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A new ankylosaurid skeleton
from the Upper Cretaceous
Baruungoyot Formation
of Mongolia: its implications
for ankylosaurid postcranial
evolution
Jin‑Young Park1, Yuong‑Nam Lee1*, Philip J. Currie2, Michael J. Ryan3,4, Phil Bell5,
Robin Sissons2, Eva B. Koppelhus2, Rinchen Barsbold6, Sungjin Lee1 & Su‑Hwan Kim1
A new articulated postcranial specimen of an indeterminate ankylosaurid dinosaur from the Upper
Cretaceous (middle-upper Campanian) Baruungoyot Formation from Hermiin Tsav, southern Gobi
Desert, Mongolia includes twelve dorsal vertebrae, ribs, pectoral girdles, forelimbs, pelvic girdles,
hind limbs, and free osteoderms. The new specimen shows that Asian ankylosaurids evolved rigid
bodies with a decreased number of pedal phalanges. It also implies that there were at least two forms
of flank armor within Ankylosauridae, one with spine-like osteoderms and the other with keeled
rhomboidal osteoderms. Unique anatomical features related to digging are present in Ankylosauridae,
such as dorsoventrally flattened and fusiform body shapes, extensively fused series of vertebrae,
anteroposteriorly broadened dorsal ribs, a robust humerus with a well-developed deltopectoral crest,
a short robust ulna with a well-developed olecranon process, a trowel-like manus, and decreased
numbers of pedal phalanges. Although not fossorial, ankylosaurids were likely able to dig the
substrate, taking advantage of it for self-defence and survival.
Ankylosaurs were herbivorous quadrupedal dinosaurs characterized by heavily ornamented skulls and transverse
rows of osteoderms that covered the dorsolateral surfaces of their bodies1. Abundant remains of ankylosaurs
have been found in Mongolia, and a total of nine taxa are currently known (Table 1). However, most of the taxa
are based on skulls, whereas articulated postcranial specimens are scarce, with only three specimens currently
described in the scientific l iterature2–4. There are nearly complete postcranial skeletons of Pinacosaurus grangeri
(PIN 614) and an indeterminate ankylosaurid (MPC 100/1305) from the Djadokhta Formation (Campanian),
and the holotype of Saichania (MPC 100/151), which comprises a skull with the anterior portion of the postcranial skeleton.
In 2008, an articulated postcranial material (MPC-D 100/1359) was collected from the Upper Cretaceous
(middle-upper Campanian) Baruungoyot Formation at Hermiin Tsav by members of Korea-Mongolia International Dinosaur Expedition (Fig. 1). It was first discovered and uncovered by the Joint Soviet-Mongolian
Paleontological Expedition team in 1972 or 1973 (Ligden Barsbold, personal communication May 20, 2020).
They prepared it for excavation as a monolith, but ran out of materials and time, and abandoned it with the intention of excavating it at a later time. As far as we know, it was next seen by a Dinosaurs of the Gobi (Nomadic)
Expedition in 1999, but it had no doubt been seen by many other expeditions in the meantime. At that time, the
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Taxa

Occurrence

Ankylosauridae Brown6
Shamosaurinae Tumanova56
Shamosaurus Tumanova56
Sh. scutatus Tumanova56

Zuunbayan Formation (Aptian–Albian)

Ankylosaurinae Nopcsa57
Minotaurasaurus Miles and Miles58
M. ramachandrani Miles and Miles58

Djadokhta Formation (Campanian)

Pinacosaurus Gilmore59
P. grangeri Gilmore59

Djadokhta Formation (Campanian)

Saichania Maryañska3
Sa. chulsanensis Maryañska3

Baruungoyot Formation (middle-upper Campanian)

Talarurus Maleev60
Tal. plicatospineus Maleev60

Bayanshiree Formation (Cenomanian-Santonian)

Tarchia Maryañska3
Tar. kielanae Maryañska3

Baruungoyot Formation (middle-upper Campanian)

Tar. teresae Penkalski and Tumanova15

Nemegt Formation (upper Campanian-lower Maastrichtian)

Tsagantegia Tumanova61
Ts. longicranialis Tumanova61

Bayanshiree Formation (Cenomanian-Santonian)

Zaraapelta Arbour et al.12
Z. nomadis Arbour et al.12

Baruungoyot Formation (middle-upper Campanian)

Table 1.  Ankylosaur taxa of Mongolia.

sides of the specimen were still surrounded by a wooden crate, but the top was covered by loose boards. All of
the intervening spaces had been filled in by loose, wind-blown sand. It is uncertain whether there was a skull
and/or a tail club associated with the postcranial skeleton, although it’s unlikely the skull was present because
the cervical half-rings are missing. The specimen includes twelve dorsal vertebrae, ribs, pectoral girdles, forelimbs, pelvic girdles, hindlimbs, and free osteoderms, which present the most complete postcranial skeleton of
an ankylosaurid from the Baruungoyot Formation. Therefore, this articulated postcranial skeleton with in situ
dermal scutes provides valuable insight into the postcranial evolution of ankylosaurids. It also provides insight
based on anatomical features into the possibility of ankylosaurid digging behavior.

