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ARTICLE

THE RELATIONSHIPS OF ANTIARCHS (DEVONIAN PLACODERM FISHES)—EVIDENCE
SUPPORTING PLACODERM MONOPHYLY

GAVIN C. YOUNG1

1Research School of Earth Sciences, The Australian National University, Canberra, Australian Capital Territory 0200, Australia,
Gavin.Young@ems.anu.edu.au

ABSTRACT—A recent analysis of the vascularization of the pectoral fin in antiarchs indicated that they resembled
jawless osteostracans rather than other jawed vertebrates, thereby challenging the monophyly of the class Placodermi.
Examination of the evidence proposed to support this new hypothesis shows misinterpretation of well-established mor-
phology in a range of antiarchs, with incorrect homologies being applied to conclude that the subclavian artery and vein
originated in the back of the branchial chamber. The interpretation is rejected and evidence is summarized showing that
pectoral fin vascularization in antiarchs conforms with that of other jawed fishes. The position of the antiarchs as a major
subgroup of the placoderm fishes is confirmed, with four antiarch characters (external endolymphatic openings; palato-
quadrate-suborbital plate complex; Meckel’s cartilage-infragnathal connection; extensive postorbital endocranial pro-
cesses) providing additional support for placoderm monophyly.

INTRODUCTION
The antiarchs included some of the most successful and wide-

spread of Devonian placoderm fishes, particularly during the
Middle and Late Devonian. They are characterized by the box-
like thoracic dermal armor, and particularly the highly modified
pectoral fins, enclosed by interlocking dermal plates to form
arthropod-like appendages (Fig. 1). Early interpretations consid-
ered antiarch remains to belong to turtles or beetles (e.g. Ander-
son 1840). One of the best known early examples is the ‘Pterich-
thys’ or winged fish of Hugh Miller (1841) from the Old Red
Sandstone of Scotland (genus Pterichthyodes; see Hemmings,
1978). Romer (1966:24) described the antiarchs as “grotesque
little creatures which look like a cross between a turtle and a
crustacean.” However, some Late Devonian antiarchs attained a
considerable size (armor length up to 100 cm), and species of the
genera Bothriolepis and Remigolepis (Fig. 1C, D) attained an
almost cosmopolitan distribution at this time, before placoderms
as a group became extinct at the end of the Devonian Period.
Antiarchs are also some of the oldest known placoderms, with
the genus Shimenolepis Wang, 1991 recorded from the Early
Silurian of China (Zhu and Wang, 2000:table 2).

Many early workers interpreted the antiarchs as jawless ostra-
coderms (e.g., Woodward, 1891; Dean, 1895; Patten, 1912; East-
man, 1917). However a 212-page monograph by Erik Stensiö
(1931) provided compelling evidence from detailed morphologi-
cal analysis combined with comparative anatomy that antiarchs
were true jawed vertebrates, and belonged within the class Placo-
dermi. The same conclusion was reached independently by
Gross (1931).

In recent decades only two proponents have resurrected the
idea of affinity between antiarchs and agnathans. Novitskaya
(1986) proposed that antiarchs were a sister group to osteostra-
can agnathans, in spite of “numerous synapomorphies linking
other groups of placoderms with antiarchs” (Lukševičs, 2001:
691). He showed that the claimed nasohypophyseal complex in
Asterolepis was incorrect, and noted that Novitskaya’s sugges-
tion that antiarch jaws evolved independently of other gnathos-
tome fishes was in obvious contradiction with the principle of

parsimony (Lukševičs, 2001:692). Apart from this rebuttal the
Novitskaya idea has been largely ignored and never cited.

A more recent paper by Johanson (2002), along similar lines,
presents a new interpretation of the vascularization of the pec-
toral fin of antiarchs, with the conclusion that they resembled the
jawless osteostracans in this respect rather than other jawed ver-
tebrates. Johanson suggests that the non-antiarch placoderms
may be more closely related to other jawed fishes, thereby chal-
lenging the monophyly of placoderms as a whole, an interpreta-
tion followed recently by Friedman (2007:310), who has also
questioned placoderm monophyly.

There is an extensive dataset with which to test these ideas, with
very significant advancement in our understanding of antiarch mor-
phology and phylogeny over recent decades. This has resulted
mainly from documentation of remarkably diverse and primitive
forms from China (Liu, 1963; Zhang, 1978), including Vietnam
(e.g., Tong-Dzuy and Janvier, 1990). Some 46 antiarch genera
and 154 species were dealt with by Zhu (1996), and 23 genera are
known from the Devonian of China (Zhu, 2000). This compares
with a total of only 17 genera covered in the placoderm ‘Hand-
book of Paleoichthyology’ (Denison, 1978). Advanced antiarchs
are characterized by a complex dermal articulation for the pec-
toral fin (Figs. 2A, 3A), a unique specialization among the ver-
tebrates, which defines a major subgroup, the Euantiarcha of
Janvier and Pan (1982). In contrast, in the Chinese forms this
dermal articulation may be rudimentary (Fig. 2B) or completely
absent (Fig. 4F). Other new data include the acid-prepared en-
doskeleton of antiarchs, revealed for the first time in specimens
of Bothriolepis from the famous Gogo deposit of Western Aus-
tralia (Young, 1984a). In addition, extensive antiarch faunas
have been documented from Antarctica (Young, 1988), Austra-
lia (Young and Gorter, 1981; Long, 1983; Long and Werdelin,
1986; Johanson, 1997, 1998; Johanson and Young, 1999), South
Africa (Long et al., 1997) and South America (Janvier and Vil-
larroel, 2000; Young et al., 2000; Young and Moody, 2002). In
this paper I summarize our knowledge of the antiarch pectoral
fin articulation in a reassessment of the hypothesis of Johanson
(2002).
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Anatomical Abbreviations—ADL, anterior dorsolateral
plate; AL, anterior lateral plate; AMD, anterior median dorsal
plate; art.d, dorsal fossa for the proximal end of the pectoral
appendage; art.pf, articular area on scapulocoracoid for fin en-
doskeleton; art.v, ventral fossa for the proximal end of the pec-
toral appendage; a.subcl, subclavian artery; AVL, anterior ven-
trolateral plate; c1-3, neurovascular foramina around margins of
scapulocoracoid; cit, anterior transverse crista; c.pe, canal in bra-
chial fossa piercing the AVL plate; c.rc, opening for rostrocaudal
canal; dj, distal fin joint; end, endoskeleton of pectoral append-
age; f.ax, axillary foramen; fp, funnel pit; gr, groove leading from
rostrocaudal canal opening; La, lateral plate; obst.m, obstantic
margin of skull roof; obst.pr, obstantic process of ADL-AL
plates; orb, orbit; pbl, postbranchial lamina; pf, pectoral fin;
p.fen, pectoral fenestra; PL, posterior lateral plate; PM, post-
marginal plate; PNu, paranuchal plate; pr.br, brachial process;
PrM, premedian plate; scap, perichondral remains of the scapu-
locoracoid; SM, submarginal plate; SO, suborbital plate; SP, spi-
nal plate; spir, spiracular opening; v.subcl, subclavian vein.

THE HYPOTHESIS OF JOHANSON (2002)

Johanson (2002:172) introduced her study with the proposition
that the “blood vessels and nerves passing through or around the
antiarch scapulocoracoid to the pectoral fin also pass through the
wall backing the gill chamber.” She concluded (Johanson, 2002:
173) that the “antiarch condition is unique among jawed fishes,
but is comparable to that observed in the Osteostraci.” This
interpretation was apparently developed from the following ob-
servations: that in antiarchs the “scapulocoracoid is oriented to-
wards the . . . transverse crest marking the posterior extent of
the gill chamber” (Johanson, 2002:175), and that the base of the
“funnel-shaped depression or pit” housing the scapulocoracoid

was connected to a “canal (rostrocaudal canal, brachial canal)
running through the postbranchial lamina and/or the ‘crista
transversalis interna anterior’, at the rear of the gill chamber”
(Johanson, 2002:176). It was claimed that an association between
the scapulocoracoid and the postbranchial lamina was “consis-
tently present in the Antiarchi” (Johanson, 2002:177).

Johanson (2002:figs. 2-3) described the ‘rostrocaudal canal’ in
two very fragmentary specimens of the European genus Aster-
olepis, and then extended her interpretation to other genera
(Yunnanolepis from the Lower Devonian of China; Grenfellaspis
from the Upper Devonian of Australia). For Yunnanolepis she
re-illustrated grinding serial sections through the anterior trunk
armor published by Janvier (1995), and proposed that a ‘brachial
canal’ (assumed equivalent to the rostrocaudal canal), passing
from the scapulocoracoid through the postbranchial lamina, con-
tained both the subclavian artery and vein (Johanson, 2002:176,
183). For Grenfellaspis it was claimed that “the anterior opening
of the rostrocaudal canal sits in the posterolateral corner of the
gill chamber” (Johanson, 2002:180).

Comparisons with the situation in armored agnathans (Os-
teostraci) led to an interpretation of the vascular system in an-
tiarchs in which both the subclavian artery and the subclavian
vein passed to the pectoral fin through the smaller of two open-
ings in the lateral wall of the thoracic armor (Johanson, 2002:fig.
10). All previous workers had interpreted this opening (termed
the ‘funnel pit’; Figs. 2A, 3A) as a cartilage-filled endoskeletal
articulation between the scapulocoracoid and internal skeleton
of the fin, so this was a radically different interpretation. A pos-
terior opening (the ‘axillary foramen’; Figs. 2A, 3A), located
just behind the funnel pit, has been interpreted by all previous
workers to have transmitted the subclavian artery and vein. In
contrast, Johanson (2002:179) maintained that the “axillary fo-
ramen is a derived feature within the Antiarchi,” and served only

FIGURE 1. Reconstructions of various antiarchs, showing the pectoral fin (pf) enclosed by interlocking dermal plates, sometimes with a distal
‘elbow joint’ (dj). A, Remigolepis (dorsal view; after Young, 2007); B, Parayunnanolepis (left lateral view; after Zhang et al., 2001:fig.1A); C,
Asterolepis (left lateral view; after Ivanov et al., 1996:fig. 4A); D, Bothriolepis (dorsolateral view; after Young, 2007). Not to scale; total length of fish
varied between about 60 mm (B) to 450 mm (C).
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for minor neurovascular supply to fin retractor muscles, even
though it is often a considerably larger opening than the funnel
pit. For the site of endoskeletal articulation between the scapu-
locoracoid and internal fin skeleton Johanson proposed no al-
ternative interpretation.

This paper reassesses these arguments, and concludes that the
hypothesis of Johanson (2002) depends on a misinterpretation of
well-established morphology in a range of antiarchs, with incor-
rect homologies being applied to reach the unlikely conclusion
that a major subgroup of the placoderm fishes has a vascular
supply to the pectoral fin unique among piscine jawed verte-
brates. After summarizing pectoral fin joint morphology in the
antiarchs generally, the key structures used to support the Jo-
hanson (2002) hypothesis are considered in detail.

STRUCTURE OF THE PECTORAL FIN JOINT
IN ANTIARCHS

In antiarchs the pectoral fin articulation is located near the
anterior end of the lateral wall of the long thoracic (exoskeletal)
armor (Fig. 1). They resemble other long-armored placoderms
(e.g., many arthrodires; Fig. 3B) in having the pectoral opening

entirely surrounded by dermal bone (Figs. 2A, 3A). The endo-
skeletal shoulder girdle (scapulocoracoid) is well documented in
arthrodires as a perichondrally ossified structure inside the der-
mal trunk armor, which has an articulation for the fin skeleton
and canals for nerves and vessels exposed laterally through the
pectoral fenestra (Fig. 3C). Although endoskeletal remnants are
preserved inside the pectoral appendage of the antiarch Bothri-
olepis (Stensiö, 1931:fig. 55), no trace of the scapulocoracoid was
found in Middle and Late Devonian antiarchs of Europe. Thus
Stensiö (1959, 1969) inferred from comparative anatomy that an
entirely cartilaginous and non-preserved scapulocoracoid must
have been situated inside the dermal trunk armor, but with an
external area of articulation for the pectoral fin endoskeleton.
This must have been located within the various structures (dorsal
and ventral articular depressions; brachial process; Fig. 2A) that
constituted the dermal part of the fin articulation.

This prediction was confirmed when a perichondral invest-
ment for the articular area of the scapulocoracoid was first rec-
ognized in Early Devonian antiarchs from South China (Young
and Zhang, 1992:fig. 4).

The predominantly dermal articulation of the pectoral fin in ad-
vanced antiarchs is a unique condition among the jawed verte-

FIGURE 2. A, right anterior ventrolateral (AVL) plate of Bothriolepis macphersoni Young, 1988 (Givetian, Antarctica); lateral view showing the
dermal articular area for the pectoral fin, including the brachial process (pr.br), funnel pit (fp), and axillary foramen (f.ax). B, C, incomplete left AVL
plate of Chuchinolepis (Lower Devonian, China; specimen previously illustrated by Young and Zhang, 1992:fig. 4), showing a posterolateral
(articular) view of the dermal articular area for the pectoral appendage (B), including perichondral remains of the scapulocoracoid (scap), and a
mesial view of the pectoral fenestra (C), showing internal notches for three neurovascular foramina visible externally (c1-3).
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brates. The rounded proximal end of the dermal pectoral append-
age (Fig. 1) inserts in deep dorsal and ventral articular depressions
(art.d, art.v, Fig. 2A) around a hemispherical ‘brachial process’
(pr.br), behind which are two conspicuous openings, termed the

‘funnel pit’ and ‘axillary foramen’ (fp, f.ax). The surrounding
area is devoid of dermal ornament, and has various ridges and
depressions for soft tissue and muscle attachment, the entire
articular structure being called the ‘fossa axillaris’ by Stensiö
(1931). This axillary fossa is contained within one dermal bone
of the thoracic armor, the anterior ventrolateral plate (AVL,
Fig. 3A). In contrast, the pectoral fenestra of other placoderms is
bounded by a series of plates—in arthrodires for example (Fig.
3B, C) anteriorly by the spinal (SP) plate, dorsally by the ante-
rior lateral (AL) plate, ventrally by the anterior ventrolateral
(AVL), and posteriorly by the posterior lateral (PL) or ventro-
lateral (PVL) plates, or both. The discovery of a pre-pectoral
spinal element in the osteichthyan Psarolepis led Zhu and Schultze
(2001) to suggest possible homology with the placoderm SP
plate, and between the placoderm AL plate and the osteichthyan
cleithrum.

Most antiarchs lack both of these bones, whereas in most other
placoderms the SP plate is elongated to a greater or lesser extent
as a pre-pectoral spine, and forms a dorsal suture with the AL
plate, the largest bone forming the anterior lateral margin of the
dermal shoulder girdle (e.g., Fig. 3B). Before the documentation
of primitive antiarchs from the Early Devonian of China it was
unclear whether the lack of these bones in known antiarchs was
due to fusion, loss, or primitive absence (e.g., Stensiö, 1931, 1948;
Denison, 1978). However Zhang (1980) first documented an in-
dependent SP plate in the Early Devonian Chinese antiarch
Yunnanolepis, and both Zhu (1996) and Young and Zhang
(1996) independently discovered one or two small bones in the
Chinese genera Mizia and Phymolepis, which had exactly the
morphological position and overlap relationships of the AL plate
in other placoderms. On this evidence, it is clear that these stan-
dard components of the placoderm dermal shoulder girdle were
lost in most other members of the antiarchs.

In the context of this general morphological summary the ho-
mology of key structures of the antiarch pectoral fin under the
hypothesis of Johanson (2002) can now be examined.

Postbranchial Lamina and Anterior Transverse Crista

The postbranchial lamina in most placoderms is an infolded
dermal structure at the anterior margin of the trunk armor,
formed of several trunk armor plates (mainly the AL), and often
covered by a characteristic dermal ornament of specialized den-
ticles or denticulate ridges (pbl, Fig. 3B). It formed the back wall
of the branchial chamber, as indicated by the fact that the dermal
operculum (in arthrodires a unit of several bones including the
suborbital (SO) and submarginal (SM) plates; Fig. 3B) loosely
overlapped the incurved ventral part of the AL plate (to form a
slit-like opercular opening). Above this, the ‘obstantic process’
of the trunk armor (obst.pr, Fig. 3B) overlapped and locked in
the skull roof along the obstantic margin (obst.m) when the head
was lowered. A very similar arrangement is seen in advanced
antiarchs, the main difference being that the dermal operculum
is made up mainly of a large SM plate (Fig. 3A), as in many basal
arthrodires (e.g., Goujet, 1975, 1984a). The gill opening, along
the ventral and posterior margin of the SM plate, was bounded
posteriorly by a deep notch in the anterior margin of the AVL
plate (Fig. 3A). However, in this case there is no infolded dermal
lamina, so the internal location of the back of the branchial
chamber in antiarchs has long been uncertain.

The dermal shoulder girdle in antiarchs is strengthened by
internal thickenings encircling the trunk just inside the front
and rear margins of the shield. These were named by Stensiö
(1931) the ‘crista interna transversalis anterior’ and ‘posterior’
(the former called here the ‘anterior transverse crista’). Early
workers (Gross, 1931; Stensiö, 1931) had already recognized that
the anterior transverse crista was differently developed in the

FIGURE 3. A, B, comparison in right lateral view of the anterior part
of the dermal skeleton in an antiarch (A) and an arthrodire (B). A,
Bothriolepis from Gogo, Western Australia (after Young and Zhang,
1996); B, Compagopiscis from Gogo (after Gardiner and Miles,
1994:fig.1). C, external view of the perichondrally ossified scapulocora-
coid filling the right pectoral fenestra of a williamsaspid arthrodire; D,
external (posterolateral) view of the perichondrally ossified scapulocora-
coid in an acanthothoracid (both acid-prepared specimens whitened with
ammonium chloride from the Lower Devonian limestones of Wee Jas-
per, New South Wales). Not to scale.
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different antiarch genera then known. Stensiö (1931: 97) de-
scribed this structure as follows: “In Asterolepis it bifurcates . . .
into an anterior and a posterior branch. The anterior of these
branches, which is fairly high and sharp-edged and therefore
very conspicuous, passes in an antero-medial direction . . . The
posterior branch, . . . which is low and rounded and therefore not
so very conspicuous, has an almost straight medial course . . .
where it meets the corresponding branch of the other side.”
These two ridges were illustrated by Gross (1931), as reproduced
here (Fig. 4C). Stensiö (1931:97) continued: “In Bothriolepis only
the posterior of the two branches is found, but whether this is
primitive, so that the anterior branch never developed, or is
secondary, so that the anterior branch has become entirely re-
duced, is impossible to ascertain.”

Subsequently, Stensiö’s question was partly answered when a
reduced ‘anterior branch’ of the crista was documented in two
species of Bothriolepis (Gross, 1941), even though it was absent
in B. canadensis (Stensiö, 1948). The similarity with Asterolepis
and Remigolepis suggested that the two-branched condition was

primitive, and Gross (1941:43) proposed the terms ‘postbranchial
crest’ for the anterior branch, and ‘anterior transverse crest’ for
the posterior branch. This interpretation has since been com-
pletely corroborated by the documentation of antiarchs from the
Upper Silurian-Lower Devonian of South China. Zhang (1980)
identified the true postbranchial lamina in the antiarch Yunnan-
olepis (now placed in the species Y. porifera; see Zhu, 1996:fig.
4), by noting that it was covered with a special dermal ornament
of ventromesially directed ridges (Zhang, 1980:pl. 3, fig. 2), as in
other placoderms (e.g., Fig. 3B), confirming its position in the
posterior wall of the branchial chamber. Similar examples have
been illustrated in other antiarchs from the Early Devonian of
South China (Zhu, 1996:figs. 13, 18B, 22, 23A). The postbran-
chial lamina has a mainly anteromesial direction (pbl, Fig. 4),
branching forward from the lateral end of the anterior transverse
crista in exactly the position described by Stensiö (1931) for
Asterolepis. Thus all the standard criteria for homology confirm
that the true postbranchial lamina of antiarchs is represented by
the structure first described as the anterior division or anterior

FIGURE 4. A–E, anterior ventrolateral (AVL) plates of various antiarchs in dorsal (visceral) view, showing two non-homologous internal ridges,
the postbranchial lamina (pbl) and anterior transverse crista (cit). A, Yunnanolepis (left plate, after Zhu, 1996:fig. 3A); B, holotype of Hyrcanaspis
(anterior part of right plate, after Janvier and Pan, 1982:fig. 1C); C, Asterolepis (right plate, after Gross, 1931:fig. 19B); D, holotype of Grenfellaspis
(anterior part of left plate; see Ritchie et al., 1992:fig. 11B); E, Chuchinolepis (left plate, after Zhu, 1996:fig. 23A). F, trunk armor of Yunnanolepis
in dorsal view (after Zhang, 1980:fig. 3b); G, view into the pectoral fossa of Yunnanolepis (after Zhang, 1980:fig. 4b). Not to scale.
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branch of the anterior transverse crista. A similar conclusion was
reached 25 years ago by Janvier and Pan (1982:fig. 7).

Only in some derived euantiarchs (Bothriolepis) is this struc-
ture reduced or lost. Possibly the anterior extension of the sub-
cephalic division of the trunk armor in antiarchs (Zhu, 1996:308),
combined with the fact that in Bothriolepis the operculum is
directed upwards and backwards (Fig. 3A), compared to down-
wards and backwards in a brachythoracid arthrodire (Fig. 3B),
may have resulted in the posteroventral wall of the branchial
chamber being largely a soft tissue structure in this form.

The persistent posterior branch of the transverse crista in
Bothriolepis, traceable back to the Early Devonian yunnanol-
epid antiarchs of China (cit, Fig. 4), was interpreted by Stensiö
(1959) on comparative grounds as a ridge supporting a long cora-
coid process of the scapulocoracoid (scap, Fig. 5B), as is well
known in other placoderm groups (e.g. Janvier, 1996:fig.4.41).
Possibly the internal cavity identified within the lateral part of
the anterior transverse crista in the Chinese genera Yunnanol-
epis and Phymolepis (‘Chang’s apparatus’ of Zhu, 1996:243, 244)
may represent a cartilage-filled scapular process of the scapulo-

coracoid, with a mesial extension of this internal cavity suggested
by Janvier’s (1995) grinding serial sections perhaps being a rem-
nant coracoid process. This structure, now co-ossified with the
inner dermal bone surface as the anterior transverse crista, is
suggested to be all that remains of the internal portion of the
scapulocoracoid in Bothriolepis (cit, Fig. 5B).

That the postbranchial lamina and anterior transverse crista
are clearly two separate, non-homologous structures in primitive
yunnanolepid antiarchs from China was acknowledged by Johan-
son (2002:179), but this was ignored in developing her hypoth-
esis. The statement without qualification that in “Euantiarchi
and Sinolepididae . . . the crista transversalis interna anterior [is]
the transverse crest marking the posterior extent of the gill
chamber in these groups” (Johanson, 2002:175) is incorrect both
for the euantiarch Asterolepis just discussed (Fig. 4C), and for
the sinolepid Grenfellaspis (Fig. 4D), a taxon considered at some
length by Johanson (2002).

The AVL plate of Grenfellaspis was originally described by
Ritchie et al. (1992:336) to show a well developed “main branch
of the crista transversalis interna anterior . . . A weaker anterior

FIGURE 5. Comparison of the reconstructed vascular supply to the antiarch pectoral appendage. A, as interpreted by Johanson (2002:fig. 10),
with the subclavian artery (a.subcl) arising within the branchial chamber, and passing to the exterior with the subclavian vein (v.subcl) through the
funnel pit (fp); B, as interpreted by Stensiö (1959:fig. 23B), with both subclavian artery and vein passing out (together with unlabelled nerves) through
the axillary foramen (f.ax), and the funnel pit with a cartilaginous core articulating with the fin endoskeleton (end). Veins stippled in A; cartilage
stippled in B. Not to scale.
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branch . . . runs anteromesially . . . Between the two branches a
large foramen (c.rc) opens into a shallow groove.” The ‘main
branch’ and the ‘anterior branch’ of the anterior transverse crista
were clearly illustrated (respectively cit, pbr, Fig. 4D). There can
be little doubt that they correspond with the two ridges with
exactly the same configuration both in derived euantiarchs (As-
terolepis; Fig. 4C) and primitive Chinese yunnanolepids (Fig.
4A,E,F).

On the contrary, Johanson (2002) denied the existence of the
anterior branch in Grenfellaspis, preferring to interpret the struc-
ture as a groove, not a crest. To support her case five examples
of the Grenfellaspis AVL were illustrated in no less than nine
figures (Johanson, 2002:figs. 1E,F, 4A-D,5A-B, 6), each one la-
beling only an anterior groove (‘ant.gr’). Included was a re-
illustration of the holotype (AMF 78680), but comparison with
the original figures (Ritchie et al., 1992:figs. 10A, 11B) is difficult
because the re-illustration is upside down, with the anterior fac-
ing downwards, and (with another example) was stated to be an
anterior view, when if fact both are dorsal views (Johanson,
2002:figs. 1E,F, 6). Regarding the originally described and illus-
trated anterior branch of the transverse crest, Johanson (2002:
180) argued that “the crest is more like a fairly wide, shallow
groove,” but such morphological descriptors are mutually exclu-
sive, and it must be decided on the basis of evidence whether this
structure was a crest or a groove—it cannot be both.

My drawing (in Ritchie et al., 1992:fig. 11B) was based mainly
on the holotype (see stereo pair in Ritchie et al., 1992:fig. 10A),
which clearly shows a smooth bone surface on the mesial side,
sloping up laterally to a low crest (the postbranchial lamina; Fig.
4D). On the lateral side of the crest the bone surface is distinctly
different, with a porous, cancellous texture, suggested here to
indicate the floor of the branchial chamber. The crest, when well
preserved, has a smooth gradational mesial side, and a steep
sometimes slightly undercut lateral side, and cannot be described
as a groove. The same specimen, and others (e.g. Johanson,
2002:figs. 4, 5) do show a groove (gr, Fig. 4D), but this is clearly
on the posteromesial side of the main crest. It was described by
Ritchie et al. (1992:336) as follows: “Between the two branches
a large foramen (c.rc) opens into a shallow groove running an-
teromesially behind the anterior branch of the crista, which cor-
responds presumably to the ‘rostro-caudal canal’ described by
Stensiö (1931: 97).”

As noted both by Ritchie et al. (1992) and Johanson (2002:
176), the material of Grenfellaspis is only preserved as natural
moulds, such that the thin upper edge of the postbranchial
lamina—exactly as described for Asterolepis by Stensiö (1931)—
tends to break off, leaving only the broken base on latex rubber
peels used to study the material. The holotype AVL was one of
the best preserved, and as illustrated here (Fig. 4D) shows all the
relevant structures in correct orientation, to demonstrate an ex-
act correspondence in position to the postbranchial lamina and
anterior transverse crest in other antiarchs (Fig. 4).

Rostrocaudal Canal

This canal, piercing the base of the anterior transverse crista
just discussed, was also first identified and named by Stensiö
(1931:97) from transverse sections through the pectoral fin ar-
ticulation of Bothriolepis canadensis. He noted several branches
of the canal, the most anterior and widest opening externally
near the pectoral fin articulation, with finer branches running
within the bone, and communicating with the ‘funnel pit’ (see
below). Stensiö (1931:97, 102) noted that from its “course and
mode of branching it seems fairly certain that the rostro-caudal
canal . . . transmitted a vessel. As its diameter is not especially
large, it is more likely that this vessel was an artery, which sup-
plied the foramen axillaris and, by the branch through the funnel
pit, also a proximal part at least of the pectoral fin [and] it . . . may

have transmitted a nerve for the supply of the protractor (adductor)
muscle.” In acid-prepared Bothriolepis from Gogo the rostrocaudal
canal is clearly seen as a foramen piercing the anterior transverse
crista in front of the axillary foramen (Young and Zhang,
1992:fig. 8A). It opens anteriorly through two foramina in a shal-
low sulcus at the base of the anterior surface of the crista.
Branches pass laterally to small external foramina around the
brachial process (c.rc, Fig. 3A), including insertion pits for
muscles of the fin (Young and Zhang, 1992:fig. 8B), suggesting
that innervation of pectoral fin muscles may also have been in-
volved.

As noted above, Johanson (2002:172, 173) hypothesized that
“blood vessels and nerves passing through or around the antiarch
scapulocoracoid to the pectoral fin also pass through the wall
backing the gill chamber,” a unique condition among the jawed
fishes, but “comparable to that observed in the Osteostraci.” A
key observation supporting this interpretation was that the ros-
trocaudal canal (or its homologue), assumed to have transmitted
these vessels, ran through “the postbranchial lamina and/or the
‘crista transversalis interna anterior’, at the rear of the gill cham-
ber” in all antiarchs (Johanson, 2002:176).

Since the two structures just mentioned are not homologous
(see previous section), it does not necessarily follow that the
rostrocaudal canal entered the gill chamber. Indeed, there is
compelling evidence against the interpretation of Johanson
(2002). In all instances were both the postbranchial lamina and
the rostrocaudal canal are well developed and/or well preserved,
the canal pierces only the anterior transverse crista (cit, Fig. 4),
but not the postbranchial lamina. This is the situation in Hyr-
canaspis (Fig. 4B; Janvier and Pan, 1982:375), and in a small
acid-prepared asterolepid (Young, 1984b) from the ?Lower De-
vonian of central Australia (see Young and Schultze, 2005 for an
update on the age of this occurrence). For Grenfellaspis Johan-
son (2002:180) asserted that “the anterior opening of the rostro-
caudal canal sits in the posterolateral corner of the gill chamber.”
However, as just shown, and previously described (Ritchie et al.,
1992:336), this canal in Grenfellaspis opened between the ‘two
branches,’ in front of the anterior transverse crista (cit), but be-
hind the postbranchial lamina (pbl), precisely the same arrange-
ment as in Hyrcanaspis (c.rc, Fig. 4B,D). This completely invali-
dates Johanson’s (2002:182) comparison between the mesially
directed groove in Grenfellaspis (gr, Fig. 4), and the presumed
position of the subclavian artery in osteostracans.

For the primitive Chinese yunnanolepid antiarchs, Johanson
(2002:fig. 7) re-illustrated grinding serial sections through the
anterior trunk armor previously published by Janvier (1995). She
argued that a ‘brachial canal’ identified by Janvier was homolo-
gous to the rostrocaudal canal of other antiarchs, passing from
the scapulocoracoid through the postbranchial lamina, and she
proposed that it also contained both the subclavian artery and
vein (Johanson, 2002:179). However, Janvier (1995:149) de-
scribed this canal as lined with a thickened sheath which looked
like perichondral bone, this tissue being continuous posteriorly
with the lining of the brachial recess, suggesting that “the bra-
chial recess was, at least in part, filled with a cartilaginous plug
(possibly a remnant of the scapulocoracoid).” Since in all other
known examples, vessels passing through the scapulocoracoid
are contained in canals which themselves have a perichondral
lining (e.g., Fig. 3C,D), it seems not possible that this small ‘bra-
chial canal’, presumably cartilage-filled, could have also transmitted
both the subclavian artery and vein. Other well described examples
in related taxa clearly demonstrate a different arrangement.

In the Early Devonian Chinese form Chuchinolepis, Young
and Zhang (1992) described a perichondral remnant of the
scapulocoracoid preserved externally (scap, Fig. 2B), and sur-
rounded by three canals also identified in internal view by
notches in the margin of a large internal opening. This fragmen-
tary specimen shows beyond doubt that the internal opening is
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posterior to the anterior transverse crista (cit, Fig. 2C). In dis-
cussing the previous illustration of this specimen by Young and
Zhang (1992:fig. 4), Johanson (2002:177) noted that it was con-
sistent with the previous interpretation of the vascular supply to
the pectoral fin in antiarchs (Stensiö, 1969). This compelling evi-
dence was dismissed on the grounds that it contradicted her view
that an association between the scapulocoracoid and postbran-
chial lamina was “consistently present in the Antiarchi.” But one
counter example demonstrates that this condition is not consis-
tently present in antiarchs. In addition, Zhang (1980:fig. 4b) de-
scribed a canal piercing the AVL plate within the pectoral fossa
of Yunnanolepis, in an equivalent position to that of Chuchinol-
epis (Fig. 4F). Janvier (1995:149) discussed the possibility that
the very small size of the brachial recess in some yunnanolepids
might be due to secondary reduction of the pectoral fin, with the
coeval Vanchienolepis possibly representing a plesiomorphic
condition (also Zhu, 1996). Variability in structure of the bra-
chial articulation in yunnanolepidoids (e.g., Janvier and Phuong,
1999:fig. 22) is consistent with secondary reduction.

Funnel Pit and Axillary Foramen

These are the two large openings piercing the dermal bone in
the brachial articulation of euantiarchs (fp, f.ax, Figs. 2A, 3A).
On the grounds of comparative anatomy it has previously been
assumed (e.g., Gross, 1931; Stensiö, 1931, 1948, 1959, 1969; Wat-
son, 1961; Young and Zhang, 1992) that the smaller anterior
‘funnel pit’ was a cartilage-filled opening for the endoskeletal
articulation between the scapulocoracoid and internal fin skel-
eton, and that major nerves and vessels for the pectoral fin
passed through the larger posterior opening, the ‘axillary fora-
men’ (Fig. 5B). However, Johanson (2002:179) asserted that the
“axillary foramen is a derived feature within the Antiarchi,” and
if so could not have transmitted major nerves and vessels to the
pectoral fin in primitive antiarchs. The validity of this assertion is
now examined.

Outgroup comparison with other placoderms with a well os-
sified scapulocoracoid indicates that there was initially a single
opening (pectoral fenestra) in the lateral wall of the dermal
shoulder girdle (Fig. 3B, C). Thus the two openings of euan-
tiarchs could only have arisen either by subdivision of the single
original opening, or by the appearance of an additional opening
as a new structure. For obvious functional reasons co-location
with the fin articulation of the exit points for nerves and vessels
must be assumed, so subdivision of an original opening is there-
fore the most parsimonious hypothesis. Although Johanson
(2002) considered the axillary foramen to be a derived feature,
Young and Zhang (1992) recognized that enlargement or per-
haps coalescence of two neurovascular openings posterior to the
scapulocoracoid ossification in Chuchinolepis (c2,c3, Fig. 2B)
would give an opening bounded posteriorly by dermal bone and
anteriorly by the scapulocoracoid. If the articular process of the
latter became enclosed in dermal structures elaborated for ar-
ticulation with the proximal end of the dermal pectoral append-
age, then two separate openings through the dermal bone would
result (an anterior funnel pit at the site of the endoskeletal fin
articulation, and a posterior axillary foramen to transmit vessels
and nerves). Under this interpretation, the axillary foramen and
funnel pit together are homologous to the original pectoral fe-
nestra through the lateral wall of the dermal trunk armor. That
the subdivision of the single pectoral fenestra evolved more than
once in early antiarchs is suggested by an unusual AVL plate
from the Lower Devonian of China (Janvier, 1995:fig. 7) with a
large posterior notch (equivalent to the axillary foramen) evi-
dently bounded posteriorly by the PVL plate (unknown), as in
other placoderms (e.g., Fig. 3C).

If the generally much larger posterior opening (axillary fora-
men) served only for minor neurovascular supply to fin retractor

muscles as suggested by Johanson (2002), then the main vessels
(subclavian artery and vein) could only have emanated through
the funnel pit, but this leaves no alternative site for an endoskel-
etal articulation between the scapulocoracoid and internal fin
skeleton. This may have been reduced in euantiarchs, but on
comparative grounds must have been the primitive pectoral fin
articulation. Young and Zhang (1992) presented several argu-
ments supporting the view that the funnel pit was modified from
the original perichondrally ossified scapulocoracoid articulation,
whereas Johanson proposed no alternative interpretation for the
site of an endoskeletal fin articulation. In this respect it is worth
noting that the endoskeletal core preserved inside the Bothriol-
epis pectoral appendage is centrally placed in alignment with the
brachial process (Stensiö, 1931:fig. 55), so any position other
than the funnel pit for the endoskeletal articulation would seem
impossible. The funnel pit in euantiarchs is always preserved as
a smooth conical depression, lacking notches that might indicate
the passage of vessels, and surrounded by a thin fragile crest of
bone with a sharp edge (scap, Fig. 2A), resembling the perichon-
dral investment of the scapulocoracoid in primitive antiarchs
(Fig. 2B), and difficult to imagine with a function other than
enclosing a rounded articulation formed by a cartilaginous core.

Summary of the Johanson Hypothesis

The three key arguments in the hypothesis of Johanson (2002)
seem to be:

1) that in all antiarchs a rostrocaudal canal or its homologue
passes through the postbranchial lamina to connect the gill
chamber to the external pectoral fin articulation;

2) that the axillary foramen in euantiarchs is a new structure,
absent in primitive forms, and therefore could not have trans-
mitted the subclavian artery and vein to the pectoral fin, as
was assumed by previous workers;

3) therefore, these major vessels must have emanated from
within the gill chamber, through the rostrocaudal canal, and
exited to the pectoral fin through the funnel pit of the pec-
toral articulation. The origin of the neuro-vascular supply to
the pectoral fin within the gill chamber is seen otherwise only
in osteostracan agnathans.

CONCLUSIONS

Summarizing the previous descriptions and discussion, the
three arguments just listed are refuted as follows:

1. The rostrocaudal canal does not pierce the postbranchial
lamina in any antiarch where this structure is developed and/
or preserved. It pierces only a ridge positioned behind, and
not homologous to, the postbranchial lamina. This ridge, the
anterior transverse crista, is likely a remnant of the endoskel-
etal coracoid process, secondarily co-ossified with the dermal
bone. That the rostrocaudal canal could have contained both
a major artery and vein is also precluded by its small diameter
(Stensiö, 1931), and the fact that a proposed homologue in the
Chinese taxon Yunnanolepis was partly or completely filled
with cartilage (Janvier, 1995).

2. Functional considerations and outgroup comparison indicate
that the funnel pit and axillary foramen resulted from subdi-
vision of a primitive single pectoral fenestra, in which nerves
and vessels passed to the fin through or around the periphery
of the scapulocoracoid. The development of a dermal articula-
tion surrounding the endoskeletal fin articulation partitioned the
fenestra into an anterior part (funnel pit) containing the articular
process of the scapulocoracoid, and a posterior part (axillary
foramen). The latter is homologized with neurovascular open-
ings surrounding the perichondrally ossified external articular
process of the scapulocoracoid in Early Devonian Chinese
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forms (Young and Zhang, 1992), consistent with interpreta-
tions that it transmitted some of the major nerves and vessels
to the pectoral fin.

3. It is impossible that the major vessels supplying the pectoral
fin emanated from within the branchial chamber and passed
through the rostrocaudal canal (point 1 above). It is equally
impossible that they could have exited through the funnel pit,
an opening primitively filled with cartilage, representing the
original endoskeletal articulation between the scapulocora-
coid and the internal pectoral fin skeleton.

IMPLICATIONS FOR PLACODERM MONOPHYLY

Five placoderm synapomorphies were recently summarized by
Goujet and Young (2004):

1. An exoskeletal shoulder-girdle forming a rigid ring encircling
the trunk, and articulating with the skull through a paired
dermal neckjoint.

2. A distinctive pattern of dermal bones in the skull roof and
cheek cover.

3. Simple jaws with only two or three pairs of bony tooth plates.
4. A special type of opercular suspension, comprising a dermal

submarginal plate connected directly to the braincase via a
cartilage of presumed hyoid arch derivation.

5. A special hard tissue, semidentine, in the dermal bones.

Since placoderm monophyly was questioned by Johanson
(2002:fig. 11D) based on her interpretation of the neurovascular
supply to the pectoral fin in antiarchs, it is instructive to sum-
marize how the above five synapomorphies apply to this group.
Their rigid box-like dermal trunk armor has a well-developed
paired dermal neck-joint between the anterior dorsolateral
(ADL) plate of the exoskeletal shoulder-girdle and the para-
nuchal (PNu) plate in the skull, as in all other placoderms (Sy-
napomorphy 1). An extra median dorsal plate is integrated into
the trunk armor, but otherwise numerous similarities in overlap
arrangement of the standard placoderm complement of bones
could be cited as additional characters supporting the placoderm
affinity of antiarchs. The distinctive placoderm skull roof dermal
bone pattern is modified in the antiarchs by the specialization of
dorsally placed orbits and nasal openings. The large lateral plates
flanking the midline orbitonasal fenestra (La, Fig. 3A) have no
obvious homologue in other placoderm groups. However the
premedian plate has the same position and bone relations as the
corresponding bone in acanthothoracids, suggesting a close re-
lationship between these placoderm subgroups (e.g., Goujet, 1984b,
2001). The sclerotic bones, rostral, pineal, postpineal, nuchal and
paranuchal plates all conform closely to the corresponding bones
in other placoderm groups. The anteroventral process from the
sclerotic ring forming the lateral margin of the nasal opening in
Phymolepis (Young and Zhang, 1996:fig. 6A) shows a remark-
able resemblance to this region in primitive brachythoracid ar-
throdires (Young et al., 2001:fig. 2A,B). The postmarginal plate,
forming a distinct lateral corner to the skull roof with a promi-
nent obstantic (posterolateral) margin (PM, Fig. 3A, B), is a
feature shared with arthrodires (Synapomorphy 2). The submar-
ginal plate (the main bone forming the dermal cheek cover) has
a clear homologue in most other placoderm groups, and the
smaller anterior prelateral and infraprelateral plates of Bothri-
olepis have been homologized with the postsuborbital and infra-
postsuborbital plates in the cheek of arthrodires (Young and
Zhang, 1996:636-637).

The discovery of preserved jaw cartilages in Bothriolepis by
Young (1984a) demonstrated that the upper dermal jaw element
(‘mental plate’) was homologous to the suborbital of other placo-
derms, whilst the lower tooth plate (infragnathal) attached to
Meckel’s cartilage clearly corresponds to that of other placo-
derms. Thus only one pair of ‘bony tooth plates’ have been es-

tablished in antiarchs so far (Synapomorphy 3). The submarginal
plate forming the major part of the dermal operculum is con-
nected to the skull roof in a dermal articulation in Bothriolepis
and some other taxa (Young, 1990; Young and Zhang, 1992)
rather than supported on the endocranium via an ‘opercular’(hy-
oid arch) cartilage (Synapomorphy 4). However, that this is a
derived condition is indicated by basal Chinese antiarchs show-
ing evidence of a cartilaginous opercular support (still poorly
known; see Young and Zhang, 1996:fig. 5B). Finally, it has been
assumed that the characteristic placoderm hard tissue semiden-
tine is not known in antiarchs (Synapomorphy 5), but this again
applies only to derived taxa (euantiarchs); basal Chinese anti-
archs have semidentine in the dermal tubercles (pers. obs.), as do
early representatives of other placoderm groups.

The numerous resemblances just summarized could obviously
be expressed as many separate characters shared by antiarchs
and other placoderms. The following four characters possessed
by antiarchs are also proposed as additions to the list of placo-
derm synapomorphies:

1. Paired external openings of endolymphatic ducts linked to
dermal bone ossification centers (nuchal or paranuchal
plates) in the posterior part of the skull roof.

2. Palatoquadrate attached laterally to a dermal bone (subor-
bital plate), but lacking a mesial dermal bone cover, and with
a deep ventral embayment for adductor mandibulae muscu-
lature.

3. Meckel’s cartilage supporting only one dermal bone (infrag-
nathal) with a primitive position above the cartilage; external
and internal cover of dermal bones entirely lacking in lower
jaw.

4. Extensive postorbital endocranial processes fused to the inner
side of the dermal skull roof, and apparently delineating ma-
jor muscle attachments (for antiarch braincase morphology
see Young, 1984a; Zhu and Janvier, 1996).
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