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Abstract

Laiyangosaurus youngi was erected as a saurolophine hadrosaurid on the basis

of several cranial elements from the Jingangkou Formation, Wangshi Group,

Upper Cretaceous of Laiyang, Shandong, China. The postcranial elements of

this taxon are described in detail here, providing additional postcranial charac-

teristics to L. youngi. The phylogenetic analysis included postcranial elements

of L. youngi, indicating that L. youngi still lies in the Edmontosaurini clade and

no more supplement of postcranial autapomorphy. However, three new post-

cranial autapomorphies can help distinguish L. youngi from other members of

Edmontosaurini: a poorly expanded deltopectoral crest of the humerus, a bre-

vis shelf at the base of the postacetabular process of the ilium, and a well-

defined medioventral ridge on the medial side of the postacetabular process.

This study is to increase our knowledge on the anatomy and phylogeny of

hadrosaurids of Edmontosaurini and provide new valuable evidence for dis-

cussing on the taxonomic position and validity of hadrosauroids in the Laiyang

Hadrosauroid Fauna.
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1 | INTRODUCTION

Hadrosauroids were diverse and abundant large herbivo-
rous dinosaurs that lived during the Late Cretaceous
(Horner et al., 2004; Prieto-M�arquez, 2010a; Wang, You,
et al., 2013; Xing, Wang, et al., 2014; You et al., 2003).
This lineage of dinosaurs includes some early-diverging
forms, also known as non-hadrosaurid hadrosauroids,
and the monophyletic Hadrosauridae, which can be
divided into two main clades, the Saurolophinae and the

Lambeosaurinae (Prieto-M�arquez, 2010b; Wang, You,
et al., 2013; Xing, Zhao, et al., 2014). Hadrosauroids were
widespread in their distribution between the Aptian and
late Maastrichtian, and fossil remains of hadrosauroids
have been found in Asia, Europe, North and South
America, Africa, and Antarctica (Lund & Gates, 2006;
Mateus et al., 2012; Prieto-M�arquez, 2010a; Xing, Wang,
et al., 2014). A number of fossil hadrosauroids have also
been found from the Cretaceous deposits of northern,
northeastern, and eastern China (Lund & Gates, 2006;
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Wang, You, et al., 2013; Xing, Wang, et al., 2014), particu-
larly from the Upper Cretaceous Wangshi Group of the
Laiyang Basin in eastern Shandong Province, China
(Figure 1) (Wang et al., 2010, 2012).

The terrestrial Cretaceous strata are well-developed in
this basin, consisting of the Lower Cretaceous Laiyang
and Qingshan groups and the Upper Cretaceous Wangshi
Group (Wang et al., 2010, 2012). The Wangshi Group
mainly comprises fluvial and lacustrine red and gray-green
siltstones and mudstones interbedded with gray and gray-
green glutenites and siltstones and is divided from bottom
to top into the Xingezhuang, Jiangjunding, Jingangkou
and Changwangpu formations (Hu et al., 2001). Yan and
Chen (2005) obtained an isotope age of 73 Ma for the Jin-
gangkou Formation (which they called the Hongtuya For-
mation) based on a basalt sample from the town of
Daxizhuang in Jiaozhou City. All Laiyang hadrosauroids
have been collected from the Jiangjunding and Jingang-
kou formations to date (Wang et al., 2010; Wang, Wang,
et al., 2013).

Wiman (1929) described and erected Tanius sinensis
based on a nearly complete skull and some postcranial
bones from the Jiangjunding Formation collected by Tan
(1923). Young (1958) subsequently named a new member
of Lambeosaurinae, Tsintaosaurus spinorhinus and erected
a second species of Tanius, Ta. chingkankouensis, based on
material collected from the Jingangkou Formation. Shan-
tungosaurus giganteus was described as a giant flat-head
saurolophine, based on a nearly complete composite
skeleton collected from Wangshi Group, in Longgujian,

Zhucheng, Shandong (Hu, 1973; Hu et al., 2001). Addi-
tionally, some specimens of S. giganteus found in Laiyang
(Hu et al., 2001). The third species of Tanius, Ta. laiyan-
gensis was erected based on an ilium and a sacrum, col-
lected from the same site as Tsintaosaurus spinorhinus and
Ta. chingkankouensis (Zhen, 1976).

Laiyangosaurus youngi (Zhang et al., 2017) was
erected as a new saurolophine hadrosaurid on the basis
of several cranial elements from the Jingangkou Forma-
tion at a newfound bone bed in Laiyang. This new bone
bed (Locality 2) is 1 km east to the Locality 1 where Tsin-
taosaurus was first found (Figure 1). Here, we thoroughly
describe the postcranial elements of this taxon from
Locality 2. These postcranial elements belong to five
individuals in original description of L. youngi (Zhang
et al., 2017). We provide additional postcranial characters
to L. youngi and detailed comparative osteology with all
other hadrosauroids from Laiyang.

2 | MATERIALS AND METHODS

2.1 | Materials

The specimens studied herein, are belong to five individ-
uals of Laiyangosaurus youngi (two large ones and three
small ones), which were collected from the same site
(Locality 2) located in western of Jingangkou Village,
Laiyang City, Shandong Province, and all are housed in
the Institute of Vertebrate Paleontology and Paleoanthro-
pology, Chinese Academy of Sciences, Beijing, China.
The elements of each individual encapsulated within a
small area, display typical saurolophine morphologies,
and the same positional elements share similar features,
so all these saurolophine bones can be assigned to
L. youngi. The known long bones of the large individuals
are almost twice as long as those of the small ones,
hence, the whole size of the small individual is nearly
half of that of the large ones. The length of the large
composite skeleton of L. youngi, displayed in the museum
of the Cretaceous National Geological Park of Laiyang
Shandong, is 7.6 m, while the small one is 3.9 m
(Figure 2).