Institutional abbreviations. MPC, Mongolian Paleontological Center, Mongolian Academy of Sciences,

Ulaanbaatar, Mongolia; PIN, Paleontological Institute, Russian Academy of Sciences, Moscow, Russia; ZPAL,
Zaklad Paleobiologii (Institute of Paleobiology)–Polish Academy of Sciences, Warsaw, Poland.

Results

Systematic paleontology.

Dinosauria Owen5.
Ankylosauridae Brown6.
Ankylosauridae, gen. et sp. indet.

Material. MPC-D 100/1359 (Figs. 1, 2, 3), a nearly complete postcranial skeleton that lacks the tail but

includes twelve dorsal vertebrae, ribs, pectoral girdles, forelimbs, pelvic girdles, hindlimbs, and free osteoderms.

Locality and horizon. Aeolian red sandstone deposit of the Upper Cretaceous (middle-upper Campanian)
Baruungoyot Formation7, Hermiin Tsav, southern Gobi Desert, Mongolia.

Remarks. The presence of a synsacrum, the horizontal rotation of the ilium, closed acetabulum, absence

of the pubis, and dermal armor on the lateral surface of the body clearly shows that MPC-D 100/1359 belongs
to Ankylosauria8,9. Furthermore, MPC-D 100/1359 contains ankylosaurid features such as a broad humerus,
unguals that are wider than long, and a tridactyl pes8,10,11. A total of three ankylosaurid taxa – Saichania chulsanensis, Tarchia kielanae, and Zaraapelta nomadis – are known from the Baruungoyot F
 ormation3,12. Saichania is similar to MPC-D 100/1359 in having broad but irregular, plate-like, bony intercostal processes on the
dorsal ribs, and a robust ulna. However, Saichania differs from MPC-D 100/1359 by having fused dorsal ribs
from the sixth dorsal vertebra, bony processes starting from the fifth rib, medially fused sternal plates, more
robust humeri, a spur-like lateral process on the proximal end of the humerus, a pointed olecranon on the
ulna, lateral and medial femoral condyles that have the same heights, and three rows of spine-like flank osteoderms (two rows of dorsoposteriorly bent osteoderms, and ventral to them, one row of dorsoanteriorly bent
osteoderms)3,13,14. No postcranial materials are known from Tarchia kielanae and Zaraapelta, so comparisons to
MPC-D 100/1359 are currently not possible3,12,15. For these reasons, MPC-D 100/1359 must be considered as an
indeterminate ankylosaurid.

Scientific Reports |
Vol:.(1234567890)

(2021) 11:4101 |

https://doi.org/10.1038/s41598-021-83568-4

2

www.nature.com/scientificreports/

Figure 1.  Map showing where the new ankylosaurid postcranial specimen (MPC-D 100/1359) was discovered.
(a) Map of Mongolia. (b) Enlarged map of the rectangle with the dotted line in (a). The fossil locality is marked
by a symbol (※). (c) Photograph of the excavation site. (d) Close up photograph of the exposed dorsal surface of
the specimen. Adobe Illustrator CC (version 24.0.1, https://www.adobe.com/kr/products/illustrator.html) was
employed to produce (a, b).

