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Beijing, China; cCAS Center for Excellence in Life and Paleoenvironment, Beijing, China; dCollege of Earth and Planetary Sciences, University of Chinese
Academy of Sciences, Beijing, China

ABSTRACT
Tsintaosaurus spinorhinus is famous for the unique rod-like nasal spine, but there has been a long debate about
whether its nasal spine is hollow, since it is difficult to examine the nasal inside through direct observation. Here,
we used a high-resolution CT scan to reveal the interior structure of the nasal spine and re-observed the holotype
and paratype of Tsintaosaurus spinorhinus. By the direct observation and CT scan, we provide new information
about the nasal spine of Tsintaosaurus spinorhinus, and our result shows the rod-like nasal spine of Tsintaosaurus
spinorhinus is a solid sandwich structure, rather than a hollow tubular structure. There is a significant fracture
between the rod-like process and the base of the nasal, and if the twoprocessesfit together, the nasal spinewould
have beenmore inclined rostrally in life. The new cranial information collected through the direct observation and
CT scan reveals that the narrow strip surrounded by the nasals and frontals is formed by a longitudinal median
groove filled with sediment, indicating the possible presence of the frontal-nasal fontanelle in younger juveniles.
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Introduction

Lambeosaurine dinosaurs are among the most diverse and abundant
ornithopod dinosaurs that lived during the Late Cretaceous (Horner et al.
2004; Prieto-márquez 2010a). Lambeosaurine is characterised by hyper-
trophied nasal passages associated with a wide shape variety of hollow
supracranial crests (Horner et al. 2004; Prieto-márquez 2010a). The
predominant function of these crests might be species recognition and
sexual display (Hopson 1975; Evans 2006). Lambeosaurines were widely
distributed during Santonian to Maastrichtian of Late Cretaceous, and
their fossil remains have been found in Asia, Europe, North and South
America (Lund and Gates 2006; Prieto-márquez 2010b). Indeed, many
fossil Lambeosaurine hadrosaurids have been found inAsia (Nagao 1936;
Riabinin 1938; Young 1958; Rozhdestvensky 1968; Bolotsky and
Kurzanov 1991; Godefroit et al. 2000, 2003, 2008; Lund and Gates
2006; Prieto-márquez 2010b; Bell and Brink 2013).

Tsintaosaurus spinorhinus (Young 1958), one of the well-known
Asian lambeosaurine, was recovered from the red beds of the
Jingangkou Formations of Upper Cretaceous, Wangshi Groupin the
Laiyang basin, Shandong, eastern China (Wang et al. 2010; Prieto-
Márquez and Wagner 2013; Zhang et al. 2017a), and the age of the
exposed fossil layers was interpreted as late Campanian to early
Maastrichtian of the Late Cretaceous (Yan and Chen 2005; Liu
et al. 2010; Xing et al. 2014; An et al. 2016). The Wangshi Group in
the Laiyang basin has yielded a variety of dinosaur groups, including
Hadrosauroidea (Wiman 1929; Young 1958; Hu 1973; Zhen 1976;
Zhang et al. 2017b, 2019), Ankylosauridae (Buffettaut and Tong
1995), Pachycephalosauridae (Dong 1978), Theropoda (Young
1958; Poropat and Kear 2013), Stegosauria (Young 1958), and
Sauropoda (Young 1958). This dinosaur assemblage was referred to
the Laiyang Hadrosauroid Fauna, one of the most important and
famous Late Cretaceous dinosaur faunas in China (Wang et al. 2010;
Zhang et al. 2017a).

