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ABSTRACT—Ilemoraspis kirkinskayae is a poorly known genus of Osteostraci (stem-gnathostome) yet is one of the
most distinct in terms of its anatomy and biogeography. It is paleobiogeographically isolated from all but one other genus
of Osteostraci on the Altaid microcontinents and is one of the few genera to survive into the Middle Devonian. Discovery
of a new locality in Khakassia, Russia, has yielded a number of exceptionally well-preserved specimens of the genus and
subsequently a wealth of new anatomical information. A new reconstruction of Ilemoraspis is provided, including post-
cranial anatomy and a sensory line extending onto the trunk. The latter is a novel observation for the Osteostraci and
allows the proposal of a scenario for the evolution of trunk lateral lines. New anatomical data for 1. kirkinskayae allow
testing of established hypotheses on its affinity. Our analyses yield two equally parsimonious solutions that appear
unlikely on the basis of comparative anatomy or paleobiogeographic grounds, respectively. This situation is likely to be
a consequence of the sporadic sampling of osteostracans in central Asia.

INTRODUCTION

Evidence supporting the placement of Osteostraci as the sister
taxon of gnathostomes has grown in recent years (Forey and
Janvier, 1993, 1994; Forey, 1995; Donoghue et al., 2000; Dono-
ghue and Smith, 2001) and as such, they are integral to under-
standing one of the most importance episodes in vertebrate evo-
lution—the establishment of the gnathostome bodyplan. Despite
the importance of the Osteostraci, a phylogeny for the clade has
not been established, scenarios of paleobiogeographic evolution
are incomplete and the anatomy and taxonomy of many of its
constituent taxa need further investigation (Janvier and New-
man, 2005; Sansom, 2007). Key to resolving these problems are
the Siberian genera (Tannuaspis, Tuvaspis and Ilemoraspis) due
to their paleobiogeographic isolation as well as their unique and
poorly characterized anatomies. The discovery of a new locality
yielding many well-preserved specimens of Ilemoraspis in Kha-
kassia, South Siberia, enables us to do so.

The Osteostraci are known from deposits across the Northern
hemisphere but during Siluro-Devonian times, they were distrib-
uted across two continents—Laurussia (also known as
Euramerica) and Siberia. The osteostracan fauna of these con-
tinents has been used to define two main faunal provinces—the
cephalaspid province of Laurussia and the tannuaspid province
of the Altai-Sayan area, Siberia (Young, 1981, 1990; Blieck and
Janvier, 1991). Laurussia was formed by the fusion of Baltica,
Avalonia, and Laurentia in the Silurian (Scotese and McKerrow,
1990; Cocks and Torsvik, 2005) and was home to the majority of
osteostracan diversity. The paleogeographic history of the Sibe-
rian terrane and associated Peri-Siberian terranes is complex; a
much more limited osteostracan fauna is known from the Tuva-
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Mongol terrane (including modern day Tuva) and the West
Sayan terrane unit (including modern day Khakassia). These
microcontinents were just north (present day south) of the con-
tinent of Siberia (Sengor et al., 1993; Cocks and Torsvik, 2002,
2007; Yolkin et al., 2003). During the Early Paleozoic, these
micro-continents formed island arcs that became accreted to the
Siberian continent (Bachtadse et al., 2000; Cocks and Torsvik,
2007). Given this geological history, the tannuaspid fauna would
have been isolated from all other Osteostraci, thus raising ques-
tions about distribution, survival, ecology, and anatomy of the
Siberian taxa. Unfortunately, we currently have a very incom-
plete picture due the paucity and quality of specimens as well as
imperfect knowledge of the geological setting.

Tannuaspis levenkoi Obruchev, 1956, and Tuvaspis margaritae
Obruchev, 1956, are from Late Silurian and Early Devonian de-
posits of the Republic of Tuva, Russia. They are known from
only two macro-specimens and scattered scales. The specimens
enable a reconstruction of an osteostracan with tremataspidoid-
like morphology and galeaspid-like ornamentation of pointed,
costulate tubercles (Afanassieva and Janvier, 1985:figs. 2, 3).
llemoraspis kirkinskayae Obruchev, 1961, from the Republic of
Khakassia, was known from a single distorted specimen allowing
only a rough reconstruction (Afanassieva and Janvier, 1985;
Blieck and Janvier, 1999) of an osteostracan quite unlike any
other (Fig. 1). It possesses large unfused tesserae and small lat-
eral and median fields but the condition for even the most basic
of diagnostic features, such as cornua or paired fins, was difficult
to establish.

A new locality for Ilemoraspis in North Khakassia was discov-
ered by a field team of Tomsk State University, led by S. Rody-
gin in the summer of 2004. This and subsequent return visits have
yielded a number of extremely well-preserved specimens. These
specimens allow a complete reconstruction and description of
llemoraspis kirkinskayae. Its age, geographical isolation and
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FIGURE 1.

The holotype of llemoraspis kirkinskayae Obruchev, 1961,
PIN 1642/1. A, PIN 1642/1 from Obruchev (1964:pl. 2, fig. 1); B, Inter-
pretation of the holotype from Afanassieva and Janvier (1985:fig. 5SB);
C, Reconstruction of Afanassieva and Janvier (1985:fig. 6). Scale bar
equals 1 cm.

anatomy make it highly unusual amongst the Osteostraci and,
therefore this new reconstruction enables a much more complete
picture of osteostracan evolution.

Institutional Abbreviations—PIN, Paleontological Institute,
Russian Academy of Sciences, Moscow; PM TGU, Paleontologi-
cal Museum, Tomsk State University, Russia.

GEOLOGICAL SETTING

The Republic of Khakassia is located in Asiatic Russia, south
of the Krasnoyarsk region, north of the Mongolian border (Fig.

[F21 2). Devonian outcrops are known from the Minusinsk depres-

sion. The type locality for llemoraspis kirkinskayae mentioned
by Obruchev (1961) is in the area of Chazy-Koyza, approximately
50 km west of Abakan (Fig. 2) and belongs to the Ilemorovskaya
Formation. The Ilemorovskaya Formation is dated as late Give-
tian by reason of its plant remains (Melestshenko et al., 1973;
Afanassieva and Janvier, 1985; Parnachev, 1998; Afanassieva,
2004). The newly discovered locality is 2 km southwest of Shira,
northern Khakassia (Fig. 2). The locality is situated in a layer of
interbedded sandstones and siltstones (aleurolites), predomi-
nately of a fine-grain size. The fossiliferous layer is 4.9 m in
thickness and occurs 2 m above the base of the interbedded

sandstones and siltstones. The tuffaceous sandstones of the fos-
siliferous layer are pink-yellow, greenish-brown in color and con-
tains quartz, various plagioclases and siliceous rocks. Tuffaceous
siltstones lie above and below the sandstone bed.

Stratigraphically these rocks belong to the middle member of
the Pridorozhnaya body. This body is approximately equivalent
to the upper Matarakskaya body of the Shunet Mountain sec-
tion, part of the Matarakskaya Formation. The Pridorozhnaya
is assigned to the Lower Devonian by reason of the fossil land
plants (rhyniophytes) known from localities throughout. Within
the Pridorozhnaya, Margophyton goldschmidtii Halle, 1916
(Zakharova, 1981), and Drepanophycus gaspianus (Kriusel and
Weyland, 1948) are found in association with Ilemoraspis, re-
stricting its age from late Pragian to middle Emsian (Ananiev et
al., 1972; Gensel, 1992; Parnachev, 1998). Also found in the Pri-
dorozhnaya (although not at the Ilemoraspis locality) are uniden-
tified conchostracans and eurypterids. The continental deposits are
of lacustrine origin, the salinity of which is unknown.

