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ABSTRACT
Polymerolepis whitei Karatajūtė-Talimaa, 1968 was described based on isolated 
polyodontode scales recovered from the Ukraine, and originally was thought to be 
heterostracan (Agnatha). Additional scales with neck canals were described years 
later, and as a result, P. whitei was reclassified as a bradyodont holocephalan because 
it had scales similar to those of Listracanthus Newberry & Worthen, 1870. Until 
now, no articulated body fossils were known, and so the classification of this taxon 
has remained uncertain and based only on the original author’s opinion. New speci-
mens of P. whitei from the Mackenzie Mountains, Northwest Territories, Canada, 
show articulated scale patches from the head, with the best specimen showing part 
of an anal fin, caudal peduncle, and caudal fin. This new material confirms that 
the original account of scale variation was accurate, but also that P. whitei possesses 
an anal fin spine, a feature that, until recently, was thought to be a synapomorphy 
of acanthodian fishes among Palaeozoic fishes. Several primitive chondrichthyans 
(Obtusacanthus Hanke & Wilson, 2004; Lupopsyroides Hanke & Wilson, 2004; 
Kathemacanthus Gagnier & Wilson, 1996; Seretolepis Karatajūtė-Talimaa, 1968; 
Doliodus Traquair, 1893; Antarctilamna Young, 1982, and also problematic taxa 
such as Gyracanthides Woodward, 1902, and now Polymerolepis Karatajūtė-Talimaa, 
1968), are known from articulated remains and show a fin-spine complement like 
that of acanthodian fishes. They also have placoid scales or polyodontode scales that 
grew by areal rather than superpositional accretion. These taxa blur the distinction 
that exists in historic literature between acanthodians and early chondrichthyans.
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INTRODUCTION

Renewed study of the anatomy of early chondrich-
thyans (e.g., Maisey 1984, 1989a, b; Maisey & 
de Carvalho 1997; Coates & Sequeira 1998; Coates 
et al. 1998; Stahl 1999; Miller et al. 2003), has 
demonstrated great anatomical diversity in the Pal-
aeozoic. Early chondrichthyan taxa known to date 
had a wide variety of specialized denticles, cephalic 
spines, cephalic and pelvic claspers, and fin spines. 
The diversity of Palaeozoic chondrichthyans pro-
vides a large pool of data for phylogenetic analyses, 
and we now know that some taxa, known from 
well-preserved body-fossils (e.g., Doliodus Traquair, 
1893, Kathemacanthus Gagnier & Wilson, 1996, 
Seretolepis Karatajūtė-Talimaa, 1968, Obtusacanthus 

Hanke & Wilson, 2004, Lupopsyroides Hanke & 
Wilson, 2004, and Gyracanthides Woodward, 1902), 
had a fin-spine complement historically thought to 
be diagnostic of acanthodians, and body scales like 
those of early chondrichthyans. Despite all the new 
data, Brazeau (2009) and Davis et al. (2012) show 
there is little consensus on relationships among 
early acanthodians and chondrichthyans, and their 
cladograms mirror the “odd cladogram” produced 
by Janvier (1996: 331, fig. 9.1). Thus the discovery 
of spiny chondrichthyans has tended to complicate 
rather than simplify the classification and defini-
tion of primitive chondrichthyans and acanthodi-
ans (Gagnier & Wilson 1996; Warren et al. 2000; 
Miller et al. 2003; Hanke & Wilson 2004, 2010; 
Brazeau 2009; Davis et al. 2012).

RÉSUMÉ
Un nouveau spécimen, partiellement articulé avec présence d’une épine anale, de 
Polymerolepis whitei Karatajūtė-Talimaa, 1968, un supposé chondrichthyen du 
Dévonien inférieur.
La description de Polymerolepis whitei Karatajūtė-Talimaa, 1968 a été réalisée à 
partir d’écailles isolées trouvées en Ukraine, et alors rapportées à un hétérostracé 
(Agnatha). Plus tard, d’autres écailles ont été décrites, et la présence de canaux dans 
le collet a induit le rattachement de P. whitei aux bradyodontes holocéphales, ses 
écailles étant semblables à celles de Listracanthus Newberry & Worthen, 1870. 
Jusqu’à maintenant, aucun fossile articulé n’était connu et, pour cette raison, la 
classification de ce taxon demeurait incertaine et n’était appuyée que par l’opinion 
de l’auteur original. De nouveaux spécimens de P. whitei, provenant des mon-
tagnes Mackenzie, aux Territoires du Nord-Ouest, Canada, possèdent des écailles 
articulées dans la région céphalique ; le spécimen le mieux conservé présente une 
partie de la nageoire anale, le pédoncule caudal et la nageoire caudale. Ce nou-
veau matériel confirme la description originale quant à la variation des écailles, et 
démontre également que P. whitei possède une épine sur la nageoire anale, caractère 
habituellement considéré comme une synapormorphie des acanthodiens parmi les 
vertébrés paléozoïques. Plusieurs des premiers chondrichthyens (Obtusacanthus 
Hanke & Wilson, 2004; Lupopsyroides Hanke & Wilson, 2004; Kathemacanthus 
Gagnier & Wilson, 1996; Seretolepis Karatajūtė-Talimaa, 1968; Doliodus Traquair, 
1893; Antarctilamna Young, 1982, ainsi que certains taxons problématiques tels 
que Gyracanthides Woodward, 1902 et maintenant Polymerolepis Karatajūtė-Tali-
maa, 1968) sont identifiés à partir de restes articulés et présentent un appariement 
épine-nageoire similaire à celui connu chez les acanthodiens. Ils ont aussi des écailles 
placoïdes, ou écailles polyodontodes, qui ont une croissance par accrétion linéaire 
plutôt que superposée. Ces quelques taxons rendent floue la distinction historique 
entre les acanthodiens et les premiers chondrichthyens.
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Polymerolepis whitei Karatajūtė-Talimaa, 1968, 
was described based on isolated scales (Obruchev & 
Karatajūtė-Talimaa 1967). In the original descrip-
tion, P. whitei was classified as a heterostracan and 
placed in its own order Polymerolepidiformes and 
family Polymerolepididae (Karatajūtė-Talimaa 1968). 
Karatajūtė-Talimaa (1977) included a more detailed 
account of scale variation and structure, and placed 
P. whitei among the “bradyodonts” (Chondrichthyes: 
Holocephali) based on scale growth and the pres-
ence of scale neck canals – although neck canals 
are not unique to holocephalan scales. Bradyodonts 
now are reclassified within the Euchondrocephali 
(Ginter et al. 2010). Some “bradyodonts” have syn-
chronomorially growing scales (Patterson 1965), a 
condition that Karatajūtė-Talimaa thought charac-
teristic of Polymerolepis scales. Other “bradyodonts” 
have scales like those of Listracanthus Newberry & 
Worthen, 1870 (Stahl 1999), some of which look 
leaf-like and similar to scales of Polymerolepis (see 
Ivanov 2005: fig. 5L). However, species of Lis-
tracanthus are far removed in time from Lochkovian 
records of Polymerolepis. Karatajūtė-Talimaa (1977) 
also compared Polymerolepis to petalodonts, and 
while Janassa bituminosa (Schlotheim, 1820), has 
stellate scales illustrated along with tooth plates 
(Hancock & Howse 1870: pl. II), other species 
in the same genus have simple mushroom-like 
scales (e.g., Brandt 1996: fig. 7); other holoceph-
alans from North America lack scales like those of 
Polymerolepis (Grogan pers. comm.). None of these 
scales is sufficiently similar to those of Polymerolepis 
whitei to suggest close relationship. More recently, 
Karatajūtė-Talimaa (1992) proposed a scheme to 
organise early chondrichthyan taxa based on scale 
growth (but not indicating phylogenetic relation-
ships), classifiying P. whitei among chondrichthyans 
showing “non-growing” scales. Herein, we tentatively 
leave both Polymerolepidiformes and its contained 
family Polymerolepididae as incertae sedis within 
the Chondrichthyes, and cannot support a more 
explicit classification until more-complete articu-
lated remains of Polymerolepis are found.