Description. The body lies horizontally in a “resting posture”, with both forelimbs and hindlimbs folded and
tucked underneath the torso (Fig. 2). The preserved trunk is 203 cm in length and 129 mm in greatest width
(external osteoderms are excluded, see Supplementary Information for detailed measurements). Feeding traces
of dermestid beetles can be observed on the dorsal ribs, sternal plates, forelimbs, and dermal armor (Fig. 3l,m).
These circular borings are 5.5 to 36.25 mm in diameter. Five small, isolated theropod phalanges were also found
inside the ribcage (Fig. 2 and Supplementary Fig. S1).
The overall torso is dorsoventrally shallow and fusiform (Fig. 2). Twelve articulated dorsal vertebrae are present. However, we can assume that the two most anterior dorsal vertebrae are missing because fourteen dorsal ribs
are preserved on each side. The dorsal centra are spool-shaped and longer than high or wide. Ossified tendons are
present along the neural spines. The centra of the posterior dorsal vertebrae are a bit shorter in length, and the lateral surfaces are less concave than the anterior ones. No sacral vertebrae are preserved posterior to the dorsal verScientific Reports |
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Figure 2.  The new ankylosaurid postcranial specimen (MPC-D 100/1359). (a) Photograph and (b) line drawing
of the specimen in ventral view. (c–e) Skeletal diagram of the specimen in dorsal view (c), left lateral views with
dermal armor (d) and without dermal armor (e). Abbreviations: 4os, Type 4 osteoderm; 5os, Type 5 osteoderm;
6os, Type 6 osteoderm; 7os, Type 7 osteoderm; ac, acetabulum; co, coracoid; cof, coracoid foramen; dr, dorsal rib;
dv, dorsal vertebra; f, femur; fi, fibula; h, humerus; il, ilium; itp, isolated theropod phalanx; lo, lateral osteoderm;
mc, metacarpal; mt, metatarsal; ot, ossified tendon; psr, parasacral rib; ph, phalanx; r, radius; sc, scapula; sr, sacral
rib; st, sternal plate; sv, sacral vertebra; t, tibia; u, ulna. Adobe Illustrator CC (version 24.0.1, https://www.adobe
.com/kr/products/illustrator.html) was employed to produce (c–e).
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Figure 3.  Selected osteoderms (a–k) and feeding traces of dermestid beetles (l and m). (a) MPC-D 100/1359
in ventral view. Arrows indicate the areas where the selected osteoderms were collected. (b and c) Type 7
osteoderm in lateral (b) and dorsal (c) views. (d–k) Type 4 osteoderms in lateral (d, f, h, j) and dorsal (e, f, i, k)
views. (l) Close up photo of sternal plates. (m) Close up photo of the right lateral edge of the middle portion of
the trunk. White arrows mark feeding traces. Abbreviations: 5os, Type 5 osteoderm; dr, dorsal rib; dv, dorsal
vertebra; h, humerus; lo, lateral osteoderm; r, radius.
tebrae. Nine fused posterior dorsal vertebrae from the sixth to 14th are also fused with their ribs to form a long
presacral rod. The dorsal ribs increase progressively in size posteriorly from the first to the 11th. These ribs each
have a horizontally expanded, flat dorsal surface with a ventrally deep head, which gives the rib a T- or L-shaped
proximal cross-section. These ribs also have irregular plate-like bony processes that extend posteriorly from the
mid-shaft regions. The processes overlap the lateral surfaces of up to three following ribs. In the third to sixth
dorsal ribs, these processes are co-ossified to each other, forming a large lateral plate. The 12th to 14th dorsal ribs
are rod-like and smaller and anteroposteriorly narrower than the 11th dorsal ribs. A parasacral rib (sensu16) is
present posterior to the 14th dorsal ribs. These are also slender, similar to the 12th to 14th dorsal ribs, and the
lateral portion is posteriorly arched where it contacted the ilium posterolaterally. The most anterior sacral rib is
preserved on the right side only. This robust rib is horizontal and fused laterally to the ilium.
Only the left scapula and coracoid are preserved, and a suture line is observable between the two bones
(Fig. 2). Although the preserved scapula is fragmentary, the coracoid is moderately complete. A hook-like sternal process is present on the ventral margin of the coracoid. The coracoid foramen is located near the glenoid
fossa, which faces posterolaterally and is separated by an open suture from the scapula. The unfused sternal
plates are large and triangular. The hourglass-shaped humeri are short and robust, and in each the maximum
proximal width is about 50% that of the total length. The deltopectoral crest extends distally to about the middle
of the humerus and has a lateral process on the proximal edge, which can be observed on the left side. The crest
extends more laterally than anteriorly. The humeral shaft is short and thick. Both rod-like radii are present. The
expanded proximal and distal condyles of the radius are similar in size. Both robust ulnae are also preserved
and each has a blunt olecranon. The medial process of the ulna is prominent. Five metacarpals are preserved
in a shallow arc on both sides. All metacarpals are robust, with expanded proximal articular surfaces and distal
condyles. Metacarpals I to IV are similar in size, but metacarpal V is smaller. Five proximal phalanges (I-1 to
V-1) are present on the right manus, but only the first proximal phalanx (I-1) is preserved of the left manus. The
phalanges are wider distally than proximally.
An undistorted right ilium is preserved, which diverges at an angle of around 28° from the midline of the body
(Fig. 2). It is long with a blade-like preacetabular process extending anterolaterally. The closed acetabulum is level
with the medially positioned first sacral rib. A short buttress-like postacetabular process extends posterolaterally
from the acetabulum. The femur is uncrushed but only preserved with posteriorly expanded distal condyles, of
which the lateral condyle projects more ventrally than the medial one. The stout tibiae are straight, and each has
an anteroposteriorly expanded proximal condyle. Both of the long and narrow fibulae are preserved, although
the distal portion of the right one is missing. They are straight or slightly curved. Left metatarsals II to IV, and
right metatarsals II and III are preserved. They are elongate and somewhat hour-glass shaped. Metatarsal III is
only slightly longer than metatarsals II and IV. Pedal phalanges II-1 to -3, III-1, and IV-1 to -3 are preserved on
the left side, whereas III-1 to -3 and IV-1 to -3 are present on the right side. The phalangeal count is 0-3-3-3-0.
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Based on the well-preserved unguals on the left pes, the unguals are longer than wide. The distal portion of the
unguals on the right pes are poorly preserved.
Large, dorsoposteriorly bent spine-like Type 1 osteoderms (sensu17) are present in a row along the lateral
side of the body (Fig. 2). The fifth to 12th lateral osteoderms are preserved on the right side, whereas the first
to eighth are preserved on the left side. The most anterior Type 1 osteoderm is positioned above the forearm.
The osteoderms increase in size from the first to seventh. The eighth Type 1 osteoderm is about half the volume
of the seventh one. Posteriorly from here, the osteoderms increase again in size from the eighth to the 12th.
The most posterior osteoderm is lateral to the preacetabular process of the ilium. A slightly compressed, keeled
Type 7 osteoderm with a backswept tip was collected in the central region of the right side of the trunk, slightly
dorsal to the lateral Type 1 osteoderms (Fig. 3b,c). Its dorsal surface is rugose. A total of six small, nodular Type
6 osteoderms are present on the ventral portion of the trunk (Fig. 2). Five of them are observable on the left side,
whereas three can be seen on the right side. On the left side, one of these osteoderms is between the first and
second dorsal ribs, whereas the other four are situated slightly ventromedially along with the large lateral Type
1 osteoderms. On the left side, one is situated between the fifth and sixth dorsal ribs, whereas the other two are
positioned near the distal tip of the ninth dorsal rib and behind the 11th dorsal rib, respectively. Another single
large flat Type 7 osteoderm (longitudinal length: about 125 mm, transverse width: about 100 mm) with a slightly
concave ventral surface is present on the right side of the ribcage behind the seventh rib (Fig. 2). Only the ventral
side of this osteoderm is observable at present. Three small, conical, and circular based Type 4 osteoderms with
small neurovascular canals on the external surface are also preserved: two within the ribcage and one beneath
the pelvic region (Figs. 2, 3d-k). Medium-sized, trapezoidal or oval, keeled Type 5 osteoderms cover the lateral
side of the forelimb: thirteen on the right and twelve on the left side (Fig. 2).

