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Abstract 

A new genus and species of tubalepid antiarch, Tongdulepis concavus gen. et sp. nov., is described from the Middle 
Devonian (Qujing Formation, late Eifelian) in Huize County, Qujing, northeastern Yunnan, China. It differs from other 
antiarchs in the trapezoidal premedian plate, the absence of a postmarginal plate (except Tubalepis), trifid preorbital 
recess, contorted infraorbital sensory line on the lateral plate, and an anterior median dorsal plate with broad anterior 
margin and concave posterior margin. This material confirms the absence of the postmarginal plate in Tubalepididae 
and adds to the understanding of the neurocranium and brachial process in basal bothriolepidoids. Our phylogenetic 
result places Tongdulepis gen. nov. within Tubalepididae, specifically at the plesiomorphic position of the Tenizolepis-
Dianolepis-Bothriolepis lineage.
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Introduction
Placoderms (armored fishes) are the most diverse fish 
group (jawed stem-Gnathostomata) that existed during 
the Silurian and Devonian periods, which is also known 
as the ‘Age of Fishes’ (Young, 2010). Antiarcha, one of 
the main groups among placoderms, is represented by 
three subgroups: Yunnanolepidoidei, Sinolepidoidei, and 
Euantiarcha (Denison, 1978; Janvier, 1995; Pan et  al., 
2018; Ritchie et al., 1992; Wang & Zhu, 2018; Zhu, 1996). 
Their morphological disparities are often based on the 
changes in the skull proportion, trunk armor pattern, 
development of the pectoral appendage, and its articula-
tion with the trunk shield (Denison, 1978; Downs et al., 

2019; Newman et al., 2019). However, unlike Arthrodira, 
a more crownward placoderm group, Antiarcha showed 
few disparities in the skull roof pattern. Though their 
contour may change, the skull roofs of different antiarch 
groups have all shown the same component bones, con-
sisting of a premedian plate, a rostral plate, a pineal 
plate, a postpineal plate, a nuchal plate, and paired lateral 
plates, postmarginal plates, and paranuchal plates.

Moloshnikov (2011) established the family Tubale-
pididae for Tubalepis (Panteleyev & Moloshnikov, 2003; 
Sergienko, 1961), from the Upper Devonian of Kras-
noyarsk, Kazakhstan, based on a paranuchal plate that 
lacks the anterolateral margin, and other features. He 
suggested that Tubalepis might have lost its postmar-
ginal plate, representing the first antiarch that changed 
its skull roof composition. However, due to the rarity 
of head shield material, the absence of a postmarginal 
plate in Tubalepis remained uncertain. Although the 
phylogenetic position of Antiarcha has received atten-
tion for decades, most of the previous studies placed 
Antiarcha as the most basal group of Placodermi or 
the jawed stem-gnathostomes (Brazeau, 2009; Carr 
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et  al., 2009; Goujet & Young, 1995; Qiao et  al., 2016; 
Zhu et  al., 2013, 2021, 2022). The homology of the 
plates between antiarchs and some other placoderms, 
like Kujdanowiaspis (Dupret, 2010; Dupret et al., 2017; 
Stensiö, 1942) and Romundina (Goujet & Young, 2004), 
is acknowledged. The postmarginal plates in Antiarcha 
and Arthrodira often occupy the lateral sides of their 
skull roofs and form the lateral corners. Most basal 
antiarchs tend to bear a branch from the principal sec-
tion of the infraorbital sensory line on the lateral plate, 
which often extends to the postmarginal plate (pre-
opercular sensory line), as in other basal placoderms 
(Young & Zhang, 1996; Zhang, 1980).

During fieldwork in 2021, we discovered a new ver-
tebrate fossil site in the Middle Devonian (the low-
ermost part of the Qujing Formation, late Eifelian) of 
Luna Township, Huize County, Qujing, Yunnan, China 
(Fig.  1). The fauna includes onychodonts, tetrapodo-
morphs, dipnoans (Luo et  al., 2022), and placoderms. 
Here, we describe Tongdulepis concavus gen. et sp. 
nov. from this fossil site, based on a well-preserved 
specimen with head shield, trunk armor, and articu-
lated pectoral appendages. This well-preserved fossil 
supports the diagnosis of Tubalepididae and enhances 
our understanding of plesiomorphic bothriolepidoids. 
Interesting features from Tongdulepis gen. nov., such 
as the wide orbital fenestra, more vertical pectoral 
appendages, and ridge-less trunk armor lacking a regu-
lar median ventral plate, delineate Tubalepididae as a 
distinct group within Bothriolepidoidei.

Material and methods
Material
The holotype of Tongdulepis concavus gen. et sp. nov. 
(IVPP V33248) was collected from the calcareous mud-
stone of the Qujing Formation at Huize in Qujing City, 
Yunnan Province, China (Luo et al., 2022). It is currently 
housed at the IVPP. The specimen was CT-scanned with 
the GE v|tome|x m300&180 micro-computed tomog-
raphy scanner from the Key Laboratory of Vertebrate 
Evolution and Human Origins of the Chinese Academy 
of Sciences. The scan had a resolution of 38.823 μm and 
was conducted at 180 kV/100 mA. The images were opti-
mized and converted using VGStudio Max v.3.0, and the 
optimization and further reconstruction were completed 
in Mimics v.18.01. The Nikon D3X camera was used to 
take photographs of Tongdulepis gen. nov. All the meas-
urements were done in Mimics. The sizes in the axial 
direction (from head to tail) are referred to as length, 
and the sizes in the transverse direction (from pecto-
ral appendage to pectoral appendage) are referred to as 
width.

