. 2E). In terms of the
broad, trough-like rostrum, Benthobatis, Disco-
pyge, Narcine, and Diplobatis share the homolo-
gous condition, but they also share the state with
outgroups (49:0). Parsimony suggests that apomor-
phic character transformations associated with the
rostrum occur at the bases of Torpedinoidea (49:0–
>2) and Narkidae (49:0–>1)—the shared condition
among outgroup taxa, Benthobatis, Discopyge,
Narcine, and Diplobatis is considered plesiomor-
phic at this time (Fig. 2E).

Character support is strong at the base of Torpe-
dinoidea, Narcinoidea, and Narkidae, but among
members of “Narcininae/Narcinidae,” there are
several instances of convergent morphology with
members of Narkidae (e.g., characters 2, 42, and
59), or synapomorphic morphology linking Narki-
dae with one or more sister taxa within
“Narcininae/Narcinidae” (e.g., characters 15:1–>2;
38:0–>1; and 51:0–>1). Bremer support values
also are high for the Torpedinoidea, Narcinoidea,
and Narkidae, and moderate for each consecutive

branch from the base of Narcinoidea toward the
base of Narkidae (Fig. 2C). Thus, there is strong
evidence against a monophyletic “Narcininae/
Narcinidae.” Furthermore, when a monophyletic
“Narcinidae” is constrained, the result is a single
MPT that requires two additional steps; however,
there is zero Bremer support for the clade (Fig.
2D). As with the unconstrained tree, characters 43
and 49 are plesiomorphic for “Narcinidae,” but
character transformation 44:0–>1 (presence of a
rostral fontanelle) is considered an unambiguous
synapomorphy for the clade (Fig. 2F). Additional
exploration of the ontogenetic variation of those
taxa and their form-function-relationship may
help recover a more strongly supported taxonomic
arrangement.

Character Optimization and Node Support

Previously, the morphological features that
allied the order Torpediniformes to the exclusion
of all other batoids included: large pectoral electric
organs, relatively stout precaudal tails, smooth-
naked skin, a free suprascapula, and antorbital
cartilages that are anteriorly directed and fan or
antler shaped (Compagno, 1973, 1977; Maisey,

Fig. 3. Close up of chondrocranium and antorbital skeleton. A. Raja, MCZ 168862; B. Temera,
BMNH 1984.1.18.6; C. Diplobatis, MCZ 40337_3; D. Torpedo, ESB al200707_310 Character
labels are written with state in parentheses.
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1984). Those features, described in some form, also
served as apomorphies in subsequent phylogenetic
analysis (McEachran et al., 1996; McEachran and
Aschliman, 2004; Aschliman et al., 2012a). Based
on my new comparative analysis, some of these
characters and states were redescribed and modi-
fied, but ultimately a similar type of support is
presented for Torpediniformes. The discussion
below is based on the topology of Figure 2E.

Torpediniformes is supported by five unambigu-
ous character transformations (Fig. 2A–E). These
are 1:0–>1 (the presence of pectoral electric
organs, CI 5 1), 2:0–>1 (the presence of smooth,
naked skin, CI 5 1); 33:0–>1 (the presence of long
prepelvic processes, CI 5 1); 35:0–>1 (suprascapu-
lae with a visible median suture, CI 5 1); and
53:0–>1 (a rounded basibranchial copula, CI 5 1).
Among these characters and states, only #53
transforms further up the tree. The other four
characters are considered synapomorphies of
Torpediniformes.

Torpedinoidea was previously united based on a
truncate anterior disc, slender jaws, a reduced ros-
trum, and no labial cartilages (Nelson, 2006;
McEachran and Aschliman, 2004). When the clade
is recovered during my analyses, five unambigu-
ous character transformations (Fig. 2C,E). A char-
acter describing a truncate anterior disc was not
included in this analysis because it was considered
too subjective. Furthermore, the absence of labial
cartilages does not support the clade because it is
considered plesiomorphic. However, characters
22:0–>1 (presence of long, slender, and flexible
jaw cartilages, CI 5 1); 49:0–>2 (absence of a large
rostral fontanelle, CI<1) do support the clade. In
addition to those two character transformations,
Torpedinoidea is further supported by character
39:0–>2 (presence of suprascapular antimeres
which are each shorter than the scapular process
of the scapulocoracoid, CI<1); 43:0–>1 (antorbital
cartilages that articulate on the anterior aspect of
the nasal capsules); and 45:1–>0 (absence of a
frontoparietal fontanelle, CI<1).

The Narcinoidea was previously distinguished
from Torpedinoidea by possessing stout jaws,
strong labial cartilages, rod-shaped hyomandibu-
lae, well-developed ceratohyals, forked/antler-like
antorbital cartilages, short and broad crania, well-
developed frontoparietal fenestra, possession of a
rostrum, occipital condyles not exserted (i.e., pro-
truded), transverse mouth, and a disk rounded
anteriorly (Compagno, 1973). Among these fea-
tures, well-developed ceratohyals, occipital condyle
protrusion, and disk shape were not translated
into characters and states at this time. Cera-
tohyals are excluded because they were previously
described as partially or totally replaced by the
pseudohyoid and thus partially or totally missing
in Torpediniformes (Compagno, 1973; Miyake and
McEachran, 1991; McEachran et al., 1996: charac-

ter 40; McEachran and Aschliman, 2004: character
45). Thus the ceratohyal and pseudohyoid warrant
further examination in the context of developmen-
tal series for all taxa, which was out of the scope
of the present study. Occipital condyle exsertion is
excluded because by definition a condyle is pro-
truded—additional 3D study of the craniovertebral
joint among all batoids may warrant further pars-
ing of the feature. Finally, disk shape was not
translated into states because it was considered
too subjective. Stout jaws, strong labial cartilages,
rod-shaped hyomandibulae, forked/antler-like
antorbital cartilages, short and broad crania, and
possession of a rostrum were translated into char-
acters. Among them, the condition in Narcinoidea
related to stout jaws, character 22(0), and hyo-
mandibulae 24(0) are considered plesiomorphic.

Narcinoidea is characterized by nine unambigu-
ous character transformations (Fig. 2A–E). They
are characters 19:0–>1 (presence of a divided
lower lip, CI<1); 21:0–>2 (presence of labial carti-
lages, CI 5 1); 23:0–>1 (laterolingually compressed
palatoquadrate, CI<1); 42:0–>1 (bifurcating
antorbital cartilages, CI< 1); 44:0–>1 (the pres-
ence of a rostral fontanelle, CI< 1); 48:0–>1 (ven-
trally projecting nasal capsules, CI 5 1); 58:0–>1
(dorsal rim of the synarcual mouth posterior to
occipital condyle, CI< 1); 62:0–>2 (posteriorly
positioned lateral stays, CI< 1); and 64:0–>2
(presence of obtuse anterior margins of lateral
stays, CI<1). Further up the tree, characters 21,
42, and 64 go through additional transformations.
Characters that have state reversals up the tree
are 19, 23, 44, and 62. Character 48 is a true syna-
pomorphy for Narcinoidea.

The lineage between the base of Narcinoidea
and leading up to Narkidae comprises the consecu-
tive sister taxon arrangement of Benthobatis, Dis-
copyge, Narcine, and Diplobatis. As discussed
earlier, these taxa do not form a monophyletic
clade. Discopyge, Narcine, and Diplobatis 1 Narki-
dae are distinguished from Benthobatis by sharing
two character transformations; 4:0–>1 (a narrow
bridge of integument separating the posterior rim
of the eye and the anterior rim of the spiracle,
CI< 1) and 38:0–>1 (possessing anteriorly bowed
suprascapulae, CI< 1). Character 4 transforms
further up the tree. Character 38 is a synapomor-
phy at this node, but is convergent with the condi-
tion in Torpedo (Fig. 2E). Narcine and
Diplobatis 1 Narkidae are distinguished from Dis-
copyge by two unambiguous transformation, 34:0–
>2 (presence of prepelvic processes that are wider
at the tip that along the shaft); and 51:0–>1 (pres-
ence of fused posterior hypobranchial cartilages,
CI< 1). Character 34 transforms again at the base
of Narkidae. Character 51 is reversed only in Het-
eronarce and is considered a synapomorphy of the
node. Diplobatis 1 Narkidae are distinguished
from Narcine by one transformation, 15:1–>2 (a

605ANATOMY OF ELECTRIC RAYS

Journal of Morphology



dense covering of sensory pores), which is consid-
ered a synapomorphy of the node.

Narkidae previously was distinguished from
other members of Narcinoidea by possessing a
shallow groove around the mouth, a narrow-rod-
shaped rostrum, a narrow-compressed internasal
plate, and antero-ventrally directed nasal capsu-
les, precerebral fossa very small and terminated
anteriorly by constriction of rostrum, short and
stout jaws, large ceratohyals, narrow posterior
hypobranchials separated by a wide space, and a
small basibranchial copula (Compagno, 1973). The
depth of the groove around the mouth was consid-
ered too subjective and, as noted before, cera-
tohyals are not included in the present analysis.
Most other features were translated into character
states. Short and stout jaws, character 22(0), are
again plesiomorphic and not among supporting
characters of Narkidae. In addition, ventrally pro-
jecting nasal capsules, character 48(1), is consid-
ered a synapomorphy to all Narcinoidea. The
internasal plate (see character 46) is variable
among members of Narkidae and does not support
the base of the clade.

Narkidae is supported otherwise by 10 unambig-
uous character transformations (Fig. 2A–E). Char-
acters based on the features above are 9:0–>1
(presence of an anterior nasal turret that projects
ventrally, CI 5 1); 49:0–>1 (a slender median ros-
tral cartilage, CI<1); and 53:1–>2 (a basibran-
chial cartilage with an anterior margin that is
depressed medially and a posterior margin that
tapers, CI 5 1). Characters 9 and 49 are synapo-
morphies of the clade, while character 53 trans-
forms further up the tree. Additional characters
are 3:2–>1 (possessing an uncovered eye that pro-
trudes above dorsal surface, CI< 1), which is a
reversal from the condition seen in three of the
nonnarkid narinoids; 4:1–>0 (a shared rim
between the spiracle and the eye, CI<1), which is
a reversal from the condition seen in three of the
nonnarkid narinoids; 11:2–>1 (presence of semi-
oval circular folds near the nostrils), but it should
be noted here that this character is highly variable
among members of Narkidae; 17:0–>1 (presence of
a nasal curtain that covers the upper lip and den-
tition when the mouth is closed, CI 5 1); 34:2–>1
(presence of tab-like prepelvic processes, CI<1);
41:0–>1 (a mesopterygium that is shorter than
propterygium but longer than metapterygium,
CI 5 1); and 44:1–>0 (loss of a rostral fontanelle,
CI<1). Among these, characters 17, 41, and 44
are also synapomorphies of Narkidae.

Within Narkidae, Electrolux is the sister taxon
to all remaining narkids and is supported by seven
unambiguous character transformations along its
branch. This also supports the hypothesis of Com-
pagno and Heemstra (2007) that Electrolux is not
another species of Heteronarce. Heteronarce is the
next sister taxon after Electrolux. Heteronarce

shares with [Narke 1 (Typhlonarke 1 Temera)], five
unambiguous character transformations (Fig. 2D).
These are 19:1–>0 (a lower lip that is undivided
by the tooth row); 20:0–>1 (a mental groove pres-
ent on the lower lip, CI 5 1); 26:0–>1 (a short,
stout precaudal tail, CI< 1); 37:0–>1 (a ventrolat-
eral suprascapular projection, CI 5 1); and 42: 1–
>2 (broadly branching antorbital cartilages,
CI< 1,). All of these characters are considered syn-
apomorphies of the clade although the condition
for character 42 is convergent in Narcine.

Narke 1 (Temera 1 Typhlonarke) are distin-
guished from Heteronarce by five transformations.
Characters 11:1–>0 (semicircular nasal folds,
CI< 1; this further transforms in Temera); 25:2–
>1 (presence of one dorsal fin, CI 5 1); 50:0–>1
(lateral rostral cartilages articulating with the
nasal capsule, CI<1); 52:0–>1 (a small basibran-
chial copula, CI 5 1); and 53:2–>3 (a basibranchial
copula that is tack shaped, CI 5 1). Characters 50,
52, and 53 are synapomorphies of the clade, but
character 50 is convergent with Hypnos (Fig. 2E).