Until recently, P. whitei was known only from 
scales from the Ukraine (Karatajūtė-Talimaa 1968, 
1977, 1997), Nevada (Turner & Murphy 1988), 
the Canadian Arctic (Vieth 1980; Langenstras-

sen & Schultze 1996), and the United Kingdom 
(Vergoossen 1999, 2000); these scales seem useful 
for biostratigraphical correlations of Lower to Mid-
dle Lochkovian rocks (Vergoossen 1999, 2000). 
Interestingly, there still are no teeth or paired fin 
spines attributable to P. whitei, and its endoskeleton 
is unknown. However, the MOTH assemblage 
contains a diverse array of chondrichthyans repre-
sented by tooth whorls, most as yet undescribed. 
It is possible that one of these tooth types could 
belong to P. whitei.

The Lower Devonian fish-bearing layer at MOTH 
(southern Mackenzie Mountains, Northwest Territo-
ries, Canada) contains a diverse assemblage of Early 
Devonian fishes (Wilson et al. 2000); most of the 
species present, including P. whitei, are represented 
by articulated body fossils in addition to isolated 
microremains. In this paper, we present new infor-
mation on P. whitei, based on one fossil showing a 
portion of the caudal peduncle, anal fin, and caudal 
fin, and other specimens consisting of skin patches 
with scales in close association or articulation. These 
new specimens show that P. whitei differs from any 
undisputed holocephalan or elasmobranch (sensu 
Nelson 2006) in one important feature: it has an 
anal fin spine. If Polymerolepis is eventually found 
to be holocephalan as suggested by Karatajūtė-Tali-
maa (1977), it will be the first known to have an 
anal fin spine. Several other spiny chondrichthyans 
from MOTH also have anal fin spines, but their 
taxonomic position is not yet resolved.

MATERIAL AND METHODS

Fossils were prepared with repeated immersion 
in dilute, buffered acetic acid followed after each 
immersion by rinsing in fresh water; silt-sized si-
liciclastic residues remaining after each acetic-acid 
treatment were removed while wet using very soft 
paint brushes. After preparation, each slab was 
dried slowly while wrapped in paper towels and 
stabilized using a 5% solution of Glyptal™ cement.

For histological study, isolated scales were removed 
from rocks and embedded in Luminate 83 HA-4 
epoxy, polished to expose tissue structure using 
600- and 1000-grit wet-dry sandpaper, and given 
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a final polish using moistened alumina powder on 
a glass plate. The flat, polished side of the scale then 
was fixed to a standard microscope slide with the 
same epoxy and the specimen was then polished 
from the other side until thin enough to permit 
light transmission.

Images of individual scales were taken using 
a JEOL JSM 6301 FXV scanning electron mi-
croscope (SEM) in the Earth and Atmospheric 
Sciences Department, University of Alberta. 
Specimens were mounted to metal stubs using 
two-sided tape and then sputter coated with 
gold for better resolution in the scanning elec-
tron microscope. Larger specimens were coated 
with ammonium-chloride sublimate to whiten 
specimens before digital photography. All images 
(except SEM images) were taken using a Nikon 
Coolpix 990 digital camera; close-up images were 
taken with the same camera while attached to a 
Nikon SMZ 1500 dissecting microscope.

All specimens are deposited in the collections of 
the University of Alberta, Laboratory for Vertebrate 
Palaeontology (UALVP).

SYSTEMATICS

Class CHONDRICHTHYES 
Subclass incertae sedis 

Order POLYMEROLEPIDIFORMES  
Karatajūtė-Talimaa, 1968 

Family Polymerolepididae  
Karatajūtė-Talimaa, 1968 

Genus Polymerolepis Karatajūtė-Talimaa, 1968

Polymerolepis whitei Karatajūtė-Talimaa, 1968 
(Figs 1-5)

Material examined. — UALVP 23154, 32419, 32442, 
32436, 32465, 32578, 41385, 41486, 41551, 41572, 
41684, 41685, 41706, 41707, 41793, 41966, 41969, 
42057, 42080, 42188, 42543, 42657, 43936, 43937, 
43938, 43940, 43946, 43988, 43989, 43990, 43991, 
43992, 45015, 45174-45203, 45271-45285.

Locality and age. — All scale patches and articulated 
remains of P. whitei from the MOTH section are from 
talus below a Lochkovian (Lower Devonian) fossiliferous 
interval between 430 and 435 m, as measured in 1996, 

in the MOTH section, Mackenzie Mountains, N.W.T., 
Canada (see Zorn et al. 2005: fig. 2), corresponding to 
UALVP Locality 129. The same fish-bearing interval is 
at approximately 411 m in section 43 as reported by Ga-
brielse et al. (1973) (GSC locality 69014). The fish layer 
is composed of calcareous siltstone and/or argillaceous 
limestone deposited in alternating light and dark lami-
nae. Although previous authors have suggested habitats 
ranging from intertidal lagoons to deep-water shelf set-
tings, a recent detailed sedimentological, ichnological, 
and taphonomic study suggests that the fish layer was 
deposited in an oxygen-poor, intra-shelf topographic 
low below storm wave base (Zorn et al. 2005) on a shelf 
that fringed western Laurussia (combined Laurentia and 
Baltica; Li et al. 1993).

Description

Body form 
Both isolated and articulated specimens of P. whitei 
are found in the MOTH fish layer. The most informa-
tive specimen collected to date represents the lower 
part of the caudal peduncle, most of the epicercal 
heterocercal tail, and all of the anal fin (Fig. 1A). 
Unfortunately, there are no specimens showing the 
shape of the body anterior to the caudal peduncle. 
Although several specimens consist of patches of 
scales possibly from the head, there are no teeth, 
dorsal fin spines, or paired fin spines associated.