Discussion

MPC-D 100/1359 has nine sacrodorsal vertebrae (Fig. 2), the highest number known for ankylosaurs. Three
to four sacrodorsals is the typical number for ankylosaurids, except Anodontosaurus lambei, which has five
sacrodorsals2,16,18–22 (Fig. 4). Furthermore, the presence of broad but irregular, plate-like, bony intercostal processes are rarely seen on the mid-shafts of the dorsal ribs. This feature is shared only with Saichania from the
Baruungoyot Formation3. The extensively fused vertebral series with unique dorsal ribs must have reduced the
flexibility of the trunk. This character has been interpreted as possibly important in the evolution of bracing
against tail m
 ovements23,24. However, the reason that Asian ankylosaurids had less flexible trunks compared to
North American taxa is unclear. Although no ankylosaurid tail has been described from the Baruungoyot Formation in detail, an almost complete tail (ZPAL MgD I/113) from the Nemegt Formation (upper Campanian-lower
Maastrichtian) suggests that some Asian ankylosaurids had more elongate tails than those of North American
taxa17. The high rigidity of the trunk in some Asian ankylosaurids might have functioned as a buttress for the
longer tail.
The pedal phalangeal formula of MPC-D 100/1359 (0–3-3–3-0) is the same to those of one Pinacosaurus
grangeri specimen (MPC 100/1320) and MPC 100/1305 (Ankylosauridae indet.) from the Djadokhta Formation (Campanian), but differs from that of earlier Asian ankylosaurids such as Liaoningosaurus (0-3-4-5-0) and
the majority of P. grangeri specimens (0-3-4-4-0 and 0-3-3-4-0) as well as North American ankylosaurid taxa
(0-3-4-3/4–0)4,10,22,25–28 (Fig. 4). Although pedal phalangeal formulae can differ between individuals within same
species, as in P. grangeri10, the phalangeal formula shows that the pedal phalanges, especially the second and
third digits, of Asian ankylosaurids decreased in number through time. Decrease in the number of phalanges
is recognized in the manus of sauropods as a way to support their greater body m
 asses29. It is possible that this
transition occurred in the pedes of Asian ankylosaurs in correlation with the ventrally projected lateral condyles
of the femora, which are considered as adaptations for weight-bearing4 and have been observed in several Asian
specimens (e.g., Chuanqilong, Crichtonpelta, Talarurus, MPC 100/1305, and ZMNH M8718)2,4,18,30,31. Furthermore, the reduced number of pedal phalanges resulted in less mobility of the l imbs29. Like the highly rigid trunk,
this feature might have also functioned as a less-flexible buttress for a long tail.
MPC-D 100/1359 is the fourth ankylosaurid specimen to be described with in situ flank osteoderms. The
previously described specimens are MPC 100/1305 and PIN 614 (P. grangeri) from the Djadokhta Formation,
and MPC 100/151 (holotype of Saichania) from the Baruungoyot F
 ormation2–4. Both MPC 100/151 and PIN 614
have spine-like Type 1 osteoderms on the flanks as in MPC-D 100/1359. Instead of Type 1 osteoderms, however,
keeled rhomboid Type 5 osteoderms are present on the sides of MPC 100/13054 (Fig. 4), suggesting that there
were at least two forms of flank armor within Asian ankylosaurids.
Few bones of MPC-D 100/1359 are distorted, and none are dislocated from the death posture, which suggests
there was no post-mortem transportation. Feeding traces of dermestid beetles are present on the bone surfaces
(Fig. 3l,m). Because rapid and deep burial prevents the activity of dermestid beetles, Fanti et al.32 suggested that
the presence of these traces might be evidence of exposure of the body, allowing the development of a dermestid
colony within the carcass. Some dorsal osteoderms (Type 4 and 7) are preserved inside the ribcage and the pelvic region (Figs. 2, 3d-k), which seem to have sunk into the body during decomposition before the final burial.
On the other hand, the spine-like osteoderms on the flanks and pelvic area are preserved in place with feeding
traces of dermestid beetles present on the ventral surfaces. This preservation difference implies that the lower
part of the body of MPC-D 100/1359, slightly beneath the lateral osteoderms, was exposed at some point and
was scavenged by beetles, before the sediments finally covered the rest of the body. The five isolated theropod
phalanges collected inside the trunk must have entered the ribcage from above before the final burial of this
specimen (Fig. 2 and Supplementary Fig. S1).
Several ankylosaur specimens preserved in a similar “resting posture” to MPC-D 100/1359 were previously reported from the Djadokhta (Campanian) and Baruungoyot (middle-upper Campanian) formations of
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Figure 4.  The temporal range of all known ankylosaurids with either well-preserved sacral rods and pelvic
girdles, pedes, or flank osteoderms. Adobe Illustrator CC (version 24.0.1, https://www.adobe.com/kr/products/
illustrator.html) was employed to produce figure.
 ongolia2,3,10,33,34, and the Bayan Mandahu Formation (Campanian) of China10,35. Because all of these specimens
M
were discovered in rock units that were deposited in semiarid to arid climates in eolian environments, it was
interpreted that they were buried alive in dust storms or rainstorm episodes36,37. MPC-D 100/1359 also perished
in situ, possibly due to famine, dust storms, or any other possible number of reasons.
A few authors have previously remarked that ankylosaurids show adaptations for digging. Maleev2 first
hypothesized that “Syrmosaurus viminicaudus” (= P. grangeri) dug with anteroposterior body movements and
covered up the lateral sides of their bodies with sediments using both fore- and hind limbs to leave the dorsal
parts of their bodies exposed, similar to modern horned lizards (Phrynosoma). Maryañska3 supported this
hypothesis based on the dorsoventrally flattened body shape and keeled dermal armor on lateral sides of the body
of Saichania. Furthermore, C
 oombs38 concluded by reconstructing their forelimb muscles that digging habits
were possible for ankylosaurids. No one has discussed the possibility of whether ankylosaurids were adapted
for digging ever since.
Most ankylosaurids, including MPC-D 100/1359, show characteristics of digging, such as large acromion
processes on the scapulae, robust humeri with well-developed deltopectoral crests, radii shorter than humeri,
short and robust ulnae with well-developed olecranon processes, manus shorter than radii (terminal phalanges
excluded), short and wide metacarpals and proximal phalanges, low intermembral indices (< 70), and short or
absent pubic symphyses39–43. Although the forelimb characters are also generally assumed to be related to weightbearing38, low intermembral indices and the reduction or absence of pubic symphyses are considered two of the
most indicative features of digging44. Ankylosaurids also have a dorsoventrally flattened and fusiform bodies with
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anteroposteriorly broadened dorsal ribs. This is an adaptation linked to counteracting the transverse bending
force caused by the digging movements of the forelimbs43,45. Additionally, the extensive fusion of vertebrae and
dorsal ribs, and the decreased numbers of pedal phalanges observed in MPC-D 100/1359 appear to be related to
digging as well. The high rigidity of the trunk may have stabilized the body during digging with forelimbs. The
reduction of mobility in the hind limbs – caused by the decreased number of pedal phalanges – may have been
suitable for anchoring ankylosaurs when they were d
 igging40.
38
Coombs concluded that the ankylosaurid manus does not show special modifications for digging behaviours,
because the hoof-like manual unguals of ankylosaurids are different from the long, deep, and claw-like unguals
of most digging animals. However, bony ungual length or curvature may not correlate well with the ecology
of animals46. The metacarpals of ankylosaurid forefeet, including those of MPC-D 100/1359, are arranged in
a shallow arc (Fig. 2) that can increase the stiffness of the f orefeet3,10,45. This shape gives the manus a shovel or
trowel-like appearance. Even though ankylosaurids did not have the claw-like unguals, therefore, it seems that
they may have been able to dig soft substrate with the stiff trowel-like manus.
Tumanova47 rejected the possibility of digging in ankylosaurids because of their large body sizes. However,
body size cannot be used to disqualify digging abilities in ankylosaurs because similar-sized, large animals
such as mylodontid ground sloths were capable of d
 igging48. Although mylodontids were capable of dwelling
49
in underground s paces , it is doubtful that ankylosaurids could have done the same. To date, no paleoburrows
attributable to ankylosaurs have been reported from ankylosaurid-bearing strata. Moreover, the stiffened elongated tail of ankylosaurids would not be suitable for dwelling in underground spaces.
Anatomical features discussed in this paper could be good supporting evidence for the surface digging ability
of ankylosaurids. Taking advantage of digging, ankylosaurids may have been able to dig out roots for food, dig
wells to reach subsurface water, or dig into the sediments so they could find supplementary minerals to consume
as modern African elephants (Loxodonta) do t oday50.
It was long assumed that ankylosaurids might have hunkered down to defend their relatively soft undersides
from predators51. Crouching down in the shallow pits they made might have helped them protect their limbs
and vulnerable belly parts, and to anchor their bodies so as not to get turned over by large predators. Extant
horned lizards (Phrynosoma) have a similar flat body and lateral fringe scales to those of ankylosaurids, which
makes it difficult for predators to detect their silhouettes when partially buried or at rest on flat s ubstrates52–54.
Ankylosaurids may have utilized a similar strategy.