2.2 | Phylogenetic analysis

We conducted a phylogenetic analysis of Hadrosauroidea
based on the matrix of Prieto-M�arquez et al. (2016) to test
the position of Laiyangosaurus youngi within hadrosaur-
oid iguanodontians. The optimal tree (s) search was con-
ducted in TNT version 1.1 (Goloboff et al., 2008). A
heuristic search of 10,000 replicates using random

FIGURE 1 Localities map for Laiyangosaurus youngi. Locality

1 of Tsintaosaurus spinorhinus and locality 2 of L. youngi in

Laiyang, Shandong, China (Modified from Wang et al., 2012).
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addition sequences was performed, followed by branch
swapping by tree bisection–reconnection holding 10 trees
per replicate.

2.3 | Institutional abbreviations

BMNH, Beijing Museum of Natural History, Beijing,
China; IVPP, Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences, Bei-
jing, China.

3 | RESULTS

3.1 | Systematic paleontology

Ornithischia Seeley, 1887.
Ornithopoda Marsh, 1881.
Hadrosauroidea Cope, 1869.
Hadrosauridae Cope, 1869.

Saurolophinae Brown, 1914 (sensu Prieto-M�arquez,
2010b).
Laiyangosaurus Zhang et al., 2017.
Laiyangosaurus youngi Zhang et al., 2017.

3.1.1 | Holotype

A large individual IVPP V 23401, including left maxilla,
right squamosal, left dentary, axis, right scapula, left
humerus, right ulna, left radius, right pubis, and right fib-
ula, housed in the collection of the Institute of Vertebrate
Paleontology and Paleoanthropology, Chinese Academy
of Sciences, Beijing, China.

3.1.2 | Referred specimens

A small individual IVPP V 23402, including left maxilla,
right premaxilla, right nasal, left squamosal, right and left
dentaries, right and left surangulars, right sternum,

FIGURE 2 Composite skeletons of Laiyangosaurus youngi. The large and small skeletons represent the adult and juvenile individuals

respectively and are displayed in the museum of the Cretaceous National Geological Park of Laiyang Shandong.
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left coracoid, left scapula, right and left humeri, right
ulna, left illum, right pubis, right ischium, right and left
femora, right and left tibiae, left fibula; a small individual
IVPP V 23403, including right maxilla, left dentary, left
surangular, left sternum, right scapula, left humerus,
right ulna, left radius, right pubis; a large individual
IVPP V 23404, including left dentary and sacrum; a small
individual IVPP V 23405, including left maxilla, left jugal
and left illum.

3.1.3 | Locality and horizon

Locality 2, Jingangkou, Laiyang City, Shandong Province,
China. Jingangkou Formation, Wangshi Group, Upper
Cretaceous.

3.1.4 | Diagnosis

Laiyangosaurus youngi (Figure 3) is a saurolophine
hadrosaurid distinguished by autapomorphies that
include a prominent and narrow ridge on the lateral side
of the nasal which forms the posterodorsal and posterior
margin of the circumnasal depression, a primary ridge in
most maxillary teeth slightly deflected posteriorly, a
retroarticular process of the surangular that is dorsolater-
oposteriorly recurved, and an orbital margin that is wider
than the infratemporal margin of the jugal. L. youngi can
be further distinguished by a number of unique character
combinations that include a dorsal margin of nasal is flat,
absence supracranial crest, a relatively shallow and ros-
trodorsally directed caudal margin of the jugal lacrimal
process, expended anteroposteriorly as well as one or

more foramina on the rostral surface of the premaxilla,
poorly expanded deltopectoral crest of the humerus, pre-
sent a brevis shelf at the base of the postacetabular pro-
cess of the ilium and a well-defined medioventral ridge
on the medial side of the postacetabular process.

3.2 | Description

3.2.1 | Axis

The axis (IVPP V 23401.4) (Figure 4) is large and its cen-
trum and the dorsal flange of the neural spine are pre-
served, but the postzygapophysis and diapophysis are
damaged. The axis is opisthocoelous and has a small cra-
niocaudal length. The dorsoventral height of the axis is
approximately twice as long as its length. The centrum

FIGURE 3 Life reconstruction of Laiyangosaurus youngi.

FIGURE 4 Axis (IVPP V 23401.4) of Laiyangosaurus youngi. In

cranial (a) and left lateral (b) views.
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is hourglass-shaped in lateral view, with a depression in
the middle and multiple nutrient holes on the ventral
side. There is a clearly protruding conical odontoid
located at the dorsal half of the anterior part of the cen-
trum. The neural spine has fused with the centrum dor-
sally, and the paired neural arch pedicels encircle an
oval-shaped neural canal. A prominent prezygapophysis
located at the craniolateral portion of each pedicel, with
an oval, lightly eroded, dorsolaterally oriented articular
facet. The prezygapophysis continuous with the heavily
eroded diapophysis posterolaterally. The dorsally convex
flange occupies the entire part of the neural spine. The
dorsal margin of the flange starts from a hook-shaped
cranial tip, and extends to the cranial most region of the
postzygapophyses, without prominent embayment which
separated the dorsal flange from the postzygapophyseal
flange in Brachylophosaurini (Cuthbertson, 2006; Prieto-
M�arquez, 2014) and Saurolophus (Maryanska &
Osm�olska, 1984). The dorsal flange extends caudally with
two heavily eroded postzygapophyses.