The shape of the anal fin and most of the caudal fin 
of P. whitei, can be determined from UALVP 45015 
(Fig. 1A). This articulated specimen represents the 
largest specimen of P. whitei collected so far, and 
compared to body proportions of Lupopsyrus pyg-
maeus Bernacsek & Dineley, 1977 (used because of its 
similar tail shape; see inset in Fig. 1A), this specimen 
of P. whitei could have been 50 cm in total length.

The anal fin of P. whitei is lobate, has a convex 
trailing margin, and overlaps the origin of the 
hypochordal lobe of the caudal fin (Fig. 1A). The 
leading edge of the anal fin is reinforced with a 
short, smooth fin-spine (Fig. 1B). This spine is not 
deeply inserted into the hypaxial musculature, and 
has rotated such that the anterior edge is pressed 
into the underlying rock. The posterior portions of 
the fin-spine are porous, and there is a large basal 
opening along the posterior face of the spine. The 
exposed posterolateral margins of the spine lack 
ridges or ribs, although there are smooth-topped, 
widely-spaced, irregularly positioned nodes along 
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the length of the spine (Figs 1B; 4A). The nodes 
that are on the basal portions of the spine are larger 
than those positioned towards the tip. The tip of 
the anal fin-spine is blunt, and the spine is roughly 
one third the length of the anal fin-web.

The epicercal caudal fin is large, has a well-developed 
hypochordal lobe, and may be only slightly deflected 
from the body axis (Fig. 1). Unfortunately, a large 
portion of the caudal fin axis and the posterior tip 
of the caudal fin are missing. There is no evidence 
of the lateral line on the preserved part of the fin or 
the caudal peduncle. The body scales of the caudal 
axis grade smoothly into typical scales of the caudal 
fin-web, and therefore, it is difficult to locate the 
transition between the caudal fin axis and the fin-web 
(Fig. 1). The leading edge of the hypochordal lobe of 

the caudal fin is nearly straight and the trailing edge 
appears concave, but ragged in this fossil.

Scale structure 
All of the types of scales that Karatajūtė-Talimaa 
(1968, 1977) assigned to P. whitei can be found 
on the articulated specimens or concentrated scale 
associations from MOTH. In this species, the limits 
of scale variation that Karatajūtė-Talimaa (1968, 
1977) based on microremains match that now known 
from articulated material. Most of the patches of 
scales of P. whitei consist of closely packed scales. 
Some scales are in crown view while others are in 
basal view, depending on how they were prepared 
(Fig. 3), giving an indication of the alignment of 
scales in the skin of the fish.

caudal ridge scales

hl.
af.

nodular
ornament afs.

afs.

A

B

Fig. 1. — Polymerolepis whitei Karatajūtė-Talimaa, 1968: A, caudal fin, lower parts of the caudal peduncle, anal fin spine, and anal 
fin web as preserved on UALVP 45015 (the tail of Lupopsyrus pygmaeus is inset for orientation and not to scale); B, close-up of the 
anal fin spine of UALVP 45015. Abbreviations: af., anal fin web; afs., anal fin spine; hl., hypochordal lobe of caudal fin. Scale bars : 
A, 1 cm; B, 2 mm.



534 GEODIVERSITAS • 2013 • 35 (3)

Hanke G. F. et al.

Typical body scales of Polymerolepis are formed 
by the synchronous fusion of three or more odon-
todes (Karatajūtė-Talimaa 1992, 1998); the scales 
that reinforce the leading edges of fins and those 
scales that are assumed to be head scales (see below) 
show no partitions and may have developed from a 
single odontode. Larger body scales have additional 
trailing flanges that look like accreted odontodes 
(Karatajūtė-Talimaa 1998: figs 6L, 7C), but are still 
thought to consist of only three fused odontodes.

UALVP 41706 consists of a scattered mass of 
scales which, based on the type of scales, could 
be from the head (Fig. 2) and include rostral(?) 
scales. The rostral(?) scales of P. whitei have a flat 
to convex crown, with smooth, radiating ridges 
near the crown margin (Karatajūtė-Talimaa 1977: 
text-fig. 3, nos 4-6). The marginal ridges may bifur-
cate toward the edge of the crown. The crowns of 
these rostral(?) scales may be ovate, asymmetrical, 
polygonal, or developed into a tear-drop shape 
(Fig. 2A, B). The striations on the margin of the 
crown continue onto the scale neck and contribute 
to the crenulated basal rim. There is no subdivision 
of the crown, and these rostral(?) scales appear to 
be formed from a single odontode. The basal rim 
of each scale is narrower than the scale crown, 
and is not visible in crown view, resulting in a 
closely packed scale cover (Fig. 2B). The rostral(?) 
scales have low necks, and the pulp cavity is filled 
with the trabecular dentine that forms the core of 
the pulp cavity (Fig. 2B; also similar to scales in 
Fig. 2E, F). The rostral(?) scales lack a tumid mass 
of basal tissue, and the pulp cavity is surrounded 
by the crenulated rim of neck tissue (Fig. 2B). The 
histological structure of these rostral(?) scales is 
identical to that illustrated by Karatajūtė-Talimaa 
(1977: text-fig. 4, nos 1, 2; text-fig. 5, nos 2, 4). 
Until more-complete articulated specimens are re-
covered, we infer that these scales are rostral based 
on comparison to similar rose-bud-shaped scales 
on the snout of Obtusacanthus Hanke & Wilson, 
2004, and polygonal scales on the head of Kath-
emacanthus (see Hanke & Wilson 2010).

Crowns of other head scales (Fig. 2C, D) show 
a gradational series between the typical smooth-
crowned rostral(?) scales (Fig. 2B) and the ridged, 
polyodontode body scales. The crowns of the head 

scales are ovate, asymmetrical, polygonal, or are 
tear-drop shaped. The crown of each head scale is 
covered with ridges that extend from the margin 
to a raised tubercle near the centre of the crown 
(Fig. 2C, D; Karatajūtė-Talimaa 1968: pl. 4, fig. 1; 
1977: text-fig. 3, nos 7, 8-10; 1998: fig. 6C, E). The 
location of the raised “central” tubercle varies; on 
scales that are closer to the rostral scales, the tubercle 
is located near the centre of the crown (Fig. 2C, D) 
and on scales nearer to typical body scales (e.g., the 
scale in crown view in the centre of Fig. 2F), the 
tubercle is located nearer the margin of the scale, 
presumably near the posterior edge. The tubercle 
elongates and appears to form the median crest 
along the midline of typical body scales (Fig. 3A). 
The radiating ridges of head scales are ornamented 
with fine, raised nodes as on typical body scales, 
and these nodes increase in size towards the scale 
margin (Fig. 2C, D). The neck of each scale is low, 
and forms a crenulated rim around the pulp cavity 
(Fig. 2E, F). The pulp cavity is shallow in scales 
that are closer in structure to head scales, whereas 
those scales closer to body scales have a deep pulp 
cavity. The basal rim of the head scales is narrower 
than the scale crown, such that the basal rim is not 
visible in crown view, resulting in a closely packed 
scale cover (Fig. 2C, D). The internal microstructure 
of the anterior-most head scales is identical to that 
of the rostral scales, but posteriorly grades to that 
of body scales (see Karatajūtė-Talimaa 1977 for a 
detailed treatment of histology).

