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Bohaiornithidae is currently the most diverse recognized family of Early Cretaceous enantiornithines, with unique
morphology of the rostrum and pedal digits. Here we describe a second specimen of the bohaiornithid Longusunguis
kurochkini from the Jiufotang Formation. This specimen provides new anatomical information regarding this taxon, in
particular clarifying uncertain aspects of enantiornithine cranial morphology. The rarely preserved postorbital is
completely preserved on both sides of the skull, confirming the presence of a complete postorbital bar in some
enantiornithines. This suggests that the plesiomorphic diapsid skull was retained by at least some basal enantiornithines
and the infratemporal fenestra in Ornithothoraces may have been lost independently multiple times, providing a better
understanding of cranial evolution from non-avian dinosaurs to modern birds.
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Introduction

Since the 1990s, thousands of exceptionally preserved
stem bird (non-neornithine Aves) fossils have been
uncovered from the Lower Cretaceous Jehol Biota of
north-eastern China. Persisting for over 10 million years
from 130.7-120Ma (Swisher et al. 2002; He et al.
2004, 2006), the Jehol avifauna is the most diverse
Mesozoic avifauna currently known to science, preserv-
ing numerous stem avian lineages found nowhere else
in the world (Zhou 2014). These spectacular discoveries
are dominated in terms of both taxonomic diversity and
numbers of specimens by Enantiornithes (Aves:
Ornithothoraces), the dominant clade of land birds
throughout the Cretaceous (O’Connor 2009; M. Wang
& Zhou 2017a). Bohaiornithidae is the most diverse
enantiornithine clade known, with six genera:
Bohaiornis, Gretcheniao, Longusunguis,
Parabohaiornis, Shengiornis, Sulcavis and Zhouornis
(X. Wang et al. 2010; D. Hu et al. 2011; O’Connor
et al. 2013; Z. Zhang et al. 2013; Li et al. 2014; M.
Wang et al. 2014; Y. Zhang et al. 2014; Chiappe et al.
2019), all known from the Jehol Biota with most from
the Jiufotang Formation (125-120 Ma, He et al. 2004;
M. Wang et al. 2014). The phylogenetic position of this
clade within Enantiornithes is unstable, but its

monophyly has been supported in several phylogenetic
studies (M. Wang ef al. 2014, 2016; H. Hu & O’Connor
2017; M. Wang & Zhou 2019), with slight variations in
some analyses, for example the inclusion of
Fortunguavis in H. Hu & O’Connor (2017). This group
is characterized by the shared presence of a relatively
robust rostrum, subconical teeth that are relatively more
robust than those of other enantiornithines, bluntly
expanded omal ends of the furcula, and an elongate
ungual on pedal digit III (M. Wang et al. 2014). These
unique features, together with the fairly large body size
and robust morphology of all known members, suggest
that this clade was ecologically specialized relative to
other Jehol enantiornithines (M. Wang et al. 2014; Y.
Zhang et al. 2014): the enamel grooves in Sulcavis,
together with the robust rostrum and dentition, might
represent adaptations for hard diet items (O’Connor
et al. 2013; O’Connor 2019), while preliminary analysis
of pedal proportions and claw curvature has been inter-
preted as similar to that of extant arboreal birds (M.
Wang et al. 2014).

Here we report a new specimen referable to
Longusunguis kurochkini (IVPP V18693). This taxon
was previously known only from the holotype specimen,
IVPP V17964, which preserves rare cranial features,
such as the presence of a maxillary foramen and
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elements that have been tentatively identified as ptery-
goids. The referred specimen (IVPP V18693) is nearly
complete and articulated, revealing new morphological
details pertaining to the pectoral and pelvic girdles, foot
and the cranium, complementing data from the holotype.
Most remarkably, IVPP V18693 clearly preserves both
postorbitals, elements which are rarely present in
Mesozoic ornithothoracine specimens. The postorbital is
unreduced and separates the infratemporal and the
supratemporal fenestraec in non-avian dinosaurs, contri-
buting to an akinetic diapsid skull. In contrast, this
element is strongly reduced to a process fused to the
frontal in modern birds. Thus, the morphological modifi-
cation and reduction of the postorbital are critical to
understand a key transition during the early evolution of
birds: the appearance of a kinetic skull from the akinetic
condition of non-avian dinosaurs, which has consistently
attracted the attention of the researchers (Zusi 1984;
Hou et al. 1999; Holliday & Witmer 2008; Bhullar
et al. 2016).

Material and methods

Anatomical terminology follows Baumel & Witmer
(1993), using the English equivalents of the Latin
nomenclature. Computed laminography (CL) scanning
of the skull and the whole slab of IVPP V18693 was
generated using the X-ray microcomputed laminography
scanner at the Key Laboratory of Vertebrate Evolution
and Human Origin of CAS, IVPP, Beijing, China.

In order to test the taxonomic hypothesis that IVPP
V18693 is referable to Longusunguis kurochkini, this
specimen was added into a modified version of the M.
Wang & Zhou (2019) dataset for phylogenetic analysis
using TNT v. 1.5 (Goloboff & Catalano 2016). See
Supplementary materials S1 and S2 for the character list
and dataset. We ran a heuristic search conducting 1000
replications of tree bisection reconnection (TBR) branch
swapping and saving 10 trees per replication, which
returned 270 most parsimonious trees (MPTs) of length
1258 steps. A second round of TBR branch swapping
returned 504 MPTs of 1257 steps.

Institutional abbreviations

BMNHC: Beijing Natural History Museum, Beijing,
China; CNU: Capital Normal University, Beijing,
China; DNHM: Dalian Natural History Museum,
Dalian, Liaoning, China; IVPP: Institute of Vertebrate
Paleontology and Paleoanthropology, Chinese Academy
of Sciences, Beijing, China; LPM: Liaoning
Paleontology Museum, Shenyang, Liaoning, China;

NIGP: Nanjing Institute of Geology and Paleontology,
Chinese Academy of Sciences, Nanjing, China.