Young (1958) described Tsintaosaurus spinorhinus based on a nearly
complete composite skeleton (IVPP V 725), an incomplete skull (IVPP
V 818), and additional postcranial materials from a small gully near the
Jingangkou Village, Laiyang. Tsintaosaurus spinorhinus has a rod-like,
anterodorsally projected cranial crest, formed by the nasals (Figure 1).
Because this extraordinary structure differs from the crest of other
lambeosaurines, which incorporate both the nasals and the premaxillae
(Ostrom 1962; Hopson 1975; Horner et al. 2004; Evans et al. 2009), some
scholars questioned whether the nasal spine was hollow and the validity
of the taxon (Rozhdestvensky 1968, 1977; Horner andWeishampel 1990;
Taquet 1991). However, some researchers believed that Tsintaosaurus
spinorhinus was assignable to Lambeosaurinae and most likely had
a hollow crest, based on the presence of lambeosaurine features in the
skull and postcranial bones (Maryańska and Osmólska 1981; Brett-
Surman 1989; Buffettaut and Tong 1993, 1995; Horner et al. 2004).
Prieto-Márquez and Wagner (2013) reconstructed the cranial crest of
Tsintaosaurus spinorhinus as a hollow posterodorsally projected structure
as in typical lambeosaurines, based on the morphology and bone contact
relationships of the holotype and paratype skulls (IVPP V 725 and IVPP
V 818) and an additional fragment of the crest bone (IVPP V 829). They
also questioned whether the nasal is a hollow tube, since the cross-
sectional area of the tubular process of the nasals is relatively small and
there is no ventral exit to the intracranial space (Prieto-Márquez and
Wagner 2013), which contradicts Young’s (1958) original description.

In recent years, the computed tomography (CT) scan and the
visualisation software have been generally used for non-destructive
reconstruction of digital endocast and other intraosseous structures
of hadrosaurids (Sullivan and Williamson 1999; Bell et al. 2009; Evans
et al. 2009; Godefroit et al. 2012; Farke et al. 2013; Lauters et al. 2013;
Cruzado-Caballero et al. 2015; Ramírez-Velasco et al. 2017; Becerra
et al. 2018). These non-invasive techniques could reveal the internal
anatomy of the lambeosaurine crest as a digital visualisation model
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(Sullivan and Williamson 1999; Evans et al. 2009; Farke et al. 2013).
Here we re-examined the skull of Tsintaosaurus spinorhinus and
scanned the spine of Tsintaosaurus (IVPP V 725) with a CT scanner
and reconstructed its internal structure.

Institutional abbreviations

IVPP: Institute of Vertebrate Paleontology and Paleoanthropology,
Chinese Academy of Sciences.

Materials and methods

Fossil specimen

The specimens studied herein, are the crania of the holotype (IVPP
V 725) and paratype (IVPPV 818) ofTsintaosaurus spinorhinus, which
were collected from the same site located in western of Jingangkou
Village, Laiyang City, Shandong Province, and all are housed in the
Institute of Vertebrate Paleontology and Paleoanthropology, Chinese
Academy of Sciences, Beijing, China.

CT scanning

The crest of the holotype of Tsintaosaurus spinorhinus (IVPP
V 725) was scanned with 450 ICT scanner with a voltage of 400

kV and a current of 150 mA at the Key Laboratory of
Vertebrate Evolution and Human Origins of Chinese Academy
of Sciences. The inter-slice spacing was 0.5 mm, and a total of
800 transmission images were captured for each sample, each
image being 2048*2048 pixels. The scan data were imported to
the volume analysis software VGStudio Max 2.1 (Volume
Graphics, Germany), and were then transferred into Mimics
16.0 (Materialise, Belgium) for segmentation, visualisation, and
analysis.

Results

Nasal spine external description

Only in the holotype, IVPP V 725, the nasals are almost completely
preserved, and fuse sagittal to form a rod-like, anterodorsally projected
nasal spine (Figure 1(a,d), 2(a,b)). The paired nasals form a thick
median ridge along the rostral of the midline suture and a shallow
groove along the caudal surface (Figures 1(d), 2(a,b)). There is a slope
on each lateral side of the rod-like process between the wide caudal
surface and narrow rostral surface, thus forming a heart-shape
cross section.

