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Sammanfattning

Den primitiva antiarchen Yunnanolepis från Kina: En mikrotomografisk studie
Jessica Grahn

Placodermer (pansarhajar) är en grupp tidiga käkförsedda fiskar som dök upp under
tidig silur. De spred sig snabbt under silur och dominerade världens vatten under de-
von, för att helt dö ut i slutet av devon. En av de allra tidigaste grupperna av placo-
dermer är en grupp som kallas yunnanolepider, de var en primitiv form av antiarcher
(armpansarhajar) från tidig devon i Kina och Vietnam. Man vet väldigt lite om denna
grupp, och alla tidigare beskrivningar har baserats på konventionella preparerings-
metoder där man mekaniskt avlägsnat sediment som omgav fossilet. Här har ett fos-
sil beskrivits med hjälp av röntgenbaserad mikrotomografi som sedan modellerats
digitalt. Modellen visar en välbevarad bröstplåt, del av skuldergördelen, från yunna-
nolepiden. Denna visar en öppning med fäste för bröstfenan, interna strukturer och
yttre ornamentering. Man kan här få en första syn på en intern hålighet som kallas
Chang’s apparatus som aldrig tidigare har beskrivits i detalj. I sedimentet som sam-
lats i bröstplåten kan man även se delar av andra organismer, såsom en tandplatta
och fjäll. Bland dessa bitar finns två välbevarade bröstplåtar från juvenila antiarcher.

Nyckelord: Yunnanolepid, placodermi, Chang’s apparatus,
synkrotron-röntgenbaserad mikrotomografi, 3D-modell
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Abstract

The Primitive Antiarch Yunnanolepis from China: A Microtomographic Study
Jessica Grahn

Placoderms appeared in the Silurian period and rapidly evolved and dominated the
waters during the Devonian period. Among the earliest of the placoderms are yun-
nanolepids, a primitive form of antiarch from the Early Devonian of China and Viet-
nam. Very little work has so far been devoted to this family, and previous descriptions
are based on conventional preparation methods. We can now take a closer look at a
yunnanolepid specimen with the help of three dimensional modelling based on a syn-
chrotron X-ray microtomographic scan series. The well preserved anterior ventrolat-
eral plate exhibits an opening for the pectoral fin, clearly visible structures, and outer
ornamentation. A first 3D image of the mysterious hollow called Chang’s apparatus
has been constructed. Chang’s apparatus has only ever been seen in Yunnanole-
pididae, but never described in detail, and its function remains unknown. The trunk
plate has captured settling sediment and in the inwash can be found tooth plates and
scales of other gnathostomes. Among these are two well preserved anterior ventro-
lateral plates of young antiarchs. No ornamentation can be seen on the juveniles and
their postbranchial lamina had not yet developed.

Keywords: Yunnanolepid, placodermi, Chang’s apparatus, synchrotron X-ray
microtomography, 3D model
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1 Introduction
Computer tomography has been revolutionising morphological studies during the last
couple of decades. One of the methods that can be used is X-ray microtomography,
where X-rays are sent through the fossil at different angles with sensors on the oppo-
site side. This data is then used to generate thin slices of the fossil and surrounding
matrix from all angles (Abel, Laurini, & Richter, 2012; Cunningham et al., 2014). The
3D-model that is then prepared from the scan series makes it possible to examine all
parts of the fossil, including histology, without having to cause any destruction to the
fossil itself. Cunningham et al. (2014) mentions the possibility to 3D-print the tiniest of
fossil into a large physical replica, this can be of great use in lectures and opens up
wider distribution of rare fossils to be put on display. The digitally generated data set
can then be made available online for further studies.

In this work, I take a new look at the well preserved anterior ventrolateral plate
(AVL) of a yunnanolepid placoderm, from Early Devonian, found in Yunnan, China,
with the help of synchrotron X-ray microtomography. Yunnanolepids were part of a
group known as placoderms, armoured fishes that are placed at the very base of the
gnathostome (jawed vertebrate) tree as illustrated in Fig. 1, appearing early in the Sil-
urian period. By the Devonian period they dominated waters worldwide, and the Late
Devonian extinction marked the end of the placoderms (Sallan & Coates, 2010). Pla-
coderms are easily recognised by their plated exterior, forming an armour covering
their head and most of the torso. The armour contains interlocking dermal plates of
different size and shape (see Fig. 2).

Antiarchs were an early subgroup of placoderms, first found in the Lower Devo-
nian fossil record of China (Young & G.-R. Zhang, 1996). The relationship between
antiarchs and the other placoderm groups has been under some debate, as they are
considered either to be descended from arthrodires (Young, 2008; Zhu, 1996) or as
a sister group to non-antiarch placoderms (Brazeau, 2009). Antiarchs had their eyes
and nasal openings positioned together in one fenestra on the dorsal side of the head

Figure 1. Vertebrate evolution
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Figure 2. Illustration of a yunnanolepid antiarch. Grey areas are unknown. Modi-
fied from Zhu (1996) fig. 4.

shield, called the orbitonasal fenestra. Another striking characteristic was their pec-
toral fin, this differed from other placoderm groups by being completely covered in
dermal plates. Early forms had a tube-like fin that only articulated from the pectoral
fenestra, through a bony structure called the brachial process (p.br). This structure
has only been found in some antiarchs (Young & G.-R. Zhang, 1992; Young & G.-R.
Zhang, 1996; Young, 2008), but has yet to be described in any yunnanolepids. The
bony fin and the way it connected to the body wall would most likely have restricted
the possible range of motion. More advanced groups had developed a joint in the
pectoral fin. How they moved in life is unknown, especially for most yunnanolepids
where any fossilised fin has yet to be described.

Another structure that is not well-studied is a hollow in the AVL and the anterior
dorsolateral plate (ADL) called Chang’s apparatus. This structure has only been de-
scribed in Yunnanolepis and Phymolepis, both part of the yunnanolepiform group (Zhu,
1996). The shape and size is very similar to what have been described in Yunnanolepis,
where the AVL plate is preserved (Zhu, 1996). What is known of this structure is very
limited, it has an opening in the suture between the AVL and ADL plate and it seems
to be completely isolated from the rest of the body cavity. The function of this hollow
is a complete mystery. Chang’s apparatus was first seen, but not mentioned or de-
scribed, in an illustration of Yunnanolepis chii by M.-M. Zhang (1980). It was later de-
scribed and named by Zhu (1996).

The focus here is to model and describe the AVL (seen in orange in Fig. 2) of a
yunnanolepid as well as other possible fossil fragments that can be found in the sed-
iment block. This included more pieces possibly connected to the same individual,
two well preserved juvenile AVL plates and some toothplates and scales. To do this
three-dimensional models of each piece was created with the help of a synchrotron
X-ray microtomography scan series. The AVL is also compared with previous de-
scriptions based on conventional reconstructions.

2 Material and Method
The fossil described here is held in Muséum national d’Histoire naturelle in Paris, France.
It is as of yet uncatalogued and therefore lacks a specimen number. The specimen
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was found in Yunnan, China and is estimated to be from the early Devonian. The genus
is unknown but comparison of Chang’s apparatus with those described by Zhu (1996)
put it as being part of Yunnanolepis clade. Comparison of the postbranchial lamina
does however not match up with any of the described Yunnanolepids from China.
The specimen was sent to be scanned using synchrotron X-ray microtomography in
2008, by Per Ahlberg. The whole scan series was used for this, but the focus here
is on the right anterior ventrolateral plate. Part of the posterior end of the plate was
never scanned, and it is therefore missing in the description.

The three-dimensional modelling was done with Mimics 16.0 (Materialise). Den-
sity difference between the bone and the surrounding material was too small to be
able to use a density threshold. It was therefore prepared manually by creating colour
masks and filling in the bone on every slice. It was then rendered as the 3D-model
that is used in the description. A digital mould of the hollow, Chang’s apparatus, was
made by manually filling in the sediment that was surrounded by the bone structure.

3 Results
I will here illustrate and describe the anterior ventrolateral plate of the yunnanolepid
in detail, including a closer look at the Chang’s apparatus and the pectoral fenestra.
A brief description of the anterior dorsolateral plate (the structure coloured red in Fig.
2 and 3), two juvenile AVL plates and an overview of miscellaneous pieces that was
found. The adult AVL will later be compared with other yunnanolepids in the discus-
sion.

3.1 Anterior Ventrolateral Plate
The anterior part of the lateral and ventral lamina is well preserved. The posterior
end was not scanned, this is seen as an abrupt end in the three dimensional model.
A fragment of the right ADL is also preserved, along with fragments of unidentified
plates that also appear to belong to the adult individual, based on their size and po-
sition.

In lateral view of the AVL you see small, closely spaced tubercular ornamenta-
tion covering the lateral and ventral wall as well as the spinal plate (SP). The tuber-
cles varies little in size. Anterior end of the pectoral fenestra is enclosed by the spinal
plate, there is a suture seen where the SP is fused with the AVL. On the lateral lam-
ina can be seen the attachment area for the ADL along the dorsal edge. A notch in
the attachment area, above the spinal plate, this forms the opening to Chang’s appa-
ratus.

The lateral side shows a well preserved pectoral fenestra (see Fig. 7a), there is
seen a break vertically, extending through the axillary foramen. There is no dermal
ornament on the wall surrounding the fenestra. The axillary foramen is an irregular
opening, roughly the same height as width, that connects the soft tissue of the pec-
toral fin with the body cavity. There is seen a groove running horizontally along the
ventral edge of the lateral wall of the pectoral fenestra. This groove continues through
the axillary foramen and into the body cavity. As seen in visceral view the groove con-
tinues anterior, with additional thinner grooves along-side it (see Fig. 6). Above the
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groove, in visceral view, is seen a large fossa, possibly a depression for the scapula-
coracoid. In lateral view, above the groove. is seen two shallow fossa, angled toward
the axillary foramen. The brachial process contains a thinly laminated oval shaped
funnel pit, two grooves on either side near the middle. The mesial side is fused with
the lateral lamina of the AVL plate, but the lateral side have a deep depression sepa-
rating it from the spinal plate.

A visceral (dorsal) view of the lateral lamina, showing the the attachment surface
for the ADL along the dorsal edge (see Fig. 4). The inner walls of the lateral and ven-
tral lamina lack ornamentation, thin grooves can be seen with openings into the lat-
eral plate wall and lateral end of the ventral plate wall. Most noticeable is the inner
lamina of Chang’s apparatus at the anterior-most end, the structure is seen as a slightly
oval shaped hollow. Crista transversalis anterior (cit) extends in a posteromesial trans-
verse angle to the inner lamina of Chang’s apparatus. Crista transversalis anterior is
partly broken, lacking the dorsomesial most edge. Anterior to crista transversalis is
seen the postbranchial lamina (l.pbr), it extends in a roughly parallel direction to cit.
Posterior of the l.pbr is seen a deep fossa, partly separated from the body cavity by
cit. A smooth depression anterior of l.pbr indicates the gill opening. The postbranchial
lamina consists of several thin ridges running from the anterior edge downwards and
medially. Most of the structure is missing from the specimen.

Figure 3. All the pieces of adult form in situ, in posterior view
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Figure 4. AVL in visceral (dorsal) view

Figure 5. AVL and the pectoral fenestra in lateral view
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Figure 6. The pectoral fenestra as seen in visceral view

(a) Closer look at the brachial process (b) In cross section

Figure 7. Brachial process
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Figure 8. Chang’s apparatus transparent

3.1.1 Chang’s apparatus

Chang’s apparatus extends down half the AVL plate, (see Fig. 8), just behind the spinal
plate. There is a break along the inner lamina, obscuring some of what can be de-
scribed of that lamina. There are ridges on the lateral and anteromesial walls, the for-
mer formed by the lateral lamina. In ventral view the dorsal end is seen as a rounded
rectangle, slightly longer than its width, narrowing into a rounded depression. The in-
side walls of the hollow is smooth and lack any opening that could connect Chang’s
apparatus to the rest of the body cavity.

3.2 Anterior dorsolateral plate
Fig. 9 show what is likely a fraction of the ADL plate from the same yunnanolepid
specimen as the AVL, containing part of the dorsal and lateral lamina. Two dorsolat-
eral ridges can be seen, converging at the anterior most end. The dorsal view show
the wall covered in small, rounded tubercular ornamentation. The ornamentation is
smaller in size than those seen on the AVL plate. In visceral view is seen a smooth
wall that curves below the dorsolateral ridges.

3.3 Miscellaneous pieces
In the sediment can be found a variety of fossil pieces that clearly did not belong to
the yunnanolepid specimen (Fig. 10). What can be seen in Fig. 11 is a fragmented,
tubercular ornamented piece of unknown origin (top left). A fairly well preserved tooth-
plate (top right), possibly from an acanthothoracid placoderm. The dorsal surface is
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(a) Dorsal view (b) Visceral view

Figure 9. Anterior dorsolateral plate

Figure 10. Miscellaneous pieces in situ
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Figure 11. Some of the modelled miscellaneous pieces
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Figure 12. Two juvenile anterior ventrolateral plate

tightly covered with small denticle-like structure. Middle and bottom left pieces show
two scales of unknown origin. Both are slightly curved, lack ornamentation and have
a ridge running along the mid-line. At the bottom right is seen another piece of un-
known origin.

3.4 Juvenile anterior ventrolateral plate
Two well preserved juvenile AVL plates. Fig. 12 show a right AVL with the lateral lam-
ina and spinal plate well formed. Crista transversalis is seen perpendicular to the lat-
eral lamina. There is a large fossa anterior to crista transversalis. The lateral lam-
ina is not fully developed, part of the ventral lamina protrudes laterally over the lat-
eral lamina. In external view is seen the attachment surface for left AVL on the mesial
edge, and laterally the pectoral fenestra surrounded by the spinal plate. The outside
of the plate lack ornamentation. On the right side is shown the anterior-most part of
a left AVL with a well developed crista transversalis and the anterior fossa. No orna-
mentation can be seen on the exterior wall of the ventral lamina.

4 Discussion
Computer tomography opens up a lot of opportunity when studying fossils, some of
those advantages have been used in this exploration of a yunnanolepid shoulder gir-
dle. The process is still time consuming, and depending on the material yields var-
ied results. The size and density of the fossil as well as artifacts from the scanning
process can make distinguishing the fossil from its surrounding hard. The technol-
ogy is rapidly moving forward, and this will make the whole process more reliable and
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more accessible thus making data sharing simpler. The resulting 3D-model that was
prepared has yielded some fascinating details about early antiarch fin articulation, its
strange hollow as well as a surprise find of two juvenile plates.

4.1 Anterior Ventrolateral Plate
The overall internal shape of this specimen is similar to two other yunnanolepids from
China, Yunnanolepis chii and Yunnanolepis porifera (Zhu, 1996). Characters that are
different from what can be seen in other Yunnanolepis is the direction of the post-
branchial lamina, instead of pointing anterior almost as an extension to the lateral
lamina, it is mostly parallel to the crista transversalis. The postbranchial lamina curves
in on itself posteriorly, forming a fossa that can be seen between the postbranchial
lamina and the anterior edge of Chang’s apparatus, extending into the anterior fossa.
The postbranchial lamina is composed of multiple long ridges similar to what was de-
scribed by M.-M. Zhang (1980), but not seen clearly enough in any of the illustrations
to be able to compare. Crista transversalis in Y. chii is perpendicular to the lateral
lamina, in Y. porifera it is angled more anteriorly. The described specimen here have
a crista transversalis that is angled more posteriorly.

The exterior walls, both the lateral and ventral lamina, and the spinal plate is or-
namented by small, rounded tubercles in with discernible pattern. This is similar to
what can be seen in other Yunnanolepis AVL ornamentation.

4.1.1 Chang’s apparatus

Chang’s apparatus is a deep hollow at the anterior end of the lateral lamina, of the
anterior ventrolateral plate. The specimen described here show a similarity to two
other yunnanolepids described from China, Yunnanolepis chii and Yunnanolepis porifera
(Zhu, 1996). It is of similar size but rounder than Y. chii, it is larger and wider than
what is seen in Y. porifera. It is narrower and longer than in Phymolepis (Zhu, 1996).
Very little has been said about the structure in phymolepids and no clear illustration of
this structure could be found.

The size of the structure varies between group and species, it is generally smaller
and narrower and the opening is covered by the anterior (anterior lateral) plate in Phy-
molepis (Zhu, 1996).

Unfortunately nothing new is understood about Chang’s apparatus. The part of
the structure that is situated in the ventral plate can be seen here. It is confirmed that
this part of the hollow at least does not connect with the rest of the body cavity. It would
have been directly open to the surrounding waters unless some soft tissue covered
the Chang’s opening. Any soft tissue that would have been found on the inside of the
hollow is completely gone. Whatever function the hollow filled remains unknown.

4.1.2 Brachial process

In antiarchs the pectoral fenestra contain an articulation that forms a connection to
the pectoral fin, called the brachial process, and this has so far only been found in an-
tiarchs. The brachial process was a structure that would have been clasped by pro-
trusions on the pectoral fin plates. It is known from more advanced antiarchs, Eu-
antiarchs, and has been described in well known genera, Bothriolepis and Sinolepis
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(Young & G.-R. Zhang, 1992; Ritchie et al., 1992). The brachial process has previ-
ously only been described in one early genus of antiarch, Chuchinolepis, in which it
forms a more rudimentary structure compared to what has been described in euan-
tiarchs. Zhu & Janvier (1996) briefly mention that Minicrania had a rudimentary articu-
lation, similar to Chuchinolepis, there is however no description of it. Here it is clearly
seen, in one of the most primitive antiarch groups. The brachial process in Chuchi-
nolepis has at previous occasion been described as containing perichondral bone be-
longing to the scapulacoracoid (Young & G.-R. Zhang, 1992). When comparing the
internal bone structure of the brachial process with the surrounding bone of the fos-
sil described here (see Fig. 7b), there is no significant difference. It does not com-
pare to how cartilaginous and perichondral bone structure would look like. Previous
illustrations of the pectoral fenestra in Yunnanolepis and other yunnanolepids, show a
smooth fossa below the spinal plate. The structure could have broken off during fos-
silisation or later during preparation. The brachial process seen in this specimen is
very similar to Chuchinolepis, with a funnel pit that is thin and elongated with a groove
near the middle. This similarity suggest that it is the same structure, and the bone
histology of this specimen would then suggest that what is seen in Chuchinolepis is
indeed a brachial process and not the scapulocoracoid. The axillary foramen, that
connects the fin with muscles, blood vessels and nerves from the body cavity, follows
around the outer edge of the brachial process in Chuchinolepis, whereas it is a hori-
zontal oval shape situated next to the brachial process in this specimen. In advanced
antiarchs (e.g Bothriolepis) you see a much more robust brachial process with a con-
ical shape to the funnel pit (Béchard et al., 2014). The brachial process is seen as an
elongated round hollow in Bothriolepis, similar to this specimen. The smooth surface
that surrounds the axillary foramen seen in Fig. 5 is very different from what can be
seen in Bothriolepis. This structure indicate a large attachment surface for soft tissue,
possibly pectoral fin musculature. The groove running along the ventral edge of the
pectoral fenestra could have contained blood vessels and nerves for the pectoral fin.
These two structures indicate a very robust pectoral fin in Yunnanolepis, very differ-
ent from fins found from other antiarchs so far, e.g. Bothriolepis and Chuchinolepis.
There are unfortunately no good descriptions of the axillary foramen in other yun-
nanolepis or phymolepis specimens to compare with. M.-M. Zhang (1980) described
a well preserved AVL specimen, but the axillary foramen was not prepared.

The pectoral fin of yunnanolepids have yet to be found, this has made understand-
ing how these early jawed fishes lived out their lives almost impossible. It can be as-
sumed that they shared a similar lifestyle to more common groups, Bothriolepis for
example. The mobility of the pectoral fin was tested by Béchard et al. (2014), show-
ing that the fin would have had limited rotational movement due to the brachial pro-
cess. The fin would not have been useful for propelling through the water or walking
on land, which had previously been proposed. It is however possible for the pectoral
fin to have been used as a rudder, steering the placoderm upward or downward, us-
ing its caudal fin for movement (Béchard et al., 2014). Bothriolepis would have had a
larger movement range then yunnanolepids, with a more advanced brachial process
and a joint in the pectoral fin.
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4.2 Anterior dorsolateral plate
The ADL is very fragmented, only containing a portion of the anterolateral edge. The
two ridges that are seen is similar to what has been described before for Yunnanolepis
chii, these ridges are not present in Y. porifera. Chang’s apparatus would have been
situated just anterior of where the two ridges converged.

4.3 Miscellaneous
Thanks to the way the fossil is being prepared, digitally, we can see everything as
it got buried in the sediment. Other than the yunnanolepid specimen itself is a few
pieces from a variety of genera that was modelled. The placement of these miscel-
laneous pieces does not indicate that they where consumed, but more likely washed
in with the sediment after the placoderm had died. The denticles that can be seen on
the toothplate share similarities to toothplates that have previously been described
in acanthothoracids, e.g. Romundina (Rücklin & Donoghue, 2015). Part of the tooth-
plate is missing from the scan series, it is otherwise well preserved. The dorsal sur-
face is covered in rows of small, sharp denticles that would possibly have been of
similar size. Two scales were found, both similar in shape and size, their origin has
yet to be determined. Two pieces were modelled but their function and origin is un-
known at this point.

A more detailed study of all the pieces that was modelled and those that were left
due to lack of time could show us a picture of the ecology of the habitat that the spec-
imen lived in.

4.4 Juvenile plates
A surprise find to this study was two juvenile AVL plates. They are similar in shape to
the adult AVL plate, the crista transversalis is in a similar angle to the lateral lamina.
The lateral lamina is narrow and straight, part of the ventral lamina is seen extend-
ing it in visceral view (Fig. 12). The lateral lamina of the adult AVL is more robust, it
has completely fused to the ventral lamina and is angled laterally (Fig. 4). The ante-
rior fossa, separated from the body cavity by crista transversalis is larger then what
is seen in the adult AVL. The pectoral fenestra and SP is well formed, but the reso-
lution is not high enough to be able to see any details. This could explain the lack of
any structures indicating the brachial process. The juvenile AVL also lack the post-
branchial lamina, there are no sign of a break indicating that it had not developed yet
or had yet to become ossified at this stage. The lack of a developed postbranchial
lamina, a not fully developed lateral lamina and the large anterior fossa could indi-
cate that the two juvenile AVL plates were still in an embryonic state. A recent study
have found that antiarchs, e.g. Microbrachius, had claspers, indicating internal fertili-
sation and live-bearing (Long, Mark-Kurik, et al., 2015). The position of the two juve-
nile plates inside the adult AVL corresponds to what was described in a ptyctodontid
placoderm with a well preserved embryo, Materpiscis attenboroughi (Long, Trinajstic,
et al., 2008).

A new scan with higher resolution would be needed to be able to see more details
and say more about the histology of the plates. This would help in understanding pla-
coderm growth.
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5 Conclusions
Preparing the scan series and the model is a time consuming project, but the end
result more than makes up for that time. The specimen can be shared, copied and
studied in great detail without the risk of harming the original fossil. This method of
studying the specimen helped with taking a closer look at Chang’s apparatus and the
brachial process. Chang’s apparatus still remains a mystery, but half of it is now seen
in more detail for the first time. Doing a similar detailed model of the anterior dorsolat-
eral plate would be beneficial, as would finding soft tissue surrounding this area.

The brachial process has been illustrated and well described in later forms of an-
tiarch, e.g. Bothriolepis and Chuchinolepis, but this structure has yet to be found or
described in other early antiarchs, e.g. Phymolepis and Minicrania. This yunnanolepid
specimen has a primitive, but well developed, brachial process similar to Chuchinolepis,
and it could be argued that the brachial process developed very early in the antiarch
lineage to accommodate for the plated pectoral fin. With the help of digital prepara-
tion it was possible to compare the different histology of the bone in the brachial pro-
cess and the bones from the anterior ventrolateral plate. The pectoral fins are still
unknown in Yunnanolepis, but it can be assumed that they shared similarities with
Chuchinolepis.

Among the other pieces are found a variety of toothplates, scales and as of yet
unidentified pieces. With more time those can be identified, helping our understand-
ing of life in the Devonian oceans.

Among the most interesting and impressive finds during this work was two juve-
nile AVL plates that are very similar in appearance to the adult specimen. There is a
complete crista transversalis, but the lateral lamina had yet to develop completely and
the postbranchial lamina is missing. The underdeveloped state of several structures
raise the possibility that these were embryos, and the position inside the AVL corre-
sponds well with earlier placoderm embryo found in Materpiscis. This is yet another
area that could be useful to do a better high-resolution scan series in order to be able
to tell more of early antiarch growth.

Most of yunnanolepid fossils that have been described were originally written in a
non-English language, and the illustrations are not always in a good resolution. Most
of them have been translated, but only as a brief summary. This has made compar-
isons of this specimen with earlier described examples less than ideal. Further de-
tailed studies of more examples of the yunnanolepid clade would increase our under-
standing of how the earliest jawed vertebrates evolved.
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