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A new alvarezsaurid dinosaur from
the Nemegt Formation of Mongolia

Sungjin Lee(®?, Jin-Young Park?, Yuong-Nam Lee!", Su-Hwan Kim?, Junchang Li%*,
Rinchen Barsbold® & Khishigjav Tsogtbaatar?

Alvarezsaurid diversity has been markedly increased by recent discoveries from China. However, the
number of alvarezsaurid specimens in the Nemegt Formation of Mongolia remained low since the
initial report on Mononykus olecranus in 1993. Here we report three new alvarezsaurid specimens from
this formation, which were associated with each other and also with multiple oviraptorid skeletons

in a small multi-species assemblage. Two of the alvarezsaurid specimens represent a new taxon,
Nemegtonykus citus gen. et sp. nov., which is mainly distinguished from other alvarezsaurids by the first
sacral vertebra with a subtrapezoidal lamina, the second sacral centrum which is directly co-ossified
with ilium, the posterodorsally oriented postacetabular process of ilium, and partial co-ossification
between metatarsals Il and IV. The other specimen is very similar to M. olecranus in morphology and
referred to cf. Mononykus sp. Our phylogenetic analysis recovered Nemegtonykus as a parvicursorine
forming a polytomy with several other taxa from the Gobi Desert. The presence of three alvarezsaurid
individuals in the same locality indicates that the abundance of alvarezsaurids have been greatly
underestimated in the Nemegt dinosaur faunas.

Alvarezsaurs are an extraordinary group of animals which are, in general, characterized by greatly shortened
forelimbs with an enlarged medial-most manual digit (particularly parvicursorines) and contrastingly elongate
distal hind limbs with a specialized arctometatarsal condition in derived forms!~'%. Their records span across
four continents, but most taxa are from either Asia®%*1113-22 or South America®!'>%-2, with only fragmentary
specimens from North America>?’ and Europe®. Despite their nearly global distribution, alvarezsaur fossils have
been extremely rare compared to other contemporary dinosaurs. The rarity and a lack of complete alvarezsaur
specimens have led to many difficulties in interpreting of their ecology or phylogenetic relationships.

Their somewhat peculiar morphology, which is strikingly similar to that of birds, has caused extensive debate
regarding their place on the tree of life!>4-121617.1929-38 Early studies suggested an ornithomimid affinity for alva-
rezsaurs was proposed®>®¥, but they are now generally thought to be basal maniraptorans®-124°-#, The origin
of alvarezsaurs has also been much discussed. It was initially suggested that alvarezsaurs originated in South
America®>?, but recent discoveries of basal alvarezsaurs in China support an Asian origin of this clade®*!!,

The Nemegt Basin in the Gobi Desert, which holds three major Upper Cretaceous sedimentary formations
(Nemegt, Baruungoyot, and Djadochta), is home to many alvarezsaurids, specifically parvicursorines. However,
there has been only one alvarezsaurid taxon, Mononykus olecranus, known from the Nemegt Formation'. In fact,
alvarezsaurid specimens are relatively rare in the Nemegt Formation compared to the older Baruungoyot and
Djadochta formations, each of which has yielded two alvarezsaurid taxa*'>-!°. In 2008, an international team
of the Korea-Mongolia International Dinosaur Expedition (KID) found a small assemblage (the surface area of
the region containing the assemblage is less than 0.5 m?) of theropods comprising multiple individuals of ovi-
raptorids and alvarezsaurids from the Nemegt Formation at Altan Uul IIT in the Gobi Desert, Mongolia (Figs 1
and S1). The site is located on a gentle slope, and many of the fossils were buried inside the rock. The oviraptorid
specimens consist of the holotype of Gobiraptor minutus and at least two other larger undescribed individu-
als mainly represented by a sacrum and partial hind limb elements*. Similarly, alvarezsaurid specimens in this
assemblage include postcranial elements of three individuals which share peculiar hind limb morphology of alva-
rezsaurids, such as the elongated distal hind limbs, greatly reduced fibula, and the unique arctometatarsal condi-
tion. (Figs 2-7 and S2-4). All three alvarezsaurid specimens are described in this paper, including the holotype
and referred specimens of a new taxon Nemegtonykus citus gen.et sp. nov. The other specimen is distinguished
from Nemegtonykus but more similar to M. olecranus, thus referred to cf. Mononykus sp. Multiple alvarezsaurid
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Figure 1. Map showing the locality (marked with a red star) where the multi-species assemblage was
discovered.

Figure 2. Skeletal reconstruction of Nemegtonykus citus gen. et sp. nov. (MPC-D 100/203) with missing parts in
grey.

specimens in this assemblage indicate that alvarezsaurids were more abundant than the previous fossil record
suggested during the Nemegt time.

Results

Systematic palaeontology. Dinosauria Owen, 1842
Theropoda Marsh, 1881*
Maniraptora Gauthier, 19864
Alvarezsauria Bonaparte, 19912
Alvarezsauridae Bonaparte, 1991%
Parvicursorinae Karhu and Rautian, 1996
Nemegtonykus citus, gen. et sp. nov.

Holotype. MPC-D 100/203, partially disarticulated postcranial elements including six dorsal vertebrae, two
sacral vertebrae, 21 caudal vertebrae, five separated dorsal ribs, nearly complete left scapulocoracoid, nearly com-
plete left ilium, partial right ilium, partial left pubis, other partial pelvic elements, complete left femur, com-
plete left tibiotarsus, partial right tibia, nearly complete left fibula, left tarsometatarsus consisting of distal tarsal
co-ossified with metatarsals IT and IV, and isolated left pedal phalanges III-1, IV-1, and IV-2 as well as possible
II-1 and II-2. Many of the elements such as the sacrum, caudal vertebrae, and left hind limb were naturally artic-
ulated and close to each other. The other elements were not articulated but very close to the articulated bones.
The exceptions are the dorsal ribs which were in contact with the pelvic elements of MPC-D 102/111 (Gobiraptor
minutus holotype). The ribs are assigned to MPC-D 100/203 rather than MPC-D 102/111 because of their mor-
phology and size. Their tuberculum and capitulum are arranged to fit the diapophysis and parapophysis which,
in case of alvarezsaurids, are located on the same horizontal plane. They are also too small to be a part of MPC-D
102/111 but perfectly match the dorsal vertebrae of MPC-D 100/203.
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Figure 3. Axial skeleton and pelvis of the holotype specimen of Nemegtonykus citus gen. et sp. nov. (MPC-D
100/203). (a,b) Photograph (a) and interpretative illustration (b) of the dorsal-sacral succession and pelvis

