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Northwest China
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e They showcase the evolution of highly specialized
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e Specialized alvarezsaurian forelimb morphology evolved
slowly, in a mosaic fashion
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In Brief

Xu et al. report two new Early Cretaceous
alvarezsaurian theropods representing
transitional stages in alvarezsaurian
evolution. The analyses indicate that the
evolutionary transition from a typical
theropod forelimb configuration to a
highly specialized one was slow and
occurred in a mosaic fashion during the
Cretaceous.
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SUMMARY

Highly specialized animals are often difficult to place
phylogenetically. The Late Cretaceous members of
Alvarezsauria represent such an example, having
been posited as members of various theropod line-
ages, including birds [1-11]. A 70-million-year ghost
lineage exists between them and the Late Jurassic
putative alvarezsaurian Haplocheirus [12], which pre-
serves so few derived features that its membership in
Alvarezsauria has recently been questioned [13]. If
Haplocheirus is indeed an alvarezsaurian, then the
70-million-year gap between Haplocheirus and other
alvarezsaurians represents the longest temporal hia-
tus within the fossil record of any theropod subgroup
[14]. Here we report two new alvarezsaurians from the
Early Cretaceous of Western China that document
successive, transitional stages in alvarezsaurian evo-
lution. They provide further support for Haplocheirus
as an alvarezsaurian and for alvarezsaurians as basal
maniraptorans. Furthermore, they suggest that the
early biogeographic history of the Alvarezsauria
involved dispersals from Asia to other continents.
The new specimens are temporally, morphologically,
and functionally intermediate between Haplocheirus
and other known alvarezsaurians and provide a strik-
ing example of the evolutionary transition from a
typical theropod forelimb configuration (i.e., the rela-

tively long arm and three-digit grasping hand of
typical tetanuran form in early-branching alvarezsau-
rians) to a highly specialized one (i.e., the highly modi-
fied and shortened arm and one-digit digging hand of
Late Cretaceous parvicursorines such as Linhenykus
[1, 15]). Comprehensive analyses incorporating data
from these new finds show that the specialized alvar-
ezsaurian forelimb morphology evolved slowly and in
a mosaic fashion during the Cretaceous.

RESULTS AND DISCUSSION

Systematic Paleontology
Dinosauria Owen, 1842 [16].

Theropoda Marsh, 1881 [17].

Alvarezsauria Bonaparte, 1991 [2].

Xiyunykus pengi gen. et sp. nov. (Figure 1).
Etymology
“Xiyu” (Mandarin), western regions, referring to Central Asia
including Xinjiang, and “onyx” (Greek), claw; the specific name
is in honor of Professor Peng Xiling, who has contributed greatly
to the study of geology in Xinjiang.
Holotype
The holotype is a partial, disarticulated skeleton (Figure 1A),
cataloged as IVPP (Institute of Vertebrate Paleontology and
Paleoanthropology) V22783.
Locality and Horizon
Woucaiwan area, Junggar Basin, Xinjiang, China; Upper Creta-
ceous (Barremian-Aptian?) upper part of the Tugulu Group [18].
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Diagnosis

Distinguishable from other alvarezsaurians, to the extent that
they are known, in possessing the following autapomorphies:
large basal tubera formed exclusively by basioccipital; basisphe-
noid recess with basioccipital contribution and containing multi-
ple deep fossae; cultriform process with poorly ossified dorsal
margin that parallels ventral margin in lateral view; two horizon-
tally arranged pneumatic fossae on lateral central surface of
each anterior or middle cervical vertebra; distinct tubercle along
ventrolateral edge of each anterior cervical centrum; groove pre-
sent medial to each posterior cervical epipophysis; posterior sur-
face of each cervical and dorsal neural arch bearing multiple
deep fossae above neural canal; deep, curved groove on scap-
ular lateral surface immediately anterior to glenoid fossa; long,
deep groove along posterior edge of proximal half of scapular
blade; sharp and short groove on lateral surface of femoral distal
end; and proximal end of tibia with deep groove on posterior
condyle.

Description and Comparisons

The holotype of Xiyunykus pengi is estimated to have had a body
mass of 15 kg, based on femoral shaft circumference [19]. Based
on histological analysis, this individual was in its ninth year of life
and was probably a sub-adult (Data S1; Figure 1B).