Systematic palaeontology

Aves Linnaeus, 1758
Ornithothoraces Chiappe, 1995
Enantiornithes Walker, 1981
Bohaiornithidae M. Wang ef al., 2014
Genus Longusunguis M. Wang et al., 2014
Longusunguis kurochkini M. Wang et al., 2014
(Figs 14)

Holotype. IVPP V17964, a nearly complete and articu-
lated subadult skeleton dorsally exposed in a single slab
(M. Wang et al. 2014).

Referred material. IVPP V18693, a nearly complete and
articulated subadult skeleton primarily exposed in dorsal
view in a single slab; the feathers are poorly preserved.

Occurrence. Lingyuan, Liaoning, China; Jiufotang
Formation (Lower Cretaceous).

Emended diagnosis. Longusunguis kurochkini can be
distinguished from other bohaiornithids by the following
combination of features: maxilla bearing four teeth (new
feature) and an accessory fenestra on the jugal process;
nasal with a centrally located round fenestra (new fea-
ture); lacrimal with elongate excavation on the caudal
margin of the ventral ramus; postorbital bearing long,
delicate and tapered jugal process, and short frontal and
squamosal processes (new feature); squamosal triradiate
with postorbital process unforked (new feature); lateral
margin of coracoid more convex than in other bohaior-
nithids; acromion process strongly projecting dorsally;
and pygostyle equal to or longer than the tarsometatar-
sus (modified from M. Wang et al. 2014).

Ontogenetic status. The premaxillae corpora and rostral
base of the frontal processes are fused in IVPP V18693,
suggesting that this individual was nearing skeletal
maturity. The synsacrum and pygostyle are completely
fused and the proximal tarsals are fused to the distal
end of tibia forming a true tibiotarsus, confirming that
the specimen is not a juvenile or young subadult.
However, the distal ends of the lateral trabeculae and
the xiphoid process of the sternum, the sternal margin
of the coracoid and the epiphyses of some limb bones
(e.g. femur and tibiotarsus) are coarse and slightly por-
ous, indicating incomplete ossification and precluding
IVPP V18693 from recognition as a fully mature indi-
vidual. Furthermore, the semilunate carpal is not fused
to the metacarpals and the distal tarsals are not fused to
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the proximal metatarsals. Together, this information sug-
gests that IVPP V18693 was a subadult nearing maturity
at the time of death.

Description

The following anatomical description is based on IVPP
V18693 (Fig. 1; Table 1), focusing on morphologies not
preserved in the holotype (IVPP V17964) with compari-
sons to other known bohaiornithids.

Skull

The skull of IVPP V18693 is preserved in dorsal view
with most elements preserved in situ. The mandibles are
largely overlapped by the skull with only the distal por-
tions exposed (Fig. 2).

The premaxillac are nearly complete with the slender
frontal process much longer than the maxillary process.
The premaxillae corpora and the rostral third of the
frontal processes are medially fused; the caudal portion
of the frontal processes remain separated (Fig. 3A).
Similar partial fusion of the premaxillae can also be

Figure 1. A, photograph and B, camera lucida drawing of L. kurochkini (IVPP V18693), with crushed parts in grey and margins

indicated from the imprints in dashed lines. Abbreviations: ce, cervical vertebrae; co, coracoid; cv, caudal vertebrae; dr, dorsal rib;
fe, femur; fi, fibula; fu, furcula; hu, humerus; il, ilium; is, ischium; mel-III, metacarpals I-1II; md, manual digits; mtI-1V,
metatarsals [-IV; pd, pedal digits; pt, proximal tarsals; pu, pubis; py, pygostyle; r, radius; ra, radiale; sc, scapula; se, semilunate
carpal; sk. skull; sr, sternal rib; st, sternum; sy, synsacrum; ti, tibiotarsus; tv, thoracic vertebrae; u, ulna; ul, ulnare. Scale bar

= lcm.
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Table 1. Measurements (in mm) of Longusunguis (IVPP V18693). Abbreviations: 1, left; r, right. * indicates preserved length.

Element Measurement Element Measurement
Synsacrum length 21.2 Metatarsal I length (r) 5.2
Pygostyle length 19.4 Metatarsal II length (1) 18.6
Clavicular rami length 18 Metatarsal III length (r) 20.5
Coracoid height (r) 25.6 Metatarsal IV length (r) 19.3
Scapula length (r) 37.1% Pedal phalanx I-1 length (r) 5.8
Humerus length (r) 38.6 Pedal phalanx I-2 length (r) 9.2
Ulna length (r) 422 Pedal phalanx II-1 length (r) 4.8
Radius length (1) 39.3 Pedal phalanx II-2 length () 7.6
Alular metacarpal length (r) 39 Pedal phalanx II-3 length () 10.1
Major metacarpal length (1) 17.2 Pedal phalanx III-1 length (r) 7.2
Minor metacarpal length (1) 18.6 Pedal phalanx III-2 length (r) 5.8
Alular phalanx-1 length (r) 8.5 Pedal phalanx III-3 length (r) 6.5
Alular phalanx-2 length () 4.7% Pedal phalanx I1I-4 length (r) 11.9
Major phalanx—1 length (r) 9.8 Pedal phalanx IV-1 length (r) 3.9
[lium length (r) 23.2 Pedal phalanx IV-2 length () 33
Femur length (1) 37.8 Pedal phalanx IV-3 length (1) 3.1
Tibiotarsus length (1) 44.6 Pedal phalanx V-4 length () 4.2
Fibula length (r) 25.5% Pedal phalanx IV-5 length (r) 7.4

Al %

Figure 2. A, photograph and B, camera lucida drawing of the skull of L. kurochkini (IVPP V18693), with crushed parts in grey and

margins indicated from the imprints in dashed lines. Abbreviations: an, angular; art, articular; de, dentary; fr, frontal; hy, hyoid; ju,
jugal; 1, left; la, lacrimal; ma, maxilla; na, nasal; pa, parietal; pm, premaxilla; po, postorbital; qu, quadrate; r, right; scl, scleral
ossicles; sp, splenial; sq, squamosal; su, surangular. Scale bar = 5mm.