The rod-like process terminates in two branches dorsally, which
form the thin distal process with fan-shaped and rostrocaudally
expanded lateral profile (Figure 1(b,c)). However, both of the two

Figure 1. Nasal of Tsintaosaurus spinorhinus (IVPP V 725). Skull of Tsintaosaurus spinorhinus (IVPP V 725) in left lateral (a) and rostral (d) views. Distal process of the nasal in
right (b) and left (c) lateral views. Ventral part of the nasal in rostral view (e), the fracture surface between the rod-like process and the base of nasal marked by dotted lines.
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distal processes were mutilated when the fossil was collected, and
the breakage was restored by plaster as described by Young (1958)
(Figure 1(b)).

At the base of the nasal spine, the nasals extend ventrally to form
the rostrodorsal part of the neurocranium, which is surrounded by
the upturned portions of frontal caudally and prefrontal laterally
(Figure 1(d,e)). In the rostral view, the block-like process tapers
dorsally into the rod-like nasal spine. The rostral sutures between
the nasal and prefrontal form two narrow dorsoventrally oriented
ridges, which cooperate with the middle ridge to separate the rostral
face of the block into two concave passages (Figure 1(e)). The
passages shallow dorsally and end at the level of the dorsal margin
of the prefrontal, and two elliptical depressions locate in the rostral
surface of the passages of the base of the nasal. It is possible that the
middle ridge of the block would connect into the middle ridge of
the rod-like process, although there is a significant fracture between
the two parts of the nasal.

In dorsal view, the caudal portion of the nasal contacts the
frontal by a highly interdigitate suture (Figure 2(a,b)), and
divides into two branches by the narrow strip structure,
which is slightly concave and bordered by a thin ridge with
surround nasal and frontal (Figure 2(c)). The material in this
strip structure is more similar to that in suture rather than the
material of the nasal and frontal bones. In addition, in the
paratype, IVPP V 818, the nasal is not preserved, and the
nasofrontal contact is exposed (Figure 2(d)). There is no evi-
dence of the rostromedial process, but a deep cleft between the
two nasal articulate surfaces of the frontals (Figure 2(e)). We
speculate that the narrow strip-like structure is equivalent to
the deep cleft in IVPP V 818, which is filled with sediment.
Thus, this structure would be not the rostromedial process of
frontal as the description of Prieto-Márquez and Wagner
(2013), but a narrow groove opening between the nasal and
frontal bones.

Figure 2. Frontal-nasal groove of Tsintaosaurus spinorhinus. Holotype skull of Tsintaosaurus spinorhinus (IVPP V 725) in dorsal view (a). Line drawing of the same skull in
dorsal view (b). Frontal-nasal groove in dorsal view (c), narrow shallow strip structure surrounded by nasals and frontals, interpreted as the frontal-nasal groove filled with
sediment. Paratype skull of Tsintaosaurus spinorhinus (IVPP V 818) in rostral view (d). Nasal articular surface of frontal in rostral view (e), deep cleft between the two nasal
articulate surfaces interpreted as the frontal-nasal groove.
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Nasal spine internal description

The CT scan of the nasal shows that two distal processes are mostly
less denser and are interpreted as fractures, repaired with artificial
materials such as plaster (Figure 3(d-h)). Particularly, the terminal
of the left distal process is entirely artificial (Figure 3(d)). In the
main body of the distal process, the bones are found at the rostral
portion of the right branch and the caudal portion of the left
branch, and exhibit a progressive increase in thickness and length
towards the basal portion of the distal process. The CT scan reveals
three layers in the left distal process, a dense layer is sandwiched
between two less dense layers (Figure 3(f-h)). However, only two
layers are observed in the right branch, a denser part in the medial
and a less denser part in the cortical region. The missing layer may
be caused by erosion. Additionally, there is an obvious breakage on
the rostral surface of the right branch (Figure 3(e-g)). This observa-
tion is compatible with the external description, confirming the
interpretation of Prieto-Márquez and Wagner (2013) regarding

the distal nasal process of IVPP V 725 as the incomplete caudodor-
sal half of the rhomboid structure preserved in IVPP V 829 (figure 2
(a,c) in Prieto-Márquez and Wagner 2013). At the base of the distal
process, a grey strip-like area is located between the two branches
(Figure 3(f,g)), which may be interpreted as the sediment and glue,
confirming the external observation The grey strip-like area gradu-
ally decreases in thickness ventrally and becomes a vein as the two
branches of the distal process converge into the rod-like process of
the nasal spine (Figure 3(i)). At the connection between the distal
process and rod-like process, there is a severe post-depositional
fracture, which is visible after the 3D reconstruction of the CT
scan (Figure 3(a)).