Methods

The specimen (MPC-D 100/1359) was divided into three separate plaster jackets for shipment to a laboratory
in Hwaseong City of South Korea for preparation in 2012. In the lab, all jackets were opened from the bottom
to expose the ventral side of the skeleton. After preparation, it was returned to Mongolia in 2016, where it is
permanently held in the Institute of Paleontology in Ulaanbaatar, Mongolia.
All measurements were taken using a measuring tape and a digital caliper. Comparisons to other ankylosaurid
taxa were made by examining some specimens in the Institute of Paleontology, Mongolian Academy of Sciences,
Mongolia, or were extracted from published literature. Phalangeal formulae were based on P
 adian54. Osteoderm
types correspond to the terms used by Arbour et al.18.
Received: 11 December 2020; Accepted: 4 February 2021

References

1. Vickaryous, M. K., Maryañska, T. & Weishampel, D. B. Ankylosauria. In The Dinosauria 2nd edn (eds Weishampel, D. B. et al.)
363–392 (University of California Press, Berkeley, 2004).
2. Maleev, E. A. Armored dinosaurs of the Upper Cretaceous of Mongolia (Family Syrmosauridae). Trudy Paleontologicheskogo
Instituta AN SSSR 48, 142–170 (1954).
3. Maryañska, T. Ankylosauridae (Dinosauria) from Mongolia. Palaeontol. Pol. 37, 85–151 (1977).
4. Carpenter, K. et al. Saichania chulsanensis (Ornithischia, Ankylosauridae) from the Upper Cretaceous of Mongolia. Palaeontographica Abt. A 294, 1–61 (2011).
5. Owen, R. Report on British fossil reptiles. Rep. Br. Assoc. Adv. Sci. 11, 60–204 (1842).
6. Brown, B. The Ankylosauridae, a new family of armored dinosaurs from the Upper Cretaceous. Bull. Am. Mus. Nat. Hist. 24,
187–201 (1908).
7. Jerzykiewicz, T. Lithostratigraphy and sedimentary settings of the Cretaceous dinosaur beds of Mongolia. In The Age of Dinosaurs
in Russia and Mongolia (eds Benton, M. J. et al.) 279–296 (Cambridge University Press, Cambridge, 2000).
8. Coombs, W. P. Jr. & Maryañska, T. Ankylosauria. In The Dinosauria (eds Weishampel, D. B. et al.) 456–483 (University of California
Press, Berkeley, 1990).
9. Carpenter, K. Ankylosauria. In Encyclopedia of Dinosaurs (eds Currie, P. J. & Padian, K.) 16–20 (Academic Press, Cambridge,
2007).
10. Currie, P. J., Badamgarav, D., Koppelhus, E. B., Sissons, R. & Vickaryous, M. K. Hands, feet, and behaviour in Pinacosaurus (Dinosauria: Ankylosauridae). Acta Palaeontol. Pol. 56, 489–504 (2011).
11. Carpenter, K. Ankylosauria. In The Complete Dinosaur 2nd edn (eds Brett-Surman, M. K. et al.) 505–526 (Indiana University Press,
Bloomington, 2012).
12. Arbour, V. M., Currie, P. J. & Badamgarav, D. The ankylosaurid dinosaurs of the Upper Cretaceous Baruungoyot and Nemegt
formations of Mongolia. Zool. J. Linn. Soc. 172, 631–652 (2014).
13. Barrett, P. M., Hailu, Y., Upchurch, P. & Burton, A. C. A new ankylosaurian dinosaur (Ornithischia: Ankylosauria) from the Upper
Cretaceous of Shanxi Province, People’s Republic of China. J. Vertebr. Paleontol. 18, 376–384 (1998).
14. Arbour, V. M. & Currie, P. J. Systematics, phylogeny and palaeobiogeography of the ankylosaurid dinosaurs. J. Syst. Palaeontol. 14,
385–444 (2016).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:4101 |