The sister taxon relationship of Temer-
a 1 Typhlonarke is supported by six unambiguous
character transformations which distinguish them
from Narke. Characters 21:1–>2 (presence of large
labial cartilages, CI 5 1, which is a true synapomor-
phy); 23:1–>0 (palatoquadrate and Meckel’s carti-
lages that are approximately the same size in
dorsoventral view, CI< 1, which is a reversal); 46:
1–>2 (an inconspicuous internasal plate, CI< 1,
which is convergent with the condition in Electrolux
and Torpedinoidea); 62:2–>0 (lateral stays that are
midway along the length of the synarcual, CI< 1;
which is a reversal and convergent with the condi-
tion in Diplobatis); 63:0–>2 (wide distal margins of
the lateral stays, CI 5 1, which is a true synapomor-
phy); and 64:2–>1 (acutely angled anterior margins
of the lateral stay relative to the axis of the body,
CI< 1, which is a true synapomorphy).

Although not considered parsimony informative,
each terminal branch (i.e., genus) is further sup-
ported by one or more unambiguous character
transformations, which contribute to their branch-
ing pattern. In addition, the combination of ambig-
uously transformed character state suites
supporting each terminal branch help distinguish
taxa from one another and indicates the validity of
all 11 named genera.

In the tree that constrains a monophyletic
“Narcinidae” (Fig. 2D,F), character transformation
support toward Torpedinoidea is approximately
the same as in the unconstrained tree—the differ-
ence being the addition of transformation 59:0–>1
(a notched ventral synarcual rim). Toward Nardi-
noidea, unambiguous transformations that no lon-
ger occur include 19:0–>1 and 44:0–>1. Character
44 was shifted to the lineage toward “Narcinidae”
and character 19 maps ambiguously appearing in
“Narcinidae” and Electrolux. New transformations
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are 54:0–>1 (a dorsal marginal clasper cartilage
possessing a distomedial extension/medial flange,
CI 5 1); 55:0–>1 (the presence of a ligamentous
sling on the Meckel’s cartilage, CI 5 1); and 56:0–
>1 (a coracobranchialis composed of a single com-
ponent, CI 51). Toward Narkidae, transformations
remain the same except for the loss of transforma-
tions 3:2–>1; 4:1–>0; 34:2–>1; and 44:1–>0.

Form and Function Relationships

Often of particular interest to biologists and engi-
neers is the ability to infer the relationship between
form and function associated with locomotion and
feeding (e.g., Lauder, 1990; Collar et al., 2005; Dean
et al., 2007; Clarke and Middleton, 2008; Macesic
and Kajiura, 2010; Rosenblum et al., 2011). Increas-
ingly, it has become apparent that in order to make
such inferences, it is important to link the subfields
of phylogenetics and functional morphology (e.g.,
Harman et al., 2003; Garland et al., 2005; Stayton,
2006; Adams, 2010; Motani and Schmitz, 2011;
Piras et al., 2012). Moreover, for many traits, it may
be necessary to consider developmental components
as well (Adams and Nistri, 2010). Armed with this
new comprehensive phylogeny of the Torpedini-
formes, it is possible to explore some of the most
recent hypotheses about electric ray functional mor-
phology, which were based on investigations of Nar-
cine brasiliensis.

Locomotion. Batoid locomotion, primarily
among skates and stingrays has intrigued biologists
for decades (e.g., Roberts, 1969; Webb, 1984; Rose-
nberger, 2001; Schaefer and Summers, 2005; Mace-
sic and Kajiura, 2010; Rosenblum et al., 2011).
Unlike skates and stingrays, there is little involve-
ment of the pectoral fins in active swimming among
Torpediniformes; rather the axial skeleton, in partic-
ular the precaudal tail and caudal fin, is the primary
propeller (Roberts, 1969; Rosenberger, 2001). This
may be in part because electric organs markedly dis-
place the pectoral fins, with the propterygia of the
pectoral fins bounding electric organs laterally and
because radial cartilages are short (Fig. 2E; supple-
mental morphobank data). In the absence of sus-
tained long-term swimming or gliding, electric rays
are capable of fine-scaled maneuvering via punting
as well (Macesic and Kajiura, 2010).

In their independent studies, Macesic and
Kajiura (2010; here on referred to as MK) and
Rosenblum et al. (2011; here on referred to as
RLP) explored locomotion in electric rays, specifi-
cally in the taxon N. brasiliensis. In the MK study,
relatively mature specimens of N. brasiliensis
were examined (inferred from disc dimensions)
while in the RLP study, immature neonates were
examined. The ontogenetic stage of the taxa used
in the experiment is of some significance as the
remarks for characters 31 and 32 in the Support-
ing Information of this study point out. Specifi-

cally, there appears to be a late onset to the
development of the iliac process in N. brasiliensis
and other species of Narcine, which may influence
experiments on swimming, gliding, and punting
performance (Fig. 4). The iliac process is impor-
tant namely because adductor musculature origi-
nates on the iliac process (MK). This may mean
that immature specimens are unable to actively
adduct their pelvic fin lobes influencing drag and,
therefore, swimming speed and gliding speed. RLP
demonstrated that pitch of both the body disc and
the tail, along with undulatory frequency of the
tail interact to control these maneuvers in neo-
nates. Perhaps in mature specimens, pelvic lobe
adduction would reduce drag when gliding and
make glide angle more efficient.

Four of the eight muscles associated with elevat-
ing and depressing the pelvic propterygium origi-
nate on the prepelvic processes (lateral pelvic
process of MK), which is unlike the condition in pre-
viously examined skates (Macesic and Kajiura,
2010). As indicated in the present study, all of the
electric rays possess long prepelvic processes (Fig.
4) like those observed in Narcine. What varies most
is the shape of the distal tip of the process, which is
either pointed, tab like, or wider than the shaft. A
difference in depressor and levator muscle origins
may be associated with these states. Having these
long processes at all is a likely indicator that all
electric rays are capable of effective punting.

In some skates dubbed walking skates, i.e., Ana-
canthobatis, pelvic fins have both long prepelvic
processes and pronounced iliac processes. In addi-
tion, the pelvic fin in Anacanthobatis is divided
into distinct anterior and posterior lobes, such
that the anterior lobe can move independently of
the posterior lobe (Chan, 1965). However, most
skates do not possess true anterior and posterior
pelvic fin lobes. As indicated by MK, N. brasilien-
sis lacks the divided lobes of the pelvic fins (into
anterior and posterior lobes with a gap in the
presence of radial cartilages between the proptery-
gium and metapterygium, McEachran and Dunn,
1998), but it possesses a functional joint and
robust skeletal element at the distal end of the
propterygium (MK). Interesting to note, however,
there is one electric ray that has a true anterior
lobe, Typhlonarke (Fig. 4E). Compared to most of
the electric rays, Typhlonarke also has a fairly
narrow and short precaudal tail that is continuous
with the posterior lobes of the pelvic fin that
seems to contribute to the entire disc shape of the
body. This morphology would suggest that there
could be little thrust produced by the tail and cau-
dal fin as well as little drag by the relative pitch
of the tail and disc, leaving mostly punting and
walking as a means to efficient locomotion. Also,
while Benthobatis does not have a truly distinct
anterior and posterior lobe, they have robust prop-
terygia and a relatively fixed posterior margin of
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the pelvic fin lobe (Fig. 4B). Benthobatis does how-
ever, have a substantial precaudal tail, suggesting
a more similar mode to Narcine. Hypnos on the
other hand has a minuscule precaudal tail (Plates
5b and 6D). Furthermore, at least on specimens
examined, the iliac process for specimens of Hyp-
nos is inconspicuous (Plate 7D). This indicates
that pelvic fin adduction is probably limited, and
in turn limits the streamlining of the precaudal
tail adjacent to the pelvic fin. However, prepelvic
processes are present and fairly long in this taxon,
so perhaps pelvic fin maneuvering is still consider-
ably important.

Feeding. Feeding is a fundamental concept of
biological research. The jaw apparatus specifically
of electric rays and other batoids has received
attention (e.g., Dean and Motta, 2004; Dean et al.,
2006), especially as it pertains to prey capture and
manipulation. Due to the ventral position of the
mouth, options for ingesting food are limited
(Dean et al., 2005). Much of the work conducted
has focused on narcinoid taxa and stingrays,
which both possess short, stout, and robust jaws
capable of considerable mechanical digestion.
Results of one such study indicates that lower jaw
musculature is substantial and that in N. brasi-
liensis, distribution of calcified cartilage in the
form of cortical thickening and trabeculation is
concentrated near highly loaded joints inclu-
ding the quadratomandibular jaw joints,
hyomandibular-cranial joint, and near the symph-

yses (Dean et al., 2006). Narcine shares with other
narcinoids a similar morphology to the Meckel’s
cartilages and the hyomandibulae in the sense
that they all possess a pronounced sustentaculum,
a moderate to strongly pronounced mandibular
knob (see for example, Typhlonarke, Fig. 5K), a
relatively tapered/thin symphyseal end, and a liga-
mentous sling on their Meckel’s cartilages (charac-
ter 55). They also share hyomandibulae that are
relatively elongate and could be modeled almost
cylindrically, compared to the shorter plate-like
hyomandibulae of Torpedinoidea (Fig. 5D,E). It,
therefore, stands to hypothesize that Narcinoidea
would also share similar patterns of feeding style,
prey choice, and structural trabeculation.

Comparatively, torpedinoid taxa have soft,
flexible, gracile palatoquadrates, and Meckel’s car-
tilages with fairly short but expansive hyomandi-
bulae (Fig. 5D,E). Personal observations during
dissection of abdominal content provided addi-
tional information of a 92 cm total length Torpedo
(disk length 5 45 cm) that presented with a
distended abdomen, revealed a sizable dogfish
(between 55 and 60 cm total length), with the cau-
dal fin remaining in the esophagus but the
remaining portion curled within the stomach.
Scales and integument were chemically digested
away and there was no indication of mechanical
processing prior to swallowing. In comparison to
outgroup taxa, the flexible cartilages of Torpedinoi-
dea is autapomorphic and distinct from the

Fig. 4. Close up of pelvic skeleton. A. Torpedo, ESB al200707_310; B. Benthobatis, MCZ
41171_1; C. young Narcine, TNHC 18512; D. mature Narcine, AMNH 95343; E. Typhlonarke,
ANSP 120293; F. Temera, BMNH 1984.1.18.6; Character labels are written with the state in
parentheses. Iliac process and prepelvic process outlined in white.
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condition in Narcinoidea. Furthermore, Dean et al.
(2006) hypothesized that the trabeculae present in
Narcine as a representative of Torpediniformes
was convergent with the condition in stingrays. In
light of the new phylogeny presented here, the
independent derivation of trabeculae in stingrays
and some electric rays is supported, with the addi-
tional refinement that trabeculae are restricted to
Narcinoidea, not Torpediniformes as a whole.
Additional study of the jaw apparatus of other
Narcinoidea is necessary to confirm this.

On the Origin of Torpediniformes

Torpediniformes have a late first appearance in
the fossil record relative to the other clades of
Batoidea in the Paleocene (Kriwet and Benton,
2004; Underwood, 2006). Those fossils are dental
remains, not skeletal, and dental characters are
informative to diagnose members of Torpedini-
formes, but not relationships among them. This
late first appearance does not support its position
as the sister taxon to all other members of Batoi-
dea. However, the skeletal morphology of extant
members shares several plesiomorphic traits with
sharks, guitarfish, skates, and sawfishes, which
does support a more basal position within Batoi-
dea. The late first appearance of torpediniform fos-
sils is rather more consistent with a close
relationship to the more derived platyrhinid-
guitarfishes as predicted by molecular data
(Aschliman et al., 2012b). Discovery of extinct
members of Torpediniformes in the fossil record,
especially stem members, will be important for
helping to establish the origin of the clade and
support or reject its position among other batoids.

Considering the poor calcification properties that
I observed in the electric ray, Torpedo, it does not
strike me as out of the ordinary that few skeletons
of more-primitive electric rays are found in the fos-
sil record. A specimen of a potentially basal electric
ray is on display at the MNHN in Paris (MNHN
BOL-567A and B). A large fish (roughly 100 cm), it
is essentially only a body outline. According to the
catalogue number (BOL-567), it would be from the
Bolca region of Northern Italy, placing it in the Mid-
dle Eocene. The region is known to produce excep-
tionally preserved specimens of bony fishes
(Bellwood, 1996; Bannikov, 2006) and some excep-
tional batoids (see Jaekel, 1894; Carvalho et al.,
2004; Carvalho, 2010). However, those well pre-
served batoid skeletons are most closely related to
modern taxa with well-calcified skeletons, such as
Narcinoidea. Regardless, even if it was certain that
MNHN BOL-567 was of a Torpedo-like taxon, it
appears the preservation is too minimal to find apo-
morphies with present day techniques suitable for
phylogenetic analysis within the clade Torped-
iniformes. The other batoid specimens that likely
represent specimens of narcinoid-like batoids (Car-

valho, 2010) do appear to offer insight into the rela-
tionships among “Narcininae/Narcinidae” and their
future inclusion in a comparative analysis will be
important.