The CT scan reveals a sandwich structure in the main body of
the nasal spine (Figure 3(i–m)), which has the same structure as the
left distal process. In our three-dimensional reconstruction, there is
a long strip in the middle along the sagittal plane, this structure is
interpreted as the rectangular medial dense part of the cross section
(Figure 3(a)). In most of the main body of the nasal, the middle part

Figure 3. CT scan images of the nasal spine of Tsintaosaurus spinorhinus (IVPP V 725). 3D reconstruction of the medial part of the nasal (a). CT scan image of sagittal section
of the nasal (b). Braincase with nasal in right lateral view (c), illustrating the relative locations of the cross sections (d–q). CT scan images of the distal process of the nasal in
different cross sections (d–h). CT scan images of the rod-like process of the nasal in different cross sections (i–m), the medial part of the nasal marked by dotted lines. CT
scan images of the base of the nasal in different cross sections (n–q), the medial part of the nasal marked by dotted lines.
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extends throughout the whole cross section of the nasal, from the
rostral to caudal surface. Although the fractures destroyed the
borders in several portions of the nasal, we still observed that the
rostral margin of the middle part fused into the rostral surface of
the rod-like process. In addition, the caudal margin of the nasal
base coincides with the caudal surface of the nasal spine. Therefore,
instead of forming a cavity around the middle, the two lateral parts
sandwich the middle between them. As a consequence, the crest of
Tsintaosaurus could not enclose a nasal cavity, which is divided into
a pair of hollow passage in the crest of all the other lambeosaurines.
In addition, the middle part of the crest of Tsintaosaurus is also part
of the skeleton, and the crest would be solid, not hollow.

As the rod-like process descends ventrally into the base of the
nasal, there is a lower density region interpreted as lateral part of the
nasal and a dense area interpreted as prefrontal in each lateral side of
the middle part of the nasal (Figure 3(n-q)). The middle dense part of
the nasal increases wider and forms a heart shape in cross section,
with a rostral taper is interpreted as themiddle ridge of the nasal base,
while the caudal margin of the middle part articulates with the
upturned rostral process of the frontal. Between the nasal and frontal,
there is a zigzag higher density line interpreted as the nasal-frontal
suture (Figure 3(o-q)). The CT scan of the nasal base reveals
a fusiform denser area that locates between the two branches of the
caudal process of the nasal and separates with the rostral processes of
the frontals (Figure 3(n-q)). The density has obvious distinction
between the fusiform area and themedial part of the nasal, the former
is more homogeneous. The fusiform denser area, increasing in size
towards the dorsal surface of the braincase, connects to the nasal-
frontal suture in the layers closed the braincase. This observation is
compatible with the external description above, and this area is
interpreted as a narrow groove.

Discussion

Our study concurs with Buffettaut and Tong (1993, 1995) that
Tsintaosaurus spinorhinus should be assignable to Lambeosaurinae.
Tsintaosaurus spinorhinus exhibits a series of characteristics of
Lambeosaurinae (Horner et al. 2004; Prieto-márquez 2010a), includ-
ing the frontal being completely excluded from the orbital margin,
the upward doming on the dorsal part of the frontal, the width being
greater than the length of the supratemporal fenestra, the parietal
sagittal crest being relatively short and down-curved, the anterodorsal
process absent in the anterior of the maxilla, the dorsal process of the
maxilla being posterodorsally extended, the symphyseal process of
the dentary being medioventrally extended, the quadrate being rela-
tively curved, and the distal region of the ischial shaft being ventrally
expanded, forming a large ‘boot-like’ process (Zhang et al. 2017a).