https://doi.org/10.1038/s41598-021-83568-4

8

www.nature.com/scientificreports/
15. Penkalski, P. & Tumanova, T. The cranial morphology and taxonomic status of Tarchia (Dinosauria: Ankylosauridae) from the
Upper Cretaceous of Mongolia. Cretac. Res. 70, 117–127 (2017).
16. Penkalski, P. Revised systematics of the armoured dinosaur Euoplocephalus and its allies. Neues Jahrb. Geol. Palaontol. Abh. 287,
261–306 (2018).
17. Arbour, V. M., Lech-Hernes, N. L., Guldberg, T. E., Hurum, J. H. & Currie, P. J. An ankylosaurid dinosaur from Mongolia with
in situ armour and keratinous scale impressions. Acta Palaeontol. Pol. 58, 55–64 (2013).
18. Lü, J. et al. New nodosaurid dinosaur from the Late Cretaceous of Lishui, Zhejiang Province, China. Acta. Geol. Sin. 81, 344–350
(2007).
19. Arbour, V. M. & Currie, P. J. Euoplocephalus tutus and the diversity of ankylosaurid dinosaurs in the Late Cretaceous of Alberta,
Canada, and Montana, USA. PLoS ONE 8, e62421. https://doi.org/10.1371/journal.pone.0062421 (2013).
20. Penkalski, P. & Blows, W. T. Scolosaurus cutleri (Ornithischia: Ankylosauria) from the Upper Cretaceous Dinosaur Park Formation
of Alberta, Canada. Can. J. Earth. Sci. 50, 171–182 (2013).
21. Penkalski, P. A new ankylosaurid from the Late Cretaceous Two Medicine Formation of Montana, USA. Acta Palaeontol. Pol. 59,
617–634 (2014).
22. Wiersma, J. P. & Irmis, R. B. A new southern Laramidian ankylosaurid, Akainacephalus johnsoni gen. et sp. nov., from the Upper
Campanian Kaiparowits Formation of southern Utah, USA. PeerJ 6, e5016. https://doi.org/10.7717/peerj.5016 (2018).
23. Tschopp, E. & Mateus, O. Clavicles, interclavicles, gastralia, and sterna ribs in sauropod dinosaurs: new reports from Diplodocidae
and their morphological, functional and evolutionary implications. J. Anat. 222, 321–340 (2013).
24. Arbour, V. M. & Zanno, L. E. The evolution of tail weaponization in amniotes. Proc. R. Soc. B. 285, 20172299. https://doi.
org/10.1098/rspb.2017.2299 (2013).
25. Coombs, W. P. Jr. A juvenile ankylosaur referable to the genus Euoplocephalus (Reptilia, Ornithischia). J. Vertebr. Paleontol. 6,
162–173 (1986).
26. Xu, X., Wang, X.-L. & You, H.-L. A juvenile ankylosaur from China. Sci. Nat. 88, 297–300 (2001).
27. Arbour, V. M., Burns, M. E. & Sissons, R. L. A redescription of the ankylosaurid dinosaur Dyoplosaurus acutosquameus Parks,
1924 (Ornithischia: Ankylosauria) and a revision of the genus. J. Vertebr. Paleontol. 29, 1117–1135 (2009).
28. Burns, M. E., Tumanova, T. A. & Currie, P. J. Postcrania of juvenile Pinacosaurus grangeri (Ornithischia: Ankylosauria) from the
Upper Cretaceous Alagteeg Formation, Alag Teeg, Mongolia: implications for ontogenetic allometry in ankylosaurs. J. Paleontol.
89, 168–182 (2015).
29. Christiansen, P. Locomotion in sauropod dinosaurs. Gaia 14, 45–75 (1997).
30. Lü, J., Ji, Q., Gao, Y. & Li, Z. A new species of the ankylosaurid dinosaur Crichtonsaurus (Ankylosauridae: Ankylosauria) from the
Cretaceous of Liaoning Province, China. Acta Geol. Sin. 81, 883–897 (2007).
31. Han, F., Zheng, W., Hu, D., Xu, X. & Barrett, P. M. A new basal ankylosaurid (Dinosauria: Ornithischia) from the Lower Cretaceous
Jiufotang Formation of Liaoning Province, China. PLoS ONE 9, e104551. https://doi.org/10.1371/journal.pone.0104551 (2014).
32. Fanti, F., Currie, P. J. & Badamgarav, D. New specimens of Nemegtomaia from the Baruungoyot and Nemegt formations (Late
Cretaceous) of Mongolia. PLoS ONE 7, e31330. https://doi.org/10.1371/journal.pone.0031330 (2012).
33. Tverdochlebov, V. P. & Zybin, J. I. Genesis of the Upper Cretaceous sediments with dinosaur remains at Tugrikin-us and Alag-Taag
localities. Trudy Sovmestnaya Sovetsko-MongoIskaya Paleontologicheskaya Ekspeditsia 1, 314–319 (1974).
34. Currie, P. J. Long distance dinosaurs. Nat. Hist. 6, 60–65 (1989).
35. Godefroit, P., Pereda-Suberbiola, X., Li, H. & Dong, Z.-M. A new species of the ankylosaurid dinosaur Pinacosaurus from the Late