CONCLUDING REMARKS

Several new aspects about the torpediniform
Bauplan were revealed by my comparative analy-
sis of the group as a whole. However, there remain
several anatomical systems that should continue
to be studied in order to test the interrelationships
of the clade. For instance, further study about the
muscular morphology and organ systems will be
valuable for lending additional support to, or
rejecting the relationships presented here. These
two aspects of the torpediniform body contribute
to the most missing data in the matrix provided
here. It also will be important to conduct more
work related to the comparative anatomy of more

Fig. 5. Stylized jaw apparatus. A. Raja; B. Pristis; C. Platyrhi-
noidis; D. Hypnos; E. Torpedo; F. Benthobatis; G. Diplobatis; H.
Discopyge; I. Narcine; J. Electrolux; K. Typhlonarke; L. Hetero-
narce; M. Narke; N. Temera. Highlighted labial cartilages in
gray, mandibular cartilages in blue, and hyomandibular carti-
lages in yellow.
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species of Torpedo to examine relationships within
Torpedinoidea. For all taxa, growth series will pro-
vide useful information about the ontogenetic vari-
ation seen in the skeleton, especially for
functionally important morphology such as the
prepelvic processes and iliac processes. Finally,
histological and gross anatomical variation about
the electric organ itself may also provide valuable
clues about the evolutionary history of
Torpediniformes.

APPENDIX A: ELECTRIC RAY SPECIMENS
EXAMINED

Benthobatis marcida Bean and Weed, 1909—
MCZ 41171 (x10); ZMH 119661; ZMH 119660;
ZMH 119863.

Diplobatis picta Palmer, 1950—MCZ 40377 (x3);
ZMH 123096.

Discopyge tschudii Heckel, in Tschudi, 1844—
ZMH 104818 (2); CJU (x2).

Heteronarce mollis (Lloyd, 1907)—ZMH 113459.
Hypnos subnigrum (Dum�eril, 1852)—MCZ S985;

ZMB 33928; ZMH 10427.
Narcine rierai (Lloris and Rucabado, 1991)—

ZMH 113381.
Narcine brasiliensis (von Olfers, 1831)—AMNH

218276; AMNH 90769: AMNH 92321.a; TNHC
18512 (310); ZMB 11889.

Narcine tasmaniensis Richardson, 1841—AMNH
95343.

Narke dipterygia (Bloch and Schneider, 1801)—
ZMB 33911.

Narke japonica (Temminck and Schlegel,
1850)—SIO 85–138i.

Temera hardwickii Gray, 1831—NHM
1984.1.18.6; NHM 1887.4.16.14.

Torpedo torpedo (Linnaeus, 1758)—MCZ_Glass_
156-178; MCZ_Glass_143-167; MCZ_Glass_203-
257; ZMB_Glass_1295-32F; ZMB_Glass_1333-70F;

ZMB_Glass_1371-03F; ZMB_Glass_14a; ZMB_
Glass_382-407F; ZMB_Glass_408-459F; ZMB_
Glass_460-529F; ZMB_Glass_501-28or; ZMB_
Glass_529-49or; ZMB_Glass_5; ZMB 33932 (34);
ZMB 33933.

Torpedo nobiliana Bonaparte, 1835—ESB_200
608_23_001; ESB_200707_322_001; ESB_200707_
310_001.

Narcine sp.—ZMB 33929; ZMB 33930; ZMB 33931.
Typhlonarke tarakea Phillipps, 1929—ZMH

119562 (x2); SIO 64-288.

APPENDIX B : CHARACTER MATRIX.
A 5 (0,1); B 5 (0,2); C 5 (1,2); “?” 5 MISSING
DATA; “-” 5 NONAPPLICABLE
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Appendix Table B

Taxa 10 20 30 40 50 60

Raja 000000-000 0000A00000 0000200000 0000000000 000000A000 0000000000 00000
Pristis 000210-001 201——-00 0000200000 ????0?0001 0000100000 000?000010 02120
Platyrhinoidis 002200-000 201——-00 0000200000 0000010021 0200001000 0000000001 00000
Hypnos 1110111000 2000010000 0101220000 2–11?20020 0010122021 001?000010 00010
Torpedo 11020AA000 2000010000 0102211000 0110120120 0010121022 0010000012 01000
Benthobatis 113000-000 2000110010 101B200100 0110120000 0101011100 001????110 02021
Diplobatis 1121010000 2100210010 1010201101 0112120100 0101011100 101????110 00020
Discopyge 112100-000 2100120010 1010200200 1010120100 2101011100 001????100 02020
Narcine 112100-000 B0001C0010 1010202000 1012120A00 0201011100 1011110100 02020
Electrolux 1110011210 1001231010 1010202?01 0111120100 1100122112 102????100 1–-0
Typhlonarke 113-00-010 2001211001 2000110111 1011121110 ?200021111 113????000 00211
Heteronarce 111000-110 1000211001 1010211100 1011121100 1200011120 002????100 02020
Narke 111000-110 0001211101 1010111000 0010121100 120001111C 1131111110 02020
Temera 111000-110 0000211101 2000011100 0010121100 1200?21121 1131111100 00210
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Supplemental Data. Comparative Character Analysis 

 

The surface anatomy surrounding the pectoral electric organ and head region are scored 

in characters 1-20. The presence of pectoral electric organs is a clear synapomorphy of 

Torpediniformes and hypotheses were presented to suggest that its presence might be coincident 

with eye atrophy among electric rays (Lissmann, 1958). The surface anatomy characters 

described were chosen because of their unique manifestation in at least one member of the 

Torpediniformes. The integument is smooth in electric rays, with no dermal denticles or thorns. 

As with other batoids, the eyes are located dorsally, just anterior to a spiracle, and there is 

variability in both of those structures (Plate 1). Major functional changes have occurred in the 

feeding apparatus of batoids, in particular among Torpediniformes (Dean et al., 2006; Dean et 

al., 2007) and as such, there are implications to surface anatomy (Plates 2 and 3).  

 

1. Pectoral electric organs: (0) absent; (1) present (not figured). This character is 

modified from the description of Torpediniformes provided by Compagno (1973; p. 39). 

Torpediniform batoids all possess expansive electric organs that develop between the axial and 

pectoral skeleton (Davy, 1829) and are derived from branchial musculature (Lissmann, 1958). 

Electrocytes are also found in the lateral muscles of the precaudal tail in skates (Lissmann, 1958; 

Jacob et al., 1994; McEachran and Dunn, 1998); however, these cells are not considered 

homologous. The known variation and variability of the electric organ among electric rays is 

poor, despite its great interest to anatomists (Kawashima et al., 2004). Though functionally they 

are disconnected, much of the outward physical appearance of the electric organ is correlated to 

the pectoral skeleton and antorbital cartilages (which are scored separately) as well as the lateral 
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line system (Norris, 1932). Studies that have examined the electric organ were focused primarily 

on discharge in Torpedo (Coates and Cox, 1942) and Narcine (e.g., Breder and Springer, 1940; 

Cox and Breder, 1943) or electric organ innervation in Torpedo (e.g., Ewart, 1890) of Narke 

(e.g., Kawashima et al., 2004). Further description of the variation of the torpediniform pectoral 

electric organ and its innervation is warranted, but was beyond the scope of this study.  

Polarity: All outgroup members lack pectoral electric organs. The derived condition is the 

presence of pectoral electric organs. 

 

2. Skin texture: (0) scales or thorns present; (1) smooth, naked skin (not figured). This 

character is modified from the description of Torpediniformes provided by Compagno (1973; p. 

39). The skin in all members of Torpediniformes is smooth on both the dorsal and ventral 

surfaces. There are no scales or thorns present.  

Polarity: All outgroup taxa possess scales and/or thorns. Smooth skin is considered 

derived. 

 

3. Eyeball: (0) uncovered eye, flush with dorsal surface; (1) uncovered eye, protrudes 

above dorsal surface; (2) ‘eyelid’ or partial integumentary covering; (3) covered by integument 

(Plate 1). The eye is usually well developed and relatively equal in size to the spiracle or larger 

than it. Variability arises in terms of eyeball position and the surrounding integument. In 

Torpedo, the eye is relatively flush with the dorsum and is not covered by any integument (Plate 

1E). In Electrolux (Compagno and Heemstra, 2007), Hypnos, Heteronarce, Narke, and Temera 

(Plate 1 D, L, M, and N) the eye protrudes above the dorsal surface of the disk. It is especially 

apparent in Hypnos (Plate 1D), where the eyeball is essentially propped on a pedestal of tissue. 
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Diplobatis, Discopyge, and Narcine have an eye that is flush with the dorsal surface of the disk 

and is c-shaped because of a partial integumentary covering (Plate 1G-I). In both Benthobatis 

and Typhlonarke (Plate 1F and K) the eye is completely covered by the integument, effectively 

rendering these taxa blind (Alcock, 1899; Garrick, 1951). The eye in Typhlonarke was described 

as developmentally reduced relative to the eye in other electric ray taxa (Alcock, 1899, p. 18). A 

small vestige of an eye is visible in Benthobatis but it is scored as state-3. 

 Polarity: Raja and Pristis have an eye that is flush with the dorsal surface (Plate 1A and 

B). Platyrhinoidis has an eye partially covered (Plate 1C), but is convergent in this arrangement 

with the condition in some narcinoids. The derived conditions are either a protruding eye or a 

partially/totally covered eye. 

Remarks: Several analyses were run which scored this character as standard unordered, 

ordered, or user defined ordered such that state-0 may transform into state-1 or state-2, but only 

state-2 could transform into state-3. This was conducted because of the possibility that the 

ordered character transformation would be unique to the former ‘Narcininae/Narcinidae’ clade 

(all scored as state-2 except Benthobatis). Standard ordering did not alter the tree topology in any 

way but tree length increased by 3-steps from the unordered state. The user-defined ordering of 

character two, however, recovered only 1 MPT (tree length only 2-steps higher than the 

unordered state) with resolution occurring up the tree such that Typhlonarke is considered the 

sister taxon to Narcine + Temera. The ‘Narcininae/Narcinidae’ was not recovered.  

 

4. Spiracle relationship to eye: (0) continuous with eye; (1) narrow bridge between 

spiracle and eye; (2) no shared rim, widely separated (Plate 1). The spiracle is located posterior 

to the eye and is usually continuous with the eye anteriorly in Electrolux (Compagno and 
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Heemstra, 2007), Hypnos, Heteronarce, Narke, and Temera (Plate 1D, L-N). In other words, the 

posterior margin of the eye contributes to the anterior margin of the spiracle. The posterior 

margin of the small vestige of an eye in Benthobatis is continuous with the spiracle as well (Plate 

1F). Diplobatis, Discopyge, and Narcine possess a narrow bridge of tissue between the borders 

of the eye and spiracle (Plate 1G-I). Torpedo was the only ingroup taxon with a fully detached 

spiracle, separated from the eye by a wide shelf (Plate 1E). No eye is present at all in 

Typhlonarke and it is scored in the data matrix as not-applicable (Plate 1K). 

 Polarity: Raja possesses a continuous spiracular-eye rim (Plate 1A), while Pristis and 

Platyrhinoidis share a widely separated spiracle (Plate 1B and C; Garman, 1913). When Raja is 

used to root the tree, a spiracle separated from the eye is the derived condition and appears twice, 

once in (Pristis + Platyrhinoidis) and once in Torpedo. A narrow bridge appears once at the split 

between Benthobatis and remaining narcinoids and is present in Discopyge, Narcine, and 

Diplobatis. There is a reversal to a continuous shelf to support Narkidae (Fig. 2E). 

Remarks: The possibility existed that the condition in Diplobatis, Discopyge, and 

Narcine may represent an intermediate step in the evolution of the eye and spiracle. Mapping the 

conditions on the fully resolved trees, however, do not indicate this to be the case. Further 

indication that this does not represent an intermediate step came after the analysis was re-run and 

the character was ordered. The outcome was one most parsimonious tree with two additional 

steps.  

 

5. Spiracle rim shape: (0) laterally elongate; (1) anteroposteriorly elongate (Plate 1). 

The spiracular rim dictates the general shape of the spiracle, which is typically semi-circular to 

semi-oval. In most taxa examined, the spiracle is laterally elongate and approximates a circle 
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when joined with the eye. Hypnos is unique in that it has an anteroposteriorly elongate spiracle 

that takes on a somewhat rectangular shape (Plate 1D). In the case of Heteronarce (Plate 1L), the 

spiracle shape is slightly more anteroposteriorly elongate than all other taxa except for Hypnos ; 

however, not to the degree of Hypnos, therefore Heteronarce is scored as state-0. 