in left lateral view. (¢c,d) Photograph (c) and interpretative illustration (d) of the dorsal-sacral succession and
pelvis in dorsal view. (e) Caudal vertebrae in dorsal view. Abbreviations: ant, antitrochanter; brs, brevis shelf; dv,
dorsal vertebra(e); p, pubis; poa, postacetabular process; pra, preacetabular process; pup, pubic peduncle; sac,
supracetabular crest; sl, sacral lamina; sv, sacral vertebra(e); tp, transverse process(es). Scale bars equal 1 cm.

Referred specimen. MPC-D 100/207, possible pelvic element, nearly complete right femur, partial right
tibia which is articulated with the fibula, partial left astragalus with tarsometatarsus, distal ends of right metatar-
sals IL, II1, and IV, and possible right pedal phalanges II-1 and IV-1. The elements were disarticulated but located
close to each other with matching sizes. They also exhibit the same light-coloured texture that makes them dis-
tinguishable from other specimens.

Locality and horizon.  Altan Uul III*-**, Omnégovi Province, Mongolia (Figs 1 and S1). Upper Cretaceous
Nemegt Formation**-5153-55,

Etymology. The generic name refers to the Nemegt Formation (the origin of the holotype specimen) and
onyx (‘claw’ in Greek); specific name means ‘swift’ in Latin, referring to the hypothesized cursorial lifestyle of this
taxon.

Diagnosis. An alvarezsaurid of moderate size distinguished from other alvarezsaurids by the following
unique set of characters (autapomorphies are marked with an asterisk, see Supplementary Information for differ-
ential diagnosis): completely co-ossified first and second sacral vertebrae; anteroposteriorly elongate and subtrap-
ezoidal lamina formed by transverse process-sacral rib complex and postzygapophyses on the first sacral vertebra,
which is co-ossified with preacetabular part of ilium* (similar structure present in Xixianykus); co-ossification
between the second sacral centrum and preacetabular part of ilium without any contribution of sacral ribs*;
partially co-ossified scapulocoracoid*; greatly reduced pubic peduncle (similar to Qiupanykus); posterodorsally
oriented postacetabular process of ilium*; distinct fossa on dorsal surface of ilium near antitrochanter (also pres-
ent in Xixianykus); prominent wedge-shaped tubercle on the posterolateral margin of tibiotarsus near its distal
end*; co-ossification between distal tarsal and metatarsus (also present in Xixianykus and Albinykus); and partial
plantar co-ossification between distal shafts of metatarsals IT and IV*.
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Figure 4. Appendicular skeleton of the holotype specimen of Nemegtonykus citus gen. et sp. nov. (MPC-D
100/203). (a) Left scapulocoracoid in lateral view. (b-e) Left femur in proximal (b), distal (c), posterior (d), and
medial (e) views. (f-j) Left tibiotarsus in proximal (f), distal (g), anterior (h), posterior (i), and lateral (j) views.
(k-p) Left tarsometatarsus in proximal (k), distal (1), dorsal (m), plantar (n), medial (0), and lateral (p) views.
Abbreviations: acc, accessory condyle; acr, acromion process; asp, ascending process of astragalus; cc, cnemial
crest; cf, coracoid foramen; dt, distal tarsal; et, ectocondylar tuber; fc, fibular condyle; th, femoral head; fl,
fibula; ft, fourth trochanter; gl, glenoid fossa; Ic, lateral distal condyle of femur; If, lateral fossa; mc, medial distal
condyle of femur; mf, medial fossa; mt II, metatarsal II; mt IV, metatarsal IV; pf, popliteal fossa; tc, trochanteric
crest; tmc, medial proximal condyle of tibiotarsus; tu, tubercle. Scale bars equal 1 .cm.
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Figure 5. Selected elements of MPC-D 100/207 (referred specimen of Nemegtonykus citus). (a,b) Right femur
in distal (a) and posterior (b) views. (c,d) Right tibia and fibula in proximal (c) and anterior (d) views. (e) Right
metatarsals IT and IV in dorsal view. (f,g) Left astragalus and metatarsus in dorsal (f) and plantar (g) views.
Abbreviations: a, astragalus; cc, cnemial crest; et, ectocondylar tuber; fl, fibula; ft, fourth trochanter; mt II,
metatarsal IT; mt IV, metatarsal IV; pf, popliteal fossa. Scale bars equal 1 cm.

Description. The holotype specimen of Nemegtonykus citus (MPC-D 100/203) is slightly smaller than that of
Mononykus"?, but larger than the specimens of Parvicursor'> or Shuvuuia®'’. Based on the equation of Campione
et al.>®, which involves the mid-shaft circumference of the femur, the estimated body weight of MPC-D 100/203
is approximately 3.4 kg (see Supplementary Table S1 for measurements). The size of the referred specimen
(MPC-D 100/207) is comparable to the holotype (Table S2). The full description of MPC-D 100/203 is included
in Supplementary Information.