3.2.2 | Sacrum

The sacrum (IVPP V 23404.2) (Figure 5) consists of nine
co-ossified sacral vertebrae, including one dorsosacral,
seven true sacrals, and one sacrocaudal, while the neural

spines of all the sacrum are not preserved. The preserved
proximal part of the neural spines shows that they are
laminae and slightly caudodorsally extend. The horizon-
tal and robust transverse processes expanded laterally
from the base of the neural arches, forming a sub triangle
in cross section. A bony lamina extends ventrally from
the base of each transverse process. The laminae of the
cranial six sacral vertebrae fuse with a robust and sinuous
yoke-like bar that extends longitudinally at base of the
centra. However, the lamina of the last sacral vertebra is
not involved in the composition of the bar, as in Shantun-
gosaurus and Tsintaosaurus. The yoke-like bar is gently
dorsally convex in lateral view and laterally curved
along its caudal half in ventral view. The centrum of the
dorsosacral vertebra is relatively robust, and its cranial
articular surface is heart shaped. In contrast to the dorso-
sacral, the following four sacrals are relatively slender,
however, the last three sacrals and the sacrocaudal verte-
bra have particularly larger centra. The centrum of the
sacrocaudal vertebra is mediolaterally wide with a sub
hexagon caudal articular surface. A groove extends ven-
trally along the last seven centra, while a convex occurs
in the ventral surface of the two carinal sacrals.

3.2.3 | Sternum

Two sterna of two small individuals, the left one
(IVPP V 23403.4) (Figure 6a, b) and the right one (IVPP
V 23402.9) (Figure 6c) are nearly complete, only partially
missing the craniomedial blade of IVPP V 23402.9. The
sterna are hatchet-shaped and dorsoventrally com-
pressed, as in other hadrosaurids, with a flattened dorsal
surface and a convex ventral surface. The handle-shaped
caudolateral process of the sternum is longer than the
craniomedial blade, as in most hadrosaurids, but in
contrast to Amurosaurus (Godefroit et al., 2004), Tsintao-
saurus (Young, 1958), and most non-hadrosaurid hadro-
sauroids. The distal end of the caudolateral process is
rough and slightly expanded. The craniomedial blade is
quadrilateral and thicker at its middle potion, with a
small medial process projected from the caudomedial
corner of the craniomedial blade, as in Edmontosaurus
(Prieto-M�arquez, 2008). The proximal borders of the cra-
niomedial blade are rough in both dorsal and ventral sur-
faces, and the lateral border is slightly concave.

3.2.4 | Coracoid

One small right coracoid (IVPP V 23402.10) (Figure 6d, e)
is nearly completely preserved and formed by a quad-
rangular mediolaterally compressed central body. The

FIGURE 5 Sacrum (IVPP V 23404.2) of Laiyangosaurus

youngi. In right lateral (a) and ventral (b) views.
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glenoid and scapular facet occupy its ventral part, and
the biceps tubercle and ventral process are in the dorsal
half. In lateral view, the angle between the glenoid and
scapular facets are more than 120�, which is different
from most members of the Hadrosauridae but is more
similar to the non-hadrosaurid hadrosauroids (Prieto-
M�arquez, 2008). However, the larger angle between the
glenoid and scapular facet in the small coracoids of
Laiyangosaurus may be due to ontogeny, because the
same feature varied greatly in both adult and juvenile
individuals of Bactrosaurus johnsoni (Gilmore, 1933;
Prieto-M�arquez, 2011). Both the glenoid and the scapu-
lar facet are slightly concave, with the glenoid being
D-shaped and the scapular facet being approximately
circular. The lateral margin of the scapular facet is
nearly three-quarters of the breadth of the lateral
margin of the glenoid facet. The oval coracoid
foramen penetrates the coracoid mediolaterally at the

connection between the glenoid and the scapular
facets. The coracoid foramen is not closed in IVPP V
23402.10, and a narrow groove is present between the
glenoid and the scapular facets. Whether the coracoid
foramen is completely closed is an important ontoge-
netic feature (Brett-Surman & Wagner, 2006; Prieto-
M�arquez, 2014).

The craniomedial margin of the coracoid is concave,
and associated to a relatively robust and anterodorsally
extended bicepitial tubercle, which is similar to hadro-
saurids (Prieto-M�arquez, 2008). There is a distinct
notch between the bicepitial tubercle and the ventral
process in the medial view. The hook-shaped ventral pro-
cess is mediolaterally compressed and posteroventrally
recurved, which is similar to hadrosaurids (Prieto-
M�arquez, 2008). However, the ventral process is relatively
short dorsoventrally, which may also be due to ontogeny
(Brett-Surman & Wagner, 2006; Prieto-M�arquez, 2014).

FIGURE 6 Pectoral girdles of Laiyangosaurus youngi. (a) and (b), left sternum (IVPP V 23403.4) in ventral (a) and dorsal (b) views; C,

right sternum (IVPP V 23402.9) in dorsal view; (d) and (e), right coracoid (IVPP V 23402.10) in medial (d) and lateral (e) views; (f) and (g),

left scapula (IVPP V 23403.5) in lateral (f) and medial (g) views; (h), right scapula (IVPP V 23401.5) in lateral view; (i), right scapula (IVPP V

23402.11) in lateral view.
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3.2.5 | Scapula

There are one large right scapula (IVPP V 23401.5)
(Figure 6h) and two small scapulae, a right one (IVPP V
23402.11) (Figure 6i) and a left one (IVPP V 23403.5)
(Figure 6f, g). The small scapulae are nearly completely
preserved, while the large ones only preserved the proxi-
mal region. The scapula is mediolaterally compressed
plate-shaped and its dorsal margin is curved. In the
medial view, the surface of the scapula is mostly flat.
However, the lateral surface gently convex from the prox-
imal constriction through most of the length of the scap-
ular distal blade. The proximal region is mediolaterally
thicker, with the coracoid facet and the glenoid. The cora-
coid facet is oval and slightly concave, located on the dorsal
half, while the glenoid is located ventrally and also slightly
concave, forming a narrow crescent-shaped articulation
surface. The glenoid is elongated and extends ventrolaterally
and terminates in a prominently laterally projected ventral
corner. The coracoid facet extremely extends cranially,
similar to Gryposaurus (Lambe, 1914), Prosaurolophus
(Brown, 1916), Secernosaurus (Brett-Surman, 1979), andWill-
inaqake (Ju�arez Valieri et al., 2010) (Prieto-M�arquez, 2008,
2010b). Between the proximal region and the distal blade,
the scapular neck is dorsoventrally constricted.