The region during the Early Devonian is characterized by vol-
canic activity as evidenced by beds and lenses of basalt, trachy-
teandesite and trachyte-rhyolite-dacite. Volcanic activity was at
a low level during the formation of the Pridorozhnaya, but was
much higher below (lower Matarakskaya Formation) and above
(lower Shunetskaya Formation). In the absence of Eifelian sedi-
ments for the region, the Emsian is uncomformably overlain by
the Givetian beds, during which a shallow-marine sea invaded
the area (the Tashtyp transgression).

SYSTEMATIC PALEONTOLOGY

Class OSTEOSTRACI Lankester, 1868
Subclass CORNUATA Janvier, 1985c¢
Order indet.
Subfamily TANNUASPIDINAE? Obruchev, 1964 (sensu
Sansom, in press)
Genus ILEMORASPIS Obruchev, 1961

Type Species—Ilemoraspis kirkinskayae Obruchev, 1961.
Diagnosis—As for type and only species.

ILEMORASPIS KIRKINSKAYAE Obruchev, 1961
(Figs. 3-6)

llemoraspis kirkinskayae Obruchev, 1961:561.

llemoraspis kirkinskayae Obruchev: Obruchev, 1964:132, pl. 2,
fig. 1.

llemoraspis kirkinskayae Obruchev: Afanassieva and Janvier,
1985:501, figs. S, 6.

llemoraspis kirkinskayae Obruchev: Afanassieva, 1991:106.

llemoraspis kirkinskayae Obruchev: Afanassieva, 2004:259,
pl.15, figs. 3-5.

Holotype—PIN 1642/1, incomplete and distorted dorsal head-
shield.

Type Locality and Horizon—Chazy-Koyza, Southern Minus-
insk basin, Khakassia, Russia; Ilemorovskaya Formation,
Middle/Late Givetian, Middle Devonian.

Referred Material, Locality, and Horizon—PM TGU 1028-
3-1/130, posterior trunk segment; 1028-3-2/130, dorsal right side
of headshield; 2017-20/130, 2017-21/130, part and counter-part of
caudal fin; 2017-22/130, 2017-23/130, 3007/130, posterodorsal sec-
tion of head shields with cornua; 2017-24/130, headshield with
dorsal and ventral elements; 2017-25/130, headshield with ventral
elements and complete cornua; 3001/130, 3002/130, 3003/130, and
3005/130, assorted articulated body sections. All are from the
Pridorozhnaya body, Matarakskaya Formation (lower Emsian),
2 km southwest of Shira, Khakassia, Russia.

Revised Diagnosis—Medium-sized osteostracan with head-
shield just longer than wide (6-7 cm length, 5-6 cm wide); ros-
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o trum round; cornua long, thin; cephalic shield with paired an-
A teromedial grooves on dorsal surface anterior to orbits; orbits
56 KRASNOYARSK widely spaced (interorbital distance four times orbit width); na-
sohypophysial division round; lateral fields small, oval, with
slight median indentation; cephalic dermoskeleton consisting of
large unfused tesserae ornamented with fine sinuous ridges.

DESCRIPTION

The new material enables a more complete understanding of
the anatomy of llemoraspis kirkinskayae. Previous reconstruc-
tions of the head shield (Fig. 1C; Afanassieva and Janvier, 1985)
have an incorrect shape due to the severe distortion and incom-
plete nature of the holotype. PM TGU 1028-3-2/130 (Fig. 3) and
PM TGU 2017-25/130 (Fig. 4A) demonstrate a longer headshield
(approximately 80% of shield width). Furthermore, I. kirkinskayae
clearly possesses cornua at the posterolateral corners of the head
shield (Fig. 4A, B), a key diagnostic feature within Osteostraci.
The cornuae are freestanding, separated from the body by the
pectoral sinus. As previously established, there is a very short
abdominal division. The abdominal division shows no trace of
fused lateral scales such as those seen in certain Thyestiida (San-
som, in press). The body and the cephalic shield are therefore
distinct in terms of scales and ornamentation. The orbits are very
widely spaced (interorbital distance at least four times the orbit
width). The pineal opening, normally located at the midpoint of
the orbits is not immediately apparent. There is no independent
pineal plate. The holotype possesses a small area with a change
in ornamentation on the median tessera just anterior to the me-
dian field, between the orbits, potentially indicating a pineal
opening (Afanassieva and Janvier, 1985). Apart from the holo-
type, this tessera is preserved only in PM TGU 1028-3-2/130
where it is slightly distorted and there is no change in ornamen-
tation. The median field is long (width is 40 per cent of shield
length) with a straight posterior margin. The openings of the
endolymphatic ducts are observed in PM TGU 1028-3-2/130
(Fig. 3B) and PM TGU 2017-22/130 located external to the me-
dian field laterally, in the groove between two tesserae. The
lateral fields are short and wide (width 40 per cent of length).
The lateral fields have a median indentation giving a ‘kidney’
TUVA shape.

The nasohypophysial opening (Fig. 3B) is located in the mid-
line, uncommonly far forward from the pineal opening (two-
thirds of the pineal-endolymphatic duct distance). The nasohy-
pophysial opening, like that of Tannuaspis, is round. A pair of
0 km 50 100 150 208 250 anteroposteriorly directed dorsal grooves (F.ig. 3B, 4B, SB) are
located lateral to the nasohypophysial opening and anterior to
the orbit. These ‘grooves’ are interpreted as an apomorphy of
llemoraspis kirkinskayae. The hypothesis of Afanassieva and
Janvier (1985), that the groove is a distinct anatomical feature
rather than a gap between tesserae or a supplementary sensory
line, is confirmed by the PM TGU specimens (1028-3-2/130,
2017-24/130 and 2017-2/130). The groove originates close to the
orbit and terminates close to the cephalic margin. It possesses a
rounded and deep margin, which has the same ornamentation as
the dorsal surface. There are symmetrical ventral impressions of
the grooves on PM TGU 2017-25/130 (Fig. 4A, B) upon the cast
of the oralobranchial chamber, potentially indicating that the
slits could have acted as a passage connecting the oralobranchial
chamber and the dorsal surface. Taking a section through such a
groove however, (see histology below) indicates that there is a
dermoskeletal floor to the groove and as such, it did not act as a
passage. An alternative interpretation is that of a highly devel-
; . oped sensory groove but as PM TGU 1028-3-2 indicates (Fig. 3),
——— . i . - the groove has a morphology distinct from that of the preserved

2000, 1000 - - and extensive sensory line system in terms of size, shape and
FIGURE 2. Map of Khakassia with localities. direction. Interpretations of the function of the groove thus re-
main open.
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FIGURE 3. Ilemoraspis kirkinskayae PM TGU 1028-3-2/130, cephalic shield in dorsal view. Abbreviations: cm, cmm, transverse sensory canals;
dgr, dorsal groove; end, external opening of the endolymphatic duct; fin, pectoral fin; ifc, infraorbital sensory canal; If, lateral field; lc, l¢2, lateral
sensory canals; mf, median field; nh, nasohypophysial opening; orb, orbit; pls, posterolateral scales. Scale bar equals 1 cm.

The dermoskeletal cephalic shield of . kirkinskayae consists
of large tesserae that are loosely attached to each other following
preservation. The tesserae of the cephalic shield and scales of the
body are ornamented with fine sinuous ridges (Fig. 5C, D), a
feature appearing in widely disparate taxa, including certain
tremataspidoids and others (Janvier and Newman, 2005; San-
som, in press). The ridges are broadly parallel and aligned with
the margins of the cephalic shield and other anatomical features.
The lateral and median fields differ in ornamentation, having
much smaller tesserae (Fig. 5C). PM TGU 2017-24/130 and PM
TGU 2017-25/130 show that the margin of the ventral surface of
the shield consisted of the same large tesserae as dorsally whilst
the covering of the oralobranchial chamber consisted of much
smaller tesserae. PM TGU 2017-15/130 (Fig. 4A), presumably
formed by sediment infilling the oralobranchial chamber, reveals
the chamber’s general circular shape. No gill external branchial
openings or branchial arches are preserved.