The preserved dorsal centra are opisthocoelous and lack a hyposphene-hypantrum articulation or pleurocoels
(Figs 3a—d and S2). They are anteroposteriorly short and laterally compressed with a distinct ventral keel. As in
other alvarezsaurids, the parapophyses are located at almost the same level as the diapophyses*>1°. The prezyga-
pophyses are short and anterodorsally oriented. On the dorsal surface of the neural arch of each dorsal vertebra
is a sharp ridge that posteriorly leads to the neural spine. The last and penultimate dorsal vertebrae and two ante-
riormost sacral vertebrae are articulated, forming a dorsal-sacral succession (Fig. 3a-d). The co-ossified first and
second sacral centra indicate that a synsacrum was present in life. Like the dorsal vertebrae, the prezygapophyses
of the first sacral vertebra are short. Posterior to the prezygapophyses is a dorsolaterally oriented subtrapezoidal
lamina which is formed by the transverse process-sacral rib complex and postzygapophyses. This lamina is dors-
oventrally tall at its anterior end in contrast to the short posterior end with a gradual decrease in height. It is also
possible that the lamina was co-ossified with the preacetabular process of the ilium although most of the contact
between them is damaged. The second sacral vertebra completely lacks this lamina or zygapophyses. Its centrum
is directly co-ossified with the ilium, which is unique among alvarezsaurids. The preserved caudal vertebrae
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Figure 6. Selected elements of cf. Mononykus sp. (MPC-D 100/206). (a) Left femur in medial view. (b-d) Left
tibia in distal (b), anterior (c), and posterior (d) views. (e-h) Left metatarsus in proximal (e), distal (f), dorsal
(g), and plantar (h) views. Abbreviations: atr, anterior trochanter; fic, fibular crest; mt IV, metatarsal IV. Scale
bars equal 1 cm.

(Fig. 3e) are articulated with each other, but their exact position in the vertebral column is uncertain. The caudal
centra are all procoelous and become proportionally elongate. There is no sign of co-ossification between them.
The zygapophyses are short, and the transverse processes are anteriorly located in the proximal caudal vertebrae
as in other alvarezsaurids*!°. No neural spines are completely preserved, but they become low ridges in the more
distal caudal vertebrae. The proximalmost caudal vertebra is distinguished from others, having a posteroventrally
oblique anterior articulation surface and mediolaterally short transverse processes. The preserved dorsal ribs
(Fig. S2) are not articulated with the vertebrae and lack uncinate processes. The chevrons are mostly fragmentary
except for the two complete ones (Fig. S2). One is a proximal chevron and proximodistally elongate. The other is
from a more distal position and L-shaped.

The scapulocoracoid is partially co-ossified (Fig. 4a). It has a long blade with a dorsally oriented small acro-
mion process which has a round anterior margin unlike in Mononykus?. The thin coracoid ventrally tapers to
produce a pointed end, and the glenoid fossa faces ventrolaterally.

The ilium is medially inclined, and the vertical surface at its medial margin suggests the two ilia and sacral
neural spines met at the middle (Fig. 3a-d). It exhibits a greatly reduced pubic peduncle which is merely a small
protrusion, similarly to that of Qiupanykus'®. As in other alvarezsaurids, the antitrochanter is pronounced and
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Figure 7. Selected elements and their interpretative illustrations of the holotype specimen of Nemegtonykus
citus (MPC-D 100/203) and cf. Mononykus sp. (MPC-D 100/206) for comparison. (a-d) Distal end of left
tibiotarsus of MPC-D 100/203 (a,b) and distal end of left tibia of MPC-D 100/206 (c,d) in posterior views. (e-h)
Distal part of left tibiotarsus of MPC-D 100/203 (e, f) and distal part of left tibia of MPC-D 100/206 (g,h) in
anterior views. (i-1) Left tarsometatarsus of MPC-D 100/203 (i,j) and left metatarsus of MPC-D 100/206 (k,l) in
plantar views. Abbreviations: mt IV, metatarsal IV; r, ridge; tu, tubercle. Scale bars equal 1 cm.

horizontal*®. The postacetabular process has a lateral expansion and posterodorsally directed. A small fragment
of the pubis is articulated with the ilium. It exhibits an opisthopubic condition which is also known in other
alvarezsaurids®-+81531,

The femur of MPC-D 100/203 (holotype) has a medially directed head which is separated from the trochan-
teric crest (Fig. 4b—e). Its shaft is only slightly bowed anteriorly and has a ridge-like fourth trochanter. On the
posterior surface of the distal quarter of the femur, a large popliteal fossa is present. The distal condyles are dam-
aged, but it is clear that a distinct ectocondylar tuber is developed on the posterior surface of the lateral condyle
which also has a small lateral projection. Between the two condyles, the lateral one extends distally further than
the medial one. In MPC-D 100/207, the femur is missing its head, but the trochanteric crest is intact (Fig. 5a,b). It
has a fourth trochanter which is slightly more prominent than that of the holotype. The popliteal fossa is distally
open unlike in Mononykus? or Xixianykus®, but similarly to Parvicursor* or Linhenykus'™. The lateral distal condyle
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Figure 8. Phylogeny of Alvarezsauria on the strict consensus tree. Numbers at each node indicate Bremer
support values.

is less pronounced than the medial one and has an ectocondylar tuber which projects posteriorly beyond the level
of the medial condyle. Lateral to the lateral distal condyle is a small tubercle which is confluent with the round
distal projection.

The tibia and astragalocalcaneum are largely co-ossified to form a tibiotarsus in the holotype (Fig. 4f-j). It
has a cnemial crest and three condyles at the proximal end. Medial to the cnemial crest is an accessory condyle
which forms a distinct fossa with the former. The medial condyle is located posteriorly to the accessory condyle
and proximally elevated. It also has a proximodistally elongated base on the posterior surface of the tibiotarsus.
The fibular condyle, which is articulated with the fibula, is rectangular in proximal view and separated from the
medial condyle by a deep notch. Although it is proximodistally expanded in posterior view, the extent is not as
significant as in the case of the medial condyle. Distal to the fibular condyle, there is a weak fibular crest that is
about 22 mm long. The tibial shaft is straight and bears a low ridge on the posterior surface of its distal half. This
ridge is medially placed and becomes a sharp medial margin at the distal end. On the posterior surface near the
distal end where a postfibular flange is present in other theropods, a wedge-like posterolateral tubercle is devel-
oped, which is unique among alvarezsaurids. The thin ascending process of the astragalocalcaneum has a prom-
inent notch located at the middle as in other parvicursorines*®!°. Consequently, it only covers the lateral half of
the anterior surface of the tibiotarsus although how proximally it extends is not certain. There is also a circular
and deep fossa at the base of the ascending process. The medial distal condyle is more robust than the lateral one.
In MPC-D 100/207, the tibia is longer than the femur although its distal end is not preserved (Fig. 5¢,d). The con-
ical medial condyle is proximally elevated. Lateral to the medial condyle is the fibular condyle which is separated
from the former by a wide cleft. They lack a proximodistally expanded posterior base present in the holotype, and
the fibular condyle has a relatively posterior position in proximal view. The tibial shaft is laterally bowed and has a
shallow anteromedial ridge, but it is not certain whether it reaches the distal end. The astragalus articulated with
the metatarsus suggests that the tibia is not co-ossified with proximal tarsals.