The robust and laterally projected pseudoacromion
process extends nearly horizontally, similar to saurolo-
phines, but different from non-hadrosaurid hadro-
sauroids and lambeosaurines with a dorsally curved
cranial end of the pseudoacromion process (Prieto-
M�arquez, 2008, 2010b). In lateral view, the pseudoacro-
mion process forms the dorsal edge of the proximal
region of the scapula, and between the pseudoacromion
process and the glenoid, there is a deep triangular depres-
sion that occupies most of the lateral surface of the proxi-
mal region of the scapula.

The deltopectoral crest is well-developed and extends
obliquely from the posteroventral margin of the pseudoa-
cromion process to the ventral margin of the scapular
blade. The dorsal and ventral edges of the distal
scapular blade are curved ventrally, and the distal region
of the blade is gradually extended dorsoventrally.

3.2.6 | Humerus

There are four humeri, the proximal region of a large left
one (IVPP V 23401.6) (Figure 7a, b) and three nearly
complete small ones (IVPP V 23402.12, IVPP V 23402.13,
and IVPP V 23403.6) (Figure 7c–f). The articular head of
the humerus is massive, rounded, and has a triangular
cross-section. The medial surface of the proximal half of
the humerus is concave and the lateral surface is convex

forming a thick and rugose central ridge. The deltopec-
toral crest projects lateroventrally from the head and
extends along the proximal half of the bone. Similar to
other hadrosaurids, the deltopectoral crest is relatively
long. The length of the deltopectoral crest is significantly
greater than that of the humeral shaft. The anteroposter-
iorly width of the humerus is relatively small, similar to
Brachylophosaurus (Prieto-M�arquez, 2007) and non-
hadrosaurid hadrosauroids (Prieto-M�arquez, 2008, 2010b).
The width of humerus increases gradually distally, reach-
ing the greatest at the ventral corner of the deltopectoral
crest. In lateral view, the angle between the anterolateral
edge of the deltopectoral crest and its distal edge ranges
from 121� to 129�, similar to that of Tanius (Wiman, 1929),
Bactrosaurus (Gilmore, 1933; Prieto-M�arquez, 2011), Bra-
chylophosaurus (Prieto-M�arquez, 2007), and Edmonto-
saurus (Prieto-M�arquez, 2014).

The humeral shaft is mediolaterally thick and almost
cylindrical, which forms the distal half of the humerus
with the lateral radial and medial ulnar condyles. The
ulnar condyle is larger than the radial one. The condyles
are separated by a deep notch for reception of the olecra-
non process of the ulna.

3.2.7 | Ulna

One large right ulna (IVPP V 23401.7) (Figure 7g, h) and
two small right ulnae (IVPP V 23402.14 and IVPP V
23403.7) (Figure 7i, j) are nearly completely preserved.
The ulnae are rod-shaped; the proximal and distal ends
are both expanded. The proximal cross-section of the
ulna is triangular, with a prominent olecranon as the
posterior apex and two anteriorly extended flanges as
the two sides of the triangular. The olecranon is subco-
nical and points dorsally. The medial flange extends
anteromedially and is larger than the anterolaterally
extended flange. Between the two flanges, there is a
wide notch for reception of the proximal region of the
radius. In the lateral view, the ulna appears S-shaped,
with the proximal region bent forward and the distal
region bent backward. The ulna tapers distally, while
the distal end is slightly expanded. The distal cross-
section of the ulna is also triangular, but the apex of this
triangle points anterolaterally. There is a narrow and
rough distal radial facet on the anteromedial surface of
the distal end.

3.2.8 | Radius

There are two complete radii a large left one (IVPP V
23401.8) (Figure 7k, l) and a small left one (IVPP

ZHANG ET AL. 7
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V 23403.8) (Figure 7m). The radii are thin rod-shaped,
with slightly expanded proximal and distal ends. The
proximal expansion is significant and abrupt, with a flat-
tened proximal surface. In the posterior view, a rough
longitudinal ridge extends on the proximal region to fit
into the proximal notch of the ulna. The shaft of the
radius gradually expands distally. A narrow ulnar articu-
lation surface faces posterolaterally in the distal region of
the radius.

3.2.9 | Ilium

There are two small left partial ilia, one (IVPP V
23402.15) (Figure 8a, b) lacks the preacetabular process
and the pubic peduncles, and the other (IVPP V23405.3)
(Figure 8c) lacks anterior part of the preacetabular pro-
cess and the supraacetabular process. The preserved prea-
cetabular processes of ilia are narrow and elongated. The
lateromedially compressed preacetabular process is

FIGURE 7 Forelimbs of Laiyangosaurus youngi. (a) and (b), left humerus (IVPP V 23401.6) in medial (a) and lateral (b) views; (c) and

(d), left humerus (IVPP V 23402.13) in medial (c) and lateral (d) views; (e), right humerus (IVPP V 23402.12) in lateral view; (f), left

humerus (IVPP V 23403.6) in lateral view; (g) and (h), right ulna (IVPP V 23401.7) in cranial (f) and lateral (g) views; (i), right ulna (IVPP V

23402.14) in cranial view, (j), right ulna (IVPP V 23403.7) in cranial view; (k) and (l), left radius (IVPP V 23401.8) in cranial (k) and caudal

(l) views; (m), right radius (IVPP V 23403.8) in caudal view.
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deflected anteroventrally, forming an angle of 160� with
the anteroposterior axis of the central plate, similar to the
non-hadrosaurid hadrosauroids, but different from
the lower preacetabular process of the hadrosaurids
(Prieto-M�arquez, 2008, 2010b). However, the degree of
ventral curvature of the preacetabular process of the

ilium increase would be an ontogenetic feature (Mori
et al., 2015; Prieto-M�arquez, 2014). In the medial view, a
large ridge extends from the dorsal margin of the preace-
tabular process to the central plate of the ilium. In the
dorsal view, the preacetabular process is slightly curved
laterally.