Xiyunykus possesses a cranial morphology (Figures 1C-1l)
that is transitional between the early-branching alvarezsaurian
Haplocheirus and parvicursorine alvarezsaurians [1, 20]. Most
preserved elements, including the frontal, opisthotic-exoccipital
complex, dentary, angular, and surangular, are nearly identical in
general morphology to those of Haplocheirus. However, a few
cranial features, including a prominent ventral ridge on the cultri-
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Figure 1. Skeletal Anatomy of Xiyunykus
pengi IVPP V22783

(A) Skeletal silhouette showing preserved bones (in
gray).

(B) Histological thin-section of the fibula. Arrows
denote growth lines used to age the specimen (see
Data S1 for a detailed explanation).

(C) Left frontal in dorsal view.

(D-F) Partial braincase in left lateral (D), ventral (E),
and posterior (F) views.

(G and H) Right dentary (G) and right surangular (H)
in lateral view.

() Left articular in dorsal view.

(J) Vertebrae in left lateral view, including a middle
cervical (left), a middle dorsal (middle left), the last
sacral (middle right), and a posterior caudal (right).
(K) Left scapula and coracoid in lateral view.

(L) Left humerus in anterior view.

(M) Right ulna in anterior view.

(N) Partial left metatarsal Il in ventral view.

The scale bar represents 100 mm for (A) and 500 um
for (B). Abbreviations: absf, anterior border of su-
pratemporal fossa; bo, basioccipital; bt, basal
tuber; bsr, basisphenoid recess; cg, curved groove;
cp, cultriform process; ct, coracoid tubercle; dlif,
dorsolateral flange; dpt, dorsomedially projecting
tab; ec, exoccipital; if, infracondylar fossa; it, inter-
nal tuberosity; Id, lateral depression; oc, occipital
condyle; op, olecranon process; pf, pneumatic
fossa; rc, radial condyle; sor, subotic recess; uc,
ulnar condyle; vk ventral keel; vr, ventral ridge. No
scale for (C)—(N). See also Table S1.

form process and a large dorsomedially projecting tab on the ret-
roarticular process of the articular, are reminiscent of specialized
parvicursorine alvarezsaurians such as Shuvuuia [5]. Xiyunykus
also homoplastically shares several derived cranial features
(Figures 1C-1l) with the early-branching coelurosaurian group
Ornithomimosauria [21], including (1) anterior border of supra-
temporal fossa strongly convex and located on posterolateral
corner of frontal; (2) basioccipital excluded from foramen mag-
num by exoccipitals; (3) “lateral depression” present on lateral
wall of braincase (also known in troodontids) [21, 22]; (4) infra-
condylar fossa present ventral to occipital condyle; (5) well-
developed subcondylar and subotic recesses; (6) inflated,
hollow cultriform process; (7) dentary sub-triangular in lateral
view; and (8) surangular with dorsolateral flange lateral to glenoid
region. Features 2, 3, 4, and 6 are absent in Haplocheirus, and
whether feature 5 is also absent cannot be ascertained.

Similar to alvarezsaurids, all cervical centra are strongly opis-
thocoelous, the anterior dorsal centra are weakly opisthocoe-
lous, and the last sacral centrum possesses a large ventral
keel (Figure 1J). In contrast, each preserved caudal centrum is
plesiomorphically amphicoelous (Figure 1J) and lacks a deep
ventral sulcus. The scapula is proportionally long, rather than
short as in parvicursorines [1], and the coracoid has a pyramidal
but very small coracoid tubercle (Figure 1K). The humerus is ple-
siomorphic in being relatively slender, having a relatively small
and distally located internal tuberosity, and bearing distally pro-
jecting radial and ulnar condyles (Figure 1L), but the ulna shows
incipiently developed derived features including a proximally
projecting, laterally compressed olecranon process (Figure 1M).
The hind limbs largely show a plesiomorphic coelurosaurian
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morphology, but also display several features seen in parvicur-
sorines. For example, the distal portion of the shaft of metatarsal
Il is sub-triangular in cross section (Figure 1N).

Dinosauria Owen, 1842 [16].

Theropoda Marsh, 1881 [17].

Alvarezsauria Bonaparte, 1991 [2].

Bannykus wulatensis gen. et sp. nov. (Figure 2).
Etymology
“Ban” (Mandarin), half, referring to the transitional features seen
in this animal, and “onyx” (Greek), claw; the specific name is
derived from Wulatehouqi (Wulate Rear Banner), the county-
level administrative division in which the type locality is situated.
Holotype
The holotype specimen is a partial, semi-articulated skeleton
(Figure 2A), cataloged as IVPP V25026.
Locality and Horizon
Chaoge, Wulatehougi, Inner Mongolia, China; Lower Cretaceous
(Aptian) Bayingobi Formation [23].
Diagnosis
Differs from other alvarezsaurians in possessing the following auta-
pomorphies: notch between basal tubera nearly absent; surangu-
lar foramen large; posterior dorsal vertebrae with distal ends of
transverse processes strongly expanded in posterior direction; hu-
meral internal tuberosity deflected posteriorly; well-developed
facet on lateral surface of metacarpal Il for articulation with meta-
carpal lll; metacarpal Ill curved medially; prominent ventral heel
at proximal end of manual phalanx IllI-1; manual phalanx -2

Figure 2. Skeletal Anatomy of Bannykus
wulatensis IVPP V25026

(A) Skeletal silhouette showing preserved bones
(in gray).

(B) Histological thin-section of the fibula.

(C) Left frontal in dorsal view.

(D) Basioccipital in ventral view.

(E) Left surangular in lateral view.

(F-H) Vertebrae in left lateral view, including a
middle cervical (F), a middle dorsal (G), and a
middle caudal (H).

(I) Left scapula and coracoid in lateral view.

(J and K) Left humerus (J) and left ulna (K) in
anterior view.

(L) Left manus in anterior view.

(M) Left ilium in lateral view.

(N) Right femur in posterior view.

(O) Right metatarsals in posterior view.

The scale bar represents 100 mm for (A) and 500 um
for (B). Abbreviations: absf, anterior border of su-
pratemporal fossa; bt, basal tuber; ct, coracoid
tubercle; ecc, ectepicondyle; enc, entepicondyle;
fmclll, facet for metacarpal lll; Ipp, laterally pro-
truding parapophysis; mc II-lll, metacarpals II-IlI;
mdc, medial distal condyle; mt 1I-V. metatarsals
1I-V; pof, popliteal fossa; oc, occipital condyle; op,
olecranon process; pf, pneumatic fossa; rc, radial
condyle; uc, ulnar condyle; sc, surangular crest;
sf, surangular foramen. See also Table S1.

with proximoventrally located tubercles
on medial and lateral surfaces and two
sulci bounded by three parallel condyles
on distal end; manual phalanx IlI-3 without
median vertical ridge on proximal articular surface (note that we
identify the three manual digits of tetanurans as II-lll-IV following
some recent paleontological studies [24]); posterolateral margin
of fibular condyle of tibia bears pyramidal lateral projection; and
deep groove along posterior margin of proximal half of fibular crest.
Description and Comparisons

The holotype individual of Bannykus wulatensis is estimated to
have had a body mass of 24 kg, based on femoral circumference
[19]. Based on histological analysis, it was in its eighth year of life
and was probably a sub-adult (Data S1; Figure 2B).

Bannykus is more similar in its preserved cranial morphology
to parvicursorines such as Shuvuuia than to Xiyunykus and
Haplocheirus. For example, the supratemporal fossa is poorly
defined anteriorly, the infracondylar fossa is absent, and the sur-
angular crest is relatively indistinct (Figures 2C-2E).

Bannykus possesses many of the vertebral features described
above for Xiyunykus, but it also shares some additional derived
features with early-branching alvarezsaurids and even parvicur-
sorines (Figures 2F-2H): the cervical centra each have a ventral
groove, the dorsal vertebrae have laterally protruding parapoph-
yses, the anteriormost caudal centra are ventrally keeled,
and most of the caudal vertebrae are procoelous and bear
deep sulci on their ventral surfaces. Bannykus is also transitional
between Xiyunykus and Late Cretaceous alvarezsaurians in the
morphology of the scapula and coracoid [1]: the scapular blade
is nearly straight and the coracoid bears a weak, ridge-like cora-
coid tubercle (Figure 2I).

Current Biology 28, 1-8, September 10, 2018 3
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Figure 3. Time-Calibrated Simplified Theropod Phylogeny Showing Evolution of Alvarezsaurian Forelimb

Forelimbs scaled to the femoral length of the generalized basal coelurosaur Guanlong (top) and selected alvarezsaurians. Note the medial finger (in gray)
enlargement and lateral finger reduction in Haplocheirus (upper middle), significant forelimb shortening and further forelimb modification in Bannykus (lower
middle), and extremely shortened and specialized forelimb in Shuvuuia (bottom). Numbers above nodes indicate Bremer Support values when Kol ghuva
is excluded from support calculation. The gray rectangle indicates the temporal span of the previous gap in the alvarezsaurian fossil record. See also Figures S1

and S2.

The forelimbs of Bannykus are highly modified, but not to the
degree seen in Late Cretaceous alvarezsaurians [1, 25]. The hu-
merus is 38% as long as the femur and has a similar mid-shaft
diameter. The humerus bears a large, proximally projecting,
trapezoidal internal tuberosity, as well as a large and distally
located ectepicondyle and entepicondyle [12], but it is plesio-
morphic in that the internal tuberosity, ectepicondyle, and ente-
picondyle are not hypertrophied, sub-spherical structures (Fig-
ure 2J). The ulna has a mediolaterally compressed olecranon
process (Figure 2K) that is intermediate in size between those
of Xiyunykus and Late Cretaceous alvarezsaurians [1, 12].
Manual digit Il is significantly enlarged, and digit IV is shortened
(Figure 2L), but neither is modified to the degree seen in alvarez-
saurids [15, 25, 26]. Metacarpal Il bears a deep notch on its
lateral surface for articulation with metacarpal Il (Figure 2L),
whereas these two metacarpals are tightly syndesmosed or
co-ossified in alvarezsaurids [1].

The ilium is plesiomorphic in lacking all modifications (Fig-
ure 2M) seen in Late Cretaceous alvarezsaurians [1]. The hind
limbs are generally similar to those of X. pengi, but they display
a few apomorphic features. The medial distal condyle of the
femur is transversely flattened, and the popliteal fossa is
bounded laterally and medially by two ridges (Figure 2N). The
distal end of the tibia has only two facets for articulation with
the proximal tarsals, and the proximal end of metatarsal Ill is
strongly compressed (Figure 20).

Phylogenetic Analysis
Until now, there have been no transitional alvarezsaurians linking
the plesiomorphic morphology of the Late Jurassic Haplocheirus

4 Current Biology 28, 1-8, September 10, 2018

[12] to the more derived anatomical features of Upper Creta-
ceous alvarezsaurians [2, 15, 27-29]. This lack of evidence was
manifest in a recent maximume-likelihood analysis that suggested
that Haplocheirus was instead an early-branching ornithomimo-
saur, whereas the Late Cretaceous alvarezsaurians constituted a
clade within Avialae [13]. The relatively large Early Cretaceous
alvarezsaurians (Table S1) Xiyunykus and Bannykus interrupt
the long branch leading to Late Cretaceous members of the
clade and provide clear morphological evidence linking these
advanced taxa to Haplocheirus. Our phylogenetic analysis pla-
ces Xiyunykus and Bannykus successively closer to the short-
armed, Late Cretaceous alvarezsaurians, confirms a relatively
basal position for Alvarezsauria within Maniraptora, and places
Haplocheirus firmly within Alvarezsauria (Data S1). Somewhat
surprisingly, it also groups the Late Jurassic Shishugou form
Aorun [20] and the enigmatic Early Cretaceous Tugulu Formation
theropod Tugulusaurus [30] within Alvarezsauria, suggesting that
early-branching alvarezsaurians were more common than previ-
ously thought (Figures 3 and S1).

Alvarezsaurian Biogeography

The phylogenetic positions of the Late Jurassic Aorun and Hap-
locheirus and the Early Cretaceous Xiyunykus, Tugulusaurus,
and Bannykus along the stem of Alvarezsauria suggest that
dispersal [15, 27, 31, 32], rather than vicariance (e.g., [28, 33]),
characterizes the early biogeographic history of the group, given
that all of these taxa are Asian. More specifically, our analysis in-
dicates that alvarezsaurians originated in Asia and remained
there throughout the Cretaceous, with dispersal to other
continents occurring after the appearance of Bannykus and
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Figure 4. Relationship of Forelimb Length
with Body Mass in Non-paravian Theropods
and Reduction of the Alvarezsaurian Fore-
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(A) Phylomorphospace showing relationship of
partial forelimb length with body mass, with
points colored according to residuals from the
phylogenetic generalized least-squares regression
(dashed, gray line; logso(arm length) = 0.30 x
logio(body mass + 2.12, p < 0.001, N = 28; Table
S2)).

