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Abstract The new specimens of the largest eugaleaspiform Nochelaspis maeandrine are
redescribed from two localities of the Xishancun Formation in Qujing City, Yunnan Province,
southwestern China. Nochelaspis is most suggestive of Yunnanogaleaspis from the same horizon,
but differs in its slit-like median dorsal opening (length/width>6), much stronger inner cornual
process, coarse stellate ornamentation, and the serrations along the edges of the median dorsal
opening and headshield. The new findings reveal the morphological details on the ventral side
of the headshield as well. The oralobranchial fenestra is covered by a large dermal ventral plate,
which is decorated with dense, tiny granular tubercles, and aligned with six pairs of separated,
large, and circular branchial openings. This condition is different from that of osteostracans, in
which the oralobranchial fenestra is covered by numerous minute scales or larger dermal platelets,
and the branchial openings are slit-shaped and covered by small skin flaps somewhat like those of
elasmobranchs. However, the branchial openings of galeaspids and osteostracans are both located
ventrally as in modern rays, indicating a benthic lifestyle dwelling on sandy or muddy substrates
in a quiet marine environment.
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1  Introduction

The jawless armored galeaspids thrived in the Siluro—Devonian period, but were strictly
restricted in China and northern Vietnam (Zhu, 1992; Janvier, 1996; Zhu and Gai, 2006;
Janvier et al., 2009; Gai et al., 2018; Shan et al., 2020; Jiang et al., 2021). They are among
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the enigmatic clades of stem-gnathostomes for understanding the transition from jawless to
jawed vertebrates (Janvier, 1996; Donoghue et al., 2000; Sansom et al., 2010; Gai et al., 2011,
2019; Gai and Zhu, 2012). As one of three major groups of Galeaspida, Eugaleaspiformes
diverged from the basal galeaspids as early as the middle Telychian, Llandovery of Silurian
(Janvier, 1996; Zhu and Gai, 2006; Shan et al., 2020). The oldest eugaleaspiform Jiangxialepis
(Liu et al., 2021), which is associated with the large-sized basal galeaspid Hanyangaspis (Liu
et al., 2020), is from the upper part of the Fentou Formation (middle Telychian, Silurian)
in Wuhan, Hubei Province, South China. Compared to the large-sized basal galeaspids, the
early diversified eugaleaspiforms (mainly Shuyuidae and Sinogaleaspidae) are all small-sized
fishes with their headshield length less than 40 mm (Pan, 1986a; Wang, 1991; Gai and Zhu,
2005; Gai et al., 2005; Shan et al., 2020). Therefore, they are easily preserved with three-
dimensional neurocrania and ideal for Micro-CT scanning. For example, Gai et al. (2011) used
the Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM) to illustrate the nail-
sized Shuyu from the Silurian of Zhejiang Province and provided the key cranial anatomical
evidence for the origin of jawed vertebrates. The size of eugaleaspiforms did not increase until
the Ludlow (Silurian) when a medium-sized eugaleaspiform Dunyu longiforus (about 80 mm
in headshield length) occurred in the Kuanti Formation of Qujing, Yunnan, southwestern China
(Zhu et al., 2012). To our knowledge, the largest eugaleaspiform is Nochelaspis maeandrine
from the bottom of the Xishancun Formation (Lochkovian, Early Devonian), Liaokuo Hill,
Qujing City, Yunnan (Zhu, 1992). Although the size of N. maeandrine is still much smaller
than the largest polybranchiaspiform Dongfangaspis major (about 200 mm in headshield
length) from the Pragian Guangshanpo Formation in Yanmenba (Longmenshan), Jiangyou,
Sichuan Province (Liu, 1975), and the largest huananaspiform Antiquisasttiaspis cornuta (about
300 mm in headshield length) from the Pragian Nahkaoling Formation in Liujing, Guangxi (Liu,
1985), the maximum length and width of the headshield of N. maeandrine have reached 127.0
and 158.5 mm respectively. However, Nochelaspis, as the largest eugaleaspiform, remains
poorly known in its morphology and taxonomy because of the scarcity of material. Although
the type species was described based on a nearly complete headshield and its counterpart, the
morphological information from the ventral side of the headshield is absent. Since 2012, the
authors have organized several field excursions in the Lower Devonian of Qujing, and found
a new fossil site of the Xishancun Formation, around the Miandian Reservoir, in the Triathlon
Sports Park, where a large amount of dark grey siltstone from the Xishancun Formation piled
up along with the construction of a tunnel through the Liaokuo Hill (Fig. 1A). Abundant fish
remains, including two new specimens of N. maeandrine, were found. Another fossil site is
near the Qujing Maternal and Child Health Care Hospital, at the bottom of the Xishancun
Formation (Fig. 1A). Here, we present a detailed redescription of N. maeandrine based on the

new material from two localities of the Xishancun Formation in Qujing City, Yunnan Province.
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2 Geological setting