FIGURE 8 Pelvic girdles of Laiyangosaurus youngi. (a) and (b), left illum (IVPP V 23402.15) in lateral (a) and medial (b) views; (c), left

illum (IVPP V 23405.3) in lateral view; (d), right pubis (IVPP V 23401.9) in lateral view; (e), right pubis (IVPP V 23403.9) in lateral view (f),

right pubis (IVPP V 23402.16) in lateral view; (g) and (h), right ischium (IVPP V 23402.17) in lateral (g) and medial (h) views.

ZHANG ET AL. 9
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The central plate of the ilium is lateromedially com-
pressed, and its dorsoventral height is about 70%–75% of
the anteroposterior length, similar to other hadrosaurids
(Prieto-M�arquez, 2008, 2010b). The prominent supraace-
tabular process extends along the dorsal margin of the
central plate and projects lateroventrally. The supraacetab-
ular process is long, its anteroposterior length is about 70%
of that of the central plate. The ventral apex of supraace-
tabular process reaches the half depth of the central plate,
but not below the level of the ventral margin of the proxi-
mal region of the postacetabular process. The ventral mar-
gin of the central plate forms the roof of the acetabulum.
The slender pubic peduncle forms the anteroventral cor-
ner of the central plate, and the rostroventral part of the
central plate is the robust ischiadic peduncle, which
formed by two small protrusions. The caudal-most one
located caudoventrally of the supraacetabular process, as
most hadrosaurids (Prieto-M�arquez, 2008, 2010b).

The postacetabular process of the ilium appears
nearly rectangular in lateral view, with the dorsal and
ventral edges parallel and converging at the posterior
end, forming a rounded posterior edge. The lateral sur-
face of the postacetabular process is concave. There is a
brevis shelf at the base of the postacetabular process of
the ilium and a well-defined medioventral ridge on the
medial side of the postacetabular process, similar to
Secernosaurus (Brett-Surman, 1979).

3.2.10 | Pubis

There are one large right pubis (IVPP V 23401.9)
(Figure 8d) and two small right pubes (IVPP V 23402.16
and IVPP V 23403.9). One (IVPP V 23403.9) (Figure 8e)
lacks the distal part of the prepubic blade, and another
(IVPP V 23402.16) (Figure 8f) lacks the ischiadic pedun-
cle. The pubis consists of a cranial blade-lake prepubic
process and three caudal projections containing the iliac
and ischiadic peduncles, and an elongated postpubic
process. The prepubic process is composed of a paddle-
shaped distal prepubic blade and a dorsoventrally con-
stricted proximal prepubic neck. The prepubic process is
relatively short, with the preserved anteroposterior length
about 2.5 times the depth. The prepubic blade of a small
pubis (IVPP V 23402.16) is nearly completely preserved,
only the distal margin has some abrasions. This prepubic
blade distally expands more dorsally than ventrally. The
prepubic neck is narrow and long, about half as deep as
the distal blade, but longer than the prepubic blade. The
concavity of the dorsal margin of prepubic neck is sym-
metric with the concavity of the ventral margin. The
maximum depth of the prepubic blade is slightly deeper
than the maximum breadth of the acetabular margin.

The prepubic neck is caudally continuous with the
proximal rest of the pubis. The iliac peduncle projects
caudodorsally from the dorsal portion of the acetabular
region of the pubis. The tetrahedral iliac peduncle is ven-
trally linked to the ischiadic peduncle by the cranially con-
cave acetabular margin of the pubis. The slender ischiadic
peduncle is mediolaterally compressed and projects caudo-
ventrally with laterally offsetting from the post public pro-
cess. There is a prominent protuberance at the
cranioventral portion of the ischiadic peduncle of the large
pubis (IVPP V 23401.9), which does not exist in the small
one (IVPP V 23402.16). The rest of the postpubic process
shows it would be long rodlike, and extend caudoventrally.
The postpubic process is medial to, and slightly more ven-
trally oriented than the ischiadic peduncle.

3.2.11 | Ischium

One small right ischium (IVPP V 23402.17) (Figure 8g, h)
with the proximal plate and the proximal portion of the
ischium shaft preserved, missing the obturator process
and distal end of the ischium shaft. Two additional ischia
are included: L2-130810, preserves the obturator process,
but slightly larger, and no other materials could match its
size; a large ischium preserves the complete ischium
shaft, but have not collected. The proximal plate is com-
pressed lateromedially and has slightly lateral diversion
at the most proximal end. The iliac process is subrectan-
gular and extends craniodorsally from the dorsal region of
the proximal plate. Its caudodorsal margin is straight with-
out the caudally recurved apex as saurolophine hadrosaur-
ids (Prieto-M�arquez, 2008, 2010b), and its cranioventral
margin are ventrally continuous with the dorsal margin of
the pubic process forming the acetabular margin of the
ischium. The pubic process is also subrectangular, but
extending cranially shorter and dorsoventrally deeper. The
caudoventrally extended corner of the pubic process and
the ventrally projected obturator process form a narrow
and ventrally opened obturator gutter. The long rod-
shaped ischial shaft extends caudally from the position of
the obturator process, and shows a rounded distal end as
saurolophine hadrosaurids, without the ventrally curved
foot-like process in basal hadrosauroids and lambeosaur-
ine hadrosaurids (Prieto-M�arquez, 2008, 2010b).