UALVP 41706 also has two concentrations of 
simple, upright, monodontode scales (see also 
Karatajūtė-Talimaa 1977: pl. 3, figs 1-3; 1998, 
figs 6a, b, 7a) that somewhat resemble the labial 
scales of Obtusacanthus corroconis Hanke & Wilson, 
2004 (see also Blais et al. 2011: fig. 7). The crown 
of each of these labial(?) scales is flat to concave and 
elevated toward the crown apex. The lower side of 
each crown is ornamented with smooth, straight to 
sinusoidal, thick ridges (Fig. 2G, H) that converge 
on the elevated apex of the crown. The neck of each 
labial(?) scale is elongate, crenulated, and has neck 
canal pores (Fig. 2H; Karatajūtė-Talimaa 1977: 
text-fig. 2, nos 1, 2; text-fig. 3, nos 1-3; pl. 7, fig. 3; 
1998: figs 6a, b, 7a). The neck is attached to the 
anterior half of the crown, and forms a crenulated 
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Fig. 2. — Polymerolepis whitei Karatajūtė-Talimaa, 1968, UALVP 41706: A, a patch of rostral? scales; B, scales that appear transitional 
between rostral and head scales; C, D, head scales in crown view; E, F, basal view of head scales; G, a patch of labial? scales; H, an 
isolated labial? scale in side view. Scale bars: 2 mm.

A B

C D

E F

G H
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cone that may be as wide as or wider than the scale 
crown. The labial(?) scales are closely spaced, and 
the elevated apex of one overlaps the lower ridged 
side of neighbouring scales (Fig. 2G). It is not pos-
sible, given the available specimens, to determine 
whether these scales pointed towards the mouth as 
in O. corroconis, nor whether were from the upper, 
or lower jaw. Very similar scales are found on the 
margin of the head of another chondrichthyan from 
MOTH that has yet to be described.

Most of the scale patches and isolated scales of 
P. whitei recovered from MOTH consist only of 
body scales (Fig. 3). Body scales are large and set 
in oblique rows. Although the crowns overlap, the 
bases of adjacent scales are widely spaced (compare 
Fig. 3A, B). Most of the scales figured by Karatajūtė-
Talimaa (1968: pl. 4, figs 2-5; 1977: pls 2, 3, 
figs 12-22; 1998: fig. 6g, j-n) are body scales. The 
external details and microstructure of body scales 

was fully described by Karatajūtė-Talimaa (1968, 
1977) and will not be repeated here.

Several fairly simple, monodontode scales are as-
sociated with the typical polyodontode body scales 
on UALVP 41706, and could be from the opercular 
flaps or from the leading edge of a dorsal, pectoral, 
or pelvic fin. These scales have either simple, tear-
drop-shaped crowns (Fig. 3C), or crowns with a 
trilobate posterior margin and straight to sinusoi-
dal ridges with fine, well-spaced nodes (Fig. 3D). 
The basal rim of each of these monodontode scales 
is similar to that of the typical body scales and is 
attached to the anterior third of the scale crown. 
Similar scales were figured by Karatajūtė-Talimaa 
(1977: text-fig. 3, no. 12).

The thickened scales on the dorsal ridge of the 
caudal fin, and those on the basal portions of the 
leading edge of the anal fin and the hypochordal 
lobe of the caudal fin, are approximately the same 

A B

C D

Fig. 3. — Polymerolepis whitei Karatajūtė-Talimaa, 1968 scales: A, B, specimen UALVP 32419; A, body scales in crown; B, basal 
views; C, D, specimen UALVP 41706; C, monodontode body scale; D, scale that appears to be transitional between monodontode 
and polyodontode body scales. Scale bars: 2 mm.
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size as the body scales on the ventral surface of 
the caudal peduncle (Fig. 4A-E). These fin scales 
differ from body scales in that they appear to be 
composed of a single odontode and the crowns are 
convexly curved, robust, and thick. In addition, 
the median crests of these thickened fin scales are 
wide and low, have a shallow median trough, and 

are flanked by many heavy ridges, which converge 
towards the posterior apex of each scale (Fig. 4A-E). 
The median crests of these thick scales may extend 
anterior to the rest of the crown, forming a weak, 
anteromedian lobe.

The flat, monodontode scales that appear transi-
tional between typical body scales and these robust 

BA

DC

FE

Fig. 4. — Polymerolepis whitei Karatajūtė-Talimaa, 1968 (all from UALVP 45015): A, scales at the base of the anal fin spine; B, scales 
mid-way along the leading edge of the anal fin web; C, scales in side view from near the distal tip of the anal fin web; D, scales mid-
way along the leading edge of the hypochordal lobe of the caudal fin; E, scales from the tip of the hypochordal lobe of the caudal fin; 
F, scales from the base of the hypochordal lobe of the caudal fin. Scale bars: 4 mm.
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fin scales have crowns with thin, low, median crests, 
and lateral ridges that are more like those of body 
scales (Fig. 4F). These transitional scales also may 
have a serrated posterior margin, and in this respect, 
better resemble typical body scales than scales from 
the leading edges of fins. The scales along the leading 
edges of the caudal and anal fins become smaller 
and more slender towards the fin tip, and have a 
low basal rim, a broad, open pulp cavity, and lack 
a tumid mass of basal tissue. Karatajūtė-Talimaa 
(1977: text-fig. 3, nos 21, 22, pl. 7, fig. 8; 1998: 
fig. 6m, n) recovered several of these transitional 
scales and correctly assumed that they were associ-
ated with the fins of P. whitei.

The scales that cover the remaining parts of the 
fin web appear to be formed from a single odontode 
each, and their crown ornamentation resembles that 
of the median odontode of typical body scales. These 
fin scales are slender and have a high, narrow median 
crest with a thin, shallow, axial trough (Fig. 5A, B). 
The median crest of the fin scales extends for most 
of the length of the scale crown and is flanked on 
both sides by thin lateral flanges. The lateral flanges 
of each scale have low, fine ridges in the anterior half, 
but are smooth posteriorly. The posterior margin of 
fin-web scales can be serrated and can extend posterior 
to the apex of the median crest. Each fin scale has a 
broad pulp cavity, and lacks a basal rim or neck tissue 
(Fig. 5B, C). The underside of the lateral flanges of 
each scale is smooth and overlaps the anterior margin 
of adjacent scales. These fin scales were not illustrated 
by Karatajūtė-Talimaa (1968, 1977).

Scales of Polymerolepis are very abundant in the 
rocks of the MOTH fish layer, and many isolated 
scales have been recovered during the preparation 
of other fishes. Histological sections were prepared 
from isolated head and body scales, but the sampled 
body scales had poorly preserved internal structure, 
as did those mentioned in the original description 
of P. whitei (Karatajūtė-Talimaa 1968: fig. 3), 
and do not reveal any fine histological details. The 
thicker head and labial scales show histological 
structure that is identical to what was described 
by Karatajūtė-Talimaa (1977: text-fig. 4; 1998: 
fig. 8) for isolated scales recovered from Ukraine. 
The trabecular layer in the core of the head scales 
from MOTH does not preserve fine details, but the 

crown of each scale is composed of weakly branch-
ing orthodentine tubules. There is no lamellar basal 
tissue in any examined scale of Polymerolepis.