The fibula of the holotype is proximodistally short, not reaching even the mid-shaft of the tibiotarsus
(Fig. 4f,h-j). Its proximal surface is concave, and its shaft tapers distally. There is a lateral crest for the attachment
of the M. iliofibularis on the distal third of the shaft. This crest is less prominent than the one in Albinykus®.

The distal tarsal is co-ossified with metatarsals IT and IV forming a tarsometatarsus in the holotype (Fig. 4k-p).
Metatarsals IT and IV are subequal in proximodistal length, but the latter is slightly longer than the former. The
proximal end of metatarsal II is greatly deflected in the medial direction in contrast to the nearly straight one of
metatarsal IV. Their shafts tightly adhere to each other along most of their lengths, and the proximal and distal
ends of the contact between them show some degree of co-ossification. Although the co-ossification between the
distal shafts of metatarsals IT and IV is limited to their plantar surface, this feature is not known in any other alva-
rezsaurids. The distal condyles of metatarsals II and IV are comparable in size and non-ginglymoid. In MPC-D
100/207, metatarsals are heavily damaged and partially preserved (Figs 5e-g and S3). It is not clear if the meta-
tarsus is co-ossified with distal tarsals. Proximally, metatarsal I is much wider than metatarsal IV in mediolateral
width in plantar view, and this dissimilarity in width decreases distally. The proximal end of metatarsal IV shows
a subtle lateral deflection as in the holotype. A prominent plantar flange is present on the shaft of metatarsal IV,
which is more distinct than that of the holotype or MPC-D 100/206.

The pedal phalanges of the holotype are generally short and partially preserved (Fig. S2). An extensor fossa is
present in most of the preserved pedal phalanges. The distal articular ends are distinct and large. The two phalan-
ges of MPC-D 100/207 are possibly right pedal phalanges II-1 and IV-1 (Fig. S3). Possible phalanx II-1 is proxi-
modistally long and proximally robust compared to the slender distal end. The deep proximal articulation surface
is subcircular. A deep extensor fossa is present on the dorsal surface near the distal articular hemicondyles. On the
plantar surface opposite to the extensor fossa is a depression which could be a flexor fossa which is also known in
Linhenykus'®. The lateral hemicondyle has a massive plantar expansion and is larger than the medial one. Possible
phalanx IV-1 is proximodistally short but robust as in other parvicursorines*!°. It is stout and has a deep extensor
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fossa which is comparable in size to that of possible phalanx II-1. On the other hand, the flexor fossa of this pha-
lanx is relatively small. The circular collateral ligament fossa is well developed on the medial hemicondyle.

Dinosauria Owen, 18424

Theropoda Marsh, 1881*

Maniraptora Gauthier, 1986
Alvarezsauria Bonaparte, 19917
Alvarezsauridae Bonaparte, 1991
Parvicursorinae Karhu and Rautian, 1996"
cf. Mononykus sp.

Material. MPC-D 100/206, seven caudal vertebrae and left hind limb and pes including partial left femur,
partial left tibia, distal tarsal, nearly complete left metatarsals II, III, and IV, and left pedal phalanges IV-1 and
IV-2. The left hind limb was nearly articulated in situ and close to the partially articulated caudal vertebrae, which
are slightly larger than those of MPC-D 100/203.

Locality and horizon.  Same as MPC-D 100/203 and MPC-D 100/206.

Description. The elements of MPC-D 100/206 are slightly larger than those of the holotype specimen of
Nemegtonykus citus (MPC-D 100/203) (see Supplementary Table S3 for measurements). MPC-D 100/206 is
referred to cf. Mononykus sp. based on their many similarities. The full description of MPC-D 100/206 is included
in Supplementary Information.

The preserved caudal vertebrae are all procoelous and lack pleurocoels (Fig. S4). The proximal centra do not
have a distinct ventral furrow unlike in Nemegtonykus. The zygapophyses are short, and the neural spine appears
to be just a low ridge in more distal caudal vertebrae.

The femur is missing its distal half as well as its head region (Fig. 6a). The shaft is strongly bowed in the ante-
rior direction, differing from that of Nemegtonykus. Instead, its prominent curvature recalls the femoral shafts
of M. olecranus® or Qiupanykus'. A ridge-like fourth trochanter is present on the posteromedial margin of the
proximal shaft.

The tibia is represented by its shaft and distal end (Fig. 6b-d). As in Nemegtonykus or M. olecranus?, the tibial
shaft is straight. It also has a very shallow and short ridge on the anteromedial surface. It is not connected with
the medial margin of the distal end, unlike in Nemegtonykus. The posterior surface of the distal end is flat and
lacks any tubercle, which is also different from Nemegtonykus. The tibia is completely separated from the proximal
tarsals. This condition is dissimilar to Nemegtonykus or M. olecranus where they are partially co-ossified>

The metatarsus has a typical parvicursorine arctometatarsal condition (Fig. 6e-h). It is not co-ossified with a
distal tarsal which is a thin plate-like bone (Fig. S4). Proximally, metatarsals IT and IV are medially and laterally
deflected to a great extent, respectively as in M. olecranus®. There is no sign of co-ossification between them in any
region. Their distal trochleae are similar in morphology to those of other parvicursorines>*!*!>. Metatarsal I1I has
a pair of deep collateral ligament fossae at its distal end.