In lambeosaurines, the hypertrophied nasal passages associated
with a wide variety of supracranial crests are entirely enclosed by
the paired premaxillae and nasals (Ostrom 1962; Hopson 1975;
Horner et al. 2004; Evans et al. 2009). In the original description,
Young (1958) referred a partial left premaxilla, which only pre-
served the rostral portion, to IVPP V 725, the type of Tsintaosaurus
spinorhinus (figure 8 in Young 1958). Therefore, the morphology of
caudodorsal part of the premaxilla and the articular relationships
between the premaxilla and nasal are ambiguous, and the rod-like
nasal was considered as the whole cranial crest in most of the
reconstructions. However, Prieto-Márquez and Wagner (2013)
restored Tsintaosaurus spinorhinus with a hollow crest, which con-
sists of premaxillae and nasals with the upturned prefrontals and
frontals supporting caudoventrally (figures 7 and 8 in Prieto-
Márquez and Wagner 2013), as in typical lambeosaurines, based
on the skull characteristics and caudodorsal premaxillary frag-
ments, IVPP V 829. We consider this new reconstruction would

be more dependable, but our external observation and CT scan
provide some new information about the nasal spine of
Tsintaosaurus spinorhinus, as detailed below.

The main body of the nasal of Tsintaosaurus spinorhinus, the
rod-like process, was initially described by Young (1958) as
a hollow tubular structure, which were followed by the later authors
(Buffettaut and Tong 1993, 1995; Prieto-Márquez and Wagner
2013), because it is impossible to observe the inside of the nasal in
a conventional non-destructive way. However, Young (1958) did
not find the ventral exit of the nasal tubular structure to the
intracranial space, and in addition to this, Prieto-Márquez and
Wagner (2013) also suspected that the nasal tubular structure was
too narrow for air to pass through. Thus, they doubted that the
nasal was not hollow, but they still reconstructed the nasal structure
as a diverticulum, which is different from other lambeosaurines,
because of lacking more evidence (Prieto-Márquez and Wagner
2013). As described above, our CT scan data show that the cross sec-
tion of the rod-like process of nasal is a solid sandwich structure
(Figure 3(j-q)), which consists of a dense medial part and two lateral
less denser areas, rather than the hollow annular structure. The
medial part is not surrounded by the two lateral ones, and its rostral
margin delimits a rostral boundary of the sagittal ridge of the nasal.
In addition, the caudal portion of the medial dense area is also
touching the caudal border of nasal, particularly, especially in the
caudoventral part of the nasal, the caudal margin of the medial area
constitutes the caudodorsal surface and the contact surface for the
frontal (Figure 3(n-q)). In the most part of the rod-like process, the
medial denser area penetrates the rod-like process in the cross sec-
tion, so the nasals could not enclose a hollow cavity to form a tube-
like process. The medial denser area is interpreted as the internasal
articulation extending through the whole distance of the nasal
rostrocaudal, and the lateral lower density regions are interpreted
as the paired nasal plates, which are close to the internasal articula-
tion part without enclosing any space. We suspect that the differ-
ence in the density is probably caused by the fusion and reinforce of
the nasal for supporting and transferring the weight from the crest,
like denser and upturned prefrontal.

As the original description and reconstruction of Young (1958),
the nasal spine of IVPP V 725 extended slightly rostrodorsally. We
concur with this opinion, but we suggest that the nasal spine may be
more inclined rostrally than the current appearance (Figure 4).
Because, as the external description and CT scan revelation above,
there is a significant fracture between the rod-like process and the
block-like process of the nasal, and the fracture surfaces of these two
parts are almost similar. If the two parts of the nasal fit together, the
rod-like process would lean forward (Figure 4), because the position
of the base of the nasal is more stable than the rod-like process.
However, the nasal would not lean down and extend rostroventrally
as in saurolophine hadrosaurids (Taquet 1991), since the upturned
frontal and prefrontal in both the holotype (IVPP V 725) and para-
type (IVPP V 818) indicate that Tsintaosaurus spinorhinus indeed has
a dorsal-extended nasal spine. As our observation of holotype and
paratype of Tsintaosaurus spinorhinus, the dorsal margin of the
infratemporal fenestra lies approximately at the same level as the
dorsal margin of the orbit, and the caudal region of the skull roof is
subhorizontal relative to the frontal plane (Prieto-márquez 2010b:
character 192), as in other basal lambeosaurines like Aralosaurus
tuberiferus (Godefroit et al. 2004a) and Jaxartosaurus aralensis
(Rozhdestvensky 1968). Thus, we reject the opinion of Prieto-
Márquez and Wagner (2013) that the caudoventral sloping of the
skull roof causes the nasal angled posteriorly.