 Polarity: Raja and Platyrhinoidis have a spiracular rim that is laterally elongate (Plate 1A 

and C). Pristis has an anteroposteriorly elongate spiracular rim, which is considered derived 

(Plate 1B). 

 

6. Spiracular papillae: (0) absent; (1) present (Plate 1). This character and character 7 

are derived from descriptions of the spiracle in Hypnos (Duméril, 1852, p. 59) and Electrolux 

(Compagno and Heemstra, 2007, p. 18). The surface of the spiracular rim in the majority of taxa 

is smooth, without papillae. Hypnos, Torpedo, Diplobatis, and Electrolux have papillae (Plate 

1D, E, G, and J). Papillae were documented on some specimens of Torpedo (Bigelow and 

Schroeder, 1953) and in specimens examined for the study (Plate 1E). However, many 

specimens of Torpedo lacked papillae and it is scored as polymorphic. 

 Polarity: Papillae are absent around the spiracle in outgroup taxa (Plate 1A-C). The 

presence of papillae is considered derived.  

 

7. Spiracular papillae: (0) button-like papillae; (1) finger-like papillae (Plate 1). Small, 

button-like papillae are present around the spiracular rim of Diplobatis (Plate 1G). Hypnos and 

Electrolux have finger-like papillae (Plate 1D and J). In Electrolux, eight long papillae are 

present (Compagno and Heemstra, 2007). Those papillae are relatively bulky compared to the 

fine, 20+ comb-like papillae that surround the spiracular rim in Hypnos (Duméril, 1852). When 
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papillae are present in Torpedo, they may be button-like as described for some species of 

Torpedo (Bigelow and Schroeder, 1953) or finger-like as in Plate 1E and it is scored as 

polymorphic. When finger-like papillae are present in Torpedo, they are few in number like 

Electrolux, but fine like Hypnos. A survey of species of Torpedo may yield more information on 

papillae variation. When papillae are absent from taxa (see character 6), this character is scored 

as not-applicable (-).  

Polarity: Character polarity could not be assessed for this character because no papillae 

were observed in the outgroup taxa. Ingroup commonality was not possible to assess because 

both states were evenly distributed across the tree for taxa that were examined. 

 

8. Spiracular rim: (0) flush with dorsal integument; (1) rigid and elevated above 

integument; (2) depressed below integument (Plate 1). The spiracular rim of the majority of taxa 

is flush or even with the integument on the dorsal surface, even in Hypnos, Torpedo, and 

Diplobatis, which have papillae that are raised above the surface (Plate 1D, E, and G). The 

spiracular rim of Heteronarce, Narke, and Temera (Plate 1L-N) is stiff, rigid, and slightly 

elevated above the integument. The spiracular rim in Electrolux, which also has papillae that are 

raised above the surface, is depressed (Plate 1J; Compagno and Heemstra, 2007).  

 Polarity: Outgroup taxa have a flush spiracular rim. A rigid/elevated or depressed 

spiracular rim is considered derived. 

 

9. Anterior nasoral turret: (0) flush with body, not projecting; (1) projects ventrally 

(Plate 2). This character is based, in part, on descriptions of members of Narkidae by Compagno 

and Heemstra (2007). The projection of the anterior nasoral turret is best observed laterally (see 
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Compagno and Heemstra, 2007:fig. 19) although it is possible to recognize this shape in ventral 

view because of shading, as such, this is how it is depicted in Plate 2. The mouth and nostrils do 

not project ventrally in Hypnos, Torpedo, Benthobatis, Diplobatis, Discopyge, and Narcine 

(Plate 2D-I). Members of Narkidae all possess a prominent nasoral turret (Plate 2J-N). The 

anterior nasoral turret is exceptionally pronounced in Electrolux (Plate 2J). 

 Polarity: Outgroup taxa possess a flush nasoral turret (Plate 2A-C). A prominent nasoral 

turret is considered derived.  

 

10. Circumnarial folds: (0) present; (1) absent (Plate 2). Character states are compiled 

from Shirai (1996: character 95). There are folds of integument surrounding the nasal opening in 

all Torpediniformes.  

Polarity: Raja and Platyrhinoidis both have circumnarial folds (Plate 2A and C), while 

Pristis does not (Plate 2B). The condition in Pristis is considered derived.  

Remarks: According to Shirai (1996), the outgroup condition could not be 

unambiguously assessed.  

 

11. Circumnarial fold shape: (0) semi-circle; (1) semi-oval; (2) full circle (Plate 2). 

Differences in fold shape for Electrolux compared to other members of Narkidae were illustrated 

and discussed by Compagno and Heemstra (2007:fig. 6). Electrolux and Heteronarce (Plate 2J 

and L) possess broad, elongate, and somewhat semi-oval openings (Compagno and Heemstra, 

2007:fig. 6). In Narke, and Temera (Plate 2M, and N), these folds are short and narrow with only 

a small semi-circular opening. It appears that the figure caption labels in Compagno and 

Heemstra’s figure 6 were reversed for Temera and Typhlonarke. According to my observations, 
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Temera has semi-circular folds because the nasal curtain contributes to the medial border of the 

nasal aperture. Typhlonarke has full circles (Plate 2K). Narcine is polymorphic for semi-circular 

(Plate 2I) and fully-circular (see also Fig. 5I). In all other ingroup taxa I examined, these folds 

are small and rounded forming a full circle (Plate 2D-H). 

 Polarity: Polarity for this character could not be assessed unequivocally because semi-

circular circumnarial folds are present in the outgroup taxon Raja (Plate 2A), full circle folds are 

present in Platyrhinoidis (Plate 2C), and circumnarial folds are not present at all in Pristis (Plate 

2B), which was scored as not-applicable (-). 

Remarks: Preservation of the specimens of Typhlonarke used in this study all contributed 

to distortion around the nasal area and mouth. No one photo perfectly captures the full circle 

appearance. Additional images on MorphoBank show the extent of the nasal fold, which is long 

enough to have folded over onto itself.  

 

12. Nostrils: (0) incompletely divided; (1) completely divided (Plate 2). This character is 

based on descriptions of Diplobatis (Fechhelm and McEachran, 1984) and Discopyge (= 

Nasenbändchens, Heckel, 1846:p. 34). The nostril is visible when the nasal curtain is lifted and 

the circumnarial folds are stretched open, which is not depicted in most taxa in Plate 2. In most 

genera, there is an incomplete division by a stiff integumentary septum. The division is complete 

in Diplobatis and Discopyge.  

Polarity: Outgroup taxa have an incompletely divided nostril (shown for Pristis, Fig. 3B). 

A divided nostril is considered derived. 
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13. Nasal curtain: (0) present; (1) absent (Plate 2). This character is derived from 

McEachran et al. (1996: anterior nasal lobe, character 11). Presence or absence of a nasal curtain 

is considered independently from several additional characters related to the nasal curtain. The 

nasal curtain is a flap of integument located between the external nares and all members of 

Torpediniformes possess a nasal curtain (Plate 2D-N). 

 Polarity: Character polarity could not be unambiguously determined for this character. 

Raja possesses a nasal curtain (Plate 2A), however, Pristis and Platyrhinoidis both lack one 

(Plate 2B and C). If the tree is rooted with Raja, the nasal curtain is lost once along the lineage 

towards (Pristis + Platyrhinoidis) and is considered derived. Presence of a nasal curtain is 

considered derived when the tree is rooted with Pristis or Platyrhinoidis and it gained once on 

the lineage towards (Raja + Torpediniformes).  

Remarks: Characters 14-18 are related to the nasal curtain and for all of those characters 

if the nasal curtain is absent (i.e., from Pristis and Platyrhinoidis), the character is scored as not-

applicable (-). 

 

14. Medial groove on nasal curtain: (0) absent; (1) present (Plate 2). Presence of a 

medial groove was described for members of Narkidae by Compagno and Heemstra (2007). The 

nasal curtain is not divided by a medial groove in Hypnos, Torpedo, Benthobatis, Diplobatis, 

Discopyge, Narcine, Heteronarce, and Temera (Plate 2D-I, L and N). A medial groove is present 

on the nasal curtain of Electrolux, Typhlonarke, and Narke (Plate 2J, K, and M), essentially 

dividing the flap into symmetrical halves.  

 Polarity: Pristis and Platyrhinoidis lack a nasal curtain (Plate 2B and C). There is one 
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present in Raja, however, and it lacks a medial groove on that nasal curtain (Plate 2A). The 

presence of a medial groove on the nasal curtain is considered derived. 

Remarks: A groove was illustrated for Temera by Compagno and Heemstra (2007:fig. 6), 

but see character 11 comments. 

 

15. Sensory pores of ventral lateral line system on nasal curtain: (0) inconspicuous; (1) 

sparse; (2) dense (Plate 3). Sensory pores are inconspicuous or absent from the nasal curtain in 

Hypnos and Torpedo (Plate 3D and E). There are pores more rostral to the nasal curtain in 

Torpedo but it is still scored as state-0. The presence of a sparse covering in Narcine (Plate 3I) 

follows the description by Carvalho (1999). There is also a sparse covering of sensory pores in 

Benthobatis, Discopyge, and Narke (Plate 3F, H, and M). Diplobatis has a dense covering of 

pores (Plate 3G). A dense covering was illustrated previously for only Electrolux and 

Typhlonarke (Compagno and Heemstra, 2007); however, Heteronarce and Temera also have a 

dense covering of sensory pores present on its nasal curtain (Plate 3J-L and N).  

Polarity: On the nasal curtain present in Raja, there are no sensory pores to a sparse 

covering in the form of a line of pores outlining the caudal margin of the nasal curtain (Plate 

3A). Character polarity is ambiguous. 

 

16. Caudal margin of nasal curtain: (0) arched margin; (1) straight margin; (2) medial 

projection; (3) v-shaped notch (Plate 3). The dominant form of the caudal margin of the electric 

ray nasal curtain is straight, with no medial projection, as seen in Hypnos, Torpedo, Benthobatis, 

Diplobatis (Fechhelm and McEachran, 1984), some species of Narcine, as well as Typhlonarke, 

Heteronarce, Narke, and Temera (Plate 3D-G, I, and K-N). Discopyge (Plate 3H) and some 



 

11 
 

species of Narcine (see also Fig. 4I) have a caudal margin with a tab-like medial projection (the 

central lobe described by Baranes and Randall, 1989; Lloris and Rucabado, 1991). The caudal 

margin of Benthobatis was often upturned or compressed during preservation in the specimens I 

could examine and there sometimes appeared to be a minor ‘bump’ present but no true 

projection, which is similar to the condition in some other species of Narcine. Benthobatis is 

scored as a straight margin and Narcine is polymorphic (Plate 3F and I). A medial “tab-like” 

projection was described for Heteronarce (Henle, 1834); however, it was inconspicuous for 

specimens I examined and is therefore scored as straight (Plate 3L). Electrolux is the only 

electric ray to possess a v-shaped notch medially in the caudal margin of the nasal curtain (Plate 

3J; Compagno and Heemstra, 2007).  

Polarity: In the outgroup Raja, the nasal curtain is deeply arched such that there are two 

caudally directed flaps as part of the nasal curtain and the caudal margin that is concave (Plate 

3A). A tab or notch is considered derived. 

 

17. Extent of nasal curtain when mouth is closed: (0) ends anterior to upper lip; (1) 

covers upper lip and dentition (Plate 3). In most taxa, the nasal curtain does not cover the upper 

lip and dentition (Plate 3D-I). In Narkidae (Plate 3J-N) the nasal curtain extends posterior to both 

the upper lip and dentition when the mouth is closed. 

Polarity: The nasal curtain is short in most taxa including the outgroup taxon Raja. A 

nasal curtain that covers the lip and dentition is considered derived. 

 

18. Lateral tabs of nasal curtain: (0) absent; (1) present (Plate 3). This character was 

based on the description of divergent nasal flaps for Typhlonarke and Narke (Compagno and 
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Heemstra, 2007). However, as noted in character 11, the condition of Typhlonarke and Temera 

should be switched such that Typhlonarke lacks lateral tabs. The nasal curtain of Typhlonarke 

was compressed during preservation in the specimens I could examine and only the right margin 

shows the original condition (lateral tabs absent) in Plate 3K. The nasal curtain of most other 

genera also has straight lateral margins that abut the circumnarial folds medially (Plate 3D-L). In 

Narke, and Temera, the nasal curtain has distinct tabs that project laterally and border the 

circumnarial folds posteriorly (Plate 3M and N).  

Polarity: The outgroup taxon, Raja, has no lateral tabs on its nasal curtain (Plate 3A). 

Within Torpediniformes, the presence of lateral tabs off of the nasal curtain is considered 

derived. 

 

19. Divided lower lip: (0) absent, lower tooth row does not divide lip; (1) present, lower 

tooth row divides lip (Plate 3). In all specimens I observed, a divided lower lip was correlated 

with extreme lower tooth exposure (e.g., Narcine [Henle, 1834]). Tooth rows in Hypnos and 

Torpedo are entirely unexposed at the surface and therefore do not divide the lips (Plate 3D and 

E). The upper and lower tooth rows are always exposed and divide the lips in Benthobatis, 

Diplobatis, Discopyge, and Narcine (Plate 3F-I). Among those taxa, teeth are least exposed in 

Benthobatis (Plate 3F). According to Compagno and Heemstra (2007:fig. 6A), the teeth do 

divide the lower lip in Electrolux (Plate 3J). The tooth rows of all other genera in Narkidae (Plate 

3G-K) may be exposed when the mouth is slightly ajar, however, the lower lip is undivided in 

these genera by teeth, which is especially evident in Temera (Plate 3N).  

Polarity: Outgroup taxa have lips that are undivided by their tooth rows (Plate 3A-C). 

Tooth rows that divide the lip are considered derived. 
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20. Mental groove: (0) absent; (1) present (Plate 3). The lower lip of Hypnos and 

Torpedo is smooth and no groove or cleft is present (Plate 3D and E). In taxa where the lower lip 

is divided by a tooth row (Benthobatis, Diplobatis, Discopyge, Narcine, and Electrolux character 

19), there is a median portion of the lower lip that is free of the tooth row and also free of a 

mental groove (Plate 3F-I). A lower lip with a mental groove is present in Typhlonarke, 

Heteronarce, Narke, and Temera (Plate 3K-N). The mental groove is restricted to a small cleft in 

Heteronarce, but this is not scored as an intermediate state (Plate 3L).  

 Polarity: Outgroup taxa do not possess a mental groove (Plate 3A-C). The presence of a 

mental groove is considered derived. 

Remarks: In some specimens of Temera there appears to be two small adjacent clefts 

(Plate 3N), which is somewhat similar to the line drawing of Electrolux in Compagno and 

Heemstra (2007:fig. 6). In a follow-up analysis I scored Electrolux with state-1 and then with 

missing (?), the results of which had no changes to the topology or tree statistics so I retained the 

coding as per Compagno and Heemstra (2007).  

 

Characters 21-24 pertain to the jaw apparatus and include information about the 

generalized shape and relative sizes of labial, mandibular, and hyomandibular arch cartilages. 

For consistency, descriptions are based on the dorsoventral view permitted by radiographs, CT 

scans, or cleared and stained specimens. White outlines were added to one side of each image to 

trace the cartilages relevant to these characters and leave the reader the opportunity to interpret 

the other side of the image. Each image is also available on MorphoBank.com without any 

tracing, but annotated when relevant with a label that can be turned on and off.  
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21. Labial cartilage: (0) absent; (1) small, combined are less than the length of the 

Meckel’s cartilage; (2) large, combined are greater than the length of the Meckel’s cartilage 

(Plate 4). The labial cartilages are minute cartilages that are found alongside the jaws in many 

elasmobranchs and previously were determined to be ancestrally present among elasmobranchs 

(Holmgren, 1941; McEachran and Aschliman, 2004). However, radiographs and CT data I 

collected and examined for this study do not reflect the presence of labial cartilages in selected 

outgroup taxa, nor in Hypnos and Torpedo (Plate 4D and E). Small, labial cartilages that are 

uncalcified at the midsection (Fechhelm and McEachran, 1984) are present in Diplobatis, (Plate 

4G) which is scored as (1). Small cartilages are also present in Benthobatis, Discopyge, Narcine, 

Electrolux, Heteronarce, and Narke, but these are more fully calcified and at least meet at the 

midsection (Plate 4F, H-J, and L-M). Labial cartilages present in Typhlonarke and Temera, are 

larger, each portion at least ½ the length of the Meckel’s cartilage and combined exceed the 

length of the Meckel’s cartilage (Plate 4K and N).  

 Polarity: Labial cartilages are ancestral among elasmobranchs and they are illustrated for 

Rhinobatos (Garman, 1913). However, I did not observe them in any of the selected outgroup 

taxa (Plate 4A-C). The presence of labial cartilages is considered derived among 

Torpediniformes. 

 

22. Jaw shape: (0) short and stout jaw cartilages; (1) long, slender, flexible jaw 

cartilages (Plate 4). A slender jaw was described as a way to distinguish Electrolux from 

Typhlonarke (Compagno and Heemstra, 2007). This distinction, when considered among other 

members of Torpediniformes, is necessarily modified into two components. The first component 
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pertains to the overall shape of the mandibular arch cartilages and the second compares the 

relative size of the palatoquadrate and Meckel’s cartilage to one another. The overall jaw shape 

of Hypnos and Torpedo is easily distinguishable from all other torpediniforms because their jaws 

are long, slender, curved, and highly flexible (Plate 4D and E). All of the members of 

Narcinoidea examined possess short and stout jaws (Plate 4F-N). 

Polarity: Outgroup taxa (Plate 4A-C) and members of Narcinoidea (Plate 4F-N) have 

short stout jaws. The presence of long, slender, flexible jaws is considered derived. 

 

23. Relative size of mandibular arch cartilages in dorsoventral view: (0) approach same 

size; (1) palatoquadrate labio-lingually compressed (narrower than Meckel’s cartilage) and 

tapers toward symphysis (Plate 4). The jaw in Electrolux was described as slightly smaller than 

the jaw in Typhlonarke by Compagno and Heemstra (2007); however, this description pertains 

mainly to the palatoquadrate because the Meckel’s cartilages are similar in both Electrolux and 

Typhlonarke. Therefore, this character is described on the basis of relative size of the Meckel’s 

cartilage and the palatoquadrate. These two mandibular arch cartilages are roughly the same size 

in terms of length and width in Hypnos, Torpedo, Typhlonarke, and Temera (Plate 4D-E, K, and 

N). In Benthobatis, Diplobatis, Discopyge, Narcine, Electrolux, Heteronarce, and Narke (Plate 4 

(Plate 4F-J and L-M), the palatoquadrate is labio-lingually compressed compared to the 

Meckel’s cartilage, giving the otherwise stout jaw a more gracile appearance. In those taxa with 

a compressed palatoquadrate, the palatoquadrate is wider near the articulation with the Meckel’s 

cartilage than the articulation with its antimere.  

 Polarity: Outgroup taxa have mandibular arch cartilages that are approximately equal in 

size (Plate 4A-C) while and a small palatoquadrate relative to the Meckel’s cartilage is present in 
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the majority of narcinoid taxa (Plate 4F-J, L, and M). A small palatoquadrate is considered 

derived and the condition in Typhlonarke and Temera is therefore considered a reversal (Figs. 2E 

and 6K and N).  

 

24. Hyomandibula: (0) narrow and elongate; (1) medially expanded and plate-like; (2) 

expanded only at the oto-occipital articulation (Plate 4: modified from character 35 

[McEachran et al., 1996], character 40 [McEachran and Aschliman, 2004], and character 44 

[Aschliman et al., 2012]). The hyomandibula participates in jaw suspension in all torpediniforms 

and its morphology is variable among taxa. Previous versions of this character made a distinction 

between the medially expanded and plate-like hyomandibula found in Hypnos (Plate 4D) and the 

rather narrow and elongate hyomandibula found in most other torpediniforms (Plate 4G-N). A 

third state (state-2) is included here based on examination of one particular specimen of 

Benthobatis (MCZ 41171_1; Fig. 6F) in which the hyomandibula is expanded at the oto-occipital 

articulation and is narrow distally where it articulates with the mandibular arch. Further 

inspection of members of Torpedo (Plate 4E) indicates its hyomandibula resembles that of the 

one specimen of Benthobatis more than the short, plate-like hyomandibula of Hypnos. The 

remaining specimens of Benthobatis radiographs have a non-proximally expanded 

hyomandibula, and the taxon was scored as polymorphic for states 0 and 2 (Plate 4F). Torpedo 

has state-2.  

 Polarity: All outgroup taxa have narrow and elongate hyomandibulae. Expanded 

hyomandibulae (proximally and along the whole shaft) are considered derived. 
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Characters 25-30 pertain to the external morphology of the trunk, dorsal fins, and pelvic 

fins. Aspects of pigment and coloration, which can be useful for diagnosis on fresh specimens, 

were excluded from my analysis because of the variability in preservation. Differential fading 

was apparent in many specimens and in some cases it appeared that external dyes had penetrated 

the integument. However, in order for the maximum contrast to be depicted in Plates 5 and 6, 

they are presented here in color.   

 

25. Number of dorsal fins: (0) zero or absent; (1) one fin; (2) two fins (Plate 5). Many 

authors used the number of dorsal fins when distinguishing torpediniform taxa at several levels 

(e.g., von Olfers, 1831; Müller and Henle, 1841; Fowler, 1933; McEachran and Carvalho, 2002; 

Compagno and Heemstra, 2007). However, the usefulness of dorsal fins when diagnosing taxa is 

limited (Bigelow and Schroeder, 1953) because the majority of elasmobranch fishes possess two 

dorsal fins. Within Torpediniformes two dorsal fins also are dominant (Plate 5D-J and L); 

however, in some taxa, there are fewer. Typhlonarke and Narke have only one dorsal fin (Plate 

5K and M), and Temera has no dorsal fins (Plate 5N).  

Polarity: All outgroups examined have two dorsal fins (Plate 5A-C).  

Remarks: For ease of character coding, not polarity, state-0 refers to zero fins. 

 

26. Precaudal tail: (0) long tail; (1) short and stout precaudal tail; (2) inconspicuous 

(Plate 5). The precaudal tail is considered the region of the tail between the cloaca and the caudal 

peduncle (the narrowest portion of the tail), skeletally it refers to the region of the axial skeleton 

possessing haemal arches. In dorsal view, this length can be estimated by measuring from the 

midline of the widest aspect of the pelvic fin to the caudal peduncle. The length of the precaudal 
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tail relative to the total length of the fish is the basis for my character states. Benthobatis, 

Diplobatis, Discopyge, Narcine, and Electrolux have a relatively long tail (Plate 5F-J). Torpedo, 

Typhlonarke, Heteronarce, Narke, and Temera have short and stout precaudal tails (Plate 5E and 

K-N). Hypnos has a virtually inconspicuous precaudal tail, although a distinct caudal fin is 

present (Plate 5D). 

 Polarity: A long tail is present in all outgroups (Plate 5A-C). A short or inconspicuous tail 

is considered derived.  

Remarks: At the risk of this character being too subjective, I also ran the analysis 

excluding this character. Tree topology remained the same but tree length dropped by three steps.  

 

27. Lateral tail folds: (0) inconspicuous; (1) narrow; (2) broad (not figured). Thin, 

elongate folds of integument can be present on the lateral aspect of the tail (Bigelow and 

Schroeder, 1953). Tail folds are more obvious on smaller specimens of Narcine (Carvalho, 

1999). For this reason, smaller specimens were examined to score this character. Hypnos, 

Benthobatis, Discopyge, and Typhlonarke either possess no lateral tail fold or it is inconspicuous. 

A narrow tail fold is present on Torpedo, Diplobatis, Heteronarce, Narke, and Temera. A broad 

tail fold is present on Narcine and Electrolux.  

Polarity: Outgroup specimens I observed have an inconspicuous tail fold, and this may be 

due to maturity. For now, a narrow or broad tail fold present is considered derived. 

 

28. Pelvic fin lobes in females: (0) free-hanging with medial margin of pelvic fin lobes 

free of precaudal tail; (1) medial margin of pelvic fin lobes attached to precaudal tail; (2) medial 

margin of pelvic fin lobes join together to form ‘apron’ (Plate 6). This character was only scored 
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for females because in all male specimens except one example of Discopyge illustrated by 

Bigelow and Schroeder (1953: fig. 21), the posterior margin of the pelvic fin is divided, or split, 

by the cloaca and claspers. In female specimens of Discopyge, the left and right lobes are not 

divided (Heckel, 1846) but instead surround the cloaca and form an “apron” (Carvalho, 1999), 

which is ventral to the precaudal tail (Plate 6H). Among females of most other taxa, the cloaca 

and precaudal tail bisect the posterior margin of the pelvic fins into small left and right lobes. 

The right and left lobes are free-hanging as flaps in Hypnos, Torpedo, Narcine, and Narke (Plate 

6D, E, I, and M). In Benthobatis, Diplobatis, Typhlonarke, Heteronarce (female not figured), 

and Temera (Plate 6F1-F2, G, K, and N), the right and left lobes are continuous with or attached 

to the precaudal tail. Electrolux is known to have free hanging lobes in males, but no females are 

described, so this character is scored as missing data (?) in that taxon.  

Polarity: Pelvic fin lobes are free hanging in outgroup taxa (Plate 6A, Raja: males figured 

for Pristis and Platyrhinoidis). Fusion to the precaudal tail or to each other is considered derived. 

Remarks: Two images are provided for Benthobatis because they look so different but the 

propterygium is prominent at the anterior aspect of the lobe (Plate 6F1 and F2). 

 

29. Pelvic fin (0) single lobed (1) double lobed (Plate 6). There is only a single pelvic fin 

lobe in both male and female torpediniform rays with one exception. Typhlonarke has a double 

lobed pelvic fin, with an anterior lobe that is leg-like (Fig. K). The anterior lobe is convergent 

with the anterior lobe in the rajiform walking skates Anacanthobatis, Cruriraja, and †Cyclobatis 

(McEachran and Dunn, 1998; Siverson and Cappetta, 2001), in which several radial cartilages 

are absent on the proximal portion of the metapterygium cartilage in the posterior lobe.  
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Polarity: All outgroups (Plate 6A-C) and most members of Torpediniformes have 

continuous anterior and posterior lobes of the caudal fin. A true anterior pelvic fin lobe is 

considered derived. 

Remarks: Benthobatis has a prominent propterygium but in radiographs (Plate 7F), there 

is no break in the radial cartilages between the propterygium and metapterygium, therefore it is 

not considered a true anterior lobe.  

 

30. Length of clasper: (0) extends past posterior tips of pelvic fin lobes; (1) does not 

extend past posterior tips of pelvic fin lobes (Plate 6). Clasper length was discussed for several 

batoid taxa by McEachran and Aschliman (2004). The claspers of most electric rays extend past 

the posterior margin of the pelvic fin lobes. In Diplobatis, Electrolux (Plate 6J), and Typhlonarke 

they do not extend past the pelvic fin lobes. Ideally, this character would be scored on adult 

males; however, sometimes only immature males were available. Immature males were only 

scored when clasper length extended past the posterior tips of the pelvic fin lobes (e.g., Fig. 8L), 

because clasper length, relative to fin length, was never observed to retract (actually or 

allometrically) among any batoid species. Therefore, if the clasper was longer than the pelvic fin 

in an immature specimen, it was considered an accurate estimate of the adult condition. If an 

immature male was the only specimen available and its clasper length was shorter than the pelvic 

fin, the state was scored as missing data (?). 

Polarity: Among the outgroup taxa, the claspers of Raja and Platyrhinoidis (Plate 6A and 

C) are always longer than pelvic fin lobes in mature specimens. For Pristis, all museum 

specimens observed had claspers that were approximately equal in length to the pelvic fin lobes 
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(Plate 6B). Live Pristis observed in the public National Aquarium in Baltimore, MD had claspers 

longer than the pelvic lobe. A short clasper is considered derived. 

 

 Characters 31-34 pertain to the pelvic skeleton, which includes the cartilages underlying 

the lobes of the fins as well as the ischiopubic bar between them. No distinction is made for left 

and right elements. Radiographs are in dorsoventral view and are compared to prepared 

skeletons. Clasper cartilages are not discussed in this section. 

 

31. Iliac process length: (0) short and stout; (1) long and slender; (2) inconspicuous 

(Plate 7). Iliac process length was previously discussed in several species descriptions. The iliac 

process is continuous with the posterolateral side of the ischiopubic bar and is observable in 

almost all torpediniforms. Most often it is present as a short and stout cartilage. In Discopyge 

(Menni et al., 2008), Narcine, Typhlonarke, and Heteronarce, the iliac process is long and 

slender (Plate 7I, K and L). Hypnos lacks a distinct iliac process and it is scored as inconspicuous 

(Plate 7D).  

Polarity: Raja has a short iliac process in radiographs I examined as does Platyrhinoidis 

(Plate 7A and C). The condition is unknown in Pristis (Plate 7B). An inconspicuous or long iliac 

process is considered derived. 

Remark: In specimens of Narcine, the iliac process is not present on the 

youngest/smallest specimens (figured in MorphoBank and Fig. 4C), but it is long and slender in 

adult skeletons (Fig. 4C and Plate 7I). Many of the skeletons observed for Benthobatis (e.g., Fig. 

4B) and Diplobatis were from specimens that were small. It is possible that the length of the iliac 

process could be longer in adult specimens. This character is included presently, but the analysis 
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was run excluding this character 31 and character 32 as well, due to the possible uncertainty of 

ontogenetic variation. When both are excluded, only one most parsimonious tree is recovered 

(Fig. 2C), with a tree length of 146. 

 

32. Iliac process curvature: (0) curved; (1) straight (Plate 7). The curvature of the iliac 

process is independent of its length. The iliac process is curved in Discopyge (see Menni et al, 

2008: fig. 4), Narcine, Typhlonarke, Heteronarce, Narke and Temera (Plate 7I and K-N). A 

straight iliac process is present in Torpedo, Benthobatis, Diplobatis, and Electrolux (Plate 7E-G 

and J). This character is scored as not-applicable (-) for Hypnos (Plate 7D). 

Polarity: The condition in Pristis is unknown. Raja and Platyrhinoidis have a curved iliac 

process (Plate 7A and C). A straight iliac process is considered derived.  

 

33. Prepelvic process length: (0) short; (1) long, i.e., greater than 2x the caudorostral 

depth of the ischiopubic bar (Plate 7). The prepelvic process was illustrated and described 

previously for several members of “Narcininae/Narcinidae” (Fechhelm and McEachran 1984; 

Carvalho, 1999). The prepelvic process is continuous with the anterolateral side of the 

ischiopubic bar and is directed rostrally. In Hypnos and Electrolux, the prepelvic process is long 

but not well calcified near the distal tip (Plate 7D and J). It is distinctly long in all other 

torpediniform genera (Plate 7E-I and K-N).  

 Polarity: The prepelvic process of Raja and Platyrhinoidis (Plate 7A and C), and several 

other taxa in Rajidae is short, i.e., roughly equal to the caudorostral depth of the ischiopubic bar. 

The condition is unknown for Pristis (Plate 7B) and is scored as missing data (?). The derived 

condition is a long prepelvic process. 
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34. Prepelvic process shape: (0) pointed; (1) flat and tab-like; (2) wider towards tip than 

along shaft (Plate 7). The prepelvic process of Narcine was described as spatulate by Carvalho 

(1999). Indeed the prepelvic process of Narcine is wider distally than along the shaft or base 

(Plate 7I). A similar shape was also described for Diplobatis (Fechhelm and McEachran, 1984) 

and is depicted in Plate 7G. In Hypnos, Electrolux, Typhlonarke, and Heteronarce (Plate 7D, J-

L), the distal tip of the prepelvic process is flat, tab-like, and roughly the same thickness as the 

entire shaft of the process. The remaining torpediniforms have a pointed prepelvic process (Plate 

7E, F, H, and M-N).  

Polarity: The prepelvic process of Raja and Platyrhinoidis is pointed (Plate 7A and C). 

The condition is unknown for Pristis and is scored as missing data (?). The derived condition is a 

flat or spatulate process. 

 

Characters 35- 41 pertain to the pectoral skeleton, which includes the cartilages 

underlying the lobes of the pectoral fin, the girdle supporting those fins, and the cartilaginous 

connection (if any) between the pectoral girdle and the axial skeleton. No distinction is made for 

left and right elements. Radiographs are in dorsoventral view and are compared to prepared 

skeletons viewed from the dorsal aspect. 

 

35. Suprascapular antimere fusion: (0) fused without visible suture; (1) fused with visible 

suture (Plate 8). In all torpediniforms examined for this study, the paired suprascapulae are 

joined during development, but they form a weak suture. Although this suture fuses, a scar is 

visible in mature specimens of torpediniforms. This character could not be identified in Hypnos 
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and it is scored as missing data (Plate 8D). See Miyake (1988) and Claeson (2011) for additional 

discussion. 

Polarity: Suprascapulae in Rhinobatos and Raja are observed to fuse early, without a 

visible suture medially. There is no visible suture in Raja or Platyrhinoidis (Plate 8A and C). 

Early fusion was described for Pristis by Compagno (1977). Fusion with a visible suture is 

considered derived for Torpediniformes. 

 

36. Suprascapulae-vertebral association: (0) not articulated or fused to one another; (1) 

articulates with vertebrae posterior to the synarcual; (2) fused with the synarcual (not figured). 

Based on my dissections and CT data, I conclude that in all torpediniform taxa, the 

suprascapulae are completely free of the vertebral column and do not articulate with it (see also 

Aschliman et al., 2012). This is consistent with the description of Torpedo and Typhlonarke by 

Garrick (1957: p. 128). The only connection between the pectoral girdle and the vertebral 

column is through the fifth ceratobranchial.  

Polarity: In Raja, the suprascapulae are fused with the synarcual (Claeson, 2008; 2011). 

The condition in Pristis could not be confirmed from specimens available to me and it was 

scored as missing data (?). In specimens of Platyrhinoidis, the suprascapulae are fused medially 

and to a neural spine that articulates with vertebrae posterior to the synarcual (Claeson et al., 

2013). Furthermore, suprascapulae are completely free from the vertebral column in sharks. 

Polarity is ambiguous. 

Remarks: Previously, suprascapulae of torpediniforms and Pristis were described as 

articulating with the neural spines (Compagno, 1973, p.42) and suprascapulae in Rajiformes (i.e., 

Raja + Rhinobatos) were described as “…fused or articulating with the dorsal edge of the 
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synarcual or the neural spines just posterior to it, but not forming sockets or condyles,” 

(Compagno, 1973, p. 37). The suprascapulae in Pristis were later described as “… [resting] on 

the arches (as in torpedinoids) well behind the synarcual…” (Compagno, 1977, p. 317), and 

members of Rajidae were distinguished from Platyrhinoidis and other guitarfishes by having 

suprascapulae firmly fused to the synarcual (Compagno, 1977, p. 319). 

 

37. Suprascapular projection: (0) lateral; (1) ventrolateral (not figured). The fused 

suprascapulae are present as a single bar positioned dorsal to the vertebral column and are 

articulated with the scapular processes of the pectoral girdle. The position of that articulation is 

related to the projection of the suprascapular margins (Carvalho, 1999). Hypnos, Torpedo, 

Benthobatis, Diplobatis, Discopyge, Narcine, and Electrolux have a lateral articulation. It is 

ventrolateral in Heteronarce, Typhlonarke, Narke, and Temera. 

Polarity: Suprascapulae project laterally in outgroup taxa and most torpediniforms. A 

ventrolateral projection is considered derived.  

 

38. Shape of suprascapulae: (0) straight; (1) anteriorly bowed (Plate 8). This character is 

modified from descriptions for members of “Narcininae/Narcinidae”, which possess chevron, or 

v-shaped, suprascapulae by Carvalho (1999). I consider this shape anteriorly bowed and do not 

distinguish it from a u-shaped arch when coding. In dorsoventral view, the suprascapular shape 

and position relative to the axis of the body is variable. In Hypnos, Benthobatis, and most 

specimens of Narcine the midsection of the fused suprascapula is perpendicular to the body axis, 

(i.e., straight; Fig. 10D, F, and I). In some specimens of Narcine there was a slight bowing and 

this taxon was scored as polymorphic (Plate 8I). A distinct chevron is present in Torpedo, 
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Discopyge, Electrolux, Typhlonarke, Heteronarce, and Narke (Plate 8E, H, and J-M). The 

suprascapula appears more u-shaped in Diplobatis and Temera (Plate 8 G and N). No distinction 

in terms of scoring the variation in bow-shape is made at this point. Additional specimens will 

confirm if this is a preservation artifact or biological. 

Polarity: Suprascapulae are straight in outgroup taxa (Plate 8A-C). The bowed condition 

is considered derived. 

 

39. Length of suprascapula: (0) suprascapular antimere is longer than scapular process; 

(1) suprascapular antimere is equal to scapular process; (2) suprascapular antimere is shorter 

than scapular process (Plate 9). The length of each suprascapular antimere was taken relative to 

the length of the scapular process of the scapulocoracoid. The suprascapula is longer than the 

scapular process in most of the torpediniforms examined. Typhlonarke has a suprascapula that is 

relatively equal to the scapular process (Plate 9K). Hypnos and Torpedo are the only taxa with a 

short suprascapula (Plate 9D and E).  