Extensive sensory lines are observed on the cephalic shield.
The infraorbital sensory line is directed anteroposteriorly, me-

dial to the dorsal groove and lateral fields (Fig. 3). Furthermore,
in addition to the usual transverse (cm, cmm) and lateral (Ic)
sensory line canals, there is another lateral sensory line, between
the lateral margin of the shield and the lateral field (Ic2). Fur-
thermore, a lateral line canal (Fig. 4C, D) is observed extending
along the lateral surface of the body, parallel to the ventral mar-
gin edge, a novel observation for the Osteostraci (see discussion
below).

A reconstruction of the rest of the body of I. kirkinskayae is
now possible from a number of extremely well-preserved speci-
mens. Significantly, it is clear that Ilemoraspis kirkinskayae had
paired pectoral fins (PM TGU 1028-3-2/130, PM TGU 2017-23/
130, PM TGU 2017-25/130), unlike the tremataspidoids and Tan-
nuaspis. The fins are broad and round, with small tesserae lo-
cated anteriorly that grade into very small tesserae posteriorly
(Fig. 3, 4A, B). The same condition is observed in the paired fins
of most other Osteostraci.

The caudal region is also preserved. Whilst none of the pre-
served caudal regions are articulated with the diagnostic cephalic
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FIGURE 4. Ilemoraspis kirkinskayae. A, B, infilling of oralobranchial chamber and ventral cephalic shield surface in dorsal view, PM TGU
2017-25/130 with stereograph pair (A) and interpretation (B), where grey is matrix; C, D, segment of trunk with lateral line, PM TGU 3002/130; E,
F, caudal region demonstrating epicercal condition, PM TGU 2017-21/130. Abbreviations: cor, cornual process; dgr, dorsal groove; dls, dorsolateral
scales; fin, pectoral fin; Ic lateral sensory canal; Is, lateral scales; mdrs, median dorsal ridge scales; ors, scales or tesserae covering the ventral floor
of the oralobranchial chamber; vrs, ventral ridge scales. Scale bar equals 0.5 cm for A and 1 cm for C and F.
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shield, these specimens can be confidently assigned to I. kirkin-
skayae by reason of the typical fine sinuous ridge ornamentation.
Furthermore, trunk scales articulated with the headshields are
identical in morphology to those articulated with the trunk and

caudal regions. The tail (Fig. 4E, F) is clearly epicercal, with fin
rays extending posteroventrally from the dorsally extended cau-
dal axis. The dorsal and ventral lobes of the caudal fin are ap-
proximately equal in size. Most Osteostraci possess a horizontal
caudal lobe, but there is no evidence of this feature in I. kirkin-
skayae. Furthermore, there is no anal fin, which is consistent with
the condition observed in all other Osteostraci. Anterior to the
caudal fin, small pointed median dorsal ridge scales (Fig. 4C-F)
line the dorsal midline. The presence of anterior and posterior
dorsal fins is not known, potentially due to the incomplete pres-
ervation of these regions. PM TGU 3002/130 indicates a potential
absence of posterior dorsal fin, at least in a posterior position.

HISTOLOGY OF ILEMORASPIS KIRKINSKAYAE

Almost all of the specimens exhibit mouldic preservation and
fine details of the skeletal anatomy and ornamentation are pre-
served by virtue of the fine-grained sediment that surrounds and
fills the fossils. Skeletal tissues were extensively preserved in
only one specimen (PM TGU 2017-24/130, Fig. SA, B), from
which a ground section was prepared using an Isomet low speed
saw. The surface of the section was prepared for imaging a num-
ber of times using a graded series of carborundum papers, then
polished using 0.6 pwm diamond paste, and subsequently etched
using 0.5% orthophosphoric acid for periods of 15 minutes to
1 hour. The prepared surface was then coated with gold and col-
loidal graphite before being imaged using a Hitachi S-3500N scan-
ning electron microscope in secondary electron mode, with an
acceleration voltage of 20 kV.

Despite repeated preparation, the dorsal dermoskeleton,
which was exposed on a natural fracture in the rock, did not etch

(Fig. 6A); it appears to have undergone diagenetic alteration.

Only the largest-scale histological structures are preserved, such
as coarse vascular canals (Fig. 6), but it is nevertheless possible
to discern that the dorsal dermoskeleton of Ilemoraspis kirkin-
skayae exhibits the classical three-layered organisation: a super-
ficial layer of tubercles, underlain by a highly vascularised
middle layer, and floored by a layer of more compact tissue.
Nothing more can be determined because of the poor preserva-
tion of the histology.

However, in the sediment that fills the space beneath the dor-
sal dermoskeleton are series of non-articulated scales that are,
nevertheless, organised in a broad row that extends across the
width of the dorsal dermoskeletal headshield (Fig. 6). From their
organisation and their arrangement, with superficial tubercles
oriented in the opposite direction to those of the dorsal dermo-
skeleton (Fig. 6A), we interpret them as the ventral plates that
floor the oralobranchial chamber of Ilemoraspis. The structure of
these scales is not well preserved but, nevertheless, shows some
fine-scale histological features such as mineralised (intrinsic) fibre
bundles and the spaces left by cell processes (Fig. 6B-F). The com-
ponent scales are small, though their size can only be judged from
their exposed extent, the greatest of which is approximately 1.8
mm wide and 500 wm in thickness; most of the scales are smaller
than this and, in particular, they are much thinner, composed of
no more than a single row of tubercles and a uniting sheet of

«—

FIGURE 5. Ilemoraspis kirkinskayae. A, B, mix of dorsal and ventral
surface dermoskeletal tesserae in dorsal view, PM TGU 2017-24/130; C,
D detail of ornament of dermoskeleton, PM TGU 1028-3-2/130. Abbre-
viations: dgr, dorsal groove; dtes, dorsal tesserae; intar, inter areal ca-
nals; le, lateral sensory canal; mfo, median field ornamentation; ors,
scales or tesserae covering the ventral floor of the oralobranchial cham-
ber; prdg, fine parallel ridges; vrim, ventral rim of the cephalic shield.
Scale bar equals 1 cm.
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FIGURE 6. Etched ground sections through the cephalothoracic dermoskeleton of Ilemoraspis kirkinskayae, PM TGU 2017-24/130. A, overshot
of dorsal dermoskeleton (no histological detail) and underlying partially articulated ventral dermoskeletal plates; B, D, moulds of cone-shaped
tubercles comprising the ventral dermoskeletal plates showing natural endocasts of the pulp cavities and their associated vascular canals; note the
thinness of uniting dermal plate; C, E, F, marginal ventral dermal plate inverted from A. E, higher magnification of the upper left in C, showing faint
dentine tubules present in the tubercles which ramify from the pulp cavity (upper field), lamellar structure and extrinsic fibre matrix clear in the lower
left of the growing margin of this plate; F, higher magnification of upper right in C, showing highly vascularised (subaponeurotic vascular plexus) bone
(lower field) and overlying tubercles with faint traces of dentine tubercles. Relative scale bar equals: A, 850 pm; B, 252 pm; C, 745 pm; D, 100 pm;

E, 200 wm; F, 252 um.

bony tissue (Fig. 6B, D). The composition of the thinner scales
is not well preserved, but heavily etched preparations revealed
that each tubercle possessed a pulp cavity. The thickest of
the scales show clear evidence that the tubercles are composed
of dentine: long, thin spaces representing the sites of cell
processes radiate from a central pulp cavity that shows evidence
of centripetal lamellar growth. Branching of the cell processes
cannot be discerned but, if it does occur, these ramifications
were limited to the immediate subsurface of the tubercles. The
matrix of the superficial layer, where present, is poorly preserved
histologically, but in places, small, round spaces are observed
that probably represent the sites of extrinsic fibre bundles (Fig.
6E). The base of the scales is characterised by a layer of lamellar
tissue, showing evidence of marginal growth (Fig. 6E).

From what little can be discerned of its gross structure, the

dorsal dermoskeleton of Illemoraspis kirkinskayae compares well
with that of other osteostracans, except the tremataspidoids where
the superficial layer of the dermoskeleton, though composed of
dentine, is not composed of discrete tubercles (Denison, 1947;
Donoghue and Sansom, 2002; Donoghue et al., 2006). There is also
a well-developed vascular middle layer, which is otherwise much
reduced in thyestiids more broadly. The only histological detail
available is for the ventral scales of the headshield and thus there is
little comparable information from other osteostracans. In fact, the
available data are limited to the cursory description of gross histol-
ogy of Balticaspis by Otto and Laurin (2001a) who, nevertheless,
showed that the ventral tesserae were very thin and dominated by
slender coniform tubercles as in 1. kirkinskayae and, based on the
description by Janvier and Arsenault (1996), the cornuae and body
scales in Escuminaspis laticeps.
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LATERAL LINE SYSTEM

The trunk region of the Osteostraci was previously known in
detail only from the faunas of the United Kingdom, Ringerike,
Norway, as well as Miguasha and Mackenzie Mountains,
Canada. The exceptionally preservation conditions in Khakassia
have enabled the elucidation of the extensive lateral line system

in not only the head of llemoraspis kirkinskayae (Fig. 7) but also

in the body, thus having ramifications for the evolution of this
character in the vertebrates. PM TGU 3002/130 (a middle body
section preserved in lateral aspect) reveals a single lateral line
extending along its length in the form of an open groove, reach-
ing posteriorly at least the narrowest point of the caudal pe-
duncle (Fig. 4C-F). The specimen is unfortunately incomplete
and it is therefore not possible to establish either the anterior-
most point of the lateral line or whether it is continuous with the
lateral line system of the head.

Previous studies of the body and tail region of the Osteostraci
(Stensio, 1932; Heintz, 1939, 1967; Belles-Isles, 1986) have not
observed a lateral line extending onto the body, but this is pos-
sibly “due to the imperfect state of preservation in which the
squamation of the Cephalaspids is generally found” (Stensio,
1932:71). A possible exception is Tremataspis, from the Silurian
of Estonia. Whilst Tremataspis displays no trace of a lateral line
on the scales of the trunk, it displays paired anteroposteriorly
directed lateral lines on the ventral and dorsal surfaces of its
extended abdominal division of the shield (Robertson 1937; Jan-
vier, 1974, 1985a; pers. obs.). Given the length of the abdominal
division in Tremataspis, the dorsal and ventral lateral lines could

be considered as homologous with dorsal and ventral lateral lines
of the trunk. In I. kirkinskayae, it is clear that the extended trunk
lateral line is not the dorsal lateral line but it is not clear whether
it is homologous to the main or ventral lateral line of jawed
vertebrates. Whilst it is in a ventral position, it occurs dorsal to
the ventrolateral ridge and as such could represent the main
lateral line. The condition in Tremataspis (presence of a ventral
line and absence of a main line) would indicate that /. kirkin-
skayae has an extended ventral lateral line.

Taking into account the condition in Tremataspis, linked with
new information from I. kirkinskayae and the poor preservation
of the trunk of other Osteostraci, we can reconstruct the com-
mon ancestor of Osteostraci as having possessed one, or more
likely two, sensory canals extending caudally onto the trunk. This
condition therefore differs from either of the living relatives of
the Osteostraci; three trunk lateral lines are observed in crown-
group gnathostomes (dorsal, main, and ventral) and a single dor-
sal trunk lateral line is observed in lampreys (Northcutt, 1985,
1989). The osteostracan condition must be viewed in the light of
the condition in related clades to understand the evolution of the
trunk lateral line.

The sensory line system of thelodonts consists of either closed
canals that communicate with the external surface via well-
characterized pore scales or open grooves. Articulated speci-
mens of Phlebolepis (Mérss, 1979) demonstrate pore scales ar-
ranged in a regular row, forming a single extended dorsal line
extending onto the trunk and tail. Sphenonectris turnerae (Wil-
son and Caldwell, 1998) possesses an open groove between
scales, forming a single extended dorsal line extending onto the
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FIGURE 7. Reconstruction of Ilemoraspis kirkinskayae. A, lateral aspect with total length as estimate only; B, cephalic shield in dorsal view; C.

cephalic shield in ventral view.
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trunk and tail which descended ventrally towards the caudal
lobe. In Sacabambaspis (an arandaspid, Pteraspidomorphi), a
single ventral lateral line is observed to extend onto the trunk
(Gagnier, 1993) whilst in Anglaspis (a heterostracan, Pteraspi-
domorphi) a single lateral line is observed extending onto the
caudal region (Blieck and Heintz, 1983), but it is not possible to
determine whether it is a dorsal or main lateral line. The condi-
tion is unknown for galeaspids due to the paucity of articulated
specimens. Within placoderms, dorsal and main lateral lines are
observed to extend onto the trunk, whilst the condition of the
ventral line is unknown (Northcutt, 1989). The ancestral condi-
tion for gnathostomes is considered as three trunk lateral lines
due presence of all three lines (main, ventral and dorsal) in
Osteichthyes and Chondrichthyes (Northcutt, 1989) and devel-
oped main and ventral lines in acanthodians (Watson, 1937).
Combining the new data for the Osteostraci and existing data for
other stem-gnathostome clades, it is possible to utilise parsimony
to reconstruct scenarios of the evolution of trunk sensory lines

(Fig. 8). A single dorsal trunk line exists in the common ancestor

of vertebrates. A second trunk lateral line (either main or ven-
tral) appears in either the common ancestor of Osteostraci and
jawed vertebrates, or the common ancestor of Galeaspida, Os-
teostraci and jawed vertebrates, depending upon the condition in
galeaspids. A third trunk lateral line (either main or ventral,
depending upon the homology of the osteostracan line), appears
in the common ancestor of jawed vertebrates. The ventral con-
dition in Sacabambaspis is resolved as homoplastic. This scenario
of trunk lateral line evolution is consistent with the step-wise
establishment of the gnathostome body plan before the origin of
jaws, in the stem-gnathostomes (Forey, 1995; Donoghue and
Purnell, 2005).

PHYLOGENETIC AFFINITY

llemoraspis kirkinskayae has a unique mix of features and a num-
ber of apomorphies that make it difficult to place in any phyloge-
netic framework for the Osteostraci. It has previously been consid-
ered as incertae sedis or possibly allied with Tannuaspis (Afa-
nassieva and Janvier, 1985; Janvier, 1985¢c). Tannuaspis and
llemoraspis share widely spaced orbits, the lateral and median
field shapes and orientations, round nasohypophysial openings,
and absence of a pineal plate. This relationship is supported by

FIGURE 8. Lateral line evolution on the trunk. Phylogeny based on
Donoghue and Smith (2001). Terminal nodes are Sacabambaspis (an
arandaspid, left) and Anglaspis (a heterostracan, right) for the Pteraspi-
domorphi, Tremataspis (left) and Ilemoraspis (right) for the Osteostraci
and finally, Placodermi and crown Gnathostomata for jawed vertebrates.
Dashed represents uncertain condition. Note that the intermediate po-
sition of the bottom line in the common ancestor of the Osteostraci and
jawed vertebrates (and in llemoraspis) reflects uncertainty with respect
to the homology of this line, to the main or ventral lateral line.

phylogenetic analyses of the Thyestiida (Fig. 9A, B; Mark-Kurik

and Janvier, 1997; Sansom, in press), but there are several char-
acters contradicting it. Tannuaspis possesses a long cephalic ab-
dominal division with continuous lateral cephalic endoskeletal
extensions and lacks paired fins, whereas I. kirkinskayae clearly
possesses freestanding cornua and paired fins. Ornamentation
also differs between the two, with Tannuaspis exhibiting closely
set, pointed and costulate tubercles whilst /. kirkinskayae has
fine parallel sinuous ridges but this character state is highly ho-
moplastic within the Osteostraci.

A

Aceraspis Aceraspis
7 Zenaspis ——Zenaspis
Procephalaspis Procephalaspis
Witaaspis uchenaspis
Thyestes Didymaspis
Timanaspis Witaaspis
Dartmuthia Thyestes
Tyriaspis Saaremaaspis
Sclerodus Dartmuthia
—— Aestiaspis Tyriaspis
—— Saaremaaspis Aestiaspis
Dobraspis Tannuaspis
Tannuaspis llemoraspis
llemoraspis Sclerodus
Tremataspis Dobraspis
Oeselaspis Tremataspis
C eselaspis
“Non-cornuates”
Cornuates
llemoraspis B
Procephalaspis
Auchenaspis
Didymaspis
Witaaspis
Thyestes
Saaremaaspis
Dartmuthia
Tyriaspis
B> ; ;
Aestiaspis
----- llemoraspis A
Tannuaspis
Sclerodus
Dobraspis
Oeselaspis
Tremataspis

FIGURE 9. Phylogenetic placement of llemoraspis. A, strict consensus
of Mark-Kurik and Janvier (1997) resolving llemoraspis as sister to Tan-
nuaspis, within the tremataspidoids; B, strict consensus of Sansom (in
press) also resolving Ilemoraspis as sister to Tannuaspis, within the
tremataspidoids; C, alternative placements of llemoraspis as either (A)
sister to Tannuaspis, within tremataspidoids, or (B) sister to all other
thyestiids. A;,, B;, and C are characters supporting the respective
placements and are discussed in text.
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If we accept the sister-group relationships of Tannuaspis and
Ilemoraspis (Tannuaspidinae), the logical phylogenetic place-
ment is within the Tremataspidoidei. Tannuaspis has often been
allied with or placed with the tremataspidoids, within the Thy-
estiida, by reason of its long abdominal division and lack of
paired fins (Halstead Tarlo, 1967; Afanassieva and Janvier, 1985;
Janvier, 1985a; Mark-Kurik and Janvier, 1997; Sansom, in press)
yet I. kirkinskayae lacks these features. Whilst /. kirkinskayae
lacks these thyestiid and tremataspidoid characters, it does pos-
sess a number of other thyestiid and tremataspidoid characters
including short lateral fields, a medial course of the infraorbital
lateral line, endolymphatic duct openings external to median
field, and lack of a horizontal caudal lobe.

In addition to the Thyestiida, it would also be prudent to
compare llemoraspis with the small number of other osteostra-
can taxa that survived into the Middle and Late Devonian. Afa-
nassiaspis (known from isolated tesserae only) and Balticaspis
from the Eifelian of Baltic Europe both share with I. kirkin-
skayae a reduced basal layer and loosely connected tesserae
(Otto and Laurin, 1999, 2001a, b). Trewinia from the Eifelian of
Scotland also has tuberculated, loosely connected tesserae (Jan-
vier and Newman, 2005). Escuminaspis and Levesquaspis from
the Frasnian of Quebec are the latest surviving osteostracans
(Arsenault and Janvier, 1995; Janvier and Arsenault, 1996). Es-
cuminaspis (Alaspis being a junior synonym [Janvier pers. comm.
2001]) possesses large mushroom-shaped tubercles and again,
loosely connected tesserae. Levesquaspis possesses rounded tu-
bercles, but unlike the other Middle or Late Devonian osteostra-
cans, lacks tessellation. It is therefore evident that I. kirkinskayae
shares with all Middle or Late Devonian Osteostraci a reduced
basal layer and loosely connected tesserae (with the exception of
Levesquaspis). It would be incorrect to consider these taxa as a
distinct clade because of dermoskeletal similarities alone be-
cause many other anatomical differences exist among them. Es-
cuminaspis, Levesquaspis, Trewinia, and Balticaspis (known
from the posteroventral cephalic shield surface only) share a
semicircular, broad cephalic shield bearing broad cornua with
posterior cornual plates along with a potential absence of lateral
fields. Conversely, the cephalic shield of I. kirkinskayae is not
semicircular, being longer than broad, bears thin cornua, and has
lateral fields. Thus dermoskeletal reduction has occurred inde-
pendently in the more recent Osteostraci—once in I. kirkin-
skayae and at least once in the others.

A preliminary consideration of the two most plausible and
parsimonious phylogenetic placements for Ilemoraspis is shown
in Figure 9C upon the backbone of a recent parsimony analysis
(Sansom, in press). For placement A, Ilemoraspis is placed as
sister taxon to Tannuaspis within the tremataspidoids (Mark-
Kurik and Janvier, 1997; Sansom, in press). This system is con-
sistent with lateral field shape and abdominal scales (A,), inter-
orbital distance, nasohypophysial shape, and pineal plate loss
(A). In light of the new information regarding I. kirkinskayae
and the inconsistencies with Tannuaspis sister-group relation-
ships, an alternative placement outside the Thyestiida, place-
ment B, is considered. This system is consistent with dermoskel-
etal condition (B,) as well as loss of paired fins, loss of cornua,
and location of the endolymphatic ducts (B,). In both systems,
placement of Ilemoraspis is consistent with its possession of
thyestiid characters of a medial infraorbital line and horizontal
caudal lobe absence (C). A more taxonomically comprehensive
approach is required to firmly place llemoraspis phylogeneti-
cally, but in the absence of a rigid phylogenetic framework for
the Osteostraci, this is not currently possible.

THE PARADOX OF ILEMORASPIS

As stated, Ilemoraspis kirkinskayae is unusual within the Os-
teostraci, not only with regard to its anatomy and age, but also its

paleogeographic location on the West Sayan Terrane unit. Here,
it would have been separate from all other Osteostraci, save
Tannuaspis and Tuvaspis on the Tuva-Mongol Terrane. The
Tuva-Mongol Terrane and the West Sayan Terrane unit collec-
tively belong to the Altaids (Peri-Siberian Terranes). The new
anatomical information brought to light by the Khakassia speci-
mens in some respects contradicts our understanding of os-
teostracan evolution and paleobiogeography. This paradox is
best demonstrated when considering the two possible place-
ments of Ilemoraspis within osteostracan phylogeny as either
sister to Tannuaspis within the tremataspidoids (Fig. 9; place-
ment A) or within the cornuate Osteostraci as a basal thyestiid
(Fig. 9; placement B).

Placement A (Tannuaspidinae) is highly consistent with pa-
leobiogeographic data. Osteostracan diversity can be neatly divided
into two faunal provinces as defined by Young (1981): (1) the
cephalaspid province restricted to the Euramerican continent
which yields the majority of osteostracan diversity; and (2) the
tannuaspid province restricted to the Altaids, represented by
endemic Tannuaspis, Tuvaspis, and Ilemoraspis. The osteostra-
can fauna from Severnaya Zemlya (Mark-Kurik and Janvier,
1995) is considered as part of the cephalaspid province because
of the association between the Kara terrane and Euramerica
(Cocks and Torsvik, 2005, 2007). These two Siluro-Devonian
faunal provinces are separated by not only the Ural Ocean, but
also by the continent of Siberia (Scotese and McKerrow, 1990;
Cocks and Torsvik, 2007). The amphiaspid province of Siberia is
dominated by amphiaspid heterostracans and has not yielded
any osteostracans so far. With Tannuaspis, Tuvaspis, and Ilemo-
raspis occurring as a monophyletic clade, a minimum of only one
intercontinental dispersal is required within the Osteostraci. The
Tannuaspidinae hypothesis is thus paleogeographically parsimo-
nious. It is also consistent with the anatomical features uniting
Tannuaspis and Ilemoraspis (Fig. 9: A, A,). Prior to the discov-
ery of the new Khakassia specimens, the condition of the cornua
and fins of Ilemoraspis was unknown and thus the Tannuaspidi-
nae could therefore be considered as an Altaid clade, without
paired fins and cornua (Blieck and Janvier, 1999), placed within
the tremataspidoids (Fig. 9:placement A).

It is clearly demonstrated here, however, that Illemoraspis kir-
kinskayae possessed not only long, divergent cornua, but also
well-developed paired pectoral fins. Placement A, therefore, re-
quires us to envisage either multiple losses of paired fins and
cornuae or a reversal from a finless condition to a finned condi-
tion i.e., llemoraspis has a finless ancestor and regains paired
fins. Considering the complexity of the paired fins and the rarity
of regaining paired appendages from a limbless ancestor in the
vertebrates (unknown with a possible exception occurring within
snakes [Coates and Ruta, 2000; Apesteguia and Zaher, 2006]), it
seems highly unlikely that such a reversal could have taken place.
Furthermore, multiple losses of paired fins and cornuae (at least
4) would be far from parsimonious. The logical placement for
llemoraspis is, therefore, amongst the non-tremataspidoid cor-
nuate Osteostraci, most parsimoniously as a basal thyestiid (Fig.
9:placement B). This requires only one state change (the mini-
mum) with regard to osteostracan paired pectoral fins: loss in the
tremataspidoids (B,). This placement is, however, inconsistent
with paleobiogeography. This second scheme requires two sepa-
rate intercontinental dispersals from the cephalaspid province to
the tannuaspid province, one each for Illemoraspis and Tannuas-
pis. The geographic separation in itself implies that multiple dis-
persals are improbable, but considering the restrictive nature of
osteostracan ecology (shallow freshwater, estuarine or lagoonal
environments), in combination with the high degree of ende-
mism exhibited by the group generally (Young, 1981; Janvier,
1985b; Dineley, 1988; Young, 1990), two such intercontinental
dispersals are highly improbable.

An alternative to the two proposed scenarios would be to
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retain monophyly of Tannuaspidinae (Tannuaspis + llemoraspis)
but for Tannuaspidinae to be sister to all other thyestiids. This
scenario is consistent with paleobiogeography (monophyly of all
Altaid forms) but is still inconsistent with paired fins, this time
requiring two losses of paired fins within the Osteostraci. Fur-
thermore, it is inconsistent with the many tremataspidoid char-
acters of Tannuaspis such as long abdominal division, position
and shape of lateral fields, ‘sel’ canal reduction. This last scheme
is therefore rejected.

llemoraspis therefore represents a paradox. The conflict be-
tween anatomy and paleobiogeography makes it necessary to
envisage either two separate intercontinental dispersal events
occurring in a restricted, endemic group (placement B) or an
unprecedented reversal to a paired appendage condition from a
finless ancestor (placement A).

Furthermore, llemoraspis kirkinskayae is exceptional amongst
the Osteostraci with regard to its stratigraphic range. The os-
teostracan genera currently known to have the longest strati-
graphical ranges are Diademaspis and Benneviaspis. Species
from each genus are known from middle Lochkovian to early
Emsian deposits (Janvier, 1985c; Blieck and Cloutier, 2000;
Uchman et al., 2004). There is a certain level of ambiguity about
the stratigraphic ranges of 1. kirkinskayae, for both the holotype
and the new specimens described here. The former is known
from the late Givetian and the latter known from the late Pra-
gian to middle Emsian. The ghost range between the two (late
Emsian, Fifelian and early Givetian) is not surprising given that
the Emsian beds in the area are unconformably overlain by the
Givetian and furthermore, that the area is poorly characterised
generally. What is dubious is such a long range for one species,
by far the longest for any osteostracan species or genus. The
principal differences between the holotype and the new speci-
mens relate to the extreme distortion of the former. Despite
what the stratigraphic range suggests, there is no anatomical
basis to believe that they are two different species, much less that
they are different genera. A thorough review of the stratigraphy
of the region, especially the type locality, is necessary to establish
whether this surprising range is real or an artefact.

Both of the problems of ghost ranges and conflict between
anatomical homology and biogeography are due to non-random
sampling. Better sampling of Asiatic Russia will hopefully yield
more osteostracan localities and more osteostracan taxa and as
such expand the biogeographic range of the group.

CONCLUSIONS

It is now possible to reconstruct in much more detail the
anatomy of the unique and previously poorly characterized spe-
cies llemoraspis kirkinskayae. A lateral line is observed extend-
ing far back onto the trunk-a novel observation for the Os-
teostraci. This enables the proposal of a scenario of stepwise
evolution of trunk lateral lines. Like the majority of Osteostraci
and contrary to some interpretations, /. kirkinskayae possessed
well-developed paired pectoral fins and long, divergent cornua.
It shares with its geographic neighbour Tannuaspis small lateral
fields, widely spaced orbits, and, uniquely within the Osteostraci,
a round nasohypophysial opening. As such, Ilemoraspis repre-
sents a paradox for osteostracan evolution, requiring us to en-
visage either two separate intercontinental geographic dispersal
events in a group displaying endemism and restrictive ecology or,
conversely, an unprecedented reversal from a finless condition to
a finned one. The paradox is a likely consequence of an incom-
plete fossil record of Asiatic Osteostraci.

ACKNOWLEDGEMENTS

Thanks go to Philippe Janvier (Paris) both for initially bring-
ing together S. Rodygin and R. Sansom and for helpful discus-

sion over interpretation of certain specimens. Thanks also go to
Simon Powell for the photographs in Fig. 4A. This research has
been made possible by NERC PhD studentship funding (NER/
S/A/2004/12682) as well as funding from the Royal Society (in-
ternational incoming short visit grant) and the Palaeontological
Association (travel award), both of which have enabled ex-
change visits between Tomsk and Bristol.

LITERATURE CITED

Afanassieva, O. B. 1991. [Cephalaspids of the Soviet Union (Agnatha)].
Trudy Paleontologicheskogo Instituta Akademiia Nauk SSSR, Vol-
ume 248, Moscow, 144 pp. [Russian]

Afanassieva, O. B. 2004. [Subclass Osteostraci]; pp. 210-267 in L. L.
Novitskaya and O. B. Afanassieva (eds.), [Agnathans and Early
Fishes]. GEOS, Moscow. [Russian]

Afanassieva, O. B., and P. Janvier. 1985. Tannuaspis, Tuvaspis and II-
emoraspis, endemic osteostracan genera from the Silurian and De-
vonian of Tuva and Khakassia (USSR). Geobios 18:493-506.