3.2.12 | Femur

Two small femora were preserved: the left one (IVPP V
23402.19) (Figure 9a, b) is nearly complete, and the right
one (IVPP V 23402.18) (Figure 9c) lacks the greater tro-
chanter and the distal portion. The femur has a long and

10 ZHANG ET AL.
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thick cylindrical shaft, with two expanded ends. The
proximal portion of the femur is mediolaterally
expanded, with a prominent subcylindrical femoral head
projecting medially. The femoral head is separated from
the greater trochanter, the lateral part of the proximal
end of the femur, by a shallow groove. There is a wedge-

shaped lesser trochanter separated from the greater tro-
chanter cranioventrally by a cleft. In the middle of the
caudal surface of femoral shaft, there is a triangle fourth
trochanter. The fourth trochanter is long and flat, about
one-fourth of the total length of the femur. The distal
portion of the femur expands craniocaudally, especially

FIGURE 9 Hindlimbs of Laiyangosaurus youngi. (a) and (b), left femur (IVPP V 23402.19) in caudal (a) and lateral (b) views; (c), right

femur (IVPP V 23402.18) in caudal view; (d) and (e), right fibula (IVPP V 23401.10) in lateral (c) and medial (d) views; (f) and (g), right tibia

(IVPP V 23402.20) in lateral (f) and cranial (g) views; (h), left tibia (IVPP V 23402.21) in lateral view; (i) and (j), left fibula (IVPP V 23402.22)

in lateral (i) and medial (j) views.

ZHANG ET AL. 11

 19328494, 0, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25291 by IN
ST

 V
E

R
T

E
B

R
A

T
E

 PA
L

E
O

N
A

N
T

O
L

O
G

Y
, W

iley O
nline L

ibrary on [19/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



more caudally, and is mediolaterally divided into two
condyles by a narrow and deep intercondylar groove. The
condyles are both mediolaterally compressed, but the
medial condyle is larger and mediolaterally thicker than
the lateral one.

3.2.13 | Tibia

Two small tibiae (IVPP V 23402.20 and IVPP V 23402.21)
(Figure 9f–h) are nearly completely preserved. The tibia
is a robust and cylindrical central shaft, with expanding
proximally and distally. The proximal end expands cra-
niocaudally, with slight mediolaterally compression in
the proximal half of the shaft. Caudally, the proximal end
has two small condyles, which project laterally and are
separated by a narrow cleft. While cranially, a large cne-
mial crest extends craniolaterally, nearly forming the cra-
nial margin of the proximal half of the shaft. On the
lateral surface of the cnemial crest, there is a shallow
depression for accepting the proximal end of the fibula.
The distal region expands mediolaterally and slightly
compresses craniocaudally. The distal end of the tibia has
medial and lateral malleoli, separated by a wide groove.

3.2.14 | Fibula

One large right fibula (IVPP V 23401.10) (Figure 9d, e)
and one small left fibula (IVPP V 23402.22) (Figure 9i, j)
are nearly completely preserved. The fibula is slender
and mediolaterally compressed, and craniocaudally
expands proximally and distally. The proximal end
expands larger and more abruptly than the distal end. In
the proximal half of the shaft, the lateral surface of the
fibula is convex, while the medial surface is concave for
the reception of the proximal portion of the tibia. The fib-
ular shaft twists medially along the distal third, and also
has a medial triangular joint surface for the distal end of
tibia. The distal end of the fibula protrudes cranially and
forms a prominent clublike structure.

3.3 | Phylogenetic analysis

We conducted a maximum parsimony analysis to assess
the phylogenetic position of Laiyangosaurus youngi
within hadrosauroid iguanodontians. This analysis is
based on the 273-character matrix of Prieto-M�arquez
et al. (2016), consisting of 189 cranial and 84 postcranial
equally weighted characters (see Appendix A for charac-
ter states of L. youngi). The new matrix is consisted of
62 hadrosauroid species (including 16 outgroups to

Hadrosauridae, 23 saurolophines, and 21 lambeosaur-
ines). Prieto-M�arquez (2014) suggested that the ontogeny
would affect the phylogenetic relationships of saurolo-
phine hadrosaurids. Therefore, we exclude the juvenile
state of ontogenetically variable characters of L. youngi in
the matrix, including degree of curvature of the caudal
margin of the quadrate (107), ratio between the length of
the lateral margin of the facet for the scapular articula-
tion and the length of the lateral margin of the glenoid
(198), development of the “hook-like” ventral process of
the coracoid, measured as the ratio between the dorso-
ventral depth and the breadth of the process (201), devel-
opment of the lateroventral projection of the
supraacetabular crest of the ilium (228), craniocaudal
breadth of the supraacetabular process (229).

The analysis resulted in 16 most parsimonious trees
of 1008 steps each (Consistency Index 0.395, Retention
Index 0.778). The strict consensus tree shows that
L. youngi is in Saurolophinae, which is in consistent with
the result of our anatomical comparison (Figure 10). This
analysis also shows that L. youngi lies in a monophyletic
group, which is known as Edmontosaurini, supported by
four synapomorphies: present a ridge bordering the cau-
dodorsal margin of the circumnarial depression (charac-
ter 75 [1,2]), maxilla-lacrimal contact largely covered
externally by the jugal-premaxilla contact (character
86 [1], convergent in the brachylophosaurine clade),
invaginated caudal region of the circumnarial fossa
(character 171 [2]), and absence supracranial crest (char-
acter 173 [0], convergent in Acristavus and non-
Saurolophidae Hadrosauriformes except Lophorhothon).

The position of L. youngi within Edmontosaurini is
not well resolved, but this taxon can still be distinguished
from others in this clade on the basis of seven autapo-
morphies: 33–4 tooth positions in the maxillary dental
battery (character 11 [1]), maxillary battery contains a
mixture of teeth with primary ridge positioned caudally
and teeth with the ridge at the center of the crown (char-
acter 14 [0]), retroarticular process of the surangular lat-
erally recurved (character 43 [1]), one or more foramina
on the rostral surface of the premaxilla (character 61 [1]),
relatively shallow dorsoventral expansion of the caudal
margin of the lacrimal process of the jugal, rostrodorsally
directed and forming little of the rostroventral margin of
the orbital rim (character 97 [0]), medial articular surface
of the rostral process of the jugal deep concavity roofed
by an oblique (rostrodorsally oriented) narrow shelf
(character 100 [1]), and a wider orbital margin and rela-
tively constricted ventral margin of the infratemporal
fenestra (character 106 [2]), poorly expanded deltopec-
toral crest of the humerus(character 212 [11]), brevis
shelf at the base of the postacetabular process of the ilium
(character 236 [1]), Medioventral ridge on the medial side

12 ZHANG ET AL.
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of the postacetabular process, crossing the bone surface
from the proximoventral to the caudodorsal margins and
orientation of the brevis shelf (character 237 [2]).

4 | DISCUSSION

There are three genera of hadrosauroids reported from
Laiyang, Tanius (Wiman, 1929), Tsintaosaurus (Young, 1958),
and Shantungosaurus (Hu, 1973). Tanius has three

species reported, the type species Ta. sinensis was
assigned to the non-hadrosaurid hadrosauroids in recent
phylogenetic analyses (Prieto-M�arquez, 2010b; Xing,
Wang, et al., 2014). The other two species, Ta. chingkan-
kouensis (Young, 1958), and Ta. laiyangensis
(Zhen, 1976) are known only from postcranial skeletons,
which show several hadrosaurid characters, so their
validity was doubted (Buffetaut & Tong, 1993, 1995;
Horner et al., 2004; Zhang et al., 2019). Zhang et al.
(2017) compared Laiyangosaurus with Ta. sinensis for the

FIGURE 10 Strict consensus tree of the 16 most parsimonious trees resulting from the phylogenetic analysis of hadrosauroid

relationships, showing the position of Laiyangosaurus youngi.
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cranial materials, and Laiyangosaurus shows a series of
hadrosaurid characteristics, which distinguished it from
Ta. sinensis and other non-hadrosaurid hadrosauroids.
Our study here reveals that the postcranial skeletons of
Laiyangosaurus also display a suite of typical hadrosaurid
characters. The distal region of the scapular blade of
Laiyangosaurus is dorsoventrally expanded, while the
dorsal and ventral margins are horizontal at the distal
region of the scapular blade of Ta. sinensis. Laiyango-
saurus has a relatively longer deltopectoral crest of the
humerus than Ta. sinensis. The apex of the ventral mar-
gin of the supraacetabular crest is located craniodorsally
to the caudal protuberance of the ischiadic peduncle of
the ilium in Laiyangosaurus, while caudodorsally in Ta.
sinensis. In addition, the coracoid of Laiyangosaurus has
a concave craniomedial margin, a relatively large biceps
tubercle, and a recurved ventral “hook-like” process,
which is distinguished Laiyangosaurus from the non-
hadrosaurid hadrosauroids.

Tsintaosaurus spinorhinus is one of the well-known
Asian lambeosaurine, including a nearly complete
composite skeleton, an incomplete skull, and addi-
tional postcranial material recovered from the bone
bed of locality 1 in Laiyang. The cranial material com-
parison shows there are some significant differences
between Laiyangosaurus with Tsintaosaurus (Zhang
et al., 2017), while postcranial skeletons of Laiyango-
saurus also can be easily distinguished from Tsintao-
saurus and other lambeosaurines by some typical
saurolophine features. The pseudoacromion process of
the scapula of Laiyangosaurus is horizontal, while the
cranial region of the pseudoacromion process is dor-
sally recurved in Tsintaosaurus. Laiyangosaurus has a
well development of the deltoid ridge of the scapula,
the ventral margin of the deltoid ridge reaches the ven-
tral margin of the scapula, but in Tsintaosaurus, the
deltoid ridge only weakly develops in the proximal
region of the scapula, with a poorly demarcated ventral
margin. The deltopectoral crest of the humerus is rela-
tively shorter in Laiyangosaurus than that in Tsintao-
saurus. Laiyangosaurus has a rounded the distal
margin of the iliac peduncle of the ischium, without
the thumb-like iliac peduncle, which strongly reversed
in the caudodorsal corner. The pubic peduncle of the
ischium of Laiyangosaurus is short, parallel to the
ischial shaft, and the dorsal acetabular margin of the
pubic peduncle is higher than the dorsal margin of the
ischial shaft, while it is relatively longer, slightly
inclined ventrally, and at the same level as the dorsal
margin of the ischial shaft in Tsintaosaurus. The distal
region of the ischial shaft is slightly expanded into a
blunt end in Laiyangosaurus, unlike in ventrally Tsin-
taosaurus expanded forming a large “foot” process.