As noted above, between the two caudal processes of the nasals in
IVPP V 725, there is a narrow strip structure (Figure 3(c)), which
Prieto-Márquez and Wagner (2013) regarded as the narrow
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rostromedial process of frontal like in Jaxartosaurus aralensis
(Rozhdestvensky 1968) and Kazaklambia convincens (Bell and Brink
2013). However, the above external description and CT scan on the
morphology and articular relationships of this narrow strip structure
and the surrounding nasals and frontals revealed another interpreta-
tion of this structure as a deep groove filled with sediment (Figure 2(c),
3(n-q)). Although the narrow strip structure in IVPP V 725 is not
a perforative opening, it has a distinct boundary with nasal and frontal
bones (Figure 2(c)). In addition, the border is also obvious in the CT
scan imagery of the nasal crest of IVPP V 725 (Figure 3(n-q)). The
material in this structure is different from the nasal and frontal, but
same as in the nasal-frontal and interfrontal sutures. As the CT scan
shows the sagittal section of the narrow strip structure is a semicircle,
which is anastomosewith themorphology of the deep cleft between the
two nasal articulate surfaces of the frontals in IVPPV 818 (Figure 2(e)).
This structure is more similar with the median hemispherical notch in
rostral border of the frontal inAmurosaurus, which is derived from the
frontal-nasal fontanelle as the described by Godefroit et al. (2004b).
The frontal-nasal fontanelle, a central opening between the nasal and

frontal bones, is present in non-hadrosaurid Hadrosauroidea (e.g.
Bactrosaurus, Levnesovia, Eotrachodon), Saurolophinae (e.g.
Lophorhothon, Edmontosaurus), and basal Lambeosaurinae (e.g.
Aralosaurus, Amurosaurus) (Langston 1960; Rozhdestvensky 1966,
1968; Maryańska and Osmólska 1979; Godefroit et al. 2004a, 2004b;
Sues and Averianov 2009; Prieto-Márquez et al. 2016). The presence of
the frontal-nasal fontanelle is considered to be an ontogenetic char-
acter and responsible for the variability of crest structures, as essentially
the same role of the premaxilla-nasal fontanelle in the derived
Lambeosaurinae (Maryańska and Osmólska 1979; Godefroit et al.
2004a; Brink et al. 2011). As the CT scan revelation above, the narrow
frontal-nasal groove of IVPP V 725 shrinks ventrally and almost closes
at the bottom (Figure 3(n-q)), so this groove may not penetrate the
entire skull roof as a fontanelle. However, the cleft between the paired
nasal articulate surfaces of the frontals seems to open at the bottom in
IVPP V 818, which is smaller than IVPP V 725, and would represent
a younger individual. We suspect that there would be a frontal-nasal
fontanelle at the skull roof of juvenile or sub-adult Tsintaosaurus.
During the ontogeny, the bottom of the fontanelle is fused and ossified,

Figure 4. The reconstruction on the Tsintaosaurus skull. The grey areas indicate the available bones; the white areas are missing bones.
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and the fontanelle turned to a narrow groove between the frontal and
nasal bones. The narrow groove may refer to the previous presence of
the fontanelle during the earlier growth stages.

Conclusions

The CT scan reveals that the rod-like nasal spine of Tsintaosaurus
spinorhinus is a solid sandwