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Abstract

The evolution of the pedal morphology and the ontogeny of early oviraptorosaur theropods remain inadequately understood, largely 
owing to the poor preservation of available material and the limitations of traditional observation methods. Here, we describe a par-
ticularly well-preserved and nearly complete pedal specimen (PMOL-AD00126) from the Lower Cretaceous Jehol Group of western 
Liaoning, P.R. China and assign it to Caudipteridae, an early-diverging clade of oviraptorosaurs. Three-dimensional reconstruction of 
the pes reveals numerous previously undocumented morphological features, including a subarctometatarsalian metatarsus, metatarsal I 
with pronounced dorsal and plantar prominences, distinct plantar ridges on metatarsals II and III, an elongated extensor ligament pit on 
metatarsal III and well-developed extensor ligament pits and articular ridges on the pedal phalanges. Histological analysis indicates that 
this individual had not attained complete somatic maturity. These newly-recognised morphological and histological characters provide 
significant insights not only into the taxonomy and ontogeny of Caudipteridae, but also into the evolution of early oviraptorosaurs.
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Introduction

Oviraptorosauria is a highly specialised clade of non-avi-
alan theropod dinosaurs, with a fossil record primarily 
spanning the Cretaceous of Asia and North America 
(Zhou and Wang 2000; Wang et al. 2013; Funston et al. 

2018; Hao et al. 2025). This group is pivotal for under-
standing the origin of birds, exhibiting numerous bird 
features, including pennaceous feathers, a pygostyle-like 
structure and preserving evidence of brooding behaviour 
(Ji et al. 1998; Zhou et al. 2000; He et al. 2008; Qiu 
et al. 2019; Bi et al. 2021). Notably, early-diverging 
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oviraptorosaurs from the Early Cretaceous are currently 
known almost exclusively from the Jehol Biota in western 
Liaoning, China. To date, seven species across six genera 
of early-diverging oviraptorosaurs have been recov-
ered from the Jehol Biota. Of these, Caudipteryx zoui, 
Caudipteryx dongi, Similicaudipteryx yixianensis and 
Xingtianosaurus ganqi are assigned to Caudipteridae, 
a family erected by Zhou and Wang (2000) and phylo-
genetically defined by Hendrickx et al. (2015) as the 
most inclusive clade containing Caudipteryx zoui, but 
excluding Oviraptor philoceratops and Caenagnathus 
collinsi. The remaining three non-caudipterid species 
are Protarchaeopteryx robusta, Incisivosaurus gauthieri 
and Ningyuansaurus wangi. These taxa provide crucial 
insights into the early evolution of the group.

However, despite their frequently exquisite preserva-
tion, the detailed pedal anatomy of Jehol oviraptorosaurs 
remains poorly documented. This is largely due to the 
preservation of most specimens in slabs. This preserva-
tion mode obscures or distorts critical features such as 
metatarsal arrangement, thereby limiting broader under-
standing of pedal evolution within Oviraptorosauria (Ji 
et al. 2012; Qiu et al. 2019; Hao et al. 2025). In parallel, 
osteohistological research on oviraptorosaurs is largely 
concentrated in the derived clades Caenagnathidae and 
Oviraptoridae, whereas data from early-diverging taxa 
remain extremely scarce. Currently, osteohistological 
data for Jehol oviraptorosaurs are limited. Only osteohis-
tological data from the femur of Caudipteryx zoui (IVPP 
11819) and from the fibula of Similicaudipteryx yixian-
ensis (PMOL-AD00113) have been reported; however, 
the accompanying descriptions are limited in detail 
(Erickson et al. 2009; Cullen et al. 2020). This paucity of 
data constitutes a critical gap in our understanding of the 
ontogenetic status and osteohistological variation of early 
oviraptorosaurs.

To address these recognised gaps in both morpho-
logical and osteohistological data, we present a detailed 
anatomical description, facilitated by CT scanning and 
three-dimensional reconstruction, alongside a histolog-
ical analysis of a nearly complete caudipterid pes. These 
new data collectively refine the taxonomic and ontoge-
netic understanding of Caudipteridae and illuminate the 
early evolution of pedal morphology in oviraptorosaurs.

Materials and methods
Material

PMOL-AD00126 is a left articulated pes from western 
Liaoning, P.R. China and is housed at the Paleontological 
Museum of Liaoning (PMOL) (Fig. 1). As the specimen 
was acquired by the museum, precise locality and horizon 
data are unavailable. Given the lithology of its matrix, the 
specimen is considered to have been recovered from the 
Yixian Formation.

The terminal phalanges of pedal digits II–IV are 
missing, but their impressions are well preserved on 
the matrix. To mitigate this loss, previous preparators 
prepared epoxy-resin casts from these impressions and 
these casts have allowed us to determine some anatom-
ical information.

Methods

CT scanning and segmentation

Micro-computed tomography (micro-CT) scanning of the 
specimen was performed using a GE Phoenix v|tome|x m300 
& 180 micro-CT scanner (GE Measurement & Control 
Solutions, Wunstorf, Germany) at the High-Resolution 
X-ray Computed Tomography Laboratory, Institute of 
Vertebrate Paleontology and Paleoanthropology, Chinese 
Academy of Sciences, Beijing, China. Scanning was 
performed at 180 kV and 130 μA, yielding a resolution 
of 58.54496 μm per pixel. The CT data were imported 
into Mimics 19.0 (Materialise, Leuven, Belgium; https://
www.materialise.com) for segmentation. Individual 
pedal elements were segmented manually by slice-by-
slice editing. The segmented models were then exported 
to Blender 4.5 for visualisation and post-segmentation 
processing. Specifically, small isolated fragments and 
high-density mineral grains were removed and minor 
smoothing and hole filling were applied to improve the 
visual continuity of the models. These procedures were 
restricted to surface cleaning and did not alter diagnostic 
osteological features, articular morphology or the rela-
tive positions of the preserved elements. The micro-CT 
image stack (TIFF) and segmented three-dimensional 
models of the individual pedal elements (STL) are depos-
ited in ScienceDB at https://www.scidb.cn/anonymous/
WVozWW55.

Histological sampling and preparation

Although metatarsals are not commonly used as histolog-
ical material for assessing ontogenetic stages, previous 
histological studies have demonstrated that metatarsal 
II constitutes suitable material for investigating pedal 
growth and development in theropods, as exemplified 
by caenagnathid TMP 1990.52.10 (Voris et al. 2024) and 
Xixianykus zhangi (Qin et al. 2019). Metatarsal II was 
selected because it alone retains an intact diaphyseal wall 
through the mid-distal portion, permitting a complete 
transverse section that yields a full histological record of 
bone growth and remodelling. In contrast, metatarsal III 
is strongly pinched and the mid-shaft of metatarsal IV is 
heavily damaged.

Thin sections were prepared following standard 
histological procedures (Padian and Lamm 2013). The 
sampling site has been restored with epoxy resin. The 
metatarsal II sample was embedded in EXAKT Technovit 
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7200 resin and cured for 12 hours. Following protocols 
commonly employed in previous studies (Wu et al. 2021; 
Wu et al. 2024; Wu et al. 2025), the embedded block 
was transversely sectioned perpendicular to the bone’s 
long axis using an SPQJ-300 slicing machine and the cut 
surface was subsequently ground and polished with an 
SPM-300A grinding and polishing machine until optimal 
optical contrast was achieved. Without post-section 
repair or other chemical treatments, the sections were 
directly examined under a Nikon Eclipse LV100NPOL 
microscope with both normal light and polarised light 
and photographed with a DS-Fi3 camera and the built-in 
NIS-Element v4.60 software.

Results
Morphological description

Tarsals

The proximal tarsals are heavily damaged and disarticu-
lated from the rest of the pes (Fig. 1). Three small distal 
tarsal fragments are in close contact with the proximal 
metatarsals, though unfused to each other or to the meta-
tarsals. This condition contrasts with that observed in 
Avimimus, Yuanyanglong and some caenagnathids (e.g. 
Citipes elegans), in which the distal tarsals are fused to the 
proximal ends of the metatarsals (Currie 1989; Vickers-
Rich et al. 2002; Funston et al. 2016; Hao et al. 2025).

Metatarsals

The proximal and distal ends of the metatarsals are 
unfused. Metatarsal I has a proximally tapering shaft 
and a bulbous distal head, separated by a weakly 
constricted neck (Fig. 2M–Q). The length ratio of meta-
tarsal I to metatarsal II is approximately 0.19, similar 
to the condition in Similicaudipteryx yixianensis (0.17) 
and Citipati osmolskae (0.21) (He et al. 2008; Wang et 
al. 2013), slightly greater than that of Caudipteryx zoui 
(0.16) (Zhou et al. 2000), but substantially lower than in 
other oviraptorids such as Ganzhousaurus nankangensis 
(0.29) (Wang et al. 2013) and Khaan mckennai (0.26) 
(Balanoff and Norell 2012). Metatarsal I attaches to the 
ventromedial surface of metatarsal II. Its proximal end 
is located at approximately the distal third of metatarsal 
II, a position comparable to that in Similicaudipteryx 
yixianensis (He et al. 2008). In dorsal view, the prox-
imal half of metatarsal I has a relatively straight medial 
margin and lacks significant torsion along its longi-
tudinal axis (Fig. 2M). The distal half curves slightly 
medially, forming a gently concave medial margin, a 
condition similar to that in Khaan mckennai (Balanoff 
and Norell 2012). In contrast, the medial margin of 
Citipati osmolskae is more markedly concave (Hattori 
2016). The mid-shaft of metatarsal I bears pronounced 

dorsal and ventral prominences (Fig. 2O, P). The 
size of these prominences is comparable to that in 
Chirostenotes pergracilis and Anzu wyliei (Yun and 
Funston 2021). However, more pronounced promi-
nences are present in Citipati osmolskae (Hattori 2016). 
In contrast, such prominences are absent in dromaeo-
saurids (e.g. Deinonychus antirrhopus) and troodontids 
(e.g. Talos sampsoni) (Hattori 2016; Yun and Funston 
2021). The articular surface for metatarsal II is prox-
imodistally elongated, spanning approximately half 
the length of metatarsal I (Fig. 2P). In lateral view, the 
articular surface exhibits a teardrop-shaped outline, 
gradually widening towards the distal end. It features 
a broad, shallow depression along its proximodistal 
axis. Distally, the lateral collateral ligament fossa is 
large, deep and ovoid in shape and is positioned close 
to the distal margin. This condition resembles that 
of Microvenator celer, Rinchenia mongoliensis and 
Citipati osmolskae, but differs from the kidney-shaped 
and more proximally positioned fossa in Chirostenotes 
pergracilis (Hattori 2016; Yun and Funston 2021). The 
medial collateral ligament fossa of PMOL-AD00126 
is a poorly defined, shallow depression, a condition 
similar to that in the oviraptorid Citipati osmolskae, 
but contrasting with the well-developed medial fossa 
observed in the caenagnathid Chirostenotes pergracilis 
(Hattori 2016; Yun and Funston 2021). In dorsal view, 
the distal articular surface of metatarsal I is ball-shaped 
(Fig. 2S). Its plantar surface is separated by a shallow, 
wide intercondylar groove, akin to that of an inde-
terminate caenagnathid (UW 44439) and Anzu wyliei 
(Yun and Funston 2021). In contrast, the intercondylar 
groove in Citipati osmolskae is considerably deeper 
(Hattori 2016).

Metatarsal II is slightly shorter than metatarsals III 
and IV, measuring approximately 0.93 times the length 
of metatarsal III (Table 1). This proportion is closer to 
that of Caudipteryx zoui (~0.9) and slightly exceeds 
that of Similicaudipteryx yixianensis (PMOL-AD00113, 
0.87) (Zhou and Wang 2000; Liu 2014). Proximally, 
metatarsal II aligns with metatarsal IV and both extend 
slightly more proximally than metatarsal III. Distally, 
metatarsal II reaches the proximal margin of the medial 
collateral ligament fossa of metatarsal III. The proximal 
end of metatarsal II is markedly mediolaterally widened 
(Fig. 2R), similar to that of other caudipterids, such as 
the holotype of Xingtianosaurus ganqi (Qiu et al. 2019). 
The shaft of the metatarsal II is straight, whereas its distal 
portion curves slightly medially, deviating the distal end 
away from metatarsal III (Fig. 2A). The articular surface 
for metatarsal I is a shallow depression on the distal third 
of metatarsal II. Proximally, this depression is located on 
the medial surface of metatarsal II, whereas, distally, it 
extends onto the plantar surface (Fig. 2B, C). The shaft 
of metatarsal II bears a well-developed posteromedial 
ridge that extends plantarly to approximately the level 
of the plantar margin of the distal condyle (Fig. 2B). 
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The collateral ligament fossae are well developed, with 
the medial fossa more rounded than the lateral fossa 
(Fig. 2C, D). The plantar surfaces of the distal end are 
divided by a shallow, wide intercondylar groove. The 
lateral condyle is slightly larger than the medial condyle. 
In contrast, many caenagnathids possess a deeper 
intercondylar groove and a lateral condyle that is consid-
erably larger than the medial condyle (e.g. Caenagnathus 
collinsi) (Funston et al. 2015).

Metatarsal III is strongly pinched. The proximal end 
of metatarsal III is fully exposed dorsally, forming a 
subarctometatarsalian condition (Fig. 2E). In the antero-
posterior direction, the bone is thinnest at the mid-shaft, 
with a thickness of 1.74 mm. Distally, the shaft grad-
ually thickens and the medullary cavity expands. A 
distinct neck is present proximal to the articular head. 
An elongate depression extends longitudinally from the 
dorsal surface of the mid-shaft to the neck, which is 
positioned just proximal to the articular head of meta-
tarsal III. This feature is similar to that observed in 
Neuquenraptor argentinus (Brissón Egli et al. 2017) and 

likely represents the insertion area of the M. extensor 
brevis digiti III (White et al. 2016). The plantar surface 
of the shaft bears two longitudinal ridges (Fig. 2F), a 
feature previously documented only in Caenagnathidae 
amongst coelurosaurian lineages that possess an 
arctometatarsus (Funston et al. 2016; Tsujimura et al. 
2021). As in Anzu wyliei and Chirostenotes pergracilis 
(TMP 1979.020.0001), these ridges are not continuous 
with the condylar ridges, a condition that contrasts with 
that observed in Anomalipes zhaoi, Eoneophron infer-
nalis, Elmisaurus rarus and Citipes elegans (Currie et 
al. 2016; Funston et al. 2016; Yu et al. 2018; Funston 
2020; Atkins-Weltman et al. 2024). Metatarsal III is 
slightly deflected medially at the distal neck, resulting in 
a slight medial inclination of the distal articular surface. 
The collateral ligament fossae are subequal in size and 
symmetrically positioned. In distal view, the articular 
surface for phalanx III-1 is transversely broad and nearly 
rectangular. The intercondylar groove is shallow and 
restricted to the plantar surface and the medial condyle 
is slightly larger than the lateral condyle.

Figure 1. Left foot of referred specimen of Caudipteridae, PMOL-AD00126. Photograph (A); digital reconstruction in dorsal (B) 
and plantar (C) views. Dotted lines indicate the reconstructed outlines of the bones. Abbreviations: as, astragalus; dt, distal tarsal; 
mtI to mtIV, metatarsals I to IV; I-1 to IV-5, pedal phalanges I-1 to IV-5.
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Metatarsal IV is slightly curved laterally along its 
length (Fig. 2I). The proximal end is expanded laterally. 
The plantar surface of the shaft bears a weakly developed 
posterolateral ridge (Fig. 2J). Proximal to the distal artic-
ulation, the dorsolateral surface of the distal portion of 
the shaft exhibits a slight medial concavity, similar to that 
observed in Avimimus (Funston et al. 2019). The distal 

articulation for phalanx IV-1 is roughly ball-shaped. 
The medial collateral ligament fossa is well developed 
and the medial condylar ridge extends plantarly consid-
erably beyond the shaft. The lateral collateral ligament 
fossa, lateral condyle and intercondylar groove are not 
preserved due to damage.

Metatarsal V is not preserved.

Table 1. Measurements of PMOL-AD00126 and other early‑diverging oviraptorosaurs from the Jehol Biota.

Group Taxon MT 
I

MT 
II

MT 
III

MT 
IV

I-1 I-2 II-1 II-2 II-3 III-1 III-2 III-3 III-4 IV-1 IV-2 IV-3 IV-4 IV-5 References

Ca
ud

ip
te

rid
s

PMOL-AD00126a 20.5 110.5 118.5 115.1 14.2* 13.7 31.3 25.4 20.7* 29.4 24.3 21.5* 22.7* 21.0 17.1 15.7 16.1* 19.8* This study
IVPP V 12556 

Similicaudipteryx 
yixianensis

25.0 144.0 183.0* 153.0 28.0 23.0 43.0 39.0 33.0* 46.0 34.0 32.0 34.0 30.0 23.0 18.0 21.0 20.0 He et al. 
(2008)

IVPP V 13390 
Xingtianosaurus ganqi

9.8 80.4 89.7 82.8 19.0 14.6 28.3 22.3 – 27.0 20.9 20.3 17.2 17.3 14.5 12.7 16.0 16.0 Qiu et al. 
(2019)

BPM 0001  
Caudipteryx zoui

16.0 102.0 113.0 107.0 13.0 12.0 23.0 16.0 19.0 24.0 19.0 15.0 18.0 14.0 8.0 6.0 4.0 14.0 Zhou et al. 
(2000)

IVPP V 12344 
Caudipteryx dongi

19.0 112.0 124.0 116.0 12.0 11.0 25.0 16.0 19.0 27.0 20.0 17.0 20.0 15.0 9.0 7.0 7.0 16.0 Zhou and 
Wang (2000)

IVPP V 12430 
Caudipteryx

15.0 102.0 112.0 106.0 12.0 12.0 22.0 14.0 17.0 23.0 17.0 13.0 18.0 12.0 8.0 6.0 5.0 14.0 Zhou et al. 
(2000)

N
on

-c
au

di
pt

er
id

 
ov

ira
pt

or
os

au
ria

ns Ningyuansaurus wangi – 88.0 105.0 102.0 – – – – – 24.0 – – – – – – – – Ji et al. 
(2012)

GMV 2125 
Protarchaeopteryx 

robusta

13.0 77.0 86.0 81.0 – – – – – – – – – – – – – – Ji and Ji 
(1997)

All measurements are in millimetres. Abbreviations: MT, metatarsal. Symbols: *, estimated value. a PMOL-AD00126 is provisionally referred to Caudipteridae.

Figure 2. Digital reconstructions of the metatarsals of referred specimen of Caudipteridae, PMOL-AD00126. Metatarsal II in dorsal 
(A), plantar (B), medial (C) and lateral (D) views; metatarsal III in dorsal (E), plantar (F), medial (G) and lateral (H) views; meta-
tarsal IV in dorsal (I), plantar (J), medial (K) and lateral (L) views; metatarsal I in dorsal (M), plantar (N), medial (O), lateral (P) 
and proximal (Q) views; articulated metatarsals II–IV in proximal view (R); articulated metatarsals I–IV in distal view (S). Dotted 
lines indicate the reconstructed outlines of the bones; the red area in (E) indicates muscle attachment regions. Abbreviations: a. mtII, 
articular facets for metatarsal II; dp, dorsal prominence; lclf, lateral collateral ligament fossa; lr, longitudinal ridge; mclf, medial 
collateral ligament fossa; m. eb, attachment area for m. extensor brevis digiti III; mtI to mtIV, metatarsals I to IV; plr, posterolateral 
ridge; pmr, posteromedial ridge; vp, ventral prominence.
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Phalanges

The preserved pedal phalanges comprise I-1 to I-2, II-1 to 
II-2, III-1 to III-3 and IV-1 to IV-4. Based on the preserved 
phalanges and impressions of the missing unguals II to 
IV, the phalangeal formula is 2-3-4-5.

Phalanx I-1 has a single concave proximal articular 
surface that lacks a distinct ridge, forming a ball-and-
socket joint with the distal end of the metatarsal I (Fig. 3E). 
The proximal end is relatively robust and gradually tapers 
towards the mid-shaft (Fig. 3A). Phalanx I-2 (ungual) is 
partially preserved, but bears a well-developed extensor 
tubercle (Fig. 3C).

Phalanx II-1 is the longest phalanx, with a length 
ratio of approximately 1.06 relative to that of phalanx 
III-1. This condition resembles that of Xingtianosaurus 
ganqi, but differs from the condition in other known 
caudipterids, in which phalanx II-1 is slightly shorter 
than phalanx III-1 (Zhou and Wang 2000; Zhou et al. 
2000; Liu 2014; Qiu et al. 2019). The proximal artic-
ular surface of phalanx II-1 is a single concave facet 
without a distinct ridge (Fig. 3J). In proximal view, this 
surface is dorsoplantarly tall, with its height significantly 
exceeding its mediolateral width. The plantar margin of 
the proximal end bears a low flexor tubercle. The dorsal 
margin of the proximal end is convex, but lacks a distinct 
extensor tubercle, a condition similar to that observed in 
Khaan mckennai and Elmisaurus rarus (Osmólska 1981; 
Balanoff and Norell 2012). The plantar surface of the 
shaft is relatively flat (Fig. 3G), resembling that of other 
oviraptorosaurs (Tsogtbaatar et al. 2022). The dorsal 
surface bears a well-developed, elliptical extensor pit, 
which is notably deeper than the corresponding structures 
on other phalanges. This fossa is situated closer to the 
medial margin of the shaft and is nearly confluent with the 
prominent intercondylar groove (Fig. 3F). By contrast, in 
the oviraptorid Khaan mckennai and the caenagnathid 
Elmisaurus rarus, the fossa is shallower (Osmólska 1981; 
Balanoff and Norell 2012); in the caenagnathid Citipes 
elegans, the dorsal surface of this region is relatively flat 
and lacks a distinct extensor pit (Funston et al. 2016). 
The collateral ligament fossae on either side of phalanx 
II-1 differ markedly in morphology. The lateral collateral 
ligament fossa is small and rounded, with steeply sloping 
and well-defined margins and is positioned roughly equi-
distant from the dorsal and plantar margins of the lateral 
articular condyle (Fig. 3I). The medial fossa, in contrast, is 
larger and proximodistally elongated, with gently sloping 
margins and is located closer to the plantar margin of the 
medial articular condyle (Fig. 3H). The distal articulation 
of phalanx II-1 is well ginglymoid with a deep intercon-
dylar groove. The lateral condyle is distinctly larger than 
the medial condyle (Fig. 3J). The shaft of phalanx II-2 
tapers gradually towards the distal end (Fig. 3F). The 
proximal articular surface is roughly oval and is divided 
into two asymmetrical facets by a prominent ridge that 
extends obliquely from dorsomedial to plantarolateral 
(Fig. 3J). The lateral facet is larger and extends further 

plantarwards than the medial facet. The extensor tubercle 
and the flexor tubercle of phalanx II-2 are well developed, 
with the extensor tubercle projecting more proximally 
than the flexor tubercle (Fig. 3I), a condition similar to 
that in Citipes elegans (Funston et al. 2016). The lateral 
collateral ligament fossa has a proximodistally elongated 
and oval shape and is positioned closer to the dorsal 
margin of the lateral condyle. The intercondylar groove 
is well developed (Fig. 3J). The cast of phalanx II-3 
(ungual) indicates that this element is short, robust and 
bears a lateral longitudinal vascular groove.

Phalanx III-1 bears a single, shallow, oval proximal 
articular surface (Fig. 3O). The dorsoplantar height of this 
surface is notably less than its mediolateral width. The lateral 
and medial margins of the proximal articulation of phalanx 
III-1 are nearly straight in lateral or medial view, a condi-
tion resembling that of phalanx III-1 in Similicaudipteryx 
yixianensis; by contrast, in Caudipteryx dongi, the prox-
imal articular margins of phalanx III-1 are concave (He 
et al. 2008). The shaft tapers markedly towards its middle 
portion and curves dorsally (Fig. 3M). The extensor pit of 
phalanx III-1 is markedly shallower than that of phalanx 
II-1 (Fig. 3K), a feature also observed in Parvicursor 
remotus (Averianov and Lopatin 2021). The collateral liga-
ment fossae on both sides are deep, well-defined and oval 
in outline. The distal articulation is transversely expanded 
and strongly ginglymoid (Fig. 3O), with a deep, wide inter-
condylar groove. The lateral condyle is significantly larger 
than the medial condyle. The proximal articular surface of 
phalanx III-2 is divided into two asymmetrical concave 
facets by a shallow ridge (Fig. 3O). The proximal extensor 
tubercle is well developed, whereas the flexor tubercle is 
not preserved due to damage. The shaft of phalanx III-2 
gradually tapers from the proximal end to its middle portion 
and is slightly curved dorsally (Fig. 3M). The extensor pit 
is deeper than in other phalanges, except for phalanx II-1. 
The collateral ligament fossae on both sides are deep with 
well-defined margins. The articulation is strongly gingly-
moid, with a well-developed intercondylar groove. The 
lateral condyle is slightly larger than the medial condyle 
(Fig. 3O). The proximal articular surface of phalanx III-3 
is elliptical in outline, with a low ridge dividing it into two 
concave facets. The lateral facet is slightly larger than the 
medial facet (Fig. 3O). Both the flexor tubercle and the 
extensor tubercle are well developed (Fig. 3M). The cast 
of phalanx III-4 (ungual) bears a lateral groove.

Digit IV is elongated, with a length ratio of 0.92 rela-
tive to digit III. Phalanx IV-1 bears a single, shallow 
proximal articular surface (Fig. 3T). The dorsoplantar 
height of this surface exceeds its mediolateral width. In 
proximal view, the medial margin of the articular surface 
is relatively straight, whereas the lateral margin curves 
laterally, resulting in a semicircular outline similar to 
that of Anomalipes zhaoi (Yu et al. 2018). The extensor 
tubercle is weakly developed. In dorsal view, the lateral 
margin of the shaft of phalanx IV-1 is relatively straight, 
whereas the medial margin is slightly concave. Distally, 
the extensor pit is the shallowest amongst all the preserved 
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pedal phalanges. A comparably shallow extensor pit is 
typical of oviraptorosaurs, such as Anomalipes zhaoi and 
Khaan mckennai (Balanoff and Norell 2012; Yu et al. 
2018). By contrast, the extensor pit of phalanx IV-1 is 
markedly deeper in dromaeosaurids (Brissón Egli et al. 
2017) and alvarezsauroids (Averianov and Lopatin 2021; 
Kubo et al. 2023). The collateral ligament fossae are deep 
and well-defined with an oval outline. The medial fossa 
is deeper than the lateral fossa, a feature also observed in 
Parvicursor remotus and Aepyornithomimus tugrikinensis 
(Chinzorig et al. 2017; Averianov and Lopatin 2021). The 
distal articulation is strongly ginglymoid, with a well-de-
veloped intercondylar groove (Fig. 3T). The medial 
condyle is slightly wider than the lateral condyle. The 
proximal articular surface of phalanx IV-2 is divided by 
a ridge into two asymmetrical facets, of which the lateral 

facet is slightly larger than the medial facet (Fig. 3T). The 
extensor tubercle is more prominent and extends more 
proximally than in other phalanges. The extensor pit is 
deep. The lateral collateral ligament fossa is noticeably 
shallower than its medial counterpart, a condition similar 
to that in Aepyornithomimus tugrikinensis (Chinzorig 
et al. 2017). The distal articulation is divided into two 
condyles of approximately equal size by a well-de-
veloped intercondylar groove (Fig. 3T). The proximal 
articular surface of phalanx IV-3 is divided by a ridge 
into two subequal facets (Fig. 3T). The flexor tubercle is 
well developed. The dorsal extensor pit is deep, but has 
an indistinct margin. The medial collateral ligament fossa 
is significantly deeper than the lateral collateral ligament 
fossa. The distal condyles exhibit slight transverse expan-
sion and are separated by a well-developed intercondylar 

Figure 3. Digital reconstructions of pedal phalanges of referred specimen of Caudipteridae, PMOL-AD00126. Individual phalanges 
are labelled above each element. Phalanges of pedal digit I in dorsal (A), plantar (B), medial (C), lateral (D) and proximal (E) views; 
phalanges of pedal digit II in dorsal (F), plantar (G), medial (H), lateral (I) and proximal (left) and distal (right) (J) views; phalanges 
of pedal digit III in dorsal (K), plantar (L), medial (M), lateral (N) and proximal (left) and distal (right) (O) views; phalanges of pedal 
digit IV in dorsal (P), plantar (Q), medial (R), lateral (S) and proximal (left) and distal (right) (T) views. Dotted lines indicate the 
reconstructed outlines of the bones. Abbreviations: ep, extensor pit; et, extensor tubercle; ft, flexor tubercle; lc, lateral condyle; lclf, 
lateral collateral ligament fossa; lf, lateral facet; mc, medial condyle; mclf, medial collateral ligament fossa; mf, medial facet; ri, ridge.
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groove (Fig. 3T). Phalanx IV-4 is largely damaged. The 
proximal articular surface bears a distinct median ridge 
and the extensor tubercle is well developed (Fig. 3T). 
The cast of phalanx IV-5 (ungual) is similar in size to the 
unguals of digits II and III and bears a lateral groove.

Histological description of metatarsal II of 
PMOL-AD00126

The transverse section of metatarsal II of PMOL-
AD00126 exhibits an elliptical medullary cavity bounded 
by cortical bone of variable thickness, reaching a 
maximum of approximately 1.6 mm on the dorsal part 
of the bone wall (Fig. 4A). The innermost cortex is lined 
by a thin layer (61–92 µm) of endosteal bone, indicating 
that medullary cavity expansion was largely complete 
(Qin 2019). The periosteal matrix contains intrinsic 
fibres arranged concentrically around the long axis of 
the element, as indicated by the tissue birefringence and 
the orientation and morphology of the osteocyte lacunae. 
The birefringence is heterogeneous, consisting of small 
birefringent patches scattered throughout the matrix and 
several discrete areas of monorefringent tissue. This 
organisation differs from both fibrolamellar bone and 
typical parallel-fibered bone, but more closely resembles 
crossed parallel-fibred bone (Pereyra et al. 2020; Martínez 
et al. 2022). The vascular canals are predominantly longi-
tudinally orientated and secondary osteons are scarce in 
PMOL-AD00126 (Fig. 4C). Two single lines of arrested 
growth (LAGs) are present within the cortex and a double 
LAG is situated between them (Fig. 4B).

Discussion
Taxonomic identification of PMOL-AD00126

In PMOL-AD00126, the proximal half of metatarsal 
III is pinched by metatarsals II and IV to form the 
subarctometatarsalian pes, a condition only known in 
several lineages of coelurosaurian theropods (Kubo and 
Kobayashi 2025). Amongst those coelurosaurian thero-
pods, PMOL-AD00126 lacks the enlarged pedal digit 
II seen in deinonychosaurians (Fowler et al. 2011) and 
the sinusoidal profile of metatarsal III in some ornitho-
mimosaurians (Theda et al. 2025) and tyrannosauroids 
(Brochu 2003). Furthermore, the longitudinal ridges on 
the ventral surface of metatarsal III differentiate it from 
non-parvicursorine alvarezsaurs such as Alnashetri 
cerropoliciensis (Makovicky et al. 2012). This suite of 
features suggests oviraptorosaurian affinities. However, 
pedal anatomy remains poorly documented amongst 
oviraptorosaurs from the Early Cretaceous Jehol Biota 
and articulated metatarsi are relatively rare amongst 
previously described caudipterid specimens. Based on 
the available comparative material, PMOL-AD00126 

exhibits several pedal features resembling those of 
caudipterids. The proximal end of metatarsal I is posi-
tioned at approximately the distal third of metatarsal 
II, as in the caudipterid Similicaudipteryx and the 
oviraptorid Ganzhousaurus (He et al. 2008; Wang et 
al. 2013). In contrast, in the oviraptorid Khaan, meta-
tarsal I appears to attach to metatarsal II within its 
distal half (Balanoff and Norell 2012). The MT I/MT 
II length ratio in PMOL-AD00126 is 0.19, close to that 
of Similicaudipteryx (0.17), but lower than those of 
Khaan (0.26), Ganzhousaurus (0.29) and the caenag-
nathid Chirostenotes (0.23) (Table 2). The Pd III-1/MT 
III length ratio in PMOL-AD00126 is 0.25, which falls 
within the range documented in caudipterids (0.21–
0.30). Higher ratios occur in the caenagnathid Citipes 
(0.35), Chirostenotes (0.26–0.33) and the oviraptorid 
Ganzhousaurus (0.31) (Table 2). The Pd II-1/Pd III-1 
ratio of PMOL-AD00126 is about 1.06, which is close 
to those in Xingtianosaurus (1.05), Citipes (1.05) and 
Chirostenotes (1.04). It is higher than those of Khaan 
(0.95) and Ganzhousaurus (0.91). The MT III W25/
W75 ratio of PMOL-AD00126 is 0.51, indicating an 
intermediate degree of proximal constriction between 
the lower ratios observed in Avimimus (0.07), Citipes 
(0.30) and Chirostenotes (0.42) and the higher ratios 
in Khaan (0.74) and Ganzhousaurus (0.70) (Table 2; 
Snively et al. (2004)).

In addition, the proximal ends of metatarsals II and 
IV remain unfused, as in known caudipterid specimens 
and the oviraptorid Wulatelong (Zhou et al. 2000; He et 
al. 2008; Xu et al. 2013; Qiu et al. 2019). In contrast, 
the proximal tarsometatarsus shows varying degrees of 
fusion and a more pronounced arctometatarsalian condi-
tion in Avimimus, Yuanyanglong and some caenagnathids 
(Funston et al. 2016; Funston et al. 2019; Hao et al. 
2025). PMOL-AD00126 lacks tibiotarsal fusion, as in 
Caudipteryx, Xingtianosaurus, Khaan and Chirostenotes, 
but unlike the fused condition in Yuanyanglong and adult 
Avimimus (Ji et al. 1998; Balanoff and Norell 2012; 
Funston et al. 2019; Qiu et al. 2019; Funston and Currie 
2021; Hao et al. 2025).

Although no individual pedal feature of PMOL-
AD00126 can currently be regarded as an unambiguous 
synapomorphy of Caudipteridae, the combination of 
these features closely matches the pedal morphology 
documented in caudipterids, including Caudipteryx, 
Similicaudipteryx and Xingtianosaurus. This combi-
nation, therefore, supports the provisional referral of 
PMOL-AD00126 to Caudipteridae.

Newly-discovered features of Caudipteridae 
from PMOL-AD00126

The new caudipterid specimen described here (PMOL-
AD00126) exhibits several previously unreported 
osteological features, including: (a) metatarsal III is fully 



Swiss Journal of Palaeontology (2026) 145: 943–956

sjp.pensoft.net

951

exposed dorsally, forming a subarctometatarsalian condi-
tion; (b) the mid-shaft of metatarsal I bears pronounced 
dorsal and plantar prominences and a spherical distal 
articulation; (c) a distinct posteromedial ridge extends 
along the plantar surface of metatarsal II; (d) a proxi-
modistally elongated extensor pit is present on the dorsal 
surface of metatarsal III; (e) two longitudinal ridges on 
the plantar surface of metatarsal III are separated from 
the plantar condylar ridges of the distal articulation by 
a shallow groove; (f) all preserved distal phalanges bear 
deep extensor ligament pits on their dorsal surfaces; (g) 
the proximal articular surfaces of the first phalanx of each 
digit are a single cavity and lack a ridge, whereas the 
proximal articular surfaces of the remaining phalanges 
are divided by a ridge.

Evolution of the metatarsal arrangement in 
Oviraptorosauria

Within Oviraptorosauria, metatarsal morphology shows 
considerable variation (Fig. 5). A plesiomorphic, non-arc-
tometatarsalian metatarsus occurs in the earliest-diverging 
oviraptorosaur Protarchaeopteryx robusta (Ji and Ji 
1997), most oviraptorids (e.g. Ganzhousaurus nankan-
gensis, Rinchenia mongoliensis, Citipati osmolskae and 
Khaan mckennai) and the caenagnathid Gigantoraptor 
erlianensis (Xu et al. 2007; Balanoff and Norell 2012; 
Wang et al. 2013; Funston et al. 2018; Norell et al. 2018). 
By contrast, an arctometatarsalian condition characterises 
Avimimus portentosus and most caenagnathids (Vickers-
Rich et al. 2002; Currie et al. 2016; Yu et al. 2018).

Figure 4. Osteohistology of metatarsal II of PMOL-AD00126. Thin section imaged under normal light (A), with red boxes indicat-
ing the locations of the magnified regions shown in (B–D); lines of arrested growth (normal light) (B); secondary osteon (polarised 
light) (C); inner circumferential lamellae (polarised light) (D). The grey digital reconstruction shows the pes in ventral view and 
the red mark indicates the level of the transverse section through the mid-distal portion of metatarsal II. The red arrow indicates the 
lines of arrested growth and the blue arrow indicates the double lines of arrested growth. Abbreviations: EB, endosteal bone; SO, 
secondary osteon. Scales as indicated.
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In this broader comparative context, the exact meta-
tarsal arrangement in Caudipteridae has remained 
uncertain. Although lateral compression of metatarsal 
III has been reported in caudipterids (Zhou and Wang 
2000; Qiu et al. 2019; Hao et al. 2025), the absence of 

fully exposed in situ metatarsals in previously described 
specimens has precluded a definitive assessment of the 
metatarsal arrangement.

The identification of a subarctometatarsalian condi-
tion in PMOL-AD00126 resolves the long-standing 

Table 2. Comparison of pedal character states among PMOL-AD00126 and other oviraptorosaurian specimens with well-preserved 
pedal elements.

Group Taxon Attachment 
of MT I on 

MT II

MT I/MT II 
length ratio

Pd III-1/MT 
III length 

ratio

Pd II-1/Pd 
III-1 length 

ratio

MT III 
anterior 

width ratio 
W25/W75 *

Proximal 
exposure 
of MT III

Proximal 
tarsometatarsal 

fusion

Tibiotarsal 
fusion

References
C

au
di

pt
er

id
s

PMOL-AD00126a ~distal 1/3 0.19 0.25 1.06 0.51 Yes No No This study
Caudipteryx zoui ~distal 1/4 0.16 0.21 0.96 ? Yes No No Zhou et al. 