Cretaceous of Inner Mongolia (P. R. China). Bull. Inst. R. Sc. N. B.-S. 69-supplement B, 17–36 (1999).
36. Jerzykiewicz, T. et al. Djadokha Formation correlative strata in Chinese Inner Mongolia: an overview of the stratigraphy, sedimentary geology, and paleontology and comparisons with the type locality in the pre-Aldai Gobi. Can. J. Earth. Sci. 30, 2180–2195
(1993).
37. Loope, D. B., Dingus, L., Swisher, C. C. I. I. I. & Minjin, C. Life and death in a Late Cretaceous dune field, Nemegt basin, Mongolia.
Geology 26, 27–30 (1998).
38. Coombs, W. P. Jr. Forelimb muscles of the Ankylosauria (Reptilia, Ornithischia). J. Paleontol. 52, 642–657 (1978).
39. Hildebrand, M. Analysis of Vertebrate Structure (John Wiley and Sons, Hoboken, 1974).
40. Hildebrand, M. Digging of quadrupeds. In Functional Vertebrate Morphology (eds Hildebrand, M. et al.) 89–109 (Harvard University Press, Cambridge, 1985).
41. Vizcaíno, S. F., Fariña, R. A. & Mazzetta, G. Ulnar dimensions and fossoriality in armadillos and other South American mammals.
Acta Theriologica 44, 309–320 (1999).
42. Heckert, A. B. et al. Articulated skeletons of the aetosaur Typothorax coccinarum Cope (Archosauria: Stagonolepididae) from
the Upper Triassic Bull Canyon Formation (Revueltian: Early-Mid Norian), Eastern New Mexico, USA. J. Vertebr. Paleontol. 30,
619–642 (2010).
43. Lyson, T. R. et al. Fossorial origin of the turtle shell. Curr. Biol. 26, 1887–1894 (2016).
44. Coombs, M. C. Large mammalian clawed herbivores: a comparitive study. Trans. Am. Philos. Soc. 73, 1–96 (1983).
45. Venkadesan, M. et al. Stiffness of the human foot and evolution of the transverse arch. Nature 579, 97–100 (2020).
46. Birn-Jeffery, A. V., Miller, C. E., Naish, D., Rayfield, E. J. & Hone, D. W. E. Pedal claw curvature in birds, lizards and Mesozoic
dinosaurs–complicated categories and compensating for mass-specific and phylogenetic control. PLoS ONE 7, e50555. https://
doi.org/10.1371/journal.pone.0050555 (2012).
47. Tumanova, T. A. The armored dinosaurs of Mongolia. Jt. Sov. Mong. Paleontol. Exped. Trans. 32, 1–76 (1987).
48. Bargo, M. S., Vizcaíno, S. F., Archuby, F. M. & Blanco, R. E. Limb bone proportions, strength and digging in some Lujanian (Late
Pleistocene-Early Holocene) mylodontid ground sloths (Mammalia, Xenarthra). J. Vertebr. Paleontol. 20, 601–610 (2000).
49. Dondas, A., Isla, F. I. & Carballido, J. L. Paleocaves exhumed from the Miramar Formation (Ensenadan Stage-age, Pleistocene),
Mar del Plata, Argentina. Quat. Int. 210, 44–50 (2009).
50. Haynes, G. Elephants (and extinct relatives) as earth-movers and ecosystem engineers. Geomorphology 157–158, 99–107 (2012).
51. Fastovsky, D. E. & Weishampel, D. B. Dinosaurs: A Concise Natural History 2nd edn. (Cambridge University Press, Cambridge,
2012).
52. Sherbrooke, W. C. & Montanucci, R. R. Stone mimicry in the round-tailed horned lizard, Phrynosoma modestum (Sauria: Iguanidae). J. Arid Environ. 14, 275–284 (1988).
53. Sherbrooke, W. C. Introduction to Horned Lizards of North America (University of California Press, Berkeley, 2003).
54. Vitt, L. J. & Caldwell, J. P. Herpetology: An Introductory Biology of Amphibians and Reptiles 4th edn. (Academic Press, Cambridge,
2013).
55. Padian, K. A proposal to standardize tetrapod phalangeal formula designations. J. Vertebr. Paleontol. 12, 260–262 (1992).
56. Tumanova, T. A. The first ankylosaurs from the Lower Cretaceous of Mongolia in Trudy Sovmestnaya Sovetsko-Mongol’skaya
Paleontologicheskaya Ekspeditsiya 4, Iskopayemyye reptilii mongolii (eds. Tatarinov, L. P. et al.) 110–118 (1983).
57. Nopcsa, F. The dinosaurs of the Transylvanian parts of Hungary. Mitteilungen Jahrbuch Ungarische Geologische Reichsanstalt 23,
1–26 (1915).
58. Miles, C. A. & Miles, C. J. Skull of Minotaurasaurus ramachandrani, a new Cretaceous ankylosaur from the Gobi Desert. Curr. Sci.
96, 65–70 (2009).
59. Gilmore, C. W. On the dinosaurian fauna of the Iren Dabasu Formation. Bull. Am. Mus. Nat. Hist. 67, 23–78 (1933).

Scientific Reports |

(2021) 11:4101 |

https://doi.org/10.1038/s41598-021-83568-4

9
Vol.:(0123456789)

www.nature.com/scientificreports/
60. Maleev, E. A. Armored dinosaurs from the Upper Cretaceous of Monglia (family Ankylosauridae). Trudy Paleontologicheskogo
Instituta Akademiya Nauk SSSR 62, 51–91 (1952).
61. Tumanova, T. A. A new armored dinosaur from Southeastern Gobi. Paleontol. J. 27, 92–98 (1993).

Acknowledgements

Thanks go to all members of Korea-Mongolia International Dinosaur Expedition (KID) in 2008. The KID expedition was supported by a grant to Y.-N. Lee from Hwaseong City, Gyeonggi Province, South Korea. We also thank
Mr. Do Kwon Kim (Hwaseong City) and Mr. Hang-Jae Lee (Korea Institute of Geoscience and Mineral Resources)
who prepared the specimen. We thank Drs. Alexander Averianov and Paul Penkalski for improving an earlier
version of this manuscript with their comments, and Dr. Jingmai O’Connor (Editorial board member). This
research is supported by the National Research Foundation of Korea (Grant Number 2019R1A2B5B02070240
and 2019R1A6A1A10073437) to Y.-N. Lee.

Author contributions

Y.-N.L. and R.B. designed the project; P.J.C., M.J.R., P.B., R.S., and E.B.K. collected the fossil and performed
fieldwork; J.-Y.P. wrote the manuscript with contributions from Y.-N.L., P.J.C., and M.J.R.; J.-Y.P. prepared all
figures contributions from S.L. and S.-H.K.; all authors reviewed the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83568-4.
Correspondence and requests for materials should be addressed to Y.-N.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |
Vol:.(1234567890)

(2021) 11:4101 |

https://doi.org/10.1038/s41598-021-83568-4

10