DISCUSSION

Since Polymerolepis whitei was described based on 
isolated scales, it was placed among the “bradyo-
donts” (Chondrichthyes: Holocephali) based on 
synchronomorial scale growth, the presence of scale 
neck canals, and that Karatajūtė-Talimaa thought 
some Polymerolepis scales resembled leaf-like scales 
of Listracanthus species (Stahl 1999). No other 
hard parts had been found until recently, and even 
now there is little available to suggest P. whitei is a 
chondrichthyan, with the exception of the laterally 
expanded basal opening of body scales (see: Märss 
et al. 2002, 2006). None of the features known to 
date are strong evidence to assign P. whitei to any 
chondrichthyan group. Therefore, we tentatively 
leave both Polymerolepidiformes and its contained 
family Polymerolepididae as incertae sedis within 
the Chondrichthyes, and cannot support a more 
explicit classification until more-complete articu-
lated remains of Polymerolepis are found.

The earliest chondrichthyans, represented by 
isolated scales from the Upper Ordovician (Sansom 
et al. 1996; Young 1997), are identified as chon-
drichthyans based on combinations of the follow-
ing characteristics: 1) monodontode scales that are 
non-growing and placoid-like; 2) polyodontode 
scales that grow by areal accretion of odontodes 
(which may have basal tissue but are not attached 
to a dermal plate); 3) presence of neck canals for 
vascular supply to a scale; and/or 4) retention of open 
basal vascular cavities or canals in each body scale 
(Reif 1978, 1982; Karatajūtė-Talimaa 1992, 1997, 
1998; Karatajūtė-Talimaa & Mertiniene 1998). 
Unfortunately, none of these scale characteristics 
is unique to chondrichthyans as compared with 
other early jawed and jawless vertebrates (Hanke & 
Wilson 2004). Perhaps only the laterally expanded 
basal opening remains as a single feature separating 
scales of chondrichthyans from those of thelodonts 
(Märss et al. 2002, 2006) or acanthodians such as 
Lupopsyrus pygmaeus (Hanke & Davis 2012).
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The new material of P. whitei does however pro-
vide important new information about the extent 
of variation in the structure of scales in this fish, 
including variation in the presence or absence of 
neck canals within the same species and individual. 
It is now clear that the simple presence or absence 
of neck canals cannot be used as an unequivocal 
feature defining chondrichthyan scales. Body scales 
of P. whitei that have a laterally expanded rim sur-
rounding the pulp cavity and have elongate necks 
also have neck canals. Labial scales also have elon-
gate, developed necks, and therefore, also have neck 
canals (Karatajūtė-Talimaa 1977: pl. 2, fig. 2). The 
caudal fin-web scales of P. whitei lack necks, and 
the scales from the leading edges of fins and from 
the head have low necks and lack neck canals. This 
variability in scale structure within a single species 
and individual, means that presence or absence 
of neck canals cannot be used as a defining char-
acter of isolated chondrichthyan scales. Similarly, 
neck canals have not been identified in all scales 
of Seretolepis (Karatajūtė-Talimaa 1997; Hanke & 
Wilson 2010), and are not known in any of the 
scales of Skamolepis fragilis Karatajūtė-Talimaa, 1978 
(Turner 1991), Frigorilepis caldwelli Märss, Wilson & 
Thorsteinson, 2002, Wellingtonella gagnieri Märss, 
Wilson & Thorsteinson, 2002 (Märss et al. 2002, 
2006), Kathemacanthus (Gagnier & Wilson 1996; 
Hanke & Wilson 2010), and Areyongalepis oervigi 
Young, 1997, even though these fishes have been 
considered to be chondrichthyans based on overall 

structure of the scale crown and the structure of the 
basal rim surrounding the pulp cavity of their scales.

Previous discussions of scale variation in Altholepis 
Karatajūtė-Talimaa, 1997, Seretolepis, Polymerolepis 
whitei, and other Palaeozoic chondrichthyans, were 
limited to what could be determined from samples 
of microremains (e.g., Wells 1944; Karatajūtė-
Talimaa 1968, 1973, 1977, 1997; Vieth 1980; 
Mader 1986; Derycke 1992). In these cases, the 
limits of scale variation defined for a given species 
were governed by the experience and intuition of 
the researcher(s). Fortunately, the discovery of ar-
ticulated remains of P. whitei, Seretolepis, and three 
species of Altholepis (the species of Altholepis to be 
presented in a forthcoming paper) help validate 
the original species descriptions, showing that in 
many cases, it is possible to provide a fairly detailed 
and accurate account of scale variation from mi-
croremains. However, the ability to understand 
intraspecific scale variation applies more to com-
plex, ornamented scales that are easier to assign 
to respective taxa. Simple, smooth-crowned scales 
are less likely to show enough external features to 
facilitate species-level identification, and thus the 
intraspecific variation within these species may go 
unrecognised.

There are no undoubted chondrichthyan body 
fossils known from prior to the Devonian (the 
chondrichthyan affinities of Frigorilepis caldwelli 
and Wellingtonella gagnieri are not confirmed; see 
Märss et al. 2002, 2006). Therefore, the anatomy 

A B C

Fig. 5. — Polymerolepis whitei Karatajūtė-Talimaa, 1968 (all from UALVP 45015): A, articulated series of fin web scales in crown view; 
B, articulated fin web scales in both crown and basal view; C, close-up of fin web scales in basal view. Scale bars: 4 mm.
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and phylogeny of the earliest chondrichthyans are 
unresolved (Anderson et al. 1999). The lack of body 
fossils can be attributed to the poor preservation 
potential of cartilaginous skeletons. In most cases, 
the hard parts of the earliest jawed fishes are dermal 
in origin (scales or scale patches, teeth, pharyngeal 
denticles, and fin spines), and very little is known 
about endoskeletal anatomy. What we do know 
about Palaeozoic chondrichthyan endoskeletons 
is based mostly on few, sometimes spectacular 
specimens preserved as articulated body fossils from 
Devonian or more recent rocks (see for examples: 
Lund 1977a, b, 1982, 1989; Zangerl 1981; Janvier 
1996; Grogan & Lund 1997; Coates & Sequeira 
1998; Coates et al. 1998; Stahl 1999; Sequeira & 
Coates 2000; Hanke & Wilson 2010).

Until recently, the presence of an anal fin spine 
had been used to support acanthodian monophyly 
(Denison 1979; Maisey 1986), and no chondrich-
thyans were known to have anal fin spines. Now, 
an anal spine must be considered characteristic of a 
larger group of early jawed fishes. A similar conclu-
sion applies to paired fin spines. Discovery of paired 
fin spines in chondrichthyans is a fairly recent event, 
before which, the lack of paired and anal fin spines 
in Middle Devonian or more recent chondrichthy-
ans led researchers to assume that chondrichthyans 
never possessed these structures. We now know that 
the chondrichthyan Doliodus problematicus (Wood-
ward, 1892) has pectoral fin spines (Miller et al. 
2003); iniopterygians also have a spine-like leading 
edge to their pectoral fins. It is possible that the fin 
spines in Antarctilamna prisca Young, 1982 lacking 
a prominent insertion area, also are pectoral spines 
given their position behind the gill chamber (Mai-
sey pers. comm.; Wilson et al. 2007; Maisey 2009; 
Hanke & Wilson 2010; and see Young 1982: text-
fig. 2). The new material of Polymerolepis described 
here, and Doliodus problematicus with its pectoral 
fin spines (Miller et al. 2003), demonstrate that the 
earliest chondrichthyans may be quite different from 
their Mesozoic and Cenozoic relatives.

Karatajūtė-Talimaa (1977) classified Polymerolepis 
as a bradyodont holocephalan based on scale growth 
and that its scales were similar to those of Listracan-
thus species (see Stahl 1999), but all other known 
holocephalans lack anal fin spines. Perhaps some early 

holocephalans had anal fin spines, or as we suggest 
here, P. whitei represents a more basal lineage of chon-
drichthyans. Lupopsyroides, Obtusacanthus, Kathema-
canthus, Seretolepis, Gyracanthides, and Polymerolepis 
all have an acanthodian-like fin spine complement as 
far as known, yet they have scales of one of two chon-
drichthyan types: either monodontode (resembling 
simple placoid scales) or polyodontode and showing 
areal growth. There are features that separate Lupop-
syroides, Obtusacanthus, Kathemacanthus, Seretolepis, 
and Polymerolepis from acanthodians (e.g., they lack 
the superpositional scale growth and perichondral os-
sifications of acanthodians; Hanke & Wilson 2004), 
but we also cannot simply classify all taxa showing 
areal growth of body scales in the Chondrichthyes. 
Presently, we cannot resolve whether spines and areal 
scale growth patterns evolved convergently in several 
lineages, or whether a larger, diverse group of spiny 
chondrichthyans existed early in the vertebrate fos-
sil record, with acanthodians, elasmobranchs, and 
holocephalans as the descendant clades. Two putative 
chondrichthyans from the Silurian, Frigorilepis cald-
welli and Wellingtonella gagnieri, described by Märss 
et al. (2002, 2006), not only lack fin-spines, but the 
specimens also do not preserve jaws, and what can 
be seen of their body form rather resembles that of 
conventional thelodonts. They thus reveal nothing 
about the order or timing of fin-spine evolution.

The new spiny chondrichthyans from MOTH with 
their diverse assortment of fin-spine combinations, 
along with early chondrichthyans such as Doliodus 
problematicus, suggest that that the phylogeny of early 
jawed fishes is far more complex than the presently-
accepted taxonomy suggests. For Polymerolepis whitei, 
the few patches of articulated scales and the articulated 
tail (UALVP 45015) show little about the body, but 
confirm that this species has an anal fin spine. We 
look forward to finding more complete specimens 
with information about the anterior part of the body 
in this species so that we can include P. whitei in a 
cladistic analysis of early jawed fishes.

CONCLUSIONS

Volumes have been published on Devonian and 
more recent cartilaginous fishes, however, Palaeo-
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zoic taxa such as Gyracanthides, Kathemacanthus, 
Seretolepis, Obtusacanthus, and Lupopsyroides 
cannot be conveniently placed in the current 
chondrichthyan classification, nor to they fit 
neatly in the Acanthodii without revision. The 
earliest chondrichthyans (as presently classified), 
including Polymerolepis whitei, originally were 
described from isolated remains, and in many 
cases, articulated body fossils still are not avail-
able for study.

The new specimens of P. whitei detailed in this 
paper have served two important functions. Firstly, 
the associated and articulated scales have helped 
verify the accuracy of the original account of scale 
variation which was based on microremains, and 
secondly, they illustrate that P. whitei possesses 
an anal fin spine. Until recently, anal fin spines 
were considered to be a feature of acanthodians 
among Palaeozoic fishes.

If Polymerolepis whitei is correctly classified as 
a bradyodont, then it is the first one known to 
possess an anal fin spine. We suggest rather that it 
represents a more basal lineage of chondrichthyan. 
It joins Doliodus problematicus and problematic 
taxa such as Gyracanthides, Kathemacanthus, Sere-
tolepis, Obtusacanthus, and Lupopsyroides to add 
complexity to the phylogeny of early jawed fishes.

Acknowledgements
Thanks go to the Department of Biological Sci-
ences, University of Alberta, and the Aurora 
Research Institute, Inuvik, for support during 
the graduate research of G. F. Hanke. We also 
thank L. A. Lindoe for specimen collection and 
preparation, and members of all field teams to 
the MOTH locality that collected Polymerolepis 
specimens over the years. George Braybrook (Earth 
and Atmospheric Sciences Department, Univer-
sity of Alberta) provided all the SEM images, and 
Dr M.W Caldwell allowed the use of his digital 
camera and dissecting microscope. Thanks also 
to the Aboriginal communities of the southern 
Mackenzie Mountains who allowed us access 
to use their traditional lands during field work. 
Lastly, the authors wish to thank all referees for 
helping improve the article.

REFERENCES

Anderson M. E., Long J. A., Gess R. W. & Hiller 
N. 1999. — An unusual new fossil shark (Pisces: 
Chondrichthyes) from the Late Devonian of South 
Africa. Records of the Western Australian Museum, 
Supplement 57: 151-156.

Blais S. A., MacKenzie L. A. & Wilson M. V. H. 
2011. — Tooth-like scales in Early Devonian eug-
nathostomes and the ‘outside-in’ hypothesis for the 
origins of teeth in vertebrates. Journal of Vertebrate 
Paleontology 31 (6): 1189-1199.

Brandt S. 1996. — Janassa korni (WEIGELT) – Neu-
beschreibung eines petalodonten Elasmobranchiers 
aus dem Kupferschiefer und Zechsteinkalk (Perm) von 
Eisleben (Sachsen-Anhalt). Paläontologische Zeitschrift 
70 (3/4): 505-520.

Brazeau M. D. 2009. — The braincase and jaw of a 
Devonian ‘acanthodian’ and modern gnathostome 
origins. Nature 457: 305-308.

Coates M. I. & Sequeira S. E. K. 1998. — The braincase 
of a primitive shark. Transactions of the Royal Society 
of Edinburgh, Earth Sciences 89: 63-85.

Coates M. I., Sequeira S. E. K., Sansom I. J. & Smith 
M. M. 1998. — Spines and tissues of ancient sharks. 
Nature 396: 729-730.

Davis S. P., Finarelli J. A. & Coates M. I. 2012. — 
Acanthodes and shark-like conditions in the last com-
mon ancestor of modern gnathostomes. Nature 486: 
247-250.

Denison R. 1979. — Acanthodii (Volume 5), in 
Schultze H.-P. (ed.), Handbook of Palaeoichthyology. 
Gustav Fisher Verlag, Stuttgart, 62 p.

Derycke C. 1992. — Microrestes de Sélaciens et autres 
Vertébrés du Dévonien supérieur du Maroc. Bulletin 
du Muséum national d’Histoire naturelle, 4e série, 14: 
15- 61.

Gabrielse H., Blusson S. L. & Roddick J. H. 1973. — 
Geology of the Flat River, Glacier Lake, and Wrigley 
Lake Map-areas, District of Mackenzie and Yukon 
Territory. Geological Survey of Canada, Memoir 366: 
1-153.

Gagnier P.-Y. & Wilson M. V. H. 1996. — Early De-
vonian acanthodians from northern Canada. Palae
ontology 39: 241- 258.

Ginter M., Hampe O. & Duffin C. J. 2010. — Chon-
drichthyes, Paleozoic Elasmobranchii: Teeth, Vol-
ume 3D, in Schultze H.-P. (ed.), Handbook of Palaeo
ichthyology. Verlag Dr. Friedrich Pfeil, München: 1-168.

Grogan E. D. & Lund R. 1997. — Soft tissue pig-
ments of the Upper Mississippian chondrenchylid, 
Harpagofututor volsellorhinus (Chondrichthyes, Holo-
cephali) from the Bear Gulch Limestone, Montana, 
USA. Journal of Paleontology 71: 337-342.

Hancock A. & Howse R. 187. — On Janassa bitumi-
nosa, Schlotheim, from the Marl-Slate of Middleridge, 



542 GEODIVERSITAS • 2013 • 35 (3)

Hanke G. F. et al.

Durham. Annals and Magazine of Natural History 
(Series 4) 5: 47-62.

Hanke G. F. & Wilson M. V. H. 2004. — New tel-
eostome fishes and acanthodian systematics, in Ar-
ratia G., Wilson M. V. H. & Cloutier R. (eds), 
Recent Advances in the Origin and Early Radiation of 
the Vertebrates. Verlag Dr. Friedrich Pfeil, Munich: 
189-216.

Hanke G. F. & Wilson M. V. H. 2010. — The puta-
tive chondrichthyans Kathemacanthus and Seretolepis 
from the Lower Devonian MOTH locality, Mackenzie 
Mountains, Canada, in Elliott D. K., Maisey J. 
G., Yu X. & Miao D. (eds), Morphology, Phylogeny 
and Biogeography of Fossil Fishes. Verlag Dr. Friedrich 
Pfeil, München, Germany: 159-182.

Hanke G. F. & Davis S. P. 2012. — A re-examination 
of Lupopsyrus pygmaeus Bernacsek & Dineley, 1977 
(Pisces, Acanthodii). Geodiversitas 34 (3): 469-487. 
http://dx.doi.org/10.5252/g2012n3a1

Ivanov A. 2005. — Early Permian chondrichthyans 
of the Middle and South Urals. Revista Brasileira de 
Paleontologia 8 (2): 127-138.

Janvier P. 1996. — Early Vertebrates. Oxford Monographs 
on Geology and Geophysics, vol. 33. Clarendon Press, 
Oxford, 393 p.

Karatajūtė-Talimaa V. 1968. — Noviye telodonti, 
heterostraki i artrodiri iz Chortkovskogo Horizonta 
Podolii [New thelodonts, heterostracans and arthrodires 
from the Chortkov Stage of Podolia], in Obruchev 
D. V. (ed.), Ocherki po Foligenii i Sistematike iskopae-
mikh Rib i Bescheliustnikh [Sketches in phylogenesis 
and taxonomy of fossil fishes and agnatha]. Nauka, 
Moscow: 33-42 (in Russian).

Karatajūtė-Talimaa V. 1973. — Elegestolepis grossi 
gen. et sp. nov., ein Nuer Typ der Placoidschuppe 
aus dem Oberen Silur der Tuwa. Palaeontographica, 
Abteilung A, 143: 35- 50.

Karatajūtė-Talimaa V. 1977. — Stroyenie i sis-
tematicheskoye polojeniye cheshooi Polymerolepis 
whitei Karatajūtė-Talimaa [Structure and systematic 
position of scales of Polymerolepis whitei Karatajūtė-
Talimaa], in Menner V. V. (ed.), Ocherki po Foli-
genii i Sistematike iskopaemikh Rib i Bescheliustnikh 
[Sketches in phylogenesis and taxonomy of fossil 
fishes and agnatha]. Nauka, Moscow: 46-60 (in 
Russian).

Karatajūtė-Talimaa V. 1992. — The early stages of 
the dermal skeleton formation in chondrichthyans. 
Academia 1: 223-231.

Karatajūtė-Talimaa V. 1997. — Chondrichthyan 
scales from Lochkovian (Lower Devonian) of Podolia 
(Ukraine). Geologija 22: 5-17.

Karatajūtė-Talimaa V. N. 1998. — Determination 
methods for the exoskeletal remains of early verte-
brates. Mittelungen aus dem Museum für Naturkunde, 
Berlin, Geowwissen Reihe 1: 21-52.

Karatajūtė-Talimaa V. N. & Mertiniene R. 1998. — 
Morphogenetic types of squamation of Devonian and 
Early Carboniferous chondrichthyans. Ichthyolith 
Issues, Special Publication 4: 23-25.

Langenstrassen F. & Schultze H. P. 1996. — Unter-
devonische Fischfunde aus Sedimenten des Flachmeer-
beriches der kanadischen Arktis. Neues Jahrbuch für 
Geologie und Paläontolgie, Abhandlungen 201: 33-93.

Li Z. -X., Powell C. McA. & Trench A. 1993. — Pal-
aeozoic global reconstructions, in Long J. A. (ed.), 
Palaeozoic Vertebrate Biostratigraphy and Biogeography. 
Belhaven Press, London: 25-53.

Lund R. 1977a. — A new petalodont (Chondrichthyes, 
Bradyodonti) from the Upper Mississippian of Mon-
tana. Annals of Carnegie Museum 46: 129-155.

Lund R. 1977b. — Echinochimaera meltoni, new genus and 
species (Chimaeriformes) from the Upper Mississippian 
of Montana. Annals of Carnegie Museum 46: 195-221.

Lund R. 1982. — Harpagofututor volsellorhinus new 
genus and species (Chondrichthyes, Chondrenchelyi-
formes) from the Namurian Bear Gulch Limestone, 
Chondrenchelys problematica Traquair (Visean), and 
their sexual dimorphism. Journal of Paleontology 56: 
938-958.

Lund R. 1989. — New petalodonts (Chondrichthyes) 
from the Upper Mississippian Bear Gulch Limestone 
(Namurian E2b) of Montana. Journal of Vertebrate 
Paleontology 9: 350-368.

Mader H. 1986. — Schuppen und Zähne von Acan-
thodiern und Elasmobranchiern aus dem Under-
Devon Spaniens. Göttinger Arbeiten zur Geologie und 
Paläontologie 28: 1-59.

Maisey J. G. 1984. — Chondrichthyan phylogeny: a 
look at the evidence. Journal of Vertebrate Paleontol-
ogy 4: 359-371.

Maisey J. G. 1986. — Heads and tails: a chordate phy-
logeny. Cladistics 2: 210-256.

Maisey J. G. 1989a. — Hamiltonichthys mapesi, g. & 
sp. nov. (Chondrichthyes; Elasmobranchii), from the 
Upper Pennsylvanian of Kansas. American Museum 
Novitates 2931: 1-42.

Maisey J. G. 1989b. — Visceral skeleton and muscula-
ture of a Late Devonian shark. Journal of Vertebrate 
Paleontology 9 (2): 174-190.

Maisey J. G. 2009. — The spine-brush complex in sym-
moriiform sharks (Chondrichthyes; Symmoriiformes), 
with comments on dorsal fin modularity. Journal of 
Vertebrate Paleontology 29 (1): 14-24.

Maisey J. G. & Carvalho M. C. de 1997. — A new 
look at old sharks. Nature 385: 779-780

Märss T., Wilson M. V. H. & Thorsteinsson R. 
2002. — New thelodont (Agnatha) and possible 
chondrichthyan (Gnathostomata) taxa established in 
the Silurian and Lower Devonian of Arctic Canada. 
Proceedings of the Estonian Academy of Sciences, Geol-
ogy 51 (2): 88-120.

http://dx.doi.org/10.5252/g2012n3a1


543

Partial articulated specimen of Polymerolepis whitei Karatajūtė-Talimaa, 1968

GEODIVERSITAS • 2013 • 35 (3)

Märss T., Wilson M. V. H. & Thorsteinsson R. 
2006. — Silurian and Lower Devonian thelodonts 
and putative chondrichthyans from the Canadian 
Arctic Archipelago. Special Papers in Palaeontol-
ogy 75: 1-144.

Miller R. F., Cloutier R. & Turner S. 2003. — The 
oldest articulated chondrichthyan from the Early 
Devonian period. Nature 425: 501-504.

Nelson J. S. 2006. — Fishes of the World (4th edition). 
John Wiley & Sons Inc., New Jersey, 601 p.

Obruchev D. & Karatajūtė-Talimaa V. 1967. — Ver-
tebrate faunas and correlation of the Ludlovian–Lower 
Devonian in eastern Europe. Journal of Linnean Society 
of London (Zoology) 47: 5-14.

Patterson C. 1965. — The Phylogeny of the Chimae-
roids. Philosophical Transactions of the Royal Society of 
London, B (Biological Sciences) 249 (757): 101-219.

Reif W.-E. 1978. — Types of morphogenesis of the 
dermal skeleton in fossil sharks. Paläontologische 
Zeitschrift 52: 110- 128.

Reif W.-E. 1982. — Evolution of dermal skeleton and 
dentition in vertebrates, the odontode regulation 
theory. Evolutionary Biology 15: 287-368.

Sansom I. J., Smith M. M. & Smith M. P. 1996. — 
Scales of thelodont and shark-like fishes from the 
Ordovician of Colorado. Nature 379: 628- 630.

Sequeira S. E. K. & Coates M. I. 2000. — Reassessment 
of ‘Cladodus’ neilsoni Traquair: a primitive shark from 
the Lower Carboniferous of East Kilbride, Scotland. 
Palaeontology 43: 153-172.

Stahl B. 1999. — Chondrichthyes III, Holocephali, Vol-
ume 4, in Schultze H.-P. (ed.), Handbook of Palaeo
ichthyology. Verlag Dr. Friedrich Pfeil, München, 164 p.

Turner S. 1991. — Monophyly an interrelationships of 
the Thelodonti, in Chang M.-M., Liu Y.-H. & Zhang 
G. R. (eds), Early Vertebrates and Related Problems of 
Evolutionary Biology. Science Press, Beijing: 87-119.

Turner S. & Murphy M. A. 1988. — Early Devonian 
vertebrate microfossils from the Simpson Park Range, 
Eureka County, Nevada. Journal of Paleontology 62: 
959- 964.

Vergoossen J. M. J. 1999. — Siluro-Devonian micro-
fossils of Acanthodii and Chondrichthyes (Pisces) 
from the Welsh Borderland/South Wales. Modern 
Geology 24: 23-90.

Vergoossen J. M. J. 2000. — Acanthodian and chon-
drichthyan microremains in the Siluro-Devonian of 
the Welsh Borderland, Great Britain, and their bi-
ostratigraphical potential. Courier Forschungsinstitut 
Seckenberg 223: 175-199.

Vieth J. 1980. — Thelodontier-, Acanthodier- und 
Elasmobranchier-Schuppen aus dem Unter-Devon 
der Kanadischen Arktis (Agnatha, Pisces). Göttinger 
Arbeiten zur Geologie und Paläontologie 23: 1- 69.

Warren A., Currie B. P., Burrow C. & Turner S. 
2000. — A redescription and reinterpretation of 
Gyracanthides murrayi Woodward 1906 (Acanthodii, 
Gyracanthidae) from the Lower Carboniferous of 
the Mansfield Basin, Victoria, Australia. Journal of 
Vertebrate Paleontology 20: 225-242.

Wells J. W. 1944. — Fish remains from the Middle 
Devonian bone beds of the Cincinnati Arch Region. 
Palaeontographica Americana 3: 103-153.

Wilson M. V. H., Hanke G. F. & Soehn K. L. 2000. — 
Diversity and age of the Devonian vertebrate assem-
blage at MOTH, Mackenzie Mountains, Northwest 
Territories, Canada. Ichthyolith Issues, Special Publica-
tion 6: 137-141.

Wilson M. V. H., Hanke G. F. & Märss T. 2007. — 
Paired fins of jawless vertebrates and their homolo-
gies across the “agnathan”-gnathostome transition, in 
Anderson J. S. & Sues H.-D. (eds), Major Transi-
tions in Vertebrate Evolution. Indiana University Press, 
Bloomington: 122-149.

Young G. C. 1982. — Devonian Sharks from south-
eastern Australia and Antarctica. Palaeontology 25: 
817-843.

Young G. C. 1997. — Ordovician microvertebrate 
remains from the Amadeus Basin, central Australia. 
Journal of Vertebrate Paleontology 17: 1- 25.

Zangerl R. 1981. — Chondrichthyes 1, Paleozoic 
Elasmobranchii, Volume 3A, in Schultze H.-P. 
(ed.), Handbook of Palaeoichthyology. Gustav Fischer 
Verlag, Stuttgart: 1-115.

Zorn M. E., Caldwell M. W. & Wilson M. V. H. 
2005. — Lithological analysis of the vertebrate-
bearing beds at the Lower Devonian MOTH local-
ity, N.W.T., Canada: insights to taphonomy and 
depositional setting. Canadian Journal of Earth 
Sciences 42: 763-775.

Submitted on 2nd September 2011; 
accepted on 21 September 2012; 

published on 27 September 2013. 