Phylogenetic analysis. The phylogenetic relationships among alvarezsaurs as recovered by the strict con-
sensus tree (Figs 8 and S5) are very similar to the result of Xu et al.'! with only slight differences. In other words,
the addition of Qiupanykus and Nemegtonykus into the data matrix did not significantly affect the overall tree
topology of Alvarezsauria. The most notable difference is the inclusion of Kol, Xixianykus, and Albinykus in the
subfamily Parvicursorinae. The phylogenetic analysis of Xu et al.!! placed these three taxa outside Parvicursorinae
along with Albertonykus which was also recovered as a non-parvicursorine alvarezsaurid on the strict consensus
tree in this study. Among the non-parvicursorine alvarezsaurids, Alvarezsaurus is located at the basalmost posi-
tion. On the other hand, Qiupanykus was recovered as a sister taxon to Parvicursorinae. Our analysis also shows
that Nemegtonykus is a parvicursorine and forms a polytomy with Shuvuuia, Parvicursor, Mononykus, Linhenykus,
and Ceratonykus, all of which are from Upper Cretaceous deposits in the Gobi Desert.

Discussion

According to the result of our phylogenetic analysis, members of Parvicursorinae share the following synapomor-
phies (see Supplementary Fig. S6 for the list of common synapomorphies): smooth ventral surface of anterior cer-
vicals (263:1), anterior cervical centra extending beyond the posterior end of neural arch (267:1), ventral surface
of first sacral centrum mediolaterally constricted with a keel (313:1), anteriorly displaced transverse processes
of proximal caudals (330:1), closed popliteal fossa on the distal end of femur (528:1), and astragalus and calca-
neum fused to each other and to tibia (557:1). The phylogenetic relationships among parvicursorines are not fully
resolved, but it is worth noting that all known parvicursorines are geographically very close except for Xixianykus.
This highlights the importance of the Gobi Desert area for its documentation of parvicursorine diversification
events in the Late Cretaceous. Nevertheless, the poor resolution of Parvicursorinae calls for more complete spec-
imens in order to clarify the relationships among parvicursorines.

Although all three alvarezsaurid specimens in this study were associated with each other, they exhibit several
morphological differences, especially between MPC-D 100/203 (Nemegtonykus holotype) and MPC-D 100/206
(Fig. 7). MPC-D 100/206 is distinguished from Nemegtonykus by the following characters: absence of a distinct
furrow on the ventral surface of proximal caudal centra, a much reduced ridge on the anteromedial surface of the
tibia, a lack of a tubercle on the distolateral margin of tibia, and a strong lateral deflection in the proximal end of
metatarsal IV. However, most of these characters of MPC-D 100/206 are shared with M. olecranus, especially those
of the tibia and metatarsus?. The only notable difference between M. olecranus and MPC-D 100/206 is the extent
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of co-ossification of tibia with proximal tarsals, which could be related to ontogeny. Because MPC-D 100/206
has missing elements which could have diagnostic characters of M. olecranus, it is identified as cf. Mononykus sp.

The Nemegt Formation is one of the most productive sedimentary formations in terms of dinosaur fossils, but
alvarezsaurid specimens have been extremely rare. There has been only one known taxon, M. olecranus which
is represented by an incomplete skeleton. In contrast, the older Baruungoyot and Djadochta formations, both
of which are closely located to the Nemegt Formation, have so far yielded a total of four alvarezsaurid taxa with
multiple specimens referred to Shuvuuia®!”. Further, there has been no record of new alvarezsaurid specimens
from the Nemegt Formation since the initial report of Mononykus'. The discovery of the three additional alva-
rezsaurid specimens described here is thus important because it tells us that alvarezsaurids were more abundant
and diverse in the Nemegt fauna than previous evidence suggested. The scarcity of alvarezsaurid materials in the
Nemegt Formation may be, therefore, related to preservational biases rather than actual diversity or abundance
of this family. Moreover, the increased diversity of alvarezsaurids in the Nemegt Formation indicates that they
were successfully adapted to a wet environment as well as dry environments represented by the Baruungoyot and
Djadochta formations®****7-61, In addition, their diversity in the Nemegt Basin suggests that parvicursorines must
have constantly diversified during this time period.

Methods

Phylogenetic analysis. For a new analysis, we slightly modified the terminal taxa, character lists, and data
matrix from the dataset of Xu et al.'! (see Supplementary Information for the character modification and data
matrix). Two additional taxa (Qiupanykus zhangi and Nemegtonykus citus) are included in the data matrix which
incorporates a total of 115 taxa with 594 characters. The data matrix was then analysed by using TNT version
1.5%. A traditional search (Wagner trees with 1000 random seeds and 1000 random-addition-sequence repli-
cations, Tree bisection and reconnection (TBR) algorithm for the swapping algorithm, and 10 trees to save per
replication) was implemented and resulted in 500 most parsimonious trees with 3226 steps with consistency
index (CI) of 0.217 and retention index (RI) of 0.604. A strict consensus tree (Fig. S6) was then generated, and
the Bremer support values for each node of the strict consensus tree was calculated by utilization of the ‘Bremer.
run’ script provided by TN'T®2. Adobe Illustrator CC 2018 was employed to produce the image of the phylogenetic
tree for publication.

Received: 22 May 2019; Accepted: 7 October 2019;
Published online: 29 October 2019

References
1. Perle, A., Norell, M. A, Chiappe, L. M. & Clark, J. M. Flightless bird from the Cretaceous of Mongolia. Nature 362, 623626, https://
doi.org/10.1038/362623a0 (1993).
2. Perle, A, Chiappe, L. M., Barsbold, R., Clark, J. M. & Norell, M. Skeletal morphology of Mononykus olecranus (Theropoda, Avialae)
from the Late Cretaceous of Mongolia. Am. Mus. Novit. 3105, 1-29 (1994).

. Novas, E. E. Alvarezsauridae, Cretaceous basal birds from Patagonia and Mongolia. Mem. Queensl. Mus. 39, 675-702 (1996).

4. Chiappe, L. M., Norell, M. A. & Clark, J. M. In Mesozoic Birds: Above the Heads of Dinosaurs (eds Chiappe, L. M. & Witmer, L. M.)
87-120 (University of California Press, 2002).