Shantungosaurus was named by Hu (1973) as a mem-
ber of Saurolophinae, based on a nearly complete skele-
ton from the Upper Cretaceous Wangshi Group of
Zhucheng, while some elements were also found in
Laiyang (Hu et al., 2001). Laiyangosaurus and Shantun-
gosaurus share some important cranial characteristics
and have some differences (Zhang et al., 2017). Our ana-
tomical examinations reveal that the postcranial mate-
rials of Laiyangosaurus and Shantungosaurus also share
some typical saurolophine characters, which are
described above for distinguished with Tsintaosaurus.
However, Laiyangosaurus still has some differences with
Shantungosaurus and other members of Edmontosaurini,
Edmontosaurus regalis (Lambe, 1917), E. annectens
(Marsh, 1892), Kerberosaurus (Bolotsky and Godefroit,
2004) and Kundurosaurus (Godefroit et al., 2012). Laiyan-
gosaurus has a relatively long craniodorsal region of scap-
ula (ratio between the distance from the coracoid joint
and the cranial end of the pseudoacromion process and
the height between this and the ventral apex of the gle-
noidal facet more than 0.45, Prieto-M�arquez, 2010b),
which is similar to Kundurosaurus, but different from
other members of Edmontosaurini. The poorly expanded
deltopectoral crest of the humerus (ratio between the
width of the humerus across the distal fourth of the delto-
pectoral crest and the width of the distal shaft at the
point of maximum curvature less than 1.65, Prieto-
M�arquez, 2010b) of Laiyangosaurus is distinguished from
that of Shantungosaurus and Edmontosaurus. There is a
brevis shelf at the base of the postacetabular process of
the ilium and a well-defined medioventral ridge on the
medial side of the postacetabular process, which are dif-
ferent from all the other members of Edmontosaurini,
but similar to Secernosaurus (Brett-Surman, 1979), Tsin-
taosaurus and Tanius.

Ta. chingkankouensis (Young, 1958) and Ta. laiyan-
gensis (Zhen, 1976) were erected based on a few postcra-
nial bones collected in the same excavation with Ts.
spinorhins at Jingangkou, Laiyang (Location 1). Buffetaut
and Tong (1993) considered that Ta. chingkankouensis
shows advanced hadrosaurid features of the ilium, and
would not belong to the genus Tanius. Horner et al.
(2004) regarded Ta. chingkankouensis as a junior syno-
nym of Ta. sinensis and Ta. laiyangensis as a junior
synonym of Ts. spinorhinus. Zhang et al. (2019) suggested
that Ta. chingkankouensis and Ta. laiyangensis are both
nomen dubium because both of them have a serial of typi-
cal hadrosaurid characters, especially saurolophine char-
acters, which distinguished from the non-hadrosaurid
hadrosauroid, Ta. sinensis. Although some material of
Ta. chingkankouensis could not be used for comparison
due to the preservation problem, we still considered the
diagnoses above are trustworthy by our anatomical
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examinations and the original description of Ta. ching-
kankouensis. Our comparison among Laiyangosaurus
(IVPP V 23402.15), Ta. chingkankouensis (IVPP V 724, a
nearly complete sacrum and a partial right ilium)
(Young, 1958) and Ta. laiyangensis (BMNH PH00181, a
nearly complete sacrum associated with a partial right
ilium) (Zhen, 1976; Zhang et al., 2019) shows that all of
the ilia have a proportionately dorsoventrally low central
plate of the ilium with the depth/length ratio <0.80,
which is a typical saurolophine character. Although the
ilium (IVPP V 23402.15) has a symmetrical supraacetabu-
lar process and a well-defined ridge from the lateroven-
tral margin of the supraacetabular process to the dorsal
margin of the postacetabular process, which is different
from asymmetrical supra-acetabular process and lack
ridge between the supraacetabular process and the posta-
cetabular process in BMNH PH00181, while the ilium of
IVPP V 724 has the ridge but with asymmetrical supraa-
cetabular process. Above differences of supraacetabular
process would be due to the ilium IVPP V 23402.15
belonging to a juvenile of Laiyangosaurus. This situation
was reported between the juvenile and adult specimens
in Edmontosaurus annectens (Prieto-M�arquez, 2014).
Both IVPP V 23402.15 and IVPP V 724 display a brevis
shelf and medial ridge at the base of the iliac postacetab-
ular process, while the iliac postacetabular process
missed in BMNH PH00181. Zhang et al. (2019) suggested
that the ilium IVPP V 724 with a highly asymmetrical, U-
shaped supraacetabular process with a well-defined cau-
doventral margin, would belong to Tsintaosaurus, and
the relative warp analysis on the lateral outline of the
supraacetabular process reveals a close resemblance of
shape between BMNH PH00181 and Secernosaurus. Our
anatomical comparison reveals that the ilia IVPP V
23402.15, IVPP V 724, and BMNH PH00181 share some
striking features, and in the view of the ontogenetic
changes of the supraacetabular process of ilium, and the
collected location and stratum of Laiyangosaurus is
neighbor with IVPP V 724 and BMNH PH00181, we sug-
gest that IVPP V 724 and BMNH PH00181 represented as
Laiyangosaurus material and that Laiyangosaurus shares
some characters with Secernosaurus.

5 | CONCLUSION

This study provides postcranial characteristics to Laiyango-
saurus youngi and supports the previous phylogenetic result
of L. youngi lying in the Edmontosaurini clade. Three new
postcranial autapomorphies can help distinguish L. youngi
from other members of Edmontosaurini: poorly expanded
deltopectoral crest of the humerus, a brevis shelf at the base
of the postacetabular process of the ilium, and a well-

defined medioventral ridge on the medial side of the posta-
cetabular process. The postcranial elements of L. youngi
provide new evidence for comparing and discussing the tax-
onomic position and confirm its validity of hadrosauroids
in the Laiyang Hadrosauroid Fauna.
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APPENDIX A

Character state scores of L. youngi for the 273 characters
presented by Prieto-M�arquez et al. (2016). The scores for
all the other taxa included in the analysis are as in Prieto-
M�arquez et al. (2016).
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