The holotype IVPP V 10106 and the new specimens IVPP V 26124.1, 4 were collected
by the second author (ZM) in 1987 from the light-yellow pelitic siltstone at the bottom of the
Xishancun Formation, near the Qujing Maternal and Child Health Care Hospital, Liaokuo
Hill, Qujing City (Fig. 1A). The new specimens V 26124.2, 3 were collected from the dark
grey siltstone in the middle part of the Xishancun Formation in a new fossil site around the
Miandian Reservoir, in the Triathlon Sports Park, Qujing City (Fig. 1A). The Early Devonian
strata in eastern Yunnan Province can be subdivided into four formations: Xishancun, Xitun,
Guijiatun, and Xujiachong formations in asending order (Wang, 1984; Liu, 2002; Ma et al.,
2009; Zhao and Zhu, 2010; Xue et al., 2018). The Xishancun Formation was conformably
in contact with the Silurian Yulungssu Formation by a layer of grayish-yellow fine-grained
sandstone, and was overlaid by the Xitun Formation (Lin et al., 1998; Ma et al., 2009; Zhao
and Zhu, 2010; Xue et al., 2018) (Fig. 1B). A large number of fossil galeaspids, placoderms,
sarcopterygians, and actinopterygians have been found in the Xishancun Formation,
comprising an important early vertebrate fauna (Zhu, 2000; Zhao and Zhu, 2010). The
Xishancun Formation is considered to represent a foreshore-offshore environment by the
sandstones intercalated with shales (Ma et al., 2009; Zhao and Zhu, 2010), and probably dates
back to early Lochkovian, Early Devonian (Cai et al., 1994; Qie et al., 2018).
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Fig. 1 Geological setting of Nochelaspis maeandrine
A. location map of the two fossil sites in Qujing, Yunnan, Southwest China;
B. fish-bearing lithological column in Qujing (revised from Cai et al., 2020; Jiang et al., 2021)
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3 Material and methods

The new material of Nochelaspis maeandrine includes two incomplete headshields
(IVPP V 26124.1, 2) and two complete cornual and inner cornual processes of headshield (V
26124.3, 4). They are permanently housed and accessible for examination in the collections
of the Institute of Vertebrate Paleontology and Paleoanthropology (IVPP), Chinese Academy
of Sciences. In addition, the holotype of N. maeandrine (IVPP V 10106) housed in IVPP and
the holotype of Yunnanogaleaspis major (GMC V 1734) housed in the Geological Museum
of China (GMC) are reexamined, remeasured, and photographed for comparative study. The
fossils were prepared mechanically using a vibro tool with a tungsten-carbide bit or a needle,
and measured with a digital vernier calliper, studied under an Olympus SZ61 zoom stereo
microscope, and photographed with a Canon EOS 5D Mark III camera coupled with a Canon
macro photo lens EF 100 mm 1:2.8L for the general morphology as well as a Canon macro
photo lens MP-E 65 mm 1:2.8 1-5x for a close-up of the ornamentation.

4  Systematic paleontology

Subclass Galeaspida Tarlo, 1967
Order Eugaleaspiformes (Liu, 1965) Liu, 1980
Genus Nochelaspis Zhu, 1992
(Figs. 2-5)
Diagnosis (emended) A large-sized eugaleaspiform fish; triangular headshield with the
maximum length about 115-127 mm, and the maximum width about 130-159 mm; the width/

Fig. 2 Photographs of the holotypes of Nochelaspis maeandrine (A) and Yunnanogaleaspis major (B)

from the Xishancun Formation in Qujing, Yunnan, China
A, B. external mould of nearly complete headshields in ventral view: A. IVPP V 10106, B. GMC V 1734
Abbreviations: c. cornual process; decm. dorsal commissure; ic. inner cornual process; ifc. infraorbital canal;
Idc. lateral dorsal canal; ltc. lateral transverse canal; mdc. median dorsal canal; md.o. median dorsal opening;
orb. orbital opening; pi. pineal fossa; se. serrated edge of the median dorsal opening;
S0c,. posterior supraorbital canal
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length estimated to be 1.2; rostral margin arciform, slightly pointed without rostral process;
cornual process developed, spine-like, projecting posterolaterally; inner cornual process leaf-
like, more robust than the cornual process, extending posteriortly beyond the posterior end of
cornual process; headshield margin serrated; median dorsal opening slit-like (length/width>6)
with serrated lateral edges, and its posterior end in front of the anterior margin of orbital
openings; orbital opening large, and dorsally positioned; typical eugaleaspid-type sensory canal
system consisting of U-shaped median dorsal canals, posterior supraorbital canals, infraorbital
canals, lateral dorsal canals, and three pairs of lateral transverse canals; ventrally, a large pear-
shaped oralobranchial fenestra covered by a ventral plate; six pairs of large, round branchial
openings lying between the ventral rim and plate; ornamentation composed of coarse stellate
tubercles on the dorsal headshield and small, dense granular tubercles on the ventral plate.
Remarks Nochelaspis differs from Shuyuidae and Sinogaleaspidae in its slit-like
median dorsal opening, leaf-like inner cornual process, absence of the fourth lateral transverse
canal, differs from Tridensaspidae in the absence of rostral process and laterally projecting
cornual processes, and differs from Eugaleaspidae in the presence of inner corner process,
anteriorly positioned median dorsal opening and coarse stellate tubercles. It is most suggestive
of Yunnanogaleaspis from the same horizon with the striking resemblances in the general shape
of headshield, leaf-shaped inner cornual processes, the position of the median dorsal opening,
and typical eugaleaspid-type sensory canal system (Fig. 2A, B). However, Nochelaspis is
distinguishable from Yunnanogaleaspis in its slit-like median dorsal opening (length/width>6),
and more robust inner cornual process with the posterior end far beyond the posterior margin
of the cornual process (Fig. 2A, B). Since the ratio between maximum length and maximum
width of the longitudinal oval median dorsal opening is a continuous quantitative character in
Eugaleaspiformes, Shan et al. (2020) conducted a Q-mode cluster analysis by SPSS v17.0 and
use the value (length/width>6) to define the slit-like median dorsal opening. The length/width
ratio in Yunnanogaleaspis is less than 6 (approximately equal to 5.3 through Table 1, GMC V
1734), whereas the length/width ratio about 10.0 in N. maeandrine. In addition, the headshield
of Nochelaspis is closer to a triangle with the width longer than the length, while the headshield
of Yunnanogaleaspis is closer to an ellipse with the length longer than the width (Fig. 2A, B).
Their dermal ornamentations are different as well. Nochelaspis is decorated with coarse stellate
tubercles, whereas tiny, dense granular tubercles in Yunnanogaleaspis. Furthermore, the new
material of Nochelaspis reveals a new feature that margins of the headshield and median dorsal

opening are aligned with serrations, which are absent in Yunnanogaleaspis.

Nochelaspis maeandrine Zhu, 1992
(Figs. 2-5)
Nochelaspis maeandrine Zhu, 1992, p. 170, fig. 1
Nochelaspis maeandrine Gai et al., 2005, p. 68
Nochelaspis maeandrine Zhu and Gai, 2006, p. 7
Nochelaspis maeandrine Liu et al., 2015, p. 191, fig. 95
Nochelaspis maeandrine Gai and Zhu, 2017, p. 240, fig. 7-64



262 Vertebrata PalAsiatica, Vol. 59, No. 4

Holotype A nearly complete headshield, [IVPP V 10106.

Referred specimens Two incomplete headshields, IVPP V 26124.1, 2, and two
complete cornual and inner cornual processes, V 26124.3, 4.

Locality and horizon Two localities near the Qujing Maternal and Child Health Care
Hospital and the Miandian Reservoir in the Triathlon Sports Park, Qilin District respectively,
Qujing City, Yunnan Province; the lower and middle part of the Xishancun Formation,
Cuifengshan Group, early Lochkovian, Early Devonian.

Diagnosis The only known species, diagnosis as that of the genus.

Measurements See Table 1.

Description The holotype IVPP V 10106 (Fig. 2A) and the new specimen V 26124.2
(Fig. 3A) are two nearly complete triangular headshields, which show that N. maeandrine is a
large-sized eugaleaspiform. The measurements of the holotype and the new specimen V 26124.2
indicate that the preserved maximum widths of the headshields are 158.5 and 113.6 mm (Table 1),
respectively, and the preserved maximum lengths of the headshields are 127.0 and 106.5 mm (Table
1), respectively. The length of the headshield in the midline is about 78.0 mm in the holotype (Table
1). The maximum width is located near the tips of paired cornual processes and estimated to be
130 to 160 mm, and the maximum length of headshied is about 115 to 127 mm (distance between
the tips of rostral margin and inner cornual process). The middle part of the dorsal headshield is
more convex than the lateral parts. The lateral margins of the headsheild are serrated.

Fig. 3 Photographs of Nochelaspis maeandrine IVPP V 26124.2, 3 from the dark grey sandy mudstone
of the Xishancun Formation in Qujing, Yunnan, China
A, B. a nearly complete headshield, V 26124.2: A. in dorsal view, B. in ventral view to the anterior part,
showing the oral fenestra; C. close-up of median dorsal opening (box region of Fig. 3A); D. the complete
cornual and inner cornual process of the headshield, V 26124.3, in ventral view; E. close-up of serrated margin
of the headshield (box region of Fig. 3D). Abbreviations see Fig. 2 plus or.f. oral fenestra; vr. ventral rim
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The cornual processes, completely preserved in all five specimens (Figs. 2A; 3A, D;
4A, E), are spine-like, projecting posterolaterally and tapering off rapidly without a hook at
the end. The paired inner cornual processes, which are completely preserved in V 10106, V
26124.2, 3, are leaf-like, more robust than the cornual processes, and projecting caudally. The
inner cornual processes overstep the posterior end of the cornual processes, which is different
from that of Yunnanogaleaspis (Fig. 2B). The distance between paired inner cornual processes
is 49.0 mm.

The median dorsal opening (md.o, Figs. 2A; 3A, C) is slit-like in shape with nearly
parallel lateral margins and blunt ends. The long axis of the median dorsal opening is 24.5
and 21.6 mm in the holotype (IVPP V 10106) and the new specimen (IVPP V 26124. 2)
respectively, whereas the short axis is about 2.4 mm in both specimens (Table 1). The ratio of

Fig. 4 Photographs of Nochelaspis maeandrine, IVPP V 26124.1, 4 from the light-yellow pelitic siltstone
of the Xishancun Formation in Qujing, Yunnan, China
A. an incomplete headshield (left-half part) of N. maeandrine, V 26124.1 associated with an incomplete
headshield of Laxaspis cf. L. qujingensis, in dorsal view; B. close-up of two branchial openings (box inset 1 of
Fig. 4A); C. close-up of the ornamentation on the ventral plate (box inset 2 of Fig. 4A), showing small, dense
granular tubercles; D. close-up of the ornamentation on the headshield (box inset 3 of Fig. 4A),
showing large, stellate tubercles; E. cornual process and inner cornual process of the headshield, V 26124.4
Abbreviations see Figs. 2, 3 plus br.f. branchial fenestra; br.o. branchial opening; vp. ventral plate
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Table 1 Measurements of Nochelaspis maeandrine and Yunnanogaleaspis major ~ (mm)

N. maeandrine Y. major
IVPPV 10106 V261242 GMC V 1734
Maximum length of the headshield 127.0 — 112
Maximum width of the headshield 158.5 — -
Length of the headshield in midline 78.0 — 78.0
Maximum diameter of the orbital opening 10.0 9.0 9.8
Distance between the orbital openings 33.0 32.8 313
Long axis of the median dorsal opening 24.5 21.6 18.0
Short axis of the median dorsal opening 24 24 3.4
Long axis of the pineal fossa — — 1.3
Short axis of the pineal fossa — — 0.9
Length of the pre-pineal region — — 45.5
Length of the post-pineal region — — 325
Distance between paired inner cornual processes 49 — —

the long/short axis of the median dorsal opening is about 10.0 in N. maeandrine, whereas the
ratio is about 5.3 in Yunnanogaleaspis. The anterior end of the median dorsal opening is apart
from the rostral margin of the headshield, and the distance between them is about 7.5 mm.
The posterior end of the median dorsal opening roughly levels with the anterior margin of the
orbital openings. Many tiny serrated spines are aligned along the lateral margins of the median
dorsal opening.

The orbital openings (orb, Figs. 2A; 3A; 4A) are large, oval in outline, and positioned
dorsally on the headshield. The long axis of the orbital opening is 10.0 and 9.0 mm in the
holotype V 10106 and the new specimen V 26124.2 respectively, while the length of the short
axis is 8.0 and 6.0 mm. The distance between paired orbital openings is about 33.0 mm (Table
1). A dimple is located behind the median dorsal opening in the midline without perforation of
the headshield, which may represent the pineal fossa.

The sensory canal system of N. maeandrine displays an eugaleaspid pattern in
composition and distribution, which consists of posterior supraorbital canals (soc,), infraorbital
canals (ifc), lateral dorsal canals (Idc), lateral transverse canals (Itc), median dorsal canals

md.o

Fig. 5 Restoration of Nochelaspis maeandrine in dorsal (A) and ventral (B) views
Abbreviations see Figs. 2—4 plus m. mouth
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(mdc), and dorsal commissure (dcm). The anterior supraorbital canals (soc,) are invisible due
to either secondary degeneration or preservation. The posterior supraorbital canal extends
posteriorly to connect with median dorsal canals seamlessly. The paired median dorsal canals
are nearly parallel, whose posterior ends bend toward the midline and form a U-shape, and
join with the dorsal commissure. The infraorbital canals are located on the lateral side of the
orbital openings, then extend posteriorly as the lateral dorsal canals, which compose the main
longitudinal canal on the dorsal side of headshield. Three pairs of lateral transverse canals
extend from the lateral dorsal canals in each side of the headshield. Among the three pairs of
lateral transverse canals, the first is the shortest and extends anterior-laterally, while the third is
the longest and extends posterior-laterally as the second pair.

The new specimens IVPP V 26124.1, 2 contribute to the ventral aspect of the headshield.
The headshield curves ventrally to form a flat ventral rim (vr, Figs. 3B; 4A). The ventral rim
expands posteriorly and posterolaterally to form the base of cornual process and inner cornual
process (Fig. 4A), and medially embraces a large pear-shaped oralobranchial fenestra, which
comprises an anterior oral fenestra (or.f, Fig. 3B) and a posterior branchial fenestra (br.f, Fig.
4B). The oral fenestra can be observed in V 26124.2 from the ventral view (Fig. 3B), whereas
the branchial fenestra can be observed in V 26124.1 (Fig. 4B), which is covered by a ventral
plate (vp, Figs. 4A; 5B). However, it is still unclear whether there is an anterior ventral plate
as that of Hanyangaspis (avp, Fig. 6A). Therefore, the shape of the mouth is hypothetical in
our restoration (Fig. 5B). There are six pairs of successive branchial openings (br.o, Figs. 4A,
B; 5B) symmetrically aligned along the lateral margins of the branchial fenestra (br.f, Fig.
4B). Each branchial opening exhibits a large circular pore which is shaped by the ventral rim
and the ventral plate. Compared with Polybranchiaspis liaojiaoshanensis, the ventral plate
of N. maeandrine is so large that has closer contact with the ventral rim as in Hanyangaspis
(Fig. 6A), whereas the ventral plate of P. liaojiaoshanensis is too small to shape the branchial
openings.

The dorsal side of headshield is ornamented with large, stellate tubercles, and there are
about 2 tubercles per square millimeters, whereas the ventral plate is decorated with tiny, dense
granular tubercles, and there are 68 tubercles per square millimeters.

5  Discussion

5.1 Taxonomic implications

Nochelaspis maeandrine can be referred to as Eugaleaspiformes because it exhibits a
suite of diagnostic characters of eugaleaspiforms, including the triangular headshield with
cornual and inner cornual processes, longitudinal oval median dorsal opening, and typical
eugaleaspid-type sensory canal system (Zhu and Gai, 2006; Gai et al., 2018; Shan et al., 2020).
The phylogenetic position of Nochelaspis is relatively stable. It was consistently resolved
as a paraphyletic array between Sinogaleaspidae and Tridensaspidae plus Eugaleaspidae
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together with Yunnanogaleaspis in all the cladistically-based phylogeny of Galeaspida.
Nochelaspis have a closer relationship to the Tridensaspidae plus Eugaleaspidae clade than
Yunnanogaleaspis because of the synapomorphies such as the slit-like median dorsal opening
and only three pairs of lateral transverse canals (Zhu and Gai, 2006; Gai et al., 2018; Shan et
al., 2020). Nochelaspis and Yunnanogaleaspis were traditionally assigned to the Eugaleaspidae
in the previous cladistically-based classification of the Galeaspida (Zhu and Gai, 2006).
However, this treatment makes the family Eugaleaspidae look like an inclusive basket that
contains Eugaleaspis, Dunyu, Pterogonaspis, Tridensaspis, Nochelaspis, and Yunnanogaleaspis
to ensure its monophyly. This has been far beyond the original definition of Eugaleaspidae,
mainly based on Eugaleaspis (Liu, 1965) and we had to discard the usage of Tridensaspidae
which is defined based on Tridensaspis magnoculus by Liu (1986). Therefore, Shan et al.
(2020) proposed to remove Tridensaspis and Pterogonaspis to the Tridensaspidae, and remove
Yunnanogaleaspis and Nochelaspis from Eugaleaspidae as incertae familiae to maintain the

diagnostic stability of Eugaleaspidae.

5.2 Anatomical implications

The new material provides additional morphological data on the ventral side of the
headshield, which is scarcely preserved in galeaspids except for Hanyangaspis (Fig. 6A) (Pan,
1986b), Shuyu (Fig. 6B), Yunnanogaleaspis (Fig. 6C) (Pan and Wang, 1980), Pentathyraspis
(Pan, 1992) and Polybranchiaspis (Fig. 6D) (Liu, 1975). Complemented by Nochelaspis,
a large dermal ventral plate covers the oralobranchial fenestra in galeaspids, a condition
that is different from that of osteostracans, which is covered by numerous minute scales or
larger dermal plates (Janvier, 1996). Among galeaspids, the ventral plate was described in
Hanyangaspis (Fig. 6A), Pentathyraspis, and Polybranchiaspis (Fig. 6D), and an isolated
anterior ventral plate was described in Nanjiangaspis (Lu et al., 2007; Liu et al., 2019).
The ventral plate of Nochelaspis differs from that of Polybranchiaspis, in which a nearly
rectangular dermal plate (vp, Fig. 6D) is so much smaller than the oralobranchial fenestra
that makes no contribution to the branchial openings (br.o, Fig. 6D). The ventral plate of
Nochelaspis (Fig. 5B) is large enough to have close contact with the ventral rim to shape the
branchial openings as in Hanyangaspis (Fig. 6A) and Pentathyraspis, but it remains unclear
whether there is an independent anterior ventral plate as in Hanyangaspis (avp, Fig. 6A)
or several oral plates as in osteostracans (or.p, Fig. 6F) to shape the mouth. Six successive
branchial openings are aligned along the ventral plate’s lateral margins, and shaped and
supported by the ventral plate and rim. This condition is different from that of Astraspis, in
which every branchial opening is shaped and supported by individual branchial plate (br.p, Fig.
6E) (Elliott, 1987; Janvier, 1996; Kardong, 2015), and differs from modern lampreys, in which
each branchial opening is shaped and supported by ring-like cartilage, i.e. the trematic ring (tr.r,
Fig. 61) (Janvier, 1996; De luliis and Pulera, 2007; Oisi et al., 2013).

The new evidence corroborates that the branchial chambers of Nochelaspis open to the
exterior by six separated, large, and circular branchial openings (Fig. 5B). This condition is
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different from that of hagfishes (Fig. 6H), heterostracans (Fig. 6G), placoderms, holocephalans,
and osteichthyans, in which the gills open to the exterior by a common external branchial
opening (Denison, 1978; Janvier, 1996), and quite different from that of elasmobranchs, in
which the gills open to the exterior by separated gill slits covered by a small skin flap (Fig. 6K)
(De luliis and Pulera, 2007; Janvier, 2007). As the main gas exchange organs, the branchial
apparatuses play a fundamental role in feeding and respiration, and form a highly characteristic
feature of fishes (Hughes, 1984; Dearden et al., 2019). The gills of hagfishes and lampreys

Fig. 6 The branchial apparatuses in fossil and living craniates
A. photograph of Hanyangaspis guodingshanensis Pan & Liu, 1975, GMC V 1823, in ventral view;
B. photograph of Shuyu zhejiangensis Gai et al., 2011; Pan, 1986a, IVPP V 14334.11, in ventral view;
C. photograph of Yunnanogaleaspis major Pan & Wang, 1980, counterpart of GMC V 1734, in ventral view;
D. drawing of Polybranchiaspis liaojiaoshanensis Liu, 1965 (modified from Janvier, 1996);

E. drawing of Astraspis desiderata Bryant, 1936 (modified from Kardong, 2015); F. drawing of a generalized
cornuate osteostracan, partly based on specimens of ‘Cephalaspis’ cradleyensis Stensio, 1932
(modified from Janvier, 1996); G. drawing of the pteraspidiform heterostracan Doryaspis nathorsti
(redrawn according to Pernégre, 2002, 2005; Gai et al., 2018); H. drawing of an Atlantic hagfish Myxine
glutinosa (from Bloch and Schneider, 1801); 1, J. drawing of the marine lamprey Petromyzon marinus:

I. skeletal elements (modified from Oisi et al., 2013), J. external morphology;

K. drawing of chondrichthyan Squalus acanthias (J, K from De luliis and Pulera, 2007)
Abbreviations see Figs. 25 plus avp. anterior ventral plate; br.a. branchial arch; br.p. branchial plate;
br.s. branchial slit; gp. gill pouch; or.p. oral plate; tr.r. trematic ring
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are pouch-like (gp, Fig. 6H) (i.e. lamellae inclined towards the center of the gill chamber in
frontal section, and the gill skeleton is external to the lamellae), which contrasts sharply with
the slit-like gills of the gnathostomes (i.e. lamellae inclined towards the opening and the gill
arch medial to the lamellae) (Jollie, 1962; Forey, 1984). The jawless armored ‘ostracoderm’
groups (stem-gnathostomes), including galeaspids, osteostracans, anaspids, heterostracans, and
thelodonts, are more like that of hagfishes and lampreys in possessing pouch-like branchial
chambers (Janvier, 1996). Typically, the pouch-like gill pouch or chamber opens to the
exterior by pore-like external gill openings (br.o, Fig. 6A-J) because there is still no known
instance where the opening is pore-like, but the internal anatomy is like the slit-like gills of
gnathostomes (Donoghue et al., 2000). However, Janvier (2007) thought that the external gill
openings of some general osteostracans (except for tremataspids) somewhat resemble those
of elasmobranchs in being slit-shaped covered by a small skin flap (in turn covered with small
plates or scales) (Fig. 6F), although their gills are apparently pouch-like. In this sense, the gill
openings of some basal osteostracans are somewhat more similar to the operculate condition of
gnathostomes (Fig. 6F, K) (personal communications with Janvier, 2021). Although the pouch-
like gills are widely spread in extant and extinct jawless fishes, slit-like gills are probably a
plesiomorphic condition for vertebrates because the slit-like gills are present in Branchiostoma
(Jefferies, 1986), and retained in ammocoetes, the larval lampreys (Janvier, 1996). As to
the common external branchial opening in hagfishes and heterostracans, it has been long
assumed to be homologous, i.e., the hagfishes were regarded as degenerated heterostracans
by secondary loss of their exoskeleton (Stensio, 1968). However, the fossil evidence indicates
that the Ordovician pteraspidiform Astraspis primitively possesses separate branchial openings
(Fig. 6E). The single common branchial opening of Myxine (br.o, Fig. 6H) also proved to be a
derived feature within hagfishes because the branchial pouches open separately to the exterior
as well in the less derived family Eptatretidae (e.g., Eptatretus) (Adam and Straham, 1963;
Fernholm, 1998). Therefore, the common gill opening of heterostracans is convergent with
that of Myxine, and the branchial openings open to the exterior separately probably represent a
general condition for craniates.

Last but the most noteworthy is that the external branchial openings or slits are all
distributed on both sides of the body in the extant lampreys, hagfishes, and most gnathostomes.
A similar condition is seen in armored astraspids, arandaspids, heterostracans, anaspids, and
some deep-bodied thelodonts as well (Janvier, 1996). By contrast, the branchial openings of
galeaspids and osteostracans are located ventrally as in modern rays, which indicates a benthic
lifestyle dwelling on sandy or muddy substrates in a quiet marine environment, preferably
in lagunas, tidal flats, or deltas (Janvier, 1996), but it is not ruled out that some of galeaspids
such as Sinogaleaspis, Rumporostralis and Xiushuiaspis lived in a fresh river because a large
number of muddy gravels in the fish-bearing sandstone beds pointed to a short distance of
potamic transportation (Gai et al., 2020).
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