5. Longrich, N. R. & Currie, P. ]. Albertonykus borealis, a new alvarezsaur (Dinosauria: Theropoda) from the Early Maastrichtian of
Alberta, Canada: implications for the systematics and ecology of the Alvarezsauridae. Cretac. Res. 30, 239-252, https://doi.
org/10.1016/j.cretres.2008.07.005 (2009).

6. Choiniere, J. N. et al. A basal alvarezsauroid theropod from the early Late Jurassic of Xinjiang, China. Science 327, 571-574, https://
doi.org/10.1126/science.1182143 (2010).

7. Choiniere, J. N., Clark, J. M., Norell, M. A. & Xu, X. Cranial osteology of Haplocheirus sollers Choiniere et al., 2010 (Theropoda:

Alvarezsauroidea). Am. Mus. Novit. 3816, 1-44, https://doi.org/10.1206/3816.1 (2014).
. Xu, X. et al. A basal parvicursorine (Theropoda: Alvarezsauridae) from the Upper Cretaceous of China. Zootaxa 2413, 1-19 (2010).
9. Xu, X. et al. A monodactyl nonavian dinosaur and the complex evolution of the alvarezsauroid hand. Proc. Natl. Acad. Sci. USA 108,
2338-2342, https://doi.org/10.1073/pnas.1011052108 (2011).

10. Xu, X. et al. Osteology of the Late Cretaceous alvarezsauroid Linhenykus monodactylus from China and comments on alvarezsauroid
biogeography. Acta Palaeontol. Pol. 58, 25-46, https://doi.org/10.4202/app.2011.0083 (2013).

11. Xu, X. et al. Two Early Cretaceous fossils document transitional stages in alvarezsaurian dinosaur evolution. Curr. Biol. 28,
2853-2860, https://doi.org/10.1016/j.cub.2018.07.057 (2018).

12. Agnolin, E L., Powell, J. E., Novas, F. E. & Kundrét, M. New alvarezsaurid (Dinosauria, Theropoda) from uppermost Cretaceous of
north-western Patagonia with associated eggs. Cretac. Res. 35, 33-56, https://doi.org/10.1016/j.cretres.2011.11.014 (2012).

13. Averianov, A. & Sues, H.-D. The oldest record of Alvarezsauridae (Dinosauria: Theropoda) in the Northern Hemisphere. PLoS One
12, e0186254, https://doi.org/10.1371/journal.pone.0186254 (2017).

14. Li, J.-c et al. A new alvarezsaurid dinosaur from the Late Cretaceous Qiupa Formation of Luanchuan, Henan Province, central
China. China Geol. 1, 28-35, https://doi.org/10.31035/cg2018005 (2018).

15. Karhu, A. A. & Rautian, A. S. A new family of Maniraptora (Dinosauria: Saurischia) from the Late Cretaceous of Mongolia.
Paleontol. J. 30, 583-592 (1996).

16. Chiappe, L. M., Norell, M. A. & Clark, J. M. The skull of a relative of the stem-group bird Mononykus. Nature 392, 275-278, https://
doi.org/10.1038/32642 (1998).

17. Suzuki, S. et al. A new specimen of Shuvuuia deserti Chiappe et al., 1998 from the Mongolian Late Cretaceous with a discussion of
the relationships of alvarezsaurids to other theropod dinosaurs. Contrib. Sci. 494, 1-18 (2002).

18. Alifanov, V. R. & Barsbold, R. Ceratonykus oculatus gen. et sp. nov., a new dinosaur (?Theropoda, Alvarezsauria) from the Late
Cretaceous of Mongolia. Paleontol. ]. 43, 94-106, https://doi.org/10.1134/s0031030109010109 (2009).

19. Turner, A. H., Nesbitt, S. J. & Norell, M. A. A large alvarezsaurid from the Late Cretaceous of Mongolia. Am. Mus. Novit. 3648, 1-14,
https://doi.org/10.1206/639.1 (2009).

20. Nesbitt, S. J., Clarke, J. A., Turner, A. H. & Norell, M. A. A small alvarezsaurid from the eastern Gobi Desert offers insight into
evolutionary patterns in the Alvarezsauroidea. J. Vertebr. Paleontol. 31, 144-153, https://doi.org/10.1080/02724634.2011.540053
(2011).

21. Hone, D. W. E,, Choiniere, J. N., Tan, Q. & Xu, X. An articulated pes from a small parvicursorine alvarezsauroid dinosaur from Inner
Mongolia, China. Acta Palaeontol. Pol. 58, 453-458, https://doi.org/10.4202/app.2011.0127 (2013).

W

el

SCIENTIFIC REPORTS |

(2019) 9:15493 | https://doi.org/10.1038/s41598-019-52021-y


https://doi.org/10.1038/s41598-019-52021-y
https://doi.org/10.1038/362623a0
https://doi.org/10.1038/362623a0
https://doi.org/10.1016/j.cretres.2008.07.005
https://doi.org/10.1016/j.cretres.2008.07.005
https://doi.org/10.1126/science.1182143
https://doi.org/10.1126/science.1182143
https://doi.org/10.1206/3816.1
https://doi.org/10.1073/pnas.1011052108
https://doi.org/10.4202/app.2011.0083
https://doi.org/10.1016/j.cub.2018.07.057
https://doi.org/10.1016/j.cretres.2011.11.014
https://doi.org/10.1371/journal.pone.0186254
https://doi.org/10.31035/cg2018005
https://doi.org/10.1038/32642
https://doi.org/10.1038/32642
https://doi.org/10.1134/s0031030109010109
https://doi.org/10.1206/639.1
https://doi.org/10.1080/02724634.2011.540053
https://doi.org/10.4202/app.2011.0127

www.nature.com/scientificreports/

22.

23.
24.
25.
26.

27.

38.
39.

40.
41.
42.

43.
44,

45.
46.
. Marsh, O. C. Classification of the Dinosauria. Am. J. Sci. (Series 3) 23, 81-86 (1881).
»
50.
51.

52.

53.

61.

62.

Pittman, M., Xu, X. & Stiegler, J. B. The taxonomy of a new parvicursorine alvarezsauroid specimen IVPP V20341 (Dinosauria:
Theropoda) from the Upper Cretaceous Wulansuhai Formation of Bayan Mandahu, Inner Mongolia, China. Peer/ 3, €986, https://
doi.org/10.7717/peerj.986 (2015).

Bonaparte, J. E. Los vertebrados fosiles de la Formacion Rio Colorado, de la ciudad de Neuquén y cercanias, Cretécico superior,
Argentina. Rev. del Museo Argent. de Ciencias Naturales “Bernardino Rivadavia.”. Paleontologia 4,17-123 (1991).

Chiappe, L. M. & Coria, R. A. A new specimen of Patagonykus puertai (Theropoda: Alvarezsauridae) from the Late Cretaceous of
Patagonia. Ameghiniana 40, 119-122 (2003).

Martinelli, A. G. & Vera, E. L. Achillesaurus manazzonei, a new alvarezsaurid theropod (Dinosauria) from the Late Cretaceous Bajo
de la Carpa Formation, Rio Negro Province, Argentina. Zootaxa 1582, 1-17 (2007).

Salgado, L., Coria, R. A., Arcucci, A. B. & Chiappe, L. M. Restos de Alvarezsauridae (Theropoda, Coelurosauria) en la Formacion
Allen (Campaniano-Maastrichtiano), en Salitral Ojo de Agua, Provincia de Rio Negro, Argentina. Andean Geol. 36, 67-80 (2009).
Hutchinson, J. R. & Chiappe, L. M. The first known alvarezsaurid (Theropoda: Aves) from North America. J. Vertebr. Paleontol. 18,
447-450 (1998).

. Naish, D. & Dyke, G. J. Heptasteornis was no ornithomimid, troodontid, dromaeosaurid or owl: the first alvarezsaurid (Dinosauria:

Theropoda) from. Europe. Neues Jahrb. Geol. Paldontol. 7, 385-401 (2004).

. Chiappe, L. M. The first 85 million years of avian evolution. Nature 378, 349-355, https://doi.org/10.1038/378349a0 (1995).
. Zhou, Z. Is Mononykus a bird? Auk 112, 958-963 (1995).
. Chiappe, L. M., Norell, M. A. & Clark, J. M. Phylogenetic position of Mononykus (Aves: Alvarezsauridae) from the Late Cretaceous

of the Gobi Desert. Mem. Queensl. Mus. 39, 557-582 (1996).

. Chiappe, L. M., Norell, M. A. & Clark, J. M. Mononykus and birds: methods and evidence. Auk 114, 300-302 (1997).
. Forster, C. A., Chiappe, L. M., Krause, D. W. & Sampson, S. D. The first Cretaceous bird from Madagascar. Nature 382, 532-534,

https://doi.org/10.1038/382532a0 (1996).

. Ji, Q, Currie, P. ], Norell, M. A. & Ji, S.-A. Two feathered dinosaurs from northeastern China. Nature 393, 753-761, https://doi.

org/10.1038/31635 (1998).

. Sereno, P. C. A rationale for dinosaurian taxonomy. J. Vertebr. Paleontol. 19, 788-790 (1999).
. Sereno, P. C. The evolution of dinosaurs. Science 284, 2137-2147, https://doi.org/10.1126/science.284.5423.2137 (1999).
. Novas, E. E. & Pol, D. In Mesozoic Birds: Above the Heads of Dinosaurs (eds Chiappe, L. M. & Witmer, L. M.) 121-125 (University of

California Press, 2002).

Padian, K. In The Dinosauria (eds Weishampel, D. B., Dodson, P. & Osmolska, H.) 210-231 (University of California Press, 2004).
Sereno, P. C. In New Perspectives on the Origin and Early Evolution of Birds: Proceedings of the International Symposium in Honor of
John H. Ostrom (eds Gauthier, J. & Gall, L. F.) 69-98 (Peabody Museum of Natural History, 2001).

Lee, Y.-N. et al. Resolving the long-standing enigmas of a giant ornithomimosaur Deinocheirus mirificus. Nature 515, 257-260,
https://doi.org/10.1038/nature13874 (2014).

Cau, A., Brougham, T. & Naish, D. The phylogenetic affinities of the bizarre Late Cretaceous Romanian theropod Balaur bondoc
(Dinosauria, Maniraptora): dromaeosaurid or flightless bird? Peer] 3, 1032, https://doi.org/10.7717/peerj.1032 (2015).

Hendrickx, C., Hartman, S. A. & Mateus, O. An overview of non-avian theropod discoveries and classification. PalArch’s J. Vertebr.
Palaeontol. 12, 1-73 (2015).

Cau, A. The assembly of the avian body plan: a 160-million-year long process. B. Soc. Paleontol. Ital. 57, 1-25 (2018).

Cau, A. & Madzia, D. Redescription and affinities of Hulsanpes perlei (Dinosauria, Theropoda) from the Upper Cretaceous of
Mongolia. Peer] 6, e4868, https://doi.org/10.7717/peerj.4868 (2018).

Lee, S. et al. A new baby oviraptorid dinosaur (Dinosauria: Theropoda) from the Upper Cretaceous Nemegt Formation of Mongolia.
PLoS One 14, 0210867, https://doi.org/10.1371/journal.pone.0210867 (2019).

Owen, R. Report on British fossil reptiles. Part IL. Report of the British Association for the Advancement of Science 11, 60-204 (1842).

Gauthier, J. Saurischian monophyly and the origin of birds. Mem. Calif. Acad. Sci. 8, 1-55 (1986).

Gradzinski, R., Kazmierczak, J. & Lefeld, J. Geographical and geological data from the Polish-Mongolian Palaeontological
Expeditions. Palaeontol. Pol. 19, 3-82 (1968).

Gradzinski, R., Kielan-Jaworowska, Z. & Maryanska, T. Upper Cretaceous Djadokhta, Barun Goyot and Nemegt formations of
Mongolia, including remarks on previous subdivisions. Acta Geol. Pol. 27, 281-318 (1977).

Gradzinski, R. Sedimentation of dinosaur-bearing Upper Cretaceous deposits of the Nemegt Basin, Gobi Desert. Palaeontol. Pol. 21,
147-229 (1970).