Ananiev, A. R., V. P. Parnachev, and N. A. Makarenko. 1972. [Some
questions about the geology and age of the Devonian volcanic units
in the region of lakes Matarak and Shunet (North Minusinsk de-
pression)]; pp. 3-14, in A. R. Ananiev, V. P. Parnachev, and N. A.
Makarenko (eds.) [Problems of the Complex Geological and Geo-
graphical Research of the Devonian Depressions in the Altai Re-
gion], Novokuznetsk. [Russian]

Apesteguia, S., and H. Zaher. 2006. A Cretaceous terrestrial snake with
robust hindlimbs and a sacrum. Nature 440:1037-1040.

Arsenault, M., and P. Janvier. 1995. Combien d’ostéostracés a Miguasha;
pp- 19-22 in H. Lelievre, S. Wenz, A. R. M. Blieck, and R. Cloutier
(eds.), Premiers Vertébrés et Vertébrés Inférieurs. Géobios, Mém-
oire Spécial.

Bachtadse, V., V. E. Pavlov, A. Y. Kazansky, and J. A. Tait. 2000. Siluro-
Devonian paleomagnetic results from the Tuva Terrane (southern
Siberia, Russia): implications for the paleogeography of Siberia.
Journal of Geophysical Research 105:13509-13518.

Belles-Isles, M. 1986. Morphologie du tronc d’Alaspis macrotuberculata
Drvig, et sa squamation d’un type nouveau chez les Osteostraci
(Vertebrata, Agnatha). Comptes Rendus de I’Académie des Sci-
ences, Série 1T 303:1363-1366.

Blieck, A. R. M., and R. Cloutier. 2000. Biostratigraphic correlations of
Early Devonian vertebrate assemblages of the Old Red Sandstone
Continent; pp. 223-269 in A. R. M. Blieck and S. Turner (eds.),
Palaeozoic Vertebrate Biochronology and Global Marine/Non-
Marine Correlation (Final Report of IGCP 328). Courier For-
schungsinstitut Senckenberg, Frankfurt am Main.

Blieck, A. R. M., and N. Heintz. 1983. The cyathaspids of the Red Bay
Group (Lower Devonian) of Spitsbergen. Polar Research (new se-
ries) 1:49-74.

Blieck, A. R. M., and P. Janvier. 1991. Silurian vertebrates; pp. 345-390
in M. G. Bassett, P. D. Lane, and D. Edwards (eds.), The Murchison
Symposium, Special Papers in Palacontology 44. The Palaecontologi-
cal Association, London.

Blieck, A. R. M., and P. Janvier. 1999. Silurian-Devonian vertebrate
dominated communities, with particular reference to agnathans; pp.
79-105 in A. J. Boucot and J. D. Lawson (eds.), Paleocommunities:
A Case Study from the Silurian and Lower Devonian. Cambridge
University Press, Cambridge.

Coates, M. 1., and M. Ruta. 2000. Nice snake, shame about the legs.
Trends in Ecology and Evolution 15:503-507.

Cocks, R. M., and T. H. Torsvik. 2002. Earth geography from 500 to 400
million years ago: a faunal and palacomagnetic review. Journal of
the Geological Society, London 159:631-644.

Cocks, R. M., and T. H. Torsvik. 2005. Baltica from the late Precambian
to the mid-Palaeozoic times: The gain and loss of a terrane’s iden-
tity. Earth-Science Reviews 72:39-66.

Cocks, R. M., and T. H. Torsvik. 2007. Siberia, the wandering terrane,
and its changing geography through the Palaeozoic. Earth-Science
Reviews 82:29-74.

Denison, R. H. 1947. The exoskeleton of Tremataspis. American Journal
of Science 245: 337-365.



12 JOURNAL OF VERTEBRATE PALEONTOLOGY, VOL. 28, NO. 3, 2008

Dineley, D. L. 1988. The radiation and dispersal of Agnatha in Early
Devonian time; pp. 567-577 in N. J. McMillan, A. F. Embry, and
D.J. Glass (eds.), Devonian of the World, Volume 3 (Proceedings of
the Second International Symposium on the Devonian System,
Calgary, Canada). Canadian Society of Petroleum Geologists, Cal-
gary.

Donoghue, P. C. J., and P. Smith. 2001. The anatomy of Turinia pagei
(Powrie), and the phylogenetic status of the Thelodonti. Transac-
tions of the Royal Society of Edinburgh: Earth Sciences 92:15-37.

Donoghue, P. C. J., and I. J. Sansom. 2002. Origin and early evolution of
vertebrate skeletonization. Microscopy Research and Technique 59:
352-372.

Donoghue, P. C. J., and M. A. Purnell. 2005. Genome duplication, ex-
tinction and vertebrate evolution. Trends in Ecology and Evolution
20:312-319.

Donoghue, P. C. J., P. L. Forey, and R. J. Aldridge. 2000. Conodont
affinity and chordate phylogeny. Biological Reviews 75:191-251.

Donoghue, P. C. J., I. J. Sansom and J. P. Downs. 2006. Early evolution
of vertebrate skeletal tissues and cellular interactions, and the ca-
nalization of skeletal development. Journal of Experimental Zool-
ogy Part B: Molecular and Developmental Evolution 306B: 278-294.

Forey, P. L. 1995. Agnathans recent and fossil, and the origin of jawed
vertebrates. Reviews in Fish Biology and Fisheries 5:267-303.

Forey, P. L., and P. Janvier. 1993. Agnathans and the origin of jawed
vertebrates. Nature 361:129-134.

Forey, P. L., and P. Janvier. 1994. Evolution of the Early Vertebrates.
Anmerican Scientist 82:554-565.

Gagnier, P. Y. 1993. Sacabambaspis janvieri, vertébré Ordovician de
Bolivie 1. Analyse morphologique. Annales de Paléontologie 79:
19-60.

Gensel, P. G. 1992. Phylogenetic relationships of the zosterophylls and
lycopsids: Evidence from morphology, paleoecology and cladistic
methods of inference. Annals of the Missouri Botanic Gardens 79:
450-473.

Halle, T. G. 1916. Lower Devonian plants from Roridgen in Norway.
Kungliga Svenska Vetenskapsakademiens Handlingar 57:1-46.
Halstead Tarlo, L. B. 1967. Agnatha; pp. 629-636 in W. B. Harland et al.
(eds.), The Fossil Record. London Geological Society, London.
Heintz, A. 1939. Cephalaspida from the Downtonian of Norway. Skrifter
utgitt av Det Norske Videnskaps-Akademi i Oslo. Matematisk-

Naturvidenskapelige Klasse 5:1-119.

Heintz, A. 1967. Some remarks about the structure of the tail in cepha-
laspids; pp. 21-35 in J. P. Lehman (ed.), Problemes Actuels de Pa-
leontologie (Evolution des Vertébrés). Colloques Internationaux du
Centre National de la Recherche Scientifique, Paris.

Janvier, P. 1974. The sensory line system and its innervation in the Os-
teostraci (Agnatha, Cephalaspidomorphi). Zoologica Scripta 3:
91-99.

Janvier, P. 1985a. Les Thyestidiens (Osteostraci) du Silurien de Saare-
maa (Estonie). Premiére et Deuxiéme Partie. Annales de Paléon-
tologie 71:83-216.

Janvier, P. 1985b. Environmental framework of the diversification of the
Osteostraci during the Silurian and Devonian. Philosophical Trans-
actions of the Royal Society of London. B 309:259-272.

Janvier, P. 1985c. Les Céphalaspides du Spitsberg. Anatomie, Phylogénie
et Systemématique des Ostéostracés Siluro-Dévoniens. Révision des
Ostéostracés de la Formation de Wood Bay (Dévonian Inférieur du
Spitsberg). Cahiers de Paléontologie, Centre National de la Recher-
che Scientifique, Paris, 252 pp.