(2000)
Similicaudipteryx 

yixianensis
~distal 1/3 0.17 0.25 0.93 ? ? No ? He et al. 

(2008)
Xingtianosaurus 

ganqi
~distal 1/4 0.12 0.30 1.05 ? ? No No Qiu et al. 

(2019)

N
on

-c
au

di
pt

er
id

 o
vi

ra
pt

or
os

au
ria

ns

Protarchaeopteryx 
robusta

~distal 1/2 ~0.17 ~0.21 ~0.89 ? ? No ? Ji et al. 
(1998)

Avimimus 
nemegtensis

? ? ? ? 0.07 No Yes (adult) Yes (adult) Funston et 
al. (2019)

Yuanyanglong 
bainian

? ? ? ? ? No Yes Yes Hao et al. 
(2025)

Khaan mckennai ~distal 1/2 0.26 0.28 0.95 0.74 Yes No No Balanoff 
and Norell 

(2012)
Ganzhousaurus 
nankangensis

~distal 1/3 0.29 0.31 0.91 0.70 Yes No ? Wang et al. 
(2013)

Citipes elegans ? ? 0.35 1.05 0.30 No Yes ? Funston et 
al. (2016)

Chirostenotes 
pergracilis

~distal 1/5 0.23 0.26–0.33 1.04 0.42 No No No Funston 
and Currie 

(2021)

Abbreviations: MT, metatarsal; Pd, pedal phalanx. Symbols: ~, approximate value; ?, indeterminate (preservation or data unavailable). * Ratio of the anteriorly exposed 
width of MT III at 25% and 75% of its proximodistal length (W25/W75); measurements of W25 and W75 follow Snively et al. (2004). a PMOL-AD00126 is provisionally 
referred to Caudipteridae.

Figure 5. Phylogenetic diagram and metatarsal arrangement of Oviraptorosauria. A simplified phylogenetic tree modified from Yu 
et al. (2018).



Swiss Journal of Palaeontology (2026) 145: 943–956

sjp.pensoft.net

953

ambiguity regarding the exact metatarsal arrangement 
in Caudipteridae. This also represents the first discovery 
of a subarctometatarsus in Oviraptorosauria. The 
arctometatarsus is interpreted as a mechanically rein-
forced metatarsal structure that is adapted for terrestrial 
locomotion (Holtz 1995; Kubo and Kobayashi 2025). 
The subarctometatarsalian condition is widely regarded 
as intermediate between the plesiomorphic metatarsus 
and the arctometatarsalian condition. This finding indi-
cates a trend towards enhanced cursorial capability 
in some early-diverging oviraptorosaurs and suggests 
that later-diverging oviraptorosaurs underwent a more 
complex locomotor evolution.

Osteohistological inferences on maturity of 
PMOL-AD00126

In the bone matrix of PMOL-AD00126, the vascular 
canals are predominantly longitudinally orientated. This 
vascular organisation contrasts with that observed in meta-
tarsal II of the caenagnathid specimen TMP 1990.52.10, 
which exhibits denser vascularisation, characterised by 
reticular and plexiform canals (Voris et al. 2024).

Although the number of LAGs cannot be regarded as 
a straightforward proxy for chronological age (Chinsamy 
and Pereyra 2026), the decrease in vascular density and 
progressive narrowing of LAG spacing towards the peri-
osteum are consistent with increasing somatic maturity 
(Guo et al. 2026; Makovicky et al. 2026). Nevertheless, 
the absence of an external fundamental system (EFS) 
together with the retention of abundant vascularity in the 
outermost cortex indicate that complete somatic maturity 
had not been attained.

The total pes length (MT III + pedal digit III) of 
PMOL-AD00126 is 216.4 mm, which exceeds that of 
most known caudipterid specimens (e.g. Xingtianosaurus 
ganqi holotype specimen, 175.1 mm and Caudipteryx 
dongi holotype specimen, 208 mm) (Zhou and Wang 
2000; Qiu et al. 2019). However, it is substantially 
shorter than that of the holotype of Similicaudipteryx 

yixianensis (329 mm) (He et al. 2008) and the referred 
specimen PMOL-AD00113 (MT III of PMOL-AD00113 
= 162 mm; PMOL-AD00126 = 118.5 mm) (Table 1) (Liu 
2014). We refrain from assigning PMOL-AD00126 to 
either Caudipteryx dongi or Similicaudipteryx yixian-
ensis solely based on pedal skeletal size, as the somatic 
maturity of other caudipterid specimens remains unclear. 
A deeper understanding of the osteohistological data of 
early oviraptorosaurs is crucial not only for resolving the 
taxonomic assignment of PMOL-AD00126, but also for 
reassessing the taxonomic validity of early oviraptoro-
saur species reported from the Jehol Biota, because many 
diagnostic traits rely on skeletal proportions that may be 
influenced by allometry.

Conclusions

The new caudipterid pedal specimen, PMOL-AD00126, 
reveals several previously unrecognised osteological 
features, most notably a subarctometatarsalian condi-
tion, which represents the first unambiguous evidence 
of this condition in oviraptorosaurs. These features add 
to the current understanding of the sequence of pedal 
modifications and provide new anatomical data that 
can inform future functional studies of terrestrial loco-
motion, including aspects related to cursorial ability, 
digit extension, foot stabilisation and postural control. 
Osteohistological analysis further indicates that this 
individual had not attained complete somatic maturity. 
Together, the osteological and histological evidence 
presented here contributes new information relevant to 
pedal evolution and ontogeny in early oviraptorosaurs.
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