Phylogeny
To explore the phylogeny of Tongdulepis gen. nov. 
among the antiarchs, we compiled a matrix (see ‘Sup-
plementary Materials’) using Mesquite V.3.61 (Maddi-
son & Maddison, 2019). Our phylogenetic analysis was 
conducted in TNT v.1.5 (Goloboff & Catalano, 2016). 
The matrix herein primarily follows the works of Young 
(1984b, 1988), Zhu (1996), Ritchie et al. (1992), Wang and 
Zhu (2018), and Plax and Lukševičs (2023), while also 

Fig. 1  Map of the locality site and the fish-bearing horizon in this study
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introducing new taxa and substituting genera with spe-
cies as the smallest Operational Taxonomic Unit (OTU) 
to facilitate a more in-depth analysis. We incorporated 
51 ingroup taxa and 11 new characters (Ch. 81–91) that 
had not been included in previous parsimony analyses. 
Our comprehensive matrix comprises 2 outgroup taxa 
(Kujdanowiaspis and Romundina), 85 ingroup taxa, and 
92 characters (with Ch. 18, 48, and 49 designated as 
ordered). For a more resolved result, we excluded taxa 
with completeness lower than 40%, leaving 46 ingroup 
taxa in our final matrix (see ‘Supplementary Materials’).

Systematic paleontology
Class Placodermi McCoy, 1848

Order Antiarcha Cope, 1885
Suborder Euantiarcha Janvier & Pan, 1982
Infraorder Bothriolepidoidei Miles, 1968
Family Tubalepididae Moloshnikov, 2011
Tongdulepis gen. nov.
Type and only species—Tongdulepis concavus sp. 

nov.
LSID: urn:lsid:zoobank.org:act:DC6ECD27-4858-41CC- 

AAFB-7524C16ACCA9.
Etymology—The generic name ‘Tongdu-’ is after the 

epithet of Huize County, which means ‘The Copper City’ 

in Chinese. People from Huize started copper mining 
and smelting in the twelfth century BC and invented the 
cupronickel by the third century AD. The copper indus-
try of Huize funded the Chinese dynasties till the end of 
the Feudal Age.

Diagnosis—A middle-sized tubalepid antiarch resem-
bling Tubalepis in tubercular ornamentation, anterior 
median dorsal plate with wide anterior margin, absence 
of postmarginal plate, and elongated trunk shield. It can 
be distinguished by the following combination of charac-
ters: isosceles trapezoidal premedian plate; trifid preorbi-
tal recess; contorted infraorbital sensory lines on lateral 
plates; nuchal plate without orbital facets; wide and nar-
row orbital fenestra; anterior median dorsal plate over-
lapping mixilateral plates; anterior median dorsal plate 
with concave posterior margin; ridge-less trunk armor; 
large axillary foramen.

Remarks—Moloshnikov (2011) established the family 
Tubalepididae, designating Tubalepis as the type genus. 
Considering that the skull of Tubalepis is currently 
known only from a paranuchal plate, the skull features 
attributed to Tongdulepis gen. nov. cannot be regarded as 
the characteristics of Tubalepididae, as they may or may 
not be present in Tubalepis. Additional skull material of 
Tubalepis is needed to clarify these characteristics.

Fig. 2  Holotype of Tongdulepis concavus gen. et sp. nov. (IVPP V33248) in dorsal view. A photograph; B interpretive drawing. Scale bar = 10 mm
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Tongdulepis concavus sp. nov.
Figures 2, 3, 4, 5, 6, 7C, D
Etymology—The specific epithet ‘concavus’ refers 

to the highly concave posterior margin of the anterior 
median dorsal plate.

Diagnosis—As for the genus.
Holotype—IVPP V33248, a flattened individual with 

head shield, trunk armor, and pectoral appendages.
Type locality and horizon—Luna, Huize County, 

northeastern Yunnan Province, China; Qujing Forma-
tion; late Eifelian, Middle Devonian (Fig. 1).

Description
General features
The holotype (IVPP V33248) comprises an almost com-
plete head shield, trunk armor, and pectoral appendages. 
Its surface is covered with sporadic and shallow tuber-
cular ornamentation. The posterior median dorsal and 
median ventral plates are missing, and the mixilateral 
and posterior ventrolateral plates, as well as the distal 
segment of the pectoral appendage, are incomplete. The 
entire fossil has undergone extensive recrystallization, 
resulting in unsatisfactory CT scanning outcomes.

Head shield
Premedian plate—The premedian plate (PrM, Figs. 2, 3, 
4, 7c) is isosceles trapezoidal in shape, short and broad. 
Its rostral margin is 31.6 mm wide, and the orbital mar-
gin of the PrM plate is slightly convex and measures 48.3 
mm in width. The PrM plates of other antiarchs are typi-
cally inverted trapezoidal or fan-shaped, with their ros-
tral margins mostly greater than or equal to the orbital 
margins. The trapezoidal PrM plate in Tongdulepis gen. 
nov. may be apomorphic compared with Microbrachius 
(Fig.  7A; Hemmings, 1978), which also has an introver-
tive part of the lateral margin of the PrM plate. Besides, 
the length of the PrM plate in Tongdulepis gen. nov. is 
11.3 mm, which is longer than that of the lateral plates, 
suggesting that the PrM may protrude from the rostral 
margin of the head shield (Figs.  2, 3, 4). The contorted 
principal section of the infraorbital sensory line on the 
head shield (ifc1, Figs. 2B, 4B, 7B) extends from the lateral 
plate (L, Figs. 2B, 3B, 4) to the PrM plate, and the anterior 
section of the supraorbital sensory line (soc, Figs. 2B, 4B) 
is shallow. On the visceral surface of the PrM plate, a pre-
orbital recess (prh, Figs. 3B, 4D) reaches anteriorly to the 
center of the PrM plate and extends aside to the L plates.