Polarity: The suprascapula is longer that the scapular process in Raja and Pristis (Plate 

9A and B). Platyrhinoidis possesses a short suprascapula (Plate 9C). A short suprascapula is 

considered derived.  

 

40. Suprascapula-scapulocoracoid articulation: (0) unforked; (1) interdigitating fork 

(Plate 9). Suprascapula-scapulocoracoid articulation was described as forked for rhinobatoids 

(e.g., Platyrhinoidis) and unforked for Rajidae (e.g., Raja) by Compagno (1977, p. 37). 

Additional investigation of these articulations is discussed by Claeson (2011). Torpediniforms 
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examined for this study all have a straight, simple, and somewhat loose connection between their 

suprascapulae and scapular processes of the scapulocoracoid (Plate 9F-N).  

Polarity: Raja has an unforked articulation (Plate 9A). The condition in Pristis is forked 

as it is for Platyrhinoidis (Plate 9B and C).  

 

41. Anterior extension of mesopterygium: (0) shorter than propterygium and 

metapterygium; (1) shorter than propterygium but longer than metapterygium; (2) longer than 

propterygium and metapterygium (Plate 9). In most torpediniforms, the mesopterygium is 

shorter than the basal propterygium although the degree of length is variable. The basal 

mesopterygium is shorter than the metapterygium in Hypnos, Torpedo, Benthobatis, Diplobatis, 

and Narcine (Plate 9D-G and I). The mesopterygium is longer than the basal metapterygium in 

Electrolux (Compagno and Heemstra, 2007), Heteronarce, Narke, and Temera (Plate 9J and L-

N). Only Discopyge has a mesopterygium that is longer than both the basal (proximal) 

propterygium and metapterygium of the pectoral fin (Plate 9H; Menni et al., 2008). It was not 

possible to discern the morphology from radiographs for Typhlonarke (Plate 9K) and it is scored 

as missing (?). 

Polarity: All outgroup taxa have a mesopterygium shorter than both the propterygium and 

metapterygium (Plate 9A-C). A mesopterygium that is at least longer than the metapterygium is 

considered derived. 

Remarks: Outlines of Diplobatis indicate that while the mesopterygium is shorter than the 

metapterygium, it is overall more massive. I therefore I ran a second analysis where Diplobatis 

was scored as state-1 (presuming it was an adequate comparison) and there was no difference in 

the results. I maintain Diplobatis as state-0 because it adheres to the definition more strictly.  
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Characters 42-50 pertain to the cranial skeleton and include the rostral and antorbital 

cartilages. No distinction is made for left and right elements. Radiographs are in dorsoventral 

view and are compared to prepared skeletons viewed from the dorsal aspect. 

 

42. Antorbital cartilage: (0) no branching; (1) bifurcating; (2) broadly branching (Plate 

10). The antorbital cartilage is a long ‘antler-like’ cartilage that articulates with the nasal capsule 

but does not reach the propterygium of the pectoral fin (de Beer, 1926; Holmgren, 1941; 

McEachran and Aschliman, 2004). There are three distinct morphologies among the 

torpediniform genera. In Hypnos and Torpedo the antorbital cartilages are relatively narrow and 

they taper to a single point (Plate 10D and E). There may be a thin, web-like fan of cartilage 

associated with the primary antorbital cartilage in Hypnos and Torpedo (Holmgren, 1941; 

Compagno, 1977). In Benthobatis, Diplobatis, Discopyge, and Electrolux the antorbital cartilage 

is bifurcated with two distinct branches connected by a thin web of cartilage (Plate 10F-H and J). 

In Narcine, Heteronarce, Typhlonarke, Narke, and Temera, the antorbital cartilage has two 

major branches and a third smaller branch (Plate 10I and K-N). The antorbital cartilage is 

therefore considered broadly branched, as per Compagno and Heemstra (2007). 

Polarity: Raja and Pristis have un-branching antorbital cartilages (Plate 10A and B). The 

antorbital cartilages in Platyrhinoidis (Plate 10C) are flat and branching (Claeson et al., 2013) 

Branching is considered derived. 

Remarks: The antorbital cartilage in the image for Typhlonarke is difficult to discern 

because the specimen is slightly compressed. The specimen figured by Compagno and Heemstra 

(2007) is immature, but faint antorbital cartilages are present which are not compressed.  
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43. Antorbital-nasal capsule articulation: (0) antorbitals articulate on lateral aspect of 

nasal capsules; (1) antorbitals articulate on anterior aspect of nasal capsules (Plate 10, see also 

figure 3). This character is modified from the description of the character state supporting 

Narcinidae by Carvalho (2010). Hypnos and Torpedo have antorbital cartilages that articulate on 

the anterior aspect of the nasal capsules (Plate 10D and E). All remaining taxa were observed to 

have antorbital cartilages articulated with the lateral aspect of the nasal capsule (Plate 10F-N), 

regardless of the branching direction.  

Polarity: All outgroup taxa exhibit antorbital cartilages that articulate on the lateral aspect 

of the nasal capsules (Plate 10A-C).  

Remarks: As an exercise, an arbitrary third state to represent an alternative condition was 

created only for the members of “Narcininae/Narcinidae” and an additional analysis was run to 

see if it would lead to monophyly of its members. The result was the same tree topology as the 

two state character, with a character transformation at the base of Narcinoidea and a reversal at 

the base of Narkidae. 

  

44. Rostral fontanelle: (0) absent; (1) present (Plate 10). The rostral fontanelle is present 

between the rostral cartilages of Benthobatis, Diplobatis, Discopyge, and Narcine (Plate 10F-I) 

and is unique to those taxa (Beltrán and Gaspar-Dillanes, 1995; Carvalho, 2010). It is not 

homologous to the anterior, frontal, or precerebral fontanelle of other sharks and rays (Miyake et 

al., 1992). Narcine (Beltrán and Gaspar-Dillanes, 1995) and Diplobatis (Fechhelm and 

McEachran, 1984) often have large rostral fontanelles that are partially opened anteriorly but 
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they may also have closed off rostral fontanelles. Benthobatis and Discopyge often have a 

smaller rostral fontanelle, which can be partially opened or closed (Plate 10F and G).  

Polarity: Outgroup taxa do not possess a rostral fontanelle (Plate 10A-C). A rostral 

fontanelle is present only in Benthobatis, Diplobatis, Discopyge, and Narcine and is considered 

derived, with a reversion to no rostral fontanelle in Narkidae.  

 

45. Frontoparietal fontanelle: (0) absent; (1) present (Plate 10). The frontoparietal 

fontanelle is considered the opening on the dorsal surface of the chondrocranium that is situated 

posterior to the nasal capsules and between the orbits of torpediniform rays (Holmgren, 1941; = 

anterior fontanelle, Fechhelm and McEachran,1984; Miyake et al., 1992; = frontoparietal 

fenestra, Compagno and Heemstra, 2007). The frontoparietal fontanelle is absent from the 

chondrocranium of Hypnos, Torpedo, and Electrolux (Plate 10D, E, and J). A frontoparietal 

fontanelle is present in the chondrocranium of Diplobatis (Fechhelm and McEachran (1984), 

Benthobatis, Discopyge, Narcine, Typhlonarke, Heteronarce, and Narke (Plate 10F, H, I, K-M). 

It was unclear on radiographs if Temera possesses a frontoparietal fontanelle and it is scored as 

missing (?). 

Polarity: A frontoparietal fontanelle is absent from Pristis (Plate 10B), but present in 

Platyrhinoidis and Raja (Plate 10A and C), as well as most torpediniforms. Having no 

frontoparietal fontanelle is considered derived.  

 

46. Internasal plate: (0) flat and wide (1) flat and narrow; (2) small or inconspicuous 

(Plate 11). The previously recognized groups “Narcininae/Narcinidae” (= Benthobatis, 

Diplobatis, Discopyge, and Narcine) and Torpedinoidea (= Torpedo) were characterized in part 
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by possessing a flat and widened internasal plate (Compagno, 1973; Compagno and Heemstra, 

2007). Similarly, a flat, widened-region separating the nasal capsules was used to characterize 

Narcine (and “Narcinidae”) and a reduced internasal region characterized all “non-narcinid” 

torpediniforms to the exclusion of Torpedo (Carvalho, 1999). I agree with previous authors that 

compared to Torpedo, Narcine possesses a flatter and wider internasal plate, or space, between 

the nasal capsules (Henle, 1934; Holmgren, 1941; Compagno, 1973; Carvalho, 1999; Compagno 

and Heemstra, 2007). A substantial internasal plate, in the sense that medial borders of the nasal 

capsules do not approach one another, is present in Heteronarce (Baranes and Randal, 1989), 

Benthobatis, Diplobatis, Discopyge, and Narke (Plate 11F-H and M) that resembles the narrow 

and flat internasal plate of Narcine (Plate 11I). I consider the internasal gap to be small, with 

medial borders of the nasal capsules approaching one another, in Torpedo (Plate 11E). This is 

also the condition in Hypnos, Electrolux, Typhlonarke, and Temera (Plate 11D, J, K, and N). 

Thus, no particular state is a synapomorphy for “Narcinidae” or Narkidae, or even Narcinoidea. 

Polarity: Comparison with the outgroup taxa reveals a third state that is comparatively 

much wider than the space in both Narcine and Torpedo. Outgroup taxa examined here all have a 

flat and wider internasal region (Plate 11A-C). A narrow or inconspicuous internasal region is 

considered derived.  

 

47. Nasal capsules in dorsoventral view: (0) project anteriorly; (1) project laterally; (2) 

compressed laterally (Plate 11). This character is compiled from Shirai (1996; character 4). It 

was determined using the long axis of the nasal aperture (seen in ventral view). Laterally 

projecting nasal capsules are present in most torpediniforms. Hypnos and Electrolux have 

laterally compressed nasal capsules (Plate 11D and J).  
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Polarity: Polarity is ambiguous. The nasal capsules in Raja (Plate 11A) are sometimes 

anteriorly directed and sometimes laterally directed. The nasal capsules in Pristis (Plate 11B) are 

anteriorly directed, while in Platyrhinoidis they are laterally directed (Plate 11C).  

 

48. Nasal capsules in lateral view: (0) flush with basal plate; (1) project ventrally (not 

figured). The ventral opening of the nasal capsules in Torpedo and Hypnos is flush with the basal 

plate of the chondrocranium. The nasal capsules of Electrolux, Benthobatis, Heteronarce, 

Typhlonarke, Narke, and Temera are bent ventrally (Compagno, 1973; Baranes and Randal, 

1989; Compagno and Heemstra, 2007). The nasal capsules are also ventrally projecting in 

Narcine (Carvalho, 1999), Diplobatis (Fechhelm and McEachran, 1984), and Discopyge.  

Polarity: Outgroup taxa have flush nasal capsules. Ventrally projecting nasal capsules are 

considered derived.  

 

49. Median rostral cartilage: (0) trough-shaped and expanded; (1) slender; (2) 

inconspicuous or absent (Plate 11). Rostral cartilages previously were described and illustrated 

for all major groups of batoids (Miyake et al., 1992). Radiographs and skeletal preparations for 

my study confirm previously described morphologies. The rostral cartilage is dorsoventrally 

flattened and trough-shaped for Benthobatis, Diplobatis, Discopyge, and Narcine (Plate 11F-I; 

Compagno, 1973). Slender median rostral cartilages were identified on Narke confirming 

previous descriptions (Plate 11M; Garman, 1913; Holmgren, 1941; Miyake et al., 1992) and a 

slender median rostral cartilage was described for Electrolux (Compagno and Heemstra, 2007). 

There is also a slender median rostral cartilage for Typhlonarke (Plate 11K). The median rostral 
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cartilage is inconspicuous or absent from Hypnos, Torpedo, Heteronarce, and Temera (Plate 

11D, E, L, and N).  

Polarity: Raja and Platyrhinoidis (Plate 11A and C) have moderately expanded and 

trough shaped median rostral cartilages, although the rostral cartilage in members of Rajidae is 

known to vary considerable (Miyake et al., 1992). Pristis has an exceptionally expanded median 

rostral cartilage (Plate 11B). Slender or inconspicuous rostral cartilages are considered derived.  