observed in two other bohaiornithid specimens: the
holotype of L. kurochkini (IVPP V17964: M. Wang
et al. 2014) and a referred specimen of Bohaiornis guoi
(IVPP V17963: Li et al. 2014), suggesting that partial
fusion of the premaxillae is a shared feature of bohaior-
nithids. Rostrally fused premaxillae with separated
frontal processes have also been previously reported in
several enantiornithines, including the Early Cretaceous

Linyiornis and FEoenantiornis, and the Late Cretaceous
Gobipteryx (O’Connor & Chiappe 2011; Y. Wang ef al.
2016), while complete fusion is only documented in
Shangyang graciles (M. Wang & Zhou 2019). Typical
of other enantiornithines, four premaxillary teeth are
revealed in the CL scans with the caudal-most tooth
buried in the matrix (O’Connor & Chiappe 2011).
Bohaiornis (LPM B00167) and IVPP V17963 also have
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four premaxillary teeth (D. Hu et al. 2011), whereas
Zhouornis (CNUVB-0903) and Parabohaiornis (IVPP
V18691) apparently preserve only three premaxillary
teeth, which led to the previous suggestion that this
clade may be characterized by the presence of only
three premaxillary teeth (Z. Zhang et al. 2013;
O’Connor 2019). At this time, we cannot determine
whether the absence of the fourth premaxillary tooth in
these latter two taxa is an artefact of preservation or due
to interspecific variation. As in the holotype, the shape
of the premaxillary teeth in IVPP V18693 are typical of
bohaiornithids, with sharply tapered and caudally
recurved tips, convex labial and flat lingual surfaces
(O’Connor et al. 2013; Z. Zhang et al. 2013; Li et al.
2014; M. Wang et al. 2014; Y. Zhang et al. 2014).
Enamel ornamentation on the lingual surface is con-
firmed absent in this taxon.

Both maxillae are preserved in articulation with the
premaxillae. The ascending process and adjacent region
is crushed, preventing identification of the maxillary
fenestra that perforates the base of the jugal process of
the maxilla in other bohaiornithids, including the holo-
types of L. kurochkini, Bohaiornis guoi (LPM B00167)
and Zhouornis hani (CNUVB-0903) (D. Hu ef al. 2011;
Z. Zhang et al. 2013; M. Wang ef al. 2014). The maxil-
lary dentition of bohaiornithids was previously poorly
known, with only Zhouornis (BMNHC Ph 756)
described as having three maxillary teeth (Y. Zhang
et al. 2014). CL data clearly reveals four alveoli in the
rostral portion of the maxilla (Fig. 3H). Based on alveo-
lar morphology, we infer that the maxillary teeth were
similar in size to the premaxillary teeth. The rostral two
teeth nearly contact each other, whereas the caudal two
are separated by a diastema that is nearly as long as the
mesiodistal length of the teeth themselves.

The broad plate-like bone slightly overlapped by the
frontal processes of the premaxillae is identified as the
left nasal. The nasal is perforated by a small rounded
fenestra (Fig. 3A), which has previously only been
observed in Pengornis houi among stem birds (Zhou
et al. 2008; O’Connor & Chiappe 2011). The fenestra is
centrally located and closer to the lateral margin, similar
to the condition in Pengornis. The right nasal is covered
by the maxilla and frontal with only the caudal margin
exposed, which is bluntly tapered defining an angle of
approximately 80°.

Both lacrimals are exposed in lateral view. The left
lacrimal is nearly complete; however, the distal portion
of the ventral (descending) ramus is overlapped by other
elements. Visible in the CL image, the slender distal
portion of the ventral ramus of the lacrimal is preserved
underneath the right surangular (Fig. 3F). The lacrimal
is ‘T’-shaped similar to that of Parabohaiornis and

> P : ma | \de

Figure 3. Detailed photographs of A, partial rostrum; B, right
jugal; C, left postorbital; and D, right squamosal; and CL
images showing E, right postdentary mandible; F, lacrimals; G,
left dentary; and H, maxillary and dentary teeth of L.
kurochkini (IVPP V18693). Arrows indicate the fenestra in the
nasal (A, in red to the left), the fused corpus of the premaxilla
(A, in blue to the right), the locations of the maxillary and
dentary teeth (H, in yellow) and white lines indicate articular
surfaces. Abbreviations: an, angular; arm, articular surface
for maxilla on jugal; ars, articular surface for squamosal in
postorbital; art, articular; cdr, caudodorsal ramus; de, dentary;
fp, frontal process of postorbital; jp, jugal process of
postorbital; ju, jugal; 1, left; la, lacrimal; ma, maxilla; na,
nasal; pm, premaxilla; po, postorbital; ppj, postorbital process
of jugal; pps, postorbital process of squamosal; pop,
postcotyloid process of squamosal; qjp, quadratojugal process
of jugal, qjs, quadratojugal process of squamosal; r, right; rdr,
rostrodorsal ramus; sq, squamosal; sqp, squamosal process of
postorbital, su, surangular, vr, ventral ramus. Scale bar
= lmm.

most other enantiornithines (M. Wang et al. 2014). The
ventral ramus is longer than the rostrodorsal and caudo-
dorsal rami and demarcates the caudal margin of the
antorbital fenestra cranioventrally. The ventral ramus is
excavated as in Parabohaiornis and Pengornis
(O’Connor & Chiappe 2011; M. Wang et al. 2014). The
dorsal margin is straight, whereas it is concave in
Pengornis (Zhou et al. 2008).
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Both jugals are preserved disarticulated; the right is
partially overlapped by scleral ossicles (Fig. 3B) and the
left is overlapped rostrally by an unidentified element.
The tapered rostral end of the maxillary process is
deflected dorsally, suggesting a dorsal-ventral contact
with the maxilla along the ventral margin, as in the L.
kurochkini holotype, Bohaiornis and Pterygornis (D. Hu
et al. 2011; M. Wang et al. 2014, 2016). The caudal
end of the jugal is forked forming a small caudally
directed process and a longer and larger dorsocaudally
directed process. Based on their orientation, we identify
the shorter ramus as the quadratojugal process and the
longer ramus as the postorbital process.

A small triradiate element preserved in the caudal
right corner of the skull is identified as the squamosal
(Fig. 3D). The three processes are similar in length. The
sharply pointed process is most likely the ventrally ori-
ented quadratojugal (descending) process; the dorsal
process with the slightly expanded distal margin is iden-
tified as the caudal postcotyloid process; and the other
gradually tapered dorsal process is identified as the post-
orbital process. The squamosal is only otherwise known
in Archaeopteryx (Elzanowski & Wellnhofer 1996) and
the juvenile enantiornithine LP 4450 (Sanz et al. 1997),
and in both of these taxa it is also triradiate. However,
we cannot conclusively exclude the possibility that there
is another process for this specimen buried in
the matrix.

Two triradiate elements preserved near the jugals are
identified as the disarticulated postorbitals (Figs 2A, B,
3C). One process is extremely elongated and tapered
distally and is identified as the jugal process of the post-
orbital. The short and dorsally deflected process is iden-
tified as the frontal process. The sharply tapered
squamosal process is nearly as long as the frontal pro-
cess and has a slightly concave dorsal surface, which is
inferred to be the articular surface for the squamosal.
The jugal process is approximately 2.7 times longer
than the squamosal process. Compared to the broad tri-
angular-shaped postorbital in Sapeornis, the postorbital
of Longusunguis is much more delicate and the jugal
process is proportionately longer, somewhat resembling
the condition in the enantiornithine LP4450 and
Archaeopteryx (Sanz et al. 1997; Rauhut et al. 2018).

The unfused frontals are tapered rostrally and
expanded caudally as in other Mesozoic birds. They are
approximately twice as long as the parietals, which is
typical of ornithothoracines (O’Connor & Chiappe
2011). The morphology of the left quadrate is similar to
that in other bohaiornithids, such as Zhouornis (Z.
Zhang et al. 2013) and the fragment preserved in the
holotype of L. kurochkini. The otic process is dorsoven-
trally elongated and oriented perpendicular to the

mandibular condyles. The dorsal margin of the otic pro-
cess appears flat to weakly concave and is angled dorso-
lateral-ventromedially. The lateral mandibular condyle is
larger than the medial condyle, as in the holotype.

At least 17 thin plate-like sclerotic ossicles are pre-
served disarticulated around the skull; eight or more are
preserved on the right side and nine on the left. These
square-shaped ossicles have rounded margins.

The mandibles are largely covered by the cranium in
IVPP V18693 but are well preserved in the holotype. In
the former, the left dentary and splenial are partially
exposed through the naris and the antorbital fenestra.
The dentary is straight and unforked caudally with a
ventrally declined caudal margin (Fig. 3G), as observed
in the holotype and typical of ornithothoracines
(O’Connor & Chiappe 2011). Although overlapped by
other elements, CL scans indicate that a total of six
teeth are present in the right dentary (Fig. 3H); thus, the
complete dentition of Longusunguis consists of four pre-
maxillary teeth, four maxillary teeth and six dentary
teeth. The dentary teeth are morphologically similar to
those of the holotype, being sharply tapered with caud-
ally recurved apices. The new specimen is consistent
with the holotype in the relative positions of the dentary
teeth: the first two are adjacent; the middle two are sep-
arated by a diastema measuring half of the mesiodistal
length of the teeth themselves and the diastema separat-
ing the caudal two teeth is roughly equal in length to
the mesiodistal lengths of the teeth themselves. The
right surangular and angular are overlapped by other
bones and are identified in the CL scan (Fig. 3E). The
cranial portion of the surangular is dorsoventrally
expanded. The angular is rod-like.

Vertebral column and ribs

The vertebral series is disarticulated and poorly pre-
served. At least nine cervical vertebrac are preserved,
which are slightly craniocaudally elongate. A weakly
developed ventral keel is visible on a cranial cervical
vertebra preserved partially overlapping the furcula (Fig.
4C). At least seven thoracic vertebraec are preserved,
which are disarticulated over and around the sternum.
The most complete vertebra is preserved caudal to the
sternum; the length and width of the vertebral body are
nearly equal and the lateral surface is deeply excavated,
as is typical of enantiornithines (Chiappe & Walker
2002). Neural spines are well developed and caudally
displaced over the centra.

In IVPP V18693 the synsacrum is complete but has
been displaced with the left ilium to lie below the left
tibiotarsus; this element is broken into five pieces in the
holotype. The sacrals are completely fused with no
remaining sutures visible between intervening vertebrae
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Figure 4. Detailed photographs of L. kurochkini (IVPP V18693). A, left coracoid; B, right coracoid; C, furcula; D, synsacrum and
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ilium; E, left distal tibiotarsus; F, right distal tibiotarsus; G, pygostyle; H, left tibiotarsus and fibula; and I, right foot. Dashed lines
indicating the putative overlapping parts. White arrow (A) indicates the convex lateral margin of the coracoid and the red arrow (C)
indicates the deeply excavated area in the dorsal surface of the furcula. Abbreviations: acf, articular surface for coracoid on furcula;
ap, ascending process; df, dorsal furrow; fi, fibula; fu, furcula; il, ilium; ip, ischiac pedicle of ilium; mtI-IV, metatarsals I-1V; pp,

pubic pedicle of the ilium; pt, proximal tarsals; py, pygostyle; sy, synsacrum; ti, tibiotarsus. Scale bar = 2 mm.

(Fig. 4D). Eight vertebrae are identified based on their
transverse processes, which is consistent with the num-
ber in the holotype (seven or eight estimated) and with
that number in other bohaiornithids, as is typical of
enantiornithines (M. Wang et al. 2014). The fused
neural spines of the sacral vertebrae form a spinous
crest that extends for the entire length of the dorsal sur-
face. The transverse processes of the cranial five sacral
vertebrae are straight and short, and less than half the
width of their vertebral bodies. The caudal three trans-
verse processes are much longer, approaching the width
of their centra, and are more robust with slightly
expanded lateral extremities. The transverse processes of
the cranial six vertebrae are laterally oriented, whereas
the caudal-most two transverse processes are caudolater-
ally oriented and appear to contact each other at the lat-
eral extremities.