Lateral plate—The paired L plates (Figs.  2, 3, 4, 
7c) contact the lateral margins of the PrM plate. The 

Fig. 3  Holotype of Tongdulepis concavus gen. et sp. nov. (IVPP V33248) in ventral view. A photograph; B interpretive drawing. Scale bar = 10 mm
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complete left plate is 31.0 mm wide and 32.7 mm long, 
with the anterolateral angle of the head shield (alc, 
Figs.  2B, 4B) on its anterolateral corner. The contorted 
infraorbital sensory line runs across the dorsal surface of 
the L plate and extends to the PrM plate. On the ante-
rolateral margin of the right L plate, a deltoid-shaped 
thickening (tal, Figs. 3B, 4D) occupies the notch between 
the PrM and the right L plate. It shares topological simi-
larities with the prelateral plates in Bothriolepis (Béchard 
et al., 2014; Young, 1984c, 1988), Grossilepis (Lukševičs, 
2001; Miles, 1968; Olive, 2015; Stensiö, 1948), and Nawa-
giaspis (Young, 1990). The branch of the infraorbital sen-
sory line (ifc2, Figs.  2B, 4B) in Tongdulepis gen. nov. is 
absent on this thickening but extends directly to the sub-
marginal plate (SM, Figs. 2B, 3B). Considering the branch 
of the infraorbital sensory line in other antiarchs primar-
ily extending to the prelateral plate (Young, 2008; Young 
& Zhang, 1996) and the possible prelateral notch (nprl?, 
Fig. 4B) at the corresponding position of the left L plate, 
we suggest with caution that the thickening might be a 
fused prelateral plate. An overlap area on the posterior 
margin of the right L plate indicates the suture morphol-
ogy between the L plate and the paranuchal plate (PNu, 
Figs. 2B, 4).

On the visceral side of the L plate, the preorbital recess 
extends from the PrM plate and surrounds the orbital 
fenestra (fe.orb, Fig.  4). The preorbital recess on the L 
plate is semicircular. Together with the middle part on 
the PrM, the preorbital recess in total is trifid, as seen in 
some Bothriolepis species (Young, 1988). The middle part 
of the preorbital recess on the PrM plate is similar to that 
of Wudinolepis (Zhang, 1965). Still, the flank part of the 
preorbital recess extends to the lateral margin as Jiangx-
ilepis (Zhang & Liu, 1991), which may be a transitional 
feature. A narrow plane near the anterolateral corner of 
the head shield may represent the attachment area for the 
prelateral plate (a.PrL?, Fig. 4D). A triangular transverse 
lateral groove of the head shield (tlg, Fig. 4D) is outlined 
by the prelateral and posterolateral cristae (cr1-2, Fig. 4D) 
next to the attachment area. The lateral pit (p, Fig.  4D) 
is anteromedial of the transverse lateral groove, just in 
front of the lateral lobe of the preorbital recess, and much 
smaller than that of Bothriolepis (Luo et al., 2023; Young, 
1988). The anterior postorbital process (p.apo, Figs.  3B, 
4D) extends anteriorly to the level of the orbital notch 
(between the posterior margin and the anterior margin of 
the orbital fenestra) and is close to the posterior of the 
preorbital recess. The anterior attachment area for the 
submarginal plate (a1SM, Fig. 4D) is anterolateral of the 

Fig. 4  The three-dimensional reconstruction of the head shield of Tongdulepis gen. nov. A virtual rendering in dorsal view; B interpretive drawing 
in dorsal view; C virtual rendering in visceral view; D interpretive drawing visceral view. Scale bar = 10 mm
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transverse lateral groove and connects the anterior artic-
ular process of the SM plate (ad1, Figs. 2B, 3B). The pos-
terior attachment area for the submarginal plate (a2SM, 
Fig. 4D) is short and occupies less than one-third of the 
lateral margin between the posterolateral cristae and the 
preobstantic corner (proc, Fig.  4). The posterior attach-
ment area in the bothriolepid lineage mainly extends 
from the anterior attachment area to the lateral end of 
the L plate. Because the postmarginal plate is absent, the 
depressions of the inframarginal crista (cr.im, Fig.  4D) 
and the subobstantic area (soa, Fig. 4D) are also located 
on the visceral side of the L plate.

Postpineal plate—The postpineal plate (PP, Figs. 2, 3, 
4, 7C) is 13.8 mm long and has a maximum width of 30.2 
mm. Its anterior margin is convex and protrudes into the 
orbital fenestra, which extends two-thirds of the width of 
the head shield (Figs.  4, 7B). Its lateral margin contacts 
the L plates. On the visceral side of the PP plate, paired 
postorbital cristae (cr.po, Fig.  4D) are developed. They 
are approximately transverse, each occupying one-third 
of the PP plate’s width. Because the developed preorbital 
recess nearly surrounds the orbital fenestra, the postor-
bital cristae meet the preorbital recess on the L plates at 
the lateral margins of the PP plate. A broad and gradually 

Fig. 5  The three-dimensional reconstruction of the trunk plates of Tongdulepis gen. nov. in visceral view. A virtual rendering of the AMD plate; B 
interpretive drawing of the AMD plate; C virtual rendering of the right ADL plate; D interpretive drawing of the right ADL plate. Scale bar = 10 mm
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narrowing median ridge (mr, Fig.  4D) is between these 
postorbital cristae.

Nuchal plate—The nuchal plate (Nu, Figs.  2, 4, 7C) 
is measured at 42.9 mm wide and 24.1 mm long, and 
contacts the posterior margin of the PP plate. The pos-
terior pit line grooves (pp, Fig. 4B) run posterolaterally 
through the dorsal surface of the Nu plate. The obtected 
nuchal area of the head shield (nm, Figs. 2B, 4B) is on 
the posterior margin of the Nu plate and extends lat-
erally to the PNu plates (Figs.  2B, 4B). The obtected 
area is relatively deep, suggesting a stronger connec-
tion between the head and trunk shields. The available 
specimens of Tubalepis and the dianolepids often lack 
evidence of the neurocranium, which is presumed to be 
present but not preserved. Our reconstruction of the 
head shield reveals some transitional features between 
the neurocrania of the bothriolepids and plesiomorphic 
antiarchs. The visceral side of the Nu plate (Fig.  4C, 
D) is relatively flattened, and mainly occupied by the 
otico-occipital depression (ood, Fig.  4D). The depres-
sions caused by the semicircular canals (dsc, Fig.  4D) 
are shallow, and the anterior portion of the semicircu-
lar canal of Tongdulepis gen. nov. is less oblique than 
in the bothriolepids (Wang & Zhu, 2018). The supraotic 

thickening (sot, Fig.  4D) of Tongdulepis gen. nov. is 
small and posterior, while that of the bothriolepids is 
often large and on the center of the Nu plate (Luo et al., 
2023; Wang & Zhu, 2018; Young, 1983). The transverse 
nuchal crista (cr.tv, Fig.  4D) runs through the poste-
rior margin of the Nu plate with a continuous posterior 
margin, without the extended posterior process and 
median occipital crista in the bothriolepids (Wang & 
Zhu, 2018).

Paranuchal plate—Only the left PNu plate is pre-
served (Figs.  2, 4, 7C). It is measured at 21.2 mm wide 
and 14.3 mm long. Like Tubalepis, it lacks the ante-
rolateral margin found in other antiarchs. Its mesial and 
anterior margins only contact the L and Nu plates. The 
shape of the PNu plate in Tubalepis (Moloshnikov, 2011) 
led Moloshnikov to presume there was no postmarginal 
plate in Tubalepis. On that basis, he established the fam-
ily Tubalepididae. The material of Tongdulepis gen. nov. 
supports Moloshnikov’s opinion. Accordingly, the preob-
stantic corner of the head shield is formed instead by the 
L plate. The infraorbital sensory line that extends from 
the L plate goes through the dorsal surface of the PNu 
plate and diverges a short segment of the occipital cross 
commissure (occ, Fig. 4D) near the posterolateral margin 

Fig. 6  The three-dimensional reconstruction of the right brachial process of Tongdulepis gen. nov. A virtual rendering in ventrolateral view; B 
interpretive drawing in ventrolateral view; C virtual rendering in posterior view; D interpretive drawing in posterior view. The interlaced lines mark 
the fractured surfaces. Scale bars = 10 mm
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Fig. 7  Comparison of head and trunk shields of several bothriolepidoid representatives. A, B Microbrachius in dorsal (A) and ventral (B) views; C, D, 
Tongdulepis gen. nov. in dorsal (C) and ventral (D) views; E–F, Tenizolepis in dorsal (E) and ventral (F) views; G, H, Bothriolepis in dorsal (G) and ventral 
(H) views. A redrawn from Long et al. (2015), B redrawn from Wang and Zhang (1999), E and F redrawn from Moloshnikov (2011), G and H redrawn 
from Béchard et al. (2014). Not to scale
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of the PNu plate. On the visceral side of the PNu plate, 
the otico-occipital depression (ood, Fig. 4D) is extensive 
and extends almost half the width of the PNu plate. The 
otico-occipital depression in other antiarchs (e.g., Phy-
molepis and Bothriolepis; Wang & Zhu, 2018; Luo et al., 
2023) only occupies one-third of the anterior margins 
of the PNu plate. This difference is mainly caused by the 
variation in the size of the PNu plate, whereas the dimen-
sion of the otico-occipital depression remains constant. 
Many antiarchs tend to have the PNu plate that extends 
laterally to the same extent as the L plate (Fig. 7). By com-
parison, the PNu plate of Tongdulepis gen. nov. is narrow 
and does not extend laterally to the same extent as the L 
plate. The transverse nuchal crista on the Nu plate is con-
tinuous with the paranuchal trochlea (pnt, Fig. 4D). The 
crista and trochlea jointly form a roughened ridge that 
extends to the postobstantic corner of the head shield.

Cheek
Submarginal plate—The SM plate (Figs.  2, 3) is pre-
served only on the left side and is complete. It measures 
at 15.4 mm wide and 21.7 mm long, and contacts the lat-
eral margin of the left L plate. Although the infraorbital 
sensory line is absent on the L plate, the sensory line is 
preserved ventrally onto the SM plate (Fig.  2B). A well-
developed anterior articular process (ad1, Figs.  2B, 3B) 
is on the anteromesial margin of the SM plate like the 
bothriolepids (Stensiö, 1948; Young, 1988). The posterior 
articular process is lost, undeveloped, or not preserved.

Trunk armor
Anterior median dorsal plate—The anterior median 
dorsal plate (AMD, Figs. 2, 5A, B, 7C) is a hexagon, about 
71.9 mm wide and 81.3 mm long (length approximately 
1.13 times the width). The index between the width of 
the anterior margin to the maximum width of the AMD 
plate is about 0.56, and the length index between the 
anterior and posterior divisions is about 2.07. The poste-
rior oblique dorsal sensory line grooves (dlg2, Fig. 2B) are 
anteriorly placed on the AMD, marking the tergal angle 
of the trunk armor (dma, Fig. 2B) and the anterior ven-
tral pit (pt1, Fig. 5B) on its visceral side. The AMD plate 
resembles Tubalepis in overall shape, with the wide ante-
rior margin and the posteriorly positioned lateral corners 
(lc, Figs. 2B, 5B). The AMD plate of Tongdulepis gen. nov. 
bears a strong postlevator thickening (alr, Fig.  5B) and 
a much slender levator fossa (f.retr, Fig. 5B). It lacks the 
postnuchal notch, which is present in the bothriolepids 
(Moloshnikov, 2004, 2010; Olive, 2015; Young, 1983). 
Tongdulepis gen. nov. is also similar to Grossilepis (Olive, 
2015) and Asterolepis (Newman et al., 2019) in the con-
tact relationship between the AMD and surrounding 
plates. The visceral side of the AMD plate shows areas 

for overlapping the mixilateral and anterior dorsolateral 
plates (cf.MxL, cf.ADL, Fig. 5B). The AMD plate is over-
lapped by the posterior median dorsal plate (oa.PMD, 
Fig.  2B). The area overlapped by the PMD is 44.2 mm 
wide, suggesting a broad PMD plate with a notably con-
vex anterior margin (Fig.  7B). Although the PMD plate 
of Tongdulepis gen. nov. is not preserved, its anterior 
margin can be inferred from the posterior margin of the 
AMD. The anterior margin of the PMD differs from that 
of other antiarchs, which typically exhibit a mildly con-
vex anterior margin that does not extend anteriorly to the 
level of the lateral corner of the AMD (Lukševičs, 1991; 
Moloshnikov, 2012; Olive, 2015; Young, 1984a; Zhu, 
1996).

Anterior dorsolateral plate—The left ADL plate 
(Figs.  2B, 3B, 7C) is 33.6 mm wide with posterior frac-
tures, while the length of the complete right ADL plate 
is 87.5 mm (covered by the AMD plate, Figs.  5C, 5D). 
The dorsolateral ridge is poorly developed, indicating a 
smooth cross-section of the trunk shield. The obstantic 
process of the trunk armor (pro, Fig.  2B) extends ante-
riorly and articulates with the PNu plate, situated above 
the presumed gill opening. The length of the obstantic 
process is about half of the width of the ADL plate, simi-
lar to that of Tubalepis (Moloshnikov, 2012). By compari-
son, the obstantic process is short in some euantiarchs 
(e.g., Bothriolepis and Tenizolepis; Moloshnikov, 2012) or 
lacking in others (e.g., Stegolepis, Sherbonaspis, and Kirgi-
solepis; Malinovskaya, 1973; Young & Gorter, 1981; Pan-
teleyev, 1992, 1993; Moloshnikov, 2011). The main lateral 
line groove (lcg, Fig. 2B) is on the ventral margin of the 
ADL plate and extends backward to its midpiece. The 
ADL plate overlaps the MxL plate posteriorly (cf.MxL, 
Fig. 5D) and is overlapped ventrally by the anterior ven-
trolateral plate (oa.AVL, Figs. 5D).

Mixilateral plate—Only part of the right MxL plate 
(Figs.  2B, 7C) is preserved (width 47.8 mm). The MxL 
plate is anteriorly and dorsolaterally overlapped by ADL 
and AMD plates (oa.ADL, oa.AMD, Fig.  2B). The over-
lapped area marks the connection between the MxL and 
ADL plates at the level of the lateral corner of the AMD 
plate and suggests the AMD plate overlapping the ADL 
and MxL plates.

Anterior ventrolateral plate—Both the anterior ven-
trolateral plates (AVL, Figs.  3, 6) are incomplete. The 
right AVL (72.5 mm wide, 113.2 mm long) overlaps the 
left as in most antiarchs (Jia et al., 2010; Lukševičs, 2001; 
Moloshnikov, 2008; Panteleyev & Moloshnikov, 2003; 
Ritchie et al., 1992). The incomplete lateral lamina of the 
AVL plate is 23.3mm in height. The remaining length of 
the right AVL plate exceeds twice the anterior margin of 
the head shield. The incomplete posterior part of the AVL 
plate has contact with the posterior ventrolateral plate 
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(PVL, Fig. 3B), and the area overlapping the median ven-
tral plate is lacking, so the median ventral plate is either 
very small or absent.

Pectoral appendage articulation—The pectoral 
appendage articulation of Tongdulepis gen. nov. (Figs. 3, 
6) is developed, but differs from the bothriolepids, 
showing the transformation in the euantiarchs. The 
prepectoral corner (prc, Figs.  3B, 6B) is undeveloped, 
placed anterior of the brachial process, anterolateral of 
the AVL plate. The pedal part of the brachial process 
(pe, Figs. 3B, 6B) is short and stout, which may limit the 
range of articulation. The insertion area for the abduc-
tor muscle, which is often observed in the bothriolepids 
(Lukševičs, 2001; Young, 1988; Young & Zhang, 1992), 
is missing in Tongdulepis gen. nov., suggesting a less 
flexible pectoral appendage. The short and straight 
dorsal and ventral articular depressions for the dermal 
processes of the pectoral appendage (art.d, art.v, Fig. 6) 
are placed nearly in a vertical line, which differs from 
the crescent articular depressions in the bothriolepids. 
This articular structure might also suggest constrained 
rotation ability in Tongdulepis gen. nov. The brachial 
process (pbr, Figs. 3B, 6) is helmet-shaped, but its ori-
entation is distinctively pointed posteriorly, making 
the funnel pit (fp, Fig.  6) invisible in lateral view. The 
anterior dorsal and ventral muscle insertions (a.sup, 
a.inf, Fig.  6). Inside the anterior dorsal muscle inser-
tion, a canal for nerves and/or vessels (c.nv, Fig.  6) is 
presented. The posterior dorsal muscle insertion (p.sup, 
Fig.  6) is aside from the anterior dorsal muscle inser-
tion. Although the lateral lamina is incomplete, the 
ventral margin of the axillary foramen (f.ax, Fig.  6) is 
preserved posterior to the brachial process. The pre-
served margin (34.7 mm long) suggests a large axillary 
foramen, longer than the length of the brachial process. 
The axillary foramen tends to be smaller than the bra-
chial process in most antiarchs (Young & Zhang, 1992), 
which would support more robust pectoral appendages 
in Tongdulepis gen. nov. A semicircular unornamented 
area (a.un, Fig. 3B) is on the ventral surface of the ADL 
plate, just below the axillary foramen.

Semilunar plate—The unpaired semilunar plate (Sm, 
Fig.  3B; 26.9 mm wide, 12.7 mm long) has a convex 
anterior margin. The Sm plate is fusiform and shapes a 
shallow notch on the AVL plates, similar to that of Teni-
zolepis (Moloshnikov, 2012) and Tubalepis (Panteleyev, 
2001; Panteleyev & Moloshnikov, 2003).

Pectoral appendage—Both pectoral appendages are 
fragmented. The proximal segment of the left append-
age includes disjoined dorsal and ventral central plates 
1–2 (CD1-2, CV1-2, Figs. 2B, 3B, 7), lateral marginal plate 2 
(Ml2, Fig. 3B), and the mesial marginal plates 1–2 (Mm1-2, 
Fig.  3B). The right proximal segment is distorted, but 

preserved with slightly more details. The proximal seg-
ment is thick, the length/width index is about 5. The CD2 
plate (Figs.  2B, 7C) extends anteriorly, and is restored 
with a narrow or point contact with the CD1 (Fig.  7C). 
The right distal segment is incomplete and is comprised 
of the central plate 3 (CD3, Figs. 2B, 7C) and fragments of 
the lateral marginal plate 3–4 (Ml3-4, Fig. 2B).

Discussion
Phylogenetic analysis
The first comprehensive matrix analyzing the phylog-
eny of antiarchs was by Zhu (1996), expanding an ini-
tial matrix for Bothriolepidoidei by Zhang and Young 
(1992). Due to the diversity, convergences, and rever-
sals in the evolution of Antiarcha, the interrelationships 
tend to be unstable. The matrix used here has been 
updated from recent analyses (Jia et al., 2010; Pan et al., 
2018; Plax & Lukševičs, 2023; Wang & Zhu, 2018). 
Some definitions and codings are revised. The high 
diversity of antiarchs includes multiple species within a 
single genus. As such, the type species cannot represent 
polytropic characters of the genus, we have refined the 
ingroup taxa, replacing genera with species. We have 
coded 51 ingroup taxa not incorporated in previous 
phylogenetic analyses and added some new characters 
(Ch. 81–91). Our phylogenetic analysis yields 20 most 
parsimonious trees of length 270 steps (TBR), with a 
consistency index (CI) of 0.356, and a retention index 
(RI) of 0.718.

With additional characters provided by the new spe-
cies, the result of our analysis improves previous under-
standing of Antiarcha (Fig. 8). The clade of Chuchinolepis 
(Node 1, Fig. 8) is characterized by the anterior postorbi-
tal process extending in front of the orbital notch (Ch. 35, 
state 1). Other yunnanolepidoids are placed into a clade 
(Node 2, Fig. 8) defined by the nerves and vessels to the 
pectoral fin passing through multiple axillary foramina 
(Ch. 91, state 0). The Yunnanolepis-Parayunnanolepis-
Mizia lineage (Node 3, Fig. 8) is assembled by the inter-
nal posterior transverse crista of the trunk shield turning 
anteriorly and in front of posterior ventral process and 
pit (Ch. 60, state 1), and absence of the ventrolateral fossa 
of the trunk shield (Ch. 63, state 0). Mizia and Parayun-
nanolepis formed a monophyletic group (Node 4, Fig. 8), 
characterized by the absence of the postmarginal canal 
(Ch. 83, state 0).

Microbrachiidae is resolved as the sister group of the 
remaining euantiarchs (Node 5, Fig.  8), characterized 
by three synapomorphies: ridged ornamentation (Ch. 2, 
state 1); central sensory canal (Ch. 29, state 1); occipital 
cross-commissure long and extending onto nuchal plate 
(Ch. 34, state 1). Microbrachius (Node 6, Fig. 8) is defined 
by four synapomorphies: the subparallel ridges on dorsal 
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wall of trunk shield (Ch. 3, state 1); anterior median dor-
sal plate partly overlapping anterior dorsolateral plate 
(Ch. 53, state 1); presence of brachial process (Ch. 72, 
state 1); postmarginal plate posterolateral of paranuchal 
plate (Ch. 82, state 1). Wudinolepis and Hohsienolepis 
form a monophyletic group (Node 7, Fig.  8), character-
ized by their fused posterior ventrolateral and posterior 
lateral plates (Ch.65, state 1).

The remaining euantiarchs (Node 8, Fig.  8) are sup-
ported by three synapomorphies: absence of the pre-
orbital depression (Ch. 13, state 0); short and broad 
postpineal and nuchal plates (Ch. 21, state 1); supraotic 
thickening on the visceral view of nuchal plate (Ch. 25, 
state 1). The main branch of the ‘Bothriolepidoidei’ com-
prises the Tubalepis-Tenizolepis-Dianolepis-Bothriolepis 
clade (Node 9, Fig.  8), characterized by four synapo-
morphies: preorbital recess extending laterally to the 

Fig. 8  Strict consensus tree of the 20 most parsimonious trees to show the phylogenetic position of Tongdulepis gen. nov. within the Antiarcha. 
Length = 270 steps, consistency index (CI) = 0.356, retention index (RI) = 0.718
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lateral plates (Ch. 16, state 1); postorbital crista extending 
obliquely to nuchal plate (Ch. 23, state 1); elongated pec-
toral appendage (Ch. 77, state 1); elongated lateral mar-
ginal plate 2 (Ch. 78, state 1).

Tongdulepis gen. nov. is placed as the sister taxon of 
Tubalepis within Tubalepididae (Node 10, Fig. 8), defined 
by the absence of the postmarginal plate (Ch. 81, state 0). 
Tubalepididae is suggested as a diverging group in Both-
riolepidoidei (Miles, 1968), and is plesiomorphic of the 
Tenizolepis-Dianolepis-Bothriolepis lineage (Node 11, 
Fig.  8), which is further supported by anterior median 
dorsal plate completely overlapping anterior dorsolat-
eral plate (Ch. 53, state 0), and ventral tuberosity on 
posterior median dorsal plate (Ch. 86, state 1). Dianole-
pididae is paraphyletic in our result, and Bothriolepididae 
(Node 12, Fig. 8) is characterized by two synapomorphies 
including a nuchal plate with orbital facets (Ch. 24, state 
1), and a branch of infraorbital canal diverging on the lat-
eral plate (Ch. 32, state 1).

Nawagiaspis was previously referred to as the nearest 
sister group to Asterolepidoidei (Zhu, 1996), a bothri-
olepidoid (Jia et  al., 2010), or an asterolepidoid (Plax & 
Lukševičs, 2023; Wang & Zhu, 2018). Our research sup-
ports Nawagiaspis at the most basal position of the aster-
olepidoid lineage (Node 13, Fig. 8). Nawagiaspis is united 
with other asterolepidoids by three synapomorphies: nar-
row lateral plate (Ch. 12, state 0); high and short trunk 
shield (Ch. 47, state 1); index between the width of the 
anterior margin and maximum width of anterior median 
dorsal plate between 35 to 55 (Ch. 49, state 1). The main 
asterolepidoid lineage (Node 14, Fig.  8) is characterized 
by five synapomorphies: occipital cross-commissure long 
and extending onto nuchal plate (Ch. 34, state 1); absence 
of submarginal articulation (Ch.42, state 0); absence of 
postsuborbital plate (Ch. 43, state 0); centrally or poste-
riorly placed tergal angle of anterior median dorsal plate 
(Ch. 51, state 0); absence of anterior ventral process and 
pit on anterior median dorsal plate (Ch.56, state 0).

Zhang and Liu (1991) established Jiangxilepidae in the 
bothriolepidoid lineage, mainly for the anterior median 
dorsal plate with broad anterior margin and median 
spine, jointed and elongated pectoral fins. Jia et al. (2010) 
redefined Jiangxilepididae but retained it in the both-
riolepidoids. Our result assigns Jiangxilepididae to the 
asterolepidoid lineage, in accordance with Wang and Zhu 
(2018). Jiangxilepis, Ningxialepis and Kirgisolepis form a 
monophyletic group (Node 16, Fig.  8), characterized by 
four synapomorphies: dorsal spine of anterior median 
dorsal plate (Ch. 52, state 1); small axillary foramen (Ch. 
74, state 0); elongated pectoral appendage (Ch. 77, state 
1); elongated lateral marginal plate 2 (Ch. 78, state 1). 
Walterilepis is assigned to Jiangxilepidae (Node 15, Fig. 8) 
for their reticular ornamentation (Ch. 1, state 1), but the 

material is highly fragmented, here we hold our reserva-
tion for considering it as a member of Jiangxilepidae.

Comparison within Bothriolepidoidei
Skull roof—Moloshnikov (2011) established the fam-
ily Tubalepididae because the PNu plate of Tubalepis 
lacked the anterolateral margin for connecting with 
the postmarginal plate (PM, Fig.  7). He suggested that 
Tubalepis may have lost its PM plate. However, some 
Chinese taxa, like Liujianglepis (Wang, 1987) and 
Hohsienolepis (P’an & Wang, 1978; Pan, 1984), were 
described as lacking the PM plate, possibly due to 
fusion in an expanded L plate. The shape of the PNu 
plate in Tongdulepis gen. nov. suggests that the PM 
plate is lost, and not resulting from fusion.

Microbrachiidae has been suggested as the most 
basal group of the euantiarchs due to possessing a pre-
orbital depression (pr.d, Fig. 7A; Pan et al., 2018; Wang 
& Zhu, 2018; Zhu, 1996). In our phylogenetic analy-
sis, Microbrachiidae is also plesiomorphic and closely 
related to the Tubalepididae lineage. Ignoring the PM 
plate in Microbrachius (Fig. 7A), its PNu plate is almost 
the same shape as that of Tubalepididae, lacking the 
anterolateral margin. Meanwhile, the Tenizolepis-
Dianolepis-Bothriolepis lineage inherits the topologi-
cal relationship between the PM, PNu, and L plates. 
The relative location of those plates is unchanged, and 
the preobstantic corners are always on the PM plate 
(Fig. 7). Our phylogeny analysis also suggests two direc-
tions of evolution, the Tubalepididae lineage forming 
a sister group with the Tenizolepis-Dianolepis-Bothri-
olepis lineage (Fig. 8).

As mentioned before, the orbital fenestra is wide and 
occupies two-thirds of the width of the head shield 
(Figs. 4, 6). Although the pineal plate is not preserved, the 
wide orbital fenestra might indicate widespread eyeballs, 
perhaps with a broader horizon visual field than antiarchs 
with smaller orbital fenestrae. Researchers suggest the 
large orbital fenestra is plesiomorphic, which may be a 
coincidence for a similar habitat (not fully benthic but 
with some cruising capability) between the outgroup taxa 
and Tongdulepis.

Trunk armor—Besides the notable pattern of the head 
shield, interesting features on the trunk armor of Tubale-
pididae also separate it from other Bothriolepidoidei. The 
dorsolateral and dorsal median ridges are absent in the 
tubalepids, and unlike the round trunk armor in other 
antiarchs, the tubalepids had elongated and slimmer 
trunk shields according to Moloshnikov (2011). Those 
features may indicate the trunk armor was drop-shaped, 
this may have reduced the water drag.

Brachial process—The development of the brachial 
process is one of the key innovations in evolution of the 
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antiarchs (Young & Zhang, 1992). Compared with the 
basal groups, the helmet-shaped articulation in the euan-
tiarchs increased the flexibility of the pectoral append-
ages. The well-developed helmet-shaped articulation in 
Tongdulepis gen. nov. is distinguished from Bothriolepis 
by the dorsal and ventral articular depressions being less 
curved, perhaps indicating less capacity for rotation. 
The insertion area for the abductor muscle controlling 
protraction of the pectoral appendages in bothriolepids 
(Young, 1988) is absent in Tongdulepis gen. nov., suggest-
ing weaker protraction than the bothriolepids.

The vertical flexibility of the pectoral appendage is lim-
ited by the articulation between the CD1, CV1, and pedal 
parts (Figs. 3, 6). The rotation angle in Tongdulepis gen. 
nov. is less than the horizon protracted angle (Béchard 
et al., 2014). The pedal part of Tongdulepis gen. nov. tilts 
downside and marks the pectoral appendages point-
ing more downwards, and most antiarchs have hori-
zon-placed pectoral appendages. Moreover, the large 
axillary foramen posterior of the brachial process (Fig. 6) 
accommodates thicker nerves and vessels (e.g., the sub-
clavian artery and vein; Young, 2008), suggesting that 
Tongdulepis gen. nov. tends to have stronger pectoral 
appendages than other antiarchs. The robust and more 
downwards pectoral appendages of Tongdulepis gen. nov. 
may help it maintain stability while cruising.

Conclusions
A new tubalepid antiarch, Tongdulepis concavus, is 
described from the Middle Devonian (Qujing Formation, 
late Eifelian) of Huize County. It resembles Tubalepis in 
similar tubercular ornamentation, skull roof pattern, the 
shape of the AMD plate, and elongated trunk armor. 
Tongdulepis gen. nov. confirms the loss of the PM plates 
in Tubalepididae and provides new information on the 
neurocranium and brachial process in basal bothriolepi-
doids. The wide and narrow orbital fenestra, ridge-less 
trunk armor, extreme concave posterior overlap on AMD 
plate, and large axillary foramen, confirm Tongdulepis 
gen. nov. as a distinctive taxon among bothriolepidoids. 
Phylogenetic analysis using a large matrix supports Tong-
dulepis gen. nov. as a member of Tubalepididae, which 
is more plesiomorphic than the Tenizolepis-Dianolepis-
Bothriolepis lineage within the Bothriolepidoidei.
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