 

50. Lateral rostral cartilages: (0) absent; (1) articulated with nasal capsule; (2) 

continuous with chondrocranium (Plate 11). There are no lateral rostral cartilages present in 

Benthobatis, Diplobatis, Discopyge, Narcine, and Heteronarce (Plate 11F-I and L). Hypnos, 

Typhlonarke, and Temera are the only other taxa I observed with well-developed, articulated 

lateral rostral cartilages (Plate 11D, K, and N). According to Miyake et al. (1992), there are 

small, paired rostral cartilages that are continuous with the anteriormost portion of the 

chondrocranium in Torpedo. My dissections confirm that there is a pair of small, yet wide and 

flat rostral cartilages, which I interpret to be the lateral rostral cartilages (Plate 11E). Electrolux 

also has continuous lateral cartilages (Compagno and Heemstra, 2007). Lateral rostral cartilages 

present in Narke, appear both as continuous cartilages or cartilages that articulate with the nasal 

capsule (Nishida, 1985) and specimens available for my study also possess small continuous 

lateral rostral cartilages (Plate 11M). 

Polarity: Lateral rostral cartilages are absent from outgroup taxa (Fig13A-C). Articulated 

or fused lateral rostral cartilages are considered derived. 

 



 

34 
 

Characters 51-53 are related to the visceral skeleton. They do not include the ceratohyals, 

because in order to describe them best and ensure homology, a complete developmental series 

would be required for all taxa examined, which was not possible at this time. Hypobranchials 

and basibranchials are included. No distinction is made for left and right elements. Radiographs 

are in dorsoventral view and are compared to prepared skeletons.  

  

51. Hypobranchial plate: (0) unfused hypobranchials; (1) posterior hypobranchial 

cartilages fused (Plate 12). Hypobranchials 1-3 are unfused in Hypnos, Torpedo, Benthobatis, 

Discopyge, and Heteronarce (Plate 12D-F, H, and L; Miyake and McEachran, 1991). In all other 

torpediniforms, there is some degree of fusion among the posterior hypobranchial cartilages to 

create a hypobranchial plate. Posterior hypobranchial plates were described as narrow in 

members of Narkidae by Compagno (1973), but the distinction between anterior and posterior 

hypobranchials is not recognized here.  

Polarity: There is no fusion in outgroup taxa. Fused hypobranchial plates are considered 

derived.  

Remarks: No single radiograph had crisp radiopaque borders for the branchial cartilages 

for the following taxa, Hypnos, Benthobatis, and Discopyge. Line drawings were illustrated after 

examining multiple images when possible, including the line drawings by Miyake and 

McEachran (1991:fig. 6).  

 

52. Size of basibranchial copula: (0) large; (1) small (Plate 12). The basibranchial 

copula was figured for several torpediniforms by Miyake and McEachran (1991). The 

basibranchial copula was described for Electrolux as a large and rounded-to-angular (Compagno 
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and Heemstra, 2007), and as large and rounded for Narcine (Carvalho, 1999). I split these 

components into two characters; one for size and one for shape because of the amount of 

variation in the basibranchial size and shape. A large basibranchial copula is one that is larger 

than the sum of hypobranchials 1-3 elements. A small basibranchial copula is equal to or less 

than the sum of hypobranchials 1-3. Typhlonarke, Narke, and Temera (Plate 12K, M and N) have 

a small basibranchial copula. The remaining torpediniforms have a relatively large basibranchial 

copula, especially Torpedo and Benthobatis (Plate 12E and F). 

Polarity: The basibranchial copula is large in outgroup taxa (Plate 12A-C). A small 

basibranchial copula is considered derived.  

 

53. Shape of basibranchial copula: (0) inverted triangle (wide anteriorly, narrow 

posteriorly); (1) rounded with a small caudal point/tab; (2) heart-shaped (anterior margin is 

depressed medially, posterior margin tapers); (3) tack- or t-shaped (Plate 12). There is a distinct 

difference in the anterior edge of the basibranchial copula in Electrolux and Narcine. I agree with 

Carvalho (1999) that Narcine has a rounded basibranchial copula, however, I consider the 

basibranchial copula in Electrolux to be heart-shaped. Narcine shares a rounded basibranchial 

copula with Hypnos, Torpedo, Benthobatis, Diplobatis, and Discopyge (Plate 12D-I; Miyake and 

McEachran, 1991). Electrolux shares a heart-shaped basibranchial copula with Heteronarce 

(Plate 12J and L). A tack-shaped basibranchial is present in Typhlonarke, Narke, and Temera 

(Plate 12K, M, and N; Miyake and McEachran, 1991; Compagno and Heemstra, 2007).  

Polarity: Outgroup taxa have an inverted triangle shaped basibranchial copula. All other 

conditions are considered derived.  
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Characters 54–57 are characters and codes taken directly from the character list published 

by McEachran and Aschliman (2004: MA) and Aschliman et al. (2012: ACM). These characters 

are based on clasper cartilage morphology and muscle morphology, which were out of the scope 

of my analysis. All scores in the data matrix match what was originally published, including 

missing data.  

54. Dorsal marginal clasper cartilage (MA character 68; ACM character 75): (0) lacks 

distomedial extension/medial flange; (1) possesses distomedial extension/medial flange.  

55. Ligamentous sling on Meckel's cartilage (MA character 76; ACM character 83): (0) 

absent; (1) present. 

56. Coracobranchialis (MA character 80; ACM character 87): (0) consists of three to 

five components; (1) single component.  

57. Coracohyomandibularis (MA character 81; ACM character 88): (0) single origin; (1) 

separate origins on the fascia supporting the insertion of the coracoarcualis and on pericardial 

membrane.  

 

This section is meant as an orientation to the synarcual structure and the terms in 

characters 58-65. One of the few synapomorphies of the Batoidea is the presence of a synarcual 

(McEachran et al., 1996; McEachran and Aschliman, 2004; Aschliman et al., 2012). The 

synarcual cartilage is poorly known in Torpediniformes. Generally, the synarcual cartilage is the 

elongate axial-skeletal element formed by the fusion of basiventral and basidorsal components 

(not centra) of the first several vertebrae in batoids (Miyake, 1988; Claeson, 2011) with neural 

arches contributing to the tube-like portion that transmits the spinal cord and ventral or pleural 

ribs contributing to the ventral base and lateral stays. Anteriorly, the synarcual contacts the 
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occipital condyles of the neurocranium via the occipital cotyles. The anterior neural canal 

opening (synarcual mouth) is closely associated with the foramen magnum via the ventral rim or 

lip. Posteriorly, the synarcual is forked and is closely associated with free centra.  

 

58. Dorsal rim of anterior neural canal opening (synarcual mouth): (0) anterior to 

occipital cotyle; (1) posterior to occipital cotyle (Plate 13). In Hypnos, Torpedo, and 

Typhlonarke, the dorsal rim of the synarcual mouth is anterior to the occipital cotyles (Plate 13D, 

E, and K). This contrasts the condition in all other torpediniforms, in which the dorsal rim of the 

synarcual mouth is posterior to the occipital cotyles. The relative distance of the dorsal rim 

behind the occipital cotyles is greatest in Electrolux, Heteronarce, Narke, and Temera (Plate 13J 

and L-N). 

Polarity: Outgroup taxa have a dorsal and ventral rim of the synarcual mouth that are 

both anterior to the occipital cotyles (Fig. A-C). A dorsal rim that is posterior to the occipital 

cotyles is considered derived.  

 

59. Ventral rim of the anterior neural canal opening (synarcual lip): (0) smooth single 

curve; (1) notched or bifurcated (Plate 13). The ventral margin, or synarcual lip, in Torpedo is 

clearly notched (Plate 13E) between two well-defined condyles. The synarcual lip is slightly 

notched in Hypnos but the condyles are not distinct (Plate 13D). The lip is also notched in 

Benthobatis, Diplobatis, and Narke (Plate 13F, G, and M). The lip is smooth in Discopyge, 

Narcine, Electrolux, Typhlonarke, Heteronarce, and Temera (Plate 13H-L, and N). 

Polarity: The ventral rim is smooth in Raja and Platyrhinoidis (Plate 13A and C). A 

notched rim is present in Pristis (Plate 13B) and considered derived.  
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60. Synarcual-occipital articulation: (0) lip rests in foramen magnum; (1) lip rests in 

concavity beneath foramen magnum; (2) lip rests in paired concavity beneath foramen magnum 

(Plate 13). In all specimens of torpediniforms, except those of Torpedo, the synarcual lip was 

observed to rest within the foramen magnum. In Torpedo, the well-developed, bifurcated 

condyles of the synarcual lip articulate with a paired concavity beneath the foramen magnum 

(Plate 13E).  

Polarity: The lip of Pristis and Raja rests inside the foramen magnum (Plate 13A and B). 

In Platyrhinoidis the lip fits snug inside an unpaired concavity beneath the foramen magnum 

(Plate 13C). This condition should be explored further to determine if it is homologous with the 

basioccipital fovea present in sharks (Shirai, 1992a,b; 1996; Claeson and Hilger, 2011). A 

synarcual lip resting below the foramen magnum is currently considered derived.  

 

61. Lateral stay: (0) present; (1) inconspicuous (Plate 13). Paired lateral stays project 

from the base of the synarcual. They are easily recognizable in most taxa. I could not distinguish 

a lateral stay on multiple radiographs of Typhlonarke (Plate 13K); however, MRI data indicate a 

prominent lateral stay. I also could not decipher a lateral stay in Electrolux from the single 

radiograph published by Compagno and Heemstra (2007). The lateral stay is scored as 

inconspicuous for Electrolux (Plate 13J). 

Polarity: Lateral stays are present in outgroup taxa (Plate 13A-C). 

 

62. Position of lateral stay: (0) midway along length of synarcual; (1) anterior one-third 

of length; (2) posterior one-third of length (Plate 14). When lateral stays are present in 
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torpediniforms, they are usually positioned midway along the length or in the posterior third of 

the synarcual. Lateral stays are midway in Hypnos, Diplobatis, and Temera (Plate 14D, G, and 

N). The lateral stay was also revealed in MRI sections to be midway in Typhlonarke. In 

Benthobatis, Discopyge, Narcine, Heteronarce, and Narke the lateral stay is far posterior (Plate 

14F, H, I, L and M). In Torpedo, however, the lateral stays are more anterior than in all other 

taxa (Plate 14E). This character is scored as not-applicable (-) for Electrolux (Plate 14J). 

Polarity: Lateral stays are positioned midway along the length of the body in Raja and 

Platyrhinoidis (Plate 14A and C). In Pristis the lateral stay projects off of the posterior portion of 

the synarcual, far past the flanges surrounding free centra and it is scored as state-2. Deviation 

anteriorly or posteriorly is considered derived.  

 

63. Distal end of lateral stays: (0) tab; (1) point; (2) wide (Plate 14). The lateral stay in 

most taxa is moderately broad at the base and narrows to a tab-like process at the distal end in 

most taxa (Fig. D-I, L and M). The lateral stays in Typhlonarke (not shown) and Temera are 

wide, with no distinct narrow distal tab (Plate 14N). This character is scored as not-applicable (?) 

for Electrolux (Plate 14J).  

Polarity: A tab-like lateral stays are present in Raja and Platyrhinoidis (Plate 14A and C). 

In Pristis the lateral stay is pointed and elongate (Plate 14B). Pointed or wide distal ends are 

considered derived.  

 

64. Anterior margin on lateral stay: (0) approximately perpendicular to axis of 

synarcual; (1) acute angle to axis; (2) obtuse angle to axis (Plate 14). The leading edge of the 

lateral stay is directed anteriorly (acute) to the body axis, laterally (approximately perpendicular) 
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to the body axis, or posteriorly (obtuse) to the body axis. Torpedo has a leading edge that is 

approximately perpendicular to the axis of the body (Plate 14E). Typhlonarke (not shown), 

Hypnos, and Temera have an anteriorly directed lateral stay with an acute leading edge relative 

to the axis of the body (Plate 14D and N). All other genera have a posteriorly directed lateral 

stays with the leading edge obtuse relative to the axis of the body. This character is scored as 

not-applicable (-) for Electrolux. 

Polarity: The lateral stay is approximately perpendicular to the body axis in Raja and 

Platyrhinoidis (Plate 14A and C). Pristis has an obtuse lateral stay (Plate 14B). An acute or 

obtuse angle is considered derived.  

 

65. Position of anteriormost free vertebral centrum: (0) surrounded by posterior flanges 

of synarcual; (1) posterior to synarcual (Plate 14). The anteriormost free vertebral centrum is 

often flanked by fused basiventral and basidorsal cartilages and this centrum is tightly associated 

with the synarcual structure. The anteriormost vertebral centrum is posterior to the synarcual in 

Benthobatis and Typhlonarke (Plate 14F and K). 

Polarity: The first vertebral centrum in outgroup taxa is flanked by the posterior flanges 

of the synarcual (Plate 14A-C). A posterior vertebral centrum is considered derived.  
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