(B) Histogram of residuals from the regression in
(A) showing the extent of forelimb reduction in
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Xiyunykus. The alternative vicariance hypothesis would involve
alvarezsaurians spreading throughout Pangaea before the Ap-
tian, with different species ending up on different continents as
Pangaea broke apart. The dispersal hypothesis is also sup-
ported by our statistical biogeographical analysis (Data S1; Fig-
ure S2). Previous studies have suggested a vicariant distribution
of several theropod lineages including alvarezsaurids based on
either the relatively basal positions or the endemic nature of
Gondwanan taxa within their respective clades [34]. Our results
illustrate the potential of increased taxon sampling to change
biogeographic inferences.

Mosaic Evolution

As phylogenetically, temporally, and morphologically transitional
forms, the two new alvarezsaurians illuminate the pattern, pace,
and timing of evolution of the bizarre, highly specialized alvarez-
saurian skeleton [35], and particularly the forelimb (Figure 3). Our
analysis shows that alvarezsaurian skeletal evolution occurred in
a somewhat modular manner, with different skeletal parts being
modified at different evolutionary rates. The presacral and sacral
vertebrae were evidently modified earlier than the caudal verte-
brae, and the pectoral girdle and forelimb earlier than the pelvic
girdle and hindlimb, implying a general pattern in which anterior
parts of the skeleton were modified earlier than posterior parts.
To some degree the tail, pelvis, and hindlimbs acted as an inte-
grated locomotor unit in non-avian dinosaurs because of the role
of the caudofemoralis muscle in femoral retraction [36], and pat-
terns of alvarezsaurian skeletal evolution suggest that this loco-
motor unit might have been relatively conservative in evolu-
tionary terms.

Forelimb Reduction and Modification

Phylogenetic regression provides strong evidence for weak
negative allometry of forelimb length in non-paravian theropods
(Data S1; Table S2). Bannykus shows slight proportional
reduction of the forelimb compared to Haplocheirus, and the
same was true of Xiyunykus, based on the similar sizes of
the preserved elements. Nevertheless, the forelimbs of these
Early Cretaceous alvarezsaurians were relatively unreduced
compared to those of other theropods (Figures 4 and S3) and
therefore unlike those of Late Cretaceous alvarezsaurians (parvi-
cursorines, represented by Mononykus). Parvicursorines display

Residual forelimb length

alvarezsaurians and that theropods in general un-
derwent greater proportional forelimb reduction
than enlargement compared to their ancestor
(ancestor residual = 0.0).

See also Figure S3.

0 02 -04 -06

a level of proportional arm reduction that is among the greatest
seen in any dinosaur group, being exceeded only in some tyran-
nosaurids and abelisaurids (Figure 4A). Our results show that this
extreme arm reduction occurred late in alvarezsaurian evolution,
and at small body mass (estimated around 24 kg; Figure 4A).
The new finds demonstrate that some key functional features
of the parvicursorine forelimb were also present in Early Creta-
ceous alvarezsaurians. These include increased olecranon
length and digit robustness, which respectively increased the
extensor moment arm of the elbow joint and the mechanical
strength of the hand. These features may suggest that the fore-
limb had a fossorial function in the Early Cretaceous taxa, as well
as in parvicursorines [27, 37]. Nevertheless, other characteristic
parvicursorine features, including substantial forelimb length
reduction, are absent in our Early Cretaceous specimens,
showing that the extreme forelimb modifications seen in Late
Cretaceous alvarezsaurians evolved incrementally (Figure 3).
This is best exemplified by the manus, which in parvicursorines
is the most obviously specialized body part. The Late Jurassic
Haplocheirus has a grasping hand as in typical theropods,
though it shows several alvarezsaurid features in an incipient
form [12]. The Early Cretaceous Bannykus, by contrast, pos-
sesses a dorsoventrally compressed hand with a hypertrophied
thumb and shortened lateral digits (though some unusual manual
features in Bannykus suggest a specialized function; see Data
S1), indicating a shift away from grasping function. Finally, the
Late Cretaceous alvarezsaurians have a highly specialized
hand with only one functional digit, namely, a thumb that is
even more enlarged than in Bannykus (best exemplified by the
monodactyl Linhenykus [15]). The highly reduced length of the
parvicursorine forelimb has been a source of functional contro-
versy [3, 27, 28, 37, 38], with some research suggesting that it
would not have been long enough to function effectively in fosso-
rial activities [27, 28, 39]. Bannykus and Xiyunykus share many of
the fossorial features of the forelimb of parvicursorines but retain
a plesiomorphically longer forelimb. Thus, early modification of
the alvarezsaurian forelimb would have no conflict with fossorial
function, and perhaps only the most derived parvicursorine fore-
limbs were used in a different fashion. Alvarezsaurian digit
reduction occurred over 50 million years, about half the total
duration of alvarezsaurian evolution (~95 million years). This pro-
vides a striking example of digit reduction and specialization
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among theropods, comparable to the classic example in horse
evolution [40].
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Xiyunykus pengi holotype This paper IVPP V22783
Bannykus wulatensis holotype This paper IVPP V25026
Deposited Data

Character list for cladistic analysis This paper Data S1
Character/taxon matrix for cladistic analysis https://morphobank.org/permalink/?P2127 Data S1
Forelimb length/body mass data compiled from [41] and [42] Data S1
Software and Algorithms

Mesquite V 3.03 http://www.mesquiteproject.org/ N/A

TNT software https://cladistics.org/tnt/ N/A

R software https://www.r-project.org/ N/A

RASP (Reconstruct Ancestral State in Phylogenies) http://mnh.scu.edu.cn/soft/blog/RASP/ N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xing Xu
(xu.xing@ivpp.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The experimental subject is the fossilized holotypes of the alvarezsaurian dinosaurs Xiyunykus pengi (IVPP V22783) and Bannykus
wulatensis (IVPP V25026), which are housed at the Institute of Vertebrate Paleontology and Paleonanthropology, Beijing, China.
The sex states of both specimens are unknown, and both specimens are inferred to be at the sub-adult ontogenetic stage.

METHOD DETAILS

CT images

IVPP V22783 and IVPP V25026 were scanned using both 225kv (for small skeletal elements) and 450 kV (for large skeletal elements)
micro-computerized-tomography apparatus (developed by the Institute of High Energy Physics, Chinese Academy of Sciences
(CAS)) at the Key Laboratory of Vertebrate Evolution and Human Origins, CAS. A total of 720 transmission images were reconstituted
into a stack of 1563 slices each measuring 2048*2048 pixels for each small-sized skeletal element, and a total of 1,440 transmission
images were reconstituted into a stack of 2,048 slices each measuring 2048*2048 for each large-sized skeletal element, using two-
dimensional reconstruction software developed by the Institute of High Energy Physics, CAS. 3D segmentation of the CT data was
performed using Mimics (Version 10.01).

Histology

Histological thin sections of long bones were made using standard techniques. To minimize damage to the specimens, the fibulae of
IVPP V22783 and IVPP V25026 were each dismantled at a natural break and then sectioned 5 mm from the preserved distal end of the
proximal segment to ensure a nearly complete cross section. The proximal end of the distal segment was then re-attached to the
proximal segment. Subsequently, both samples were embedded in resin, and diaphyseal transverse thin-sections were cut using
a diamond circular saw fitted with a diamond-tipped wafering blade. One surface of each section was smoothed with a wheel
grinder/polisher, and then ground manually using grinding powder (600 grit) to produce a smooth texture ideal for gluing to a glass
slide. The section was then cut to a thickness of about 250 um with a diamond circular saw before being ground further to the desired
final thickness of 50-80 um, leaving the exposed surface of the section smooth. Each slide was then cleaned in a water-filled ultra-
sonic cleaner to remove microscopic grit, and finally capped with a glass coverslip. The completed thin sections were studied in
normal and polarized light.
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Phylogenetic analysis

The data matrix was assembled in Mesquite v 3.03 [43], and comprises 113 species-level theropod taxa and 594 morphological char-
acters (see below). Taxa were selected to broadly sample species from higher taxa within Maniraptora as well as from non-manir-
aptoran theropod outgroups, and were scored based on both primary observations of specimens and the literature. Character def-
initions were primarily based on previous work, largely by the authors, members of the Theropod Working Group [8, 9, 12, 20, 22, 33,
44-47], and alvarezsaur workers [1, 5, 12, 27, 32, 48, 49]. Twenty-three new characters were added to the dataset based on obser-
vations generated from this research (Data S1).

The matrix was subjected to phylogenetic analysis under the parsimony optimality criterion in TNT [50]. The search strategy em-
ployed alternating rounds of Sectorial Searches and Tree Drift [51] with default settings. The search for optimal topologies was termi-
nated after stabilizing the consensus of most parsimonious topologies five times with a factor of 75. This strategy resulted in 144 most
parsimonious trees (MPTSs) of length 3202 steps, consistency index 0.218 and retention index 0.602. Further TBR swapping and Tree
Drifting of the MPTs revealed additional, non-identical most-parsimonious topologies, but did not improve the length nor result in
decreased resolution of the strict consensus relative to the initial 144 MPTs.

Strict consensus topologies (Figure S1) were calculated in TNT [50, 52] using this pool of 144 MPTs. Absolute Bremer support
[563, 54] for nodes in the strict consensus was calculated in TNT and used a pool of trees created by TBR swapping on the 144
MPTs recovered from the initial analysis, saving suboptimal trees by up to 10 steps, and saving 10,000 trees. An additional Bremer
support analysis was conducted using an identical pool of trees, but excluding the alvarezsaurid taxon Kol ghuva [55] from support
calculations (Figure S1). Synapomorphies common to all trees (see below) were explored using TNT [50, 52]. Tree diagrams were
edited for clarity and produced for publication using InkScape [56].

Biogeographic inference

To reconstruct the biogeographic history of global alvarezsaurians, a statistical dispersal-vicariance analysis (SDVA) of Alvarezsauria
was performed in the program RASP, where maximum parsimony was used as the standard criterion. This analysis was conducted
with the maximum areas set to 3 and maximum reconstructions set to 100, under the “Allow Reconstruction” and “Allow Extinction”
options. The phylogenetic framework used in the SDVA comes from the strict consensus tree produced by the traditional search with
the TBR branch-swapping algorithm in the program TNT. Prior to the SDVA, the codes of the strict consensus with a file format of
TREES were divided into data of 12 most parsimonious trees that denote no polytomies in topologies (Figure S2). Here, ranges of
the potential ancestral area(s) for each internal node of Alvarezsauria are restricted to Asia (A), South America (B), North America
(C), Asia-North America (AC) and South America—North America (BC). The direct land link between Asia and South America is consid-
ered unavailable during the Jurassic and Cretaceous, although a land link between the two continents would have occurred through
North America during that period (see Dr Ronald C. Blakey’s online database at https://deeptimemaps.com).

Analysis of forelimb allometry and reduction

Dataset

We analyzed patterns of forelimb evolution using an extended version of the dataset of ref. [57], combined with mass estimates from
ref. [58]. These mass estimates were based on the scaling relationship of femoral robustness presented by Campione et al. [19], an
approach that has been shown to be relatively independent of phylogeny and limb orientation in extant tetrapods [59]. As such, it
should provide a reasonable index of body size that is independent of body proportions. Many previous studies instead used length
measurements, predominantly femoral length, as proxies for dinosaur body size (e.g., refs. [60-62]; and trunk length [63]). The use of
femoral length is particularly problematic for studies of limb evolution, in which it would be difficult to distinguish changes in relative
hindlimb length, or hindlimb proportions from proportional changes in just forelimb length (also discussed in ref. [63]).

Most of our sets of measurements came from single individuals, with two exceptions. First, measurements from two similarly-sized
individuals of Torvosaurus tanneri were compiled to form a composite of the two specimens, using forelimb measurements from ref.
[64] and body mass based on the femur of a specimen reported by Siegwarth et al. [65]; see Carrano et al. [66] for referral of these
specimens to a single species). Second, forelimb measurements from one specimen of Majungasaurus [67] were combined with a
body mass estimate for a similar-sized individual (FMNH PR 2278; ref. [68]). These steps were considered to be important because
otherwise we would not have complete data from any member of Megalosauridae or Abelisauridae, clades with large body size and
proportionally reduced forelimbs.

Total forelimb length was based on the summed lengths of the humerus, radius (sometimes an estimate based on measurement of
the equivalent portion of the ulna), and longest digit. The longest digit is typically digit Il in non-tetanuran theropods, and is digit Ill in
most tetanurans (following the digital homologies used here, presented by ref. [24]; note that our digit Ill of tetanurans has been
considered as homologous to digit Il of non-tetanurans by many earlier studies). This is subject to some variation, as described
below. Digit lengths were calculated excluding the ungual phalanx for two reasons. First, the ungual phalanx was frequently disar-
ticulated and not preserved. Second, methods of reporting ungual lengths vary among publications. Some descriptions report prox-
imodistal lengths along curved surfaces of the phalanx, whereas others report straight-line distances.

In total, N = 26 non-paravian theropod species in our dataset preserve sufficiently complete hand skeletons that the lengths of
digits Il and IlI (in non-tetanurans) or lll and IV (in tetanurans) can be compared (including metacarpals and excluding ungual pha-
langes). Digit Il (non-tetanurans) or lll (tetanurans) is the longest digit in most of these species (N = 19), a condition that seems to
be widespread across theropod phylogeny. Nevertheless, digit IV is longest in early theropods, and this condition is likely primitive
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for Theropoda (Herrerasaurus [69]; and coelophysoids: Coelophysis bauri and Coelophysis rhodesiensis [70, 71]). Digit IV is longest in
some ornithomimosaurs [41, 42, 72-75]. Based on this information, we used metacarpal Il and digit Il for computing total arm length in
most non-tetanuran theropods, and metacarpal lll and digit Ill in most tetanurans (following the digit homologies of ref. [24]). We used
digit Il and metacarpal Il for Mononykus, the only parvicursorine that was sufficiently complete to be included in our analyses. And we
used digit Ill and metacarpal lll for Herrerasaurus and coelophysoids, and digit IV and metacarpal IV for ornithomimosaurs.

In total, N = 28 non-paravian theropod species included in our phylogeny provided estimates of both body mass and complete
forelimb length (summed humerus, radius, metacarpal and digit lengths). This is fewer than the N = 46 species that provide informa-
tion on both body mass and partial forelimb length (summed humerus, radius and metacarpal lengths, omitting digit lengths). Partial
forelimb length was also analyzed here, for comparison with previous studies of theropod forelimb evolution (e.g. [57, 63, 76]; but see
[61] for an example using complete forelimb length).

Phylogenetic regression of forelimb length on body mass

We used phylogenetic generalized least-squares regression (pGLS [77]) to quantify the allometric relationship of forelimb length on
body mass in non-paravian theropods (Figure S3 and Table S2). Data were logso-transformed prior to analysis, and non-paravians
were analyzed because previous studies identified a change in this relationship among paravian theropods, associated with an evolu-
tionary increase in forelimb length [61]. This approach was implemented using the packages nime 3.1-131 [78] and ape 4.1 [79] in the
R version 3.3.3 [80]. We used a version of the phylogenies presented by Benson et al. [58], resolving polytomies at random, then cal-
ibrating the tree to time by (1) randomly assigning numerical ages to taxa from a uniform distribution between their maximum and
minimum possible ages of occurrence, and (2) extending zero-length branches by setting a minimum branch duration of 1 Ma.
The phylogeny was further modified by the addition of the alvarezsauroids Bannykus, Xiyunykus and Tugulusaurus following the
phylogenetic results obtained in the present work. Results are reported across a sample of 100 time-calibrated phylogenies.

The pGLS method uses the covariances expected among taxa given a phylogenetic tree to modify the assumptions of ordinary
least-squares regression. Principally, and unlike in ordinary least-squares, observations of species in a phylogeny have varying levels
of non-independence from each other due to phylogenetic relationships. When Brownian motion [81] is assumed, pGLS is mathe-
matically analogous to ordinary least-squares regression of phylogenetic independent contrasts [82].This represents a model in
which strong phylogenetic signal is present in a relationship of interest due to evolution along lineages, causing the intercept of
the relationship between variables to drift at a constant, non-directional and stochastic rate on the phylogeny.

Estimation of the phylogenetic signal in the relationship between forelimb length and body mass was done using Pagel’s A [83].
This is a parameter that scales the strength of phylogenetic signal between the inferred phylogeny with its branch lengths (\ = 1;
i.e., Brownian motion), and a star phylogeny in which all taxa effectively represent independent observations (k = 0; for ultrametric
trees; equivalent to ordinary least-squares regression).

DATA AND SOFTWARE AVAILABILITY

The holotypes of the alvarezsaurian dinosaurs Xiyunykus pengi (IVPP V22783) and Bannykus wulatensis (IVPP V25026) are accessible
to both professionals and the general public. The matrix for phylogenetic analysis is given in Data S1, and is also available on Mor-
phobank [84] at the following link: https://morphobank.org/permalink/?P2127. Mesquite V 3.03 is available at http://www.
mesquiteproject.org; TNT software is available at https://cladistics.org/tnt/; R software is available at https://www.r-project.org;
RASP is available at http://mnh.scu.edu.cn/soft/blog/RASP/.

Nomenclature

This published work and the nomenclatural acts it contains have been registered in ZooBank, the proposed online registration system
for the International Code of Zoological Nomenclature. The ZooBank life science identifiers can be resolved and the associated in-
formation viewed by appending the life science identifiers to the prefix http://zoobank.org/. The life science identifiers (LSID) for this
publication are urn:lsid:zoobank.org:pub:E60C9E1C-AEFF-4589-8C5A-A32C664DFD5E.
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