Five free caudal vertebrae are preserved disarticulated
cranial to the pygostyle. The best-preserved caudal is
located near the right foot. It has caudolaterally directed
transverse processes, which are nearly equal in length to
the centrum width. The craniocaudally elongated pygo-
style is preserved in lateral view and is nearly equal in
length to metatarsal III, whereas it is slightly longer
than metatarsal III in the holotype (Fig. 4G; Table 1; M.
Wang et al. 2014). The caudal end is gradually tapered
as in bohaiornithids (M. Wang et al. 2014), rather than
abruptly constricted as in other enantiornithines
(Chiappe & Walker 2002; H. Hu ef al. 2015). A weakly
developed crest is present on the lateral surface, which
could be the remnants of a ventrolateral process similar
to that in Zhouornis (BMNHC Ph756: Y. Zhang et al.
2014). Typical of enantiornithines, the pygostyle is tet-
raradiate in proximal view (Chiappe ef al. 2002). The
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short and craniodorsally directed dorsal processes end
level with the cranial margin of the pygostyle body,
whereas the ventral processes extend beyond the cra-
nial margin.

Six rod-like elements preserved adjacent to the right
of the sternum are tentatively identified as sternal ribs,
based on their relatively straight and robust morphology
compared to the curved and slender dorsal ribs in other
known enantiornithines (M. Wang et al. 2016; M. Wang
and Zhou 2017b). However, if correctly identified these
sternal ribs are proportionately longer than in most other
enantiornithines (F. Zhang et al. 2001; O’Connor et al.
2009, 2011), so the possibility that they may be dorsal
ribs cannot be confidently excluded.

Pectoral girdle

The furcula is preserved in caudal view (Fig. 4C). It is
“Y’-shaped with straight furcular rami and an inclavicu-
lar angle of approximately 50°, similar to that of
Elsornis and Piscivorenantiornis, but greater than that
of Shangyang (Chiappe et al. 2007, M. Wang & Zhou
2017b, 2019). The hypocleidium is largely overlapped
by the right scapula, but the exposed distal tip indicates
that the hypocleidium has a length of approximately
one-third that of the furcular rami, within the range of
other bohaiornithids. The mediolateral compression of
the hypocleidium present in the holotype and other
bohaiornithids is visible at the base of this process, but
not the distal tip due to poor preservation. The medial
margins of the furcular rami project farther caudally
than the lateral margins, rendering the caudal surface of
the ramus concave, as in other enantiornithines (Chiappe
& Walker 2002). The omal tips of the straight clavicular
rami are expanded as in the holotype and other bohaior-
nithids (M. Wang et al. 2014). The articular surface for
the coracoid is large and triangular, sloping caudoven-
trally and flat in the new specimen, while the slight
depression in the holotype is most likely a preservatio-
nal artefact.

The scapula is nearly as long as the femur, straight
and ends in a blunt distal end as in the holotype and
most other enantiornithines (Chiappe & Walker 2002;
M. Wang & Liu 2016). Although the acromion proc-
esses are overlapped by the coracoids on both sides, the
dorsal margin exposed on the right scapula indicates
that it is dorsally directed relatively to the shaft, as in
the holotype (M. Wang et al. 2014).

The right coracoid is preserved in dorsal view and is
strut-like. The left one is ventrally exposed but mostly
obscured by other elements. The acrocoracoid process is
straight as in most enantiornithines (H. Hu & O’Connor
2017; O’Connor et al. 2017). The lateral margin is con-
vex distally (Fig. 4B), being slightly less developed than

that observed in the holotype but still distinctly more
convex than in other bohaiornithids (M. Wang et al.
2014; Fig. 4A). The sternal region of the coracoid body
is coarse and porous, indicating incomplete ossification
of the periosteal surface.

The sternum is completely preserved (Fig. 5SA-C),
compensating for anatomical features not accessible
from the poorly preserved sternum in the holotype (Fig.
5D). The cranial margin is rounded as in the holotype,
lacking the weakly developed craniolateral processes
present in Bohaiornis and Zhouornis (Fig. S5E, F). The
xiphoid process is well developed, as in most enantior-
nithines. Although in dorsal view, the keel is readily
visible based on the convexity along the xiphoid process
(which could also be confirmed in CL scanning), similar
to Bohaiornis and Gretcheniao (D. Hu et al. 2011;
Chiappe ef al. 2019). The lateral trabeculae are broken
in the holotype but are complete in IVPP V18693. They
are caudolaterally oriented and extend to the level of the
distal end of the xiphoid process. No distal expansion is
present, differing from other bohaiornithids such as
Bohaiornis (Fig. SE; D. Hu et al. 2011), Parabohaiornis
(M. Wang et al. 2014) and Zhouornis (Fig. S5F; Z.
Zhang et al. 2013), which may be due to incomplete
ossification. The intermediate trabeculae are weakly
developed and considerably smaller than those of
Bohaiornis and most other enantiornithines except for
Protopteryx and the Pengornithidae, in which the inter-
mediate trabeculae are absent, and Eocathayornis and
Longipteryx (D. Hu et al. 2011; H. Hu et al. 2014; Li
et al. 2014). A notch is present in the costal margin cra-
nial to the base of the lateral trabecula, reminiscent of
the condition in Cathayornis and Longipteryx (M. Wang
& Liu 2016). The CL scans reveal that this notch is a
genuine morphology rather an artefact of breakage (Fig.
5B). This notch is crushed in the holotype of L. kuroch-
kini and Parabohaiornis martini (M. Wang et al. 2014)
but is clearly observed in the holotypes of Bohaiornis
guoi and Zhouornis hani (Fig. 5E, F), suggesting that
this feature is a synapomorphy of bohaiornithids.

Forelimb
Most elements of the forelimbs are complete and remain
in articulation except for some of the manual phalanges.
The forelimb is slightly shorter than the hind limb (ratio
of  humerus +ulna+major  metacarpal length/
femur + tibiotarsus + metatarsal III length = 0.95), simi-
lar to the condition in the holotype and Bohaiornis,
whereas the forelimb exceeds the hind limb in length in
Parabohaiornis as the result of a proportionally longer
humerus (D. Hu ef al. 2011; M. Wang et al. 2014).

The humerus is preserved in caudal view and is
shorter than the ulna, as in the holotype. The shaft is
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S S
Figure 5. Comparison of sternums from selected
bohaiornithids: A, photograph, B, CL image and C,
reconstruction of L. kurochkini (IVPP V18693); D, L.
kurochkini holotype (IVPP V17964); E, Bohaiornis (LPM
B00167); and F, Zhouornis (BMNHC Ph756). D-F are
modified from M. Wang et al. (2014), D. Hu et al. (2011) and
Z. Zhang et al. (2013). Comparisons of hands in
bohaiornithids: G, H, L. kurochkini (IVPP V18693, right); I, L.
kurochkini holotype (IVPP V17964, left); J, Zhouornis
(BMNHC Ph756, right); and K, Bohaiornis (LPM B00167).
I-K modified from M. Wang et al. (2014), Y. Zhang et al.
(2014) and D. Hu et al. (2011). Red arrows (B, C, E, F)
indicate the concave area in the sternum lateral margin and the
white arrow (G) indicates the concavity on the cranial surface
of the minor metacarpal; the dashed lines indicate broken or
overlapped margins.

sigmoidal with the proximal portion deflected ventrally
and the distal end deflected dorsally, similar to the holo-
type and other bohaiornithids but less pronounced than
in Linyiornis and Pterygornis (M. Wang et al. 2014,
2016; Y. Wang et al. 2016). Overall, the morphology of
the humerus is consistent with that of the holotype. The
ventral tubercle is separated from the humeral head by a
shallow capital incision as in other enantiornithines. The
ventrally projected proximal margin is concave in the
central portion and convex dorsally and ventrally, also
as in all enantiornithines (Chiappe & Walker 2002) with
the exception of pengornithids. The dorsally projected
deltopectoral crest is narrower than half the width of the
humeral shaft and extends for approximately one-third
of the length of the humerus. The distal end of the del-
topectoral crest merges into the shaft gradually rather
than ending abruptly as in some other enantiornithines,
such as pengornithids (M. Wang et al. 2014; H. Hu
et al. 2015).

The robust shaft of the ulna is bowed proximally and
is straight distally, as in the holotype and most enantior-
nithines (Chiappe & Walker 2002; M. Wang et al.
2014). A weakly developed olecranon process is present,
as in the holotype. The caudodorsal surface of the left
radius preserves a groove similar to that in the holotype,
but it is more weakly developed. The sub-rectangular
semilunate carpal is unfused to the major metacarpal
and is visible on the left.

The right hand is better preserved than the left, in
which most phalanges are missing. The carpometacarpus
is entirely unfused. The alular metacarpal is craniocau-
dally thinner than the proximal portion of both the
major and the minor metacarpals. The alular metacarpal
is approximately 30% the length of the major metacar-
pal. The major metacarpal is much more robust and
nearly twice the width of the minor metacarpal, whereas
this ratio appears slightly smaller in the holotype.
Considering the flattened and partly overlapping preser-
vation of the major and minor metacarpals in the holo-
type, this variance is most likely an artefact of
preservation. The minor metacarpal is longer than the
major metacarpal with the distal end extending further
distally, which is typical of enantiornithines (Chiappe &
Walker 2002). The proximal half of the left minor meta-
carpal is bowed, more obviously than in the holotype.
The proximal portion of the right minor metacarpal is
deflected by breakage and thus the cranial surface is
exposed bearing a rounded concavity (Fig. 5G).

The alular digit is much thinner than the major digit
and the alular ungual phalanx terminates level with the
distal end of the major metacarpal (Fig. 5G, H). The
proximal phalanx of the major digit is robust, being
slightly wider than the major metacarpal itself, as
observed in the holotype and other bohaiornithids (M.
Wang et al. 2014). The right penultimate phalanx and
ungual phalanx are preserved between the ulna and
radius; the major digit ungual is subequal in size and
curvature to that of the alular digit. Only one preserved
phalanx forms the minor digit, as in other bohaiornithid
specimens including the L. kurochkini holotype (Fig.
5I), Bohaiornis guoi (Fig. SK; the holotype and referred
specimen IVPP V17963), Sulcavis geeorum (holotype)
and Zhouornis hani (Fig. 5], the holotype and referred
specimen BMNHC Ph 756) (D. Hu et al. 2011;
O’Connor et al. 2013; Zhang et al. 2013; Li et al. 2014,
M. Wang et al. 2014; Z. Y. Zhang et al. 2014). This
may indicate that the ungual phalanx of the minor digit
is fully reduced throughout the Bohaiornithidae.

Pelvic girdle
The pelvic girdle is well preserved in the new specimen.
All elements are unfused. Both ilia are completely
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preserved in lateral view, the left near the synsacrum
(Fig. 4D) and the right near the left foot. The preacetab-
ular wing is longer and dorsoventrally taller than the
postacetabular wing, with a height ratio of approxi-
mately 2.3. Just cranial to the acetabulum, the preace-
tabular wing is dorsally expanded so that the dorsal
margin is concave, whereas this margin is straight in
many other enantiornithines, such as Shangyang and
Parapengornis (H. Hu et al. 2015; M. Wang & Zhou
2019). The postacetabular ala tapers abruptly from the
acetabulum forming a blunt caudal margin, similar to
that in Zhouornis (Y. Zhang et al. 2014). The pubic
pedicel is longer than the ischiadic pedicel as in other
enantiornithines.

The right ischium and both pubes are preserved cra-
nial to the pygostyle. The ischium is robust with a
curved shaft, bearing a well-developed dorsal process
similar to that of the holotype (M. Wang et al. 2014).
Caudal to the dorsal process, a ridge-like structure is
present in the lateral surface of the right ischium. The
pubes are slender compared to the ischium. In both ele-
ments the shaft is curved so that the dorsal margin is
concave, as observed in the holotype.

Hind limb

Both hind limbs are preserved although the left foot is
partially disarticulated due to overlap with the ilium.
The femur is nearly straight and measures 85% of the
tibiotarsus in length, as in the holotype and most other
enantiornithines (D. Hu et al. 2011; O’Connor et al.
2011; M. Wang et al. 2014; H. Hu & O’Connor 2017),
but proportionately shorter than in pengornithids (H. Hu
et al. 2015). The patellar groove is developed on the
distal end.

The fibular crest is visible on the left tibiotarsus and
exposed in cranial view; it measures approximately 30%
the length of the tibiotarsus (Fig. 4H) as in Bohaiornis,
Monoenantiornis and Rapaxavis (D. Hu et al. 2011;
O’Connor et al. 2011; H. Hu & O’Connor 2017).
Cnemial crests are absent as in the holotype and most
other enantiornithines (M. Wang et al. 2014). The prox-
imal tarsals are fused to each other and almost com-
pletely fused to the tibia, forming a true tibiotarsus. A
large triangular ascending process can still be discerned
on both sides (Fig. 4E, F). This is similar to the condi-
tion in the Parabohaiornis martini holotype and may be
due to skeletal immaturity (H. Hu & O’Connor 2017).
The fused distal proximal tarsals form the cranially pro-
jected distal condyles of the tibiotarsus. The ball-shaped
medial condyle is transversely larger than the lateral
condyle, as in the holotype, which is considered a primi-
tive feature in basal birds (O’Connor et al. 2009). The
better-preserved right fibula is expanded proximally and

sharply tapered distally, and is half the length of the
tibiotarsus.

Metatarsal I is ‘J’-shaped and short, measuring 28%
of the length of metatarsal II, similar to the condition in
most enantiornithines except for the pengornithids (H.
Hu et al. 2015). Metatarsals III and IV are subequal in
length and longer than metatarsal II. Metatarsal IV is
considerably more slender than the other metatarsals, as
in other enantiornithines (Chiappe & Walker 2002), and
the distal end is deflected laterally from the long axis of
the metatarsals (Fig. 41).

The pedal digits are similar to those of other bohaior-
nithids in morphology with a short and reversed hallux.
Digit II is remarkably more robust than all the other
digits and the proximal phalanx is longer than the penul-
timate phalanx, similar to the holotype and other
bohaiornithids (M. Wang et al. 2014). Digit IV is very
delicate and measures only 70% of the length of digit
III, with all of the phalanges subequal in length. Most
of the ungual phalanges are well preserved in associ-
ation with their respective keratinous sheaths. The
ungual of digit I is slightly more robust and recurved
compared to the others. The ungual of digit IV ungual
is the shortest, and that of digit III is the longest and the
least recurved, as in other bohaiornithids (Z. Zhang
et al. 2013; Li et al. 2014; M. Wang et al. 2014; Y.
Zhang et al. 2014). All unguals have well-developed
ligamental grooves on the lateral surfaces and lack
flexor tubercles.

Discussion

Phylogenetic analysis

The strict consensus tree from the phylogenetic analysis
(Fig. 6) largely confirms previous results published by
M. Wang & Zhou (2019) with regards to the placements
of most clades, but with slightly better resolution inside
both Enantiornithes and Ornithuromorpha.
Hongshanornithidae is resolved as monophyletic within
Ornithuromorpha, slightly differing from the position in
the results of M. Wang & Zhou (2019), in that it is now
basal to Jianchangornis. Pengornithidae and Protopteryx
are resolved forming a clade in the basal-most position
in the Enantiornithes, as in most previous analyses (M.
Wang et al. 2016; H. Hu & O’Connor 2017; M. Wang
& Zhou 2019). Longipterygidae is resolved as derived,
as in M. Wang & Zhou (2019). The monophyly of
Bohaiornithidae is also supported in this analysis and
includes Bohaiornis, Longusunguis, Parabohaiornis,
Shengiornis and Sulcavis, although the position of
Zhouornis outside of this clade differs from a previous
analysis (M. Wang & Zhou 2019). IVPP V18693 is
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Figure 6. Strict consensus tree showing the phylogenetic
position of IVPP V18693. Absolute calculated Bremer support
values are indicated at each node.

resolved as a member of Bohaiornithidae and forms a
polytomy with Longusunguis, Shengiornis and Sulcavis,
supporting the taxonomic inference based on morpho-
logical comparisons.

Postorbital bar

The new specimen of L. kurochkini (IVPP V18693)
reveals important new morphological information
regarding this taxon, as well as clarification of important
transitions within Aves. The reduction and eventual loss

of the postorbital bar and appearance of the enlarged
orbit and kinetic skull is one of the key modifications
that occurs in the transition between non-avian dinosaurs
and crown birds. Cranial kinesis is the movement of the
rostrum relative to the braincase, allowing various
advantages such as increased gape for swallowing large
prey, more rapid opening/closing of the bill, increased
bite force, greater precision in food selection, and speci-
alized feeding strategies such as mud-probing and filter-
ing (Zusi 1984; Estrella & Masero 2007; Gussekloo
et al. 2017). All of these functions serve to improve
feeding abilities and can be considered evolutionarily
advantageous. The postorbital bar connects the braincase
and the jugal tightly, excluding the possibility of ros-
trum movements relative to the braincase, thus its reduc-
tion and loss is one of the key contributions to the
appearance of the flexible avian skull (Zusi 1984; Hou
et al. 1999; Holliday & Witmer 2008; Bhullar
et al. 2016).

Despite the importance of postorbital reduction in the
evolution of cranial kinesis, little is known about the
morphology and evolution of the postorbital in early
birds, especially in stem ornithothoracines. All known
non-ornithothoracine stem avians retain a plesiomorphi-
cally large postorbital and complete postorbital bar, as
in  Archaeopteryx, Confuciusornis and Sapeornis
(Elzanowski et al. 2018; Rauhut er al. 2018; H. Hu
et al. 2019; M. Wang et al. 2019). The postorbital of
Sapeornis is broad and triangular in shape, with weaker
concave margins than that of Archaeopteryx, similar to
the condition in some dromaeosaurids such as
Linheraptor (Fig. 7TA; Xu et al. 2015; Rauhut et al.
2018; H. Hu et al. 2019). The more slender condition in
Archaeopteryx resembles some non-avian theropods,
such as the alvarezsaurid Shuvuuia (Chiappe et al.
1998). Despite the hundreds (perhaps thousands) of
specimens referable to the Confuciusornithiformes, no
published specimens clearly show the morphology of
the postorbital, especially its boundaries with the brain-
case and the jugal, although the outline of the complete
postorbital bar can be identified in several specimens
(Chiappe et al. 1999; M. Wang et al. 2019).

Evidence regarding the postorbital is limited in the
Enantiornithes and stem ornithuromorphs despite their
high taxonomic diversity. Consequently, little can be
said to regard whether, or to what degree, this element
was reduced in the ornithothoracine common ancestor
and in the members of these two lineages. In previously
known enantiornithines the only unequivocal postorbi-
tals are preserved in the indeterminate enantiornithine
LP4450 and Pengornis (IVPP V15576) (Fig. 7A; Sanz
et al. 1997, Zhou et al. 2008; O’Connor & Chiappe
2011). The frontal and squamosal processes of the
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Figure 7. A, comparisons of postorbital bars in early birds and closely related non-avian dinosaurs (postorbitals: Shuvuuia follows
Chiappe et al. [1998]; Citipati follows Clark et al. [2002]; Linheraptor follows Xu et al. [2015]; Almas follows Pei et al. [2017];
Archaeopteryx follows Rauhut et al. [2018]; Sapeornis modified from Pu et al. [2013] and D. Hu et al. [2010]; Enantiornithes
LP4450 follows Sanz et al. [1997]; Pengornis follows O’Connor & Chiappe [2011]). Lateral line drawings of selected skulls:
Linheraptor follows Xu et al. (2015) and M. Wang & Hu (2017); Sapeornis follows H. Hu et al. (2019); LP4450 follows M. Wang
& Hu (2017); Pengornis modified from O’Connor & Chiappe (2011); Ichthyornis follows Field et al. (2018). Hypothetical
reconstructions to determine if the triradiate element in Longusunguis (IVPP V18693) is a postorbital or a quadratojugal: B,
reconstructed postorbital bar treating this element as a postorbital; C—E, reconstructed jugal bar alternatively treating this element as
a quadratojugal, with its elongate process treated as a jugal process in C and D and squamosal process in E, where it turns out to be

too long to be either the jugal or squamosal process of the quadratojugal. Scale bar = 5 mm.

postorbital are strongly reduced and only the jugal pro-
cess is well developed in Pengornis, so that this element
is semilunate in lateral view and has lost the contact
with the jugal (Zhou ef al. 2008). The postorbital in
LP4450 retains the plesiomorphic triradiate morphology
with a remarkably elongate jugal process, similar to but
more slender than the condition in Archaeopteryx and
differing from this basal-most taxon in that the jugal
process does not reach the jugal, representing the break
of a complete postorbital bar (Sanz ef al. 1997). In the
bohaiornithids Shengiornis and Sulcavis disarticulated
elements tentatively identified as the postorbital resem-
ble the broad condition in Sapeornis, but without add-
itional  information we cannot confirm these
interpretations due to their poor preservation (O’Connor
& Chiappe 2011; O’Connor et al. 2013).

In IVPP V18693 two disarticulated elements near the
jugals are identified as the postorbitals, displaying the
typical triradiate shape of the paravian postorbital (Fig.
7A). The condition in Longusunguis differs from the

broad triangular postorbital of Sapeornis, but is remark-
ably similar to the slender and delicate morphology of
this element in the stem avian Archaeopteryx (Rauhut
et al. 2018) and some non-avian dinosaurs such as
Almas, Citipati, Dilong, Incisivosaurus and Juravenator
(Clark et al. 2002; Xu et al. 2002, 2004; Gohlich &
Chiappe, 2006; Balanoff et al. 2009; Pei et al. 2017), as
well as the enantiornithine LP4450. The articular surface
for the squamosal also resembles that in the non-avian
dinosaurs listed above (Fig. 3C).

Although disarticulated on both sides, the unique trir-
adiate shape of this element rules out alternative identi-
fications as any other cranial elements except for the
quadratojugal. We explored treatment of this element as
the quadratojugal and found out that it would be impos-
sible for it to articulate with the jugal: if the elongate
process is the jugal process, it would be too long to con-
tact the jugal caudally (Fig. 7C), a groove on the lateral
surface of the jugal to accommodate this process is
absent, and the short processes would be unable to
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articulate with the quadrate (Fig. 7D); the elongate pro-
cess is also too long to be the squamosal process since
no squamosal process of the quadratojugal in any known
theropod, including birds, is longer than the jugal pro-
cess (Fig. 7E). Therefore, we rule out the possibility
that this element might represent a quadratojugal.
Notably, based on our observations, disarticulated ele-
ments previously identified as the quadratojugal in other
stem ornithothoracines such as Archaeorhynchus,
Pterygornis and Rapaxavis (Zhou & Zhang 20006;
O’Connor et al. 2011; M. Wang et al. 2016) should be
re-examined in light of the possibility that they may
actually be misidentified strongly reduced postorbitals.

Based on the remarkable length of the jugal process
of the postorbital and the well-developed postorbital
process of the jugal preserved in IVPP V18693, we con-
clude that these two processes contacted each other
in vivo, forming a complete postorbital bar (Fig. 7B),
similar to that in non-ornithothoracine birds. The pres-
ence of a complete postorbital bar in Longusunguis con-
firms that the plesiomorphic diapsid skull morphology
was retained by at least some enantiornithines.
Considering the loss of the postorbitaljugal contact,
and consequent loss of the postorbital bar, in the inde-
terminate enantiornithine LP4450 and Pengornis (IVPP
V15576), we suggest that the postorbital bar was prob-
ably lost multiple times independently within
Enantiornithes. In Longusunguis (IVPP V18693) the
squamosal is reduced such that the quadratojugal pro-
cess is too short to contact the quadratojugal, indicating
the absence of a closed quadrate foramen (Figs 3D, 7B).
This suggests that during the evolution of the temporal
area in at least one lineage of enantiornithines, the squa-
mosal—quadratojugal contact was the first to be lost, fol-
lowed by reduction of the infratemporal fenestra due to
the loss of the postorbital-jugal contact. This may have
occurred simultaneously with loss of the supratemporal
fenestra as contact between the postorbital and squamo-
sal was also lost due to the reduction of the postorbital,
as observed in Pengornis (Zhou et al. 2008; O’Connor
& Chiappe 2011).
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