Watabe, M., Tsogtbaatar, K., Suzuki, S. & Saneyoshi, M. Geology of dinosaur-fossil-bearing localities (Jurassic and Cretaceous:
Mesozoic) in the Gobi Desert: results of the HMNS-MPC Joint Paleontological Expedition. Hayashibara Museum Nat. Sci. Res. Bull.
3,41-118 (2010).

Eberth, D. A. Stratigraphy and paleoenvironmental evolution of the dinosaur-rich Baruungoyot-Nemegt succession (Upper
Cretaceous), Nemegt Basin, southern Mongolia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 494, 29-50, https://doi.org/10.1016/j.
palaeo.2017.11.018 (2018).

. Jerzykiewicz, T. & Russell, D. A. Late Mesozoic stratigraphy and vertebrates of the Gobi Basin. Cretac. Res. 12, 345-377 (1991).
. Khand, Y., Badamgarav, D., Ariunchimeg, Y. & Barsbold, R. In Cretaceous Environments of Asia (eds Okada, H. & Mateer, N. J.)

49-79 (Elsevier, 2000).

. Campione, N. E,, Evans, D. C., Brown, C. M. & Carrano, M. T. Body mass estimation in non-avian bipeds using a theoretical

conversion to quadruped stylopodial proportions. Methods Ecol. Evol. 5,913-923, https://doi.org/10.1111/2041-210X.12226 (2014).

. Lefeld, J. Geology of the Djadokhta Formation at Bayn Dzak (Mongolia). Palaeontol. Pol. 25,101-127 (1971).
. Gradzinski, R. & Jerzykiewicz, T. Sedimentation of the Barun Goyot formation. Palaeontol. Pol. 30, 111-146 (1974).
. Gradzinski, R. & Jerzykiewicz, T. Dinosaur-and mammal-bearing aeolian and associated deposits of the Upper Cretaceous in the

Gobi Desert (Mongolia). Sediment. Geol. 12,249-278 (1974).

. Dashzeveg, D. et al. New stratigraphic subdivision, depositional environment, and age estimate for the Upper Cretaceous Djadokhta

Formation, southern Ulan Nur Basin, Mongolia. Am. Mus. Novit. 3498, 1-31, https://doi.org/10.1206/0003-0082(2005)498[0001:NS
SDEA]2.0.CO;2 (2005).

Eberth, D. A., Badamgarav, D. & Currie, P. J. The Baruungoyot-Nemegt transition (Upper Cretaceous) at the Nemegt type area,
Nemegt Basin, south central Mongolia. J. Paleontol. Soc. Korea 25, 1-15 (2009).

Goloboff, P. A. & Catalano, S. A. TNT version 1.5, including a full implementation of phylogenetic morphometrics. Cladistics 32,
221-238(2016).

Acknowledgements

We thank the members of KID expedition who participated in the excavation of the specimens. KID expedition
was supported by a grant to Yuong-Nam Lee by Hwaseong City, Korea. We also thank Drs. Greg Funston,
Victoria Arbour, and two anonymous reviewers for improving an earlier version of this manuscript with their
comments. We are grateful to Do Kwon Kim, Noe-Heon Kim, Hansang Yoon, and Min-Young Son helped
with fossil preparation. TNT version 1.5 used by authors for the phylogenetic analysis was provided by the

SCIENTIFICREPORTS|  (2019) 9:15493 | https://doi.org/10.1038/s41598-019-52021-y


https://doi.org/10.1038/s41598-019-52021-y
https://doi.org/10.7717/peerj.986
https://doi.org/10.7717/peerj.986
https://doi.org/10.1038/378349a0
https://doi.org/10.1038/382532a0
https://doi.org/10.1038/31635
https://doi.org/10.1038/31635
https://doi.org/10.1126/science.284.5423.2137
https://doi.org/10.1038/nature13874
https://doi.org/10.7717/peerj.1032
https://doi.org/10.7717/peerj.4868
https://doi.org/10.1371/journal.pone.0210867
https://doi.org/10.1016/j.palaeo.2017.11.018
https://doi.org/10.1016/j.palaeo.2017.11.018
https://doi.org/10.1111/2041-210X.12226
https://doi.org/10.1206/0003-0082(2005)498[0001:NSSDEA]2.0.CO;2
https://doi.org/10.1206/0003-0082(2005)498[0001:NSSDEA]2.0.CO;2

www.nature.com/scientificreports/

Willi Hennig Society. This research is supported by the National Research Foundation of Korea (grant number
2019R1A2B5B02070240) to Yuong-Nam Lee.

Author contributions
J.L. discovered and collected the fossils. R.B. and K.T. provided resources. Y.-N.L. designed and supervised the
work. S.L., J.-Y.P,, and S.-H.K. produced the figures. S.L. analysed data and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52021-y.

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

M | icense, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15493 | https://doi.org/10.1038/s41598-019-52021-y


https://doi.org/10.1038/s41598-019-52021-y
https://doi.org/10.1038/s41598-019-52021-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A new alvarezsaurid dinosaur from the Nemegt Formation of Mongolia

	Results

	Systematic palaeontology. 
	Holotype. 
	Referred specimen. 
	Locality and horizon. 
	Etymology. 
	Diagnosis. 
	Description. 
	Material. 
	Locality and horizon. 
	Description. 
	Phylogenetic analysis. 

	Discussion

	Methods

	Phylogenetic analysis. 

	Acknowledgements

	Figure 1 Map showing the locality (marked with a red star) where the multi-species assemblage was discovered.
	Figure 2 Skeletal reconstruction of Nemegtonykus citus gen.
	Figure 3 Axial skeleton and pelvis of the holotype specimen of Nemegtonykus citus gen.
	Figure 4 Appendicular skeleton of the holotype specimen of Nemegtonykus citus gen.
	Figure 5 Selected elements of MPC-D 100/207 (referred specimen of Nemegtonykus citus).
	Figure 6 Selected elements of cf.
	Figure 7 Selected elements and their interpretative illustrations of the holotype specimen of Nemegtonykus citus (MPC-D 100/203) and cf.
	Figure 8 Phylogeny of Alvarezsauria on the strict consensus tree.