Janvier, P. 1996. Early Vertebrates. Claredon Press, Oxford, 393 pp.

Janvier, P., and M. Arsenault. 1996. Osteostraci; pp. 123-133 in H. P.
Schultze and R. Cloutier (eds.), Devonian Fishes and Plants of
Miguasha, Quebec, Canada. Friedrich Pfeil, Munich.

Janvier, P., and M. J. Newman. 2005. On Cephalaspis magnifica Traquair,
1893, from the Middle Devonian of Scotland, and the relationships
of the last osteostracans. Transactions of the Royal Society of Ed-
inburgh: Earth Sciences 95:511-525.

Krausel, R., and H. Weyland. 1948. Die Devon- Floren Belgiens und des
Rheinlandes, nebst Bemerkungen zu einigen ihrer Arten. Sencken-
bergiana Lethaea 29:77-99.

Lankester, E. R. 1868. A Monograph of the Fishes of the Old Red
Sandstone of Britain. Part I, The Cephalaspidae. Monograph of the
Palaeontographical Soceity, London, 62 pp.

Mark-Kurik, E., and P. Janvier. 1995. Early Devonian osteostracans from
Severnaya Zemyla, Russia. Journal of Vertebrate Paleontology 15:
449-462.

Mark-Kurik, E., and P. Janvier. 1997. A new tremataspidid (Vertebrata,
Osteostraci, Thyestiida) from the Devonian of northern Urals, with
remarks on tannuaspids. Neues Jahrbuch fur Geologie und Paldon-
tologie, Abhandlungen 206:405-421.

Mirss, T. 1979. [Lateral line system of the Ludlovian thelodont Phlebo-
lepis elegans Pander]. Eesti NSV Teaduste Akadeemia Toimetised.
Koide Geoloogia 28:108-111. [Russian with English summary]

Melestshenko, V. S., N. N. Predtechenskiy, and E. N. Yanov. 1973. [In-
tramontane depressions of the Altai-Sayan folded region]; pp.
95-112 in Navilkin, D. V., M. A. Rzhonsnitskaya and B. P. Mar-
kovskii (eds.), [Stratigraphy of the USSR, Devonian System]. Ne-
dra, Moscow. [Russian]

Northcutt, R. G. 1985. The brain and sense organs of the earliest verte-
brates: reconstruction of a morphotype; pp. 81-112 in R. E. Foreman
et al (eds.), Evolutionary Biology of Primitive Fishes. Plenum Press,
London.

Northcutt, R. G. 1989. The phylogenetic distribution and innervation of
craniate mechanoreceptive lateral lines; pp. 17-78 in S. Coombs et al
(eds.), The Mechanosensory Lateral Line: Neurobiology and Evo-
lution. Springer-Verlag, New York.

Obruchev, D. V. 1956. [Cephalaspids from the Lower Devonian of
Tuva]. Doklady Akademii Nauk SSSR 106:917-919. [Russian]
Obruchev, D. V. 1961. [Class Ostracodermi]; pp. 560-561, in Khalfin,
L. L. (ed.), [Paleozoic biostratigraphy of the Sayan-Altai mountians,
vol. 2]. Trudy SNIIGGIMS [Siberian Research Institute of Geology,

Geophysics and Mineral Resources], Novosibirsk. [Russian]

Obruchev, D. V. 1964. [Class Osteostraci]; pp. 84-107 in I. A. Orlov
(ed.), [Fundamentals of Palacontology], 11. Nauka, Moscow. [Rus-
sian; English translation, 1967: Israel Program for Scientific Trans-
lation, Jerusalem]

Otto, M., and M. Laurin. 1999. Osteostracan tesserae from the Baltic
Middle Devonian: morphology and microanatomy. Neues Jahrbuch
fiir Geologie und Paldontologie. Monatshefte:464-476.

Otto, M., and M. Laurin. 2001a. Microanatomy of the dermal skeleton of
Balticaspis latvica (Osteostraci, Middle Devonian). Journal of Ver-
tebrate Paleontology 21:186-189.

Otto, M., and M. Laurin. 2001b. Taxonomic note on osteostracan
tesserae from the Baltic Middle Devonian. Neues Jahrbuch fiir Ge-
ologie und Paldontologie. Monatshefte:142-144.

Parnachev, V. P. (ed.) 1998. [Geology and Mineral Deposits of Northern
Khakassia: Guidebook to the Training Ground of Siberian Univer-
sities]. Tomsk State University, Tomsk, 172 pp. [Russian]

Robertson, G. M. 1937. The Tremataspidae. Part 1. American Journal of
Science. 35:172-206.

Sansom, R. S. 2007. A review of the problematic osteostracan genus
Auchenaspis and its role in thyestidian evolution. Palaeontology 50:
1001-1011.

Sansom, R. S. in press. The origin and early evolution of the Osteostraci
(Vertebrata): A phylogeny for the thyestiids. Journal of Systematic
Palaeontology 6.

Scotese, C. R., and W. S. McKerrow. 1990. Revised world maps and
introduction; pp. 1-21 in W. S. McKerrow and C. R. Scotese (eds.),
Palaeozoic Palaeogeography and Biogeography. Geological Society
Memoirs, London.

Sengor, A. M. C., B. A. Natal’in, and V. S. Burtman. 1993. Evolution of
the Altaid tectonic collage and Palaeozoic crustal growth in Eurasia.
Nature 364:299-307.

Stensio, E. A. 1932. The cephalaspids of Great Britain. British Museum
(Natural History), London, 220 pp.

Uchman, A., D. Drygant, M. Paskowski, S. Porgbski, and E. Turnau.
2004. Early Devonian trace fossils in marine to non-marine redbeds
in Podolia, Ukraine: palacoenvironmental implications. Palacogeog-
raphy, Palaeoclimatology, Palaecoecology 214:67-83.

Watson, D. M. S. 1937. The acanthodian fishes. Philosophical Transac-
tions of the Royal Society of London, Series B, Biological Sciences
228: 49-146.

Wilson, M. V. H., and M. W. Caldwell. 1998. The Furcacaudiformes: a
new order of jawless vertebrates with thelodont scales, based on
articulated Silurian and Devonian fossils from Northern Canada.
Journal of Vertebrate Paleontology 18:10-29.

Yolkin, E. A., N. V. Sennikov, N. K. Bakharev, N. G. Izokh, and A. G.



SANSOM ET AL.—ENIGMATIC OSTEOSTRACAN FROM THE DEVONIAN OF SIBERIA 13

Klets. 2003. Silurian paleogeography along the Southwest margin of
the siberian continent: Altai-Sayan folded area; pp. 299-322 in E.
Landing and M. E. Johnson (eds.), Silurian Lands and Seas: Paleo-
geography Outside of Laurentia. New York State Museum Bulletin,
Albany.

Young, G. 1981. Biogeography of Devonian vertebrates. Alcheringa 15:
225-243.

Young, G. 1990. Devonian vertebrate distribution patterns and cladistic

analysis of palacogeographic hypotheses; pp. 243-255 in W. S. Mc-
Kerrow and C. R. Scotese (eds.), Palacozoic Palacogeography and
Biogeography. Geological Society Memoirs, London.

Zakharova, T. V. 1981. On the systematic position of the species “Psi-
lophyton” goldshcmidtii from the Lower Devonian of Eurasia. Pa-
leontological Journal: Translated from Paleontologicheskii Zhurnal
(Moscow) 23:109-118.

Submitted July 31, 2007; accepted January 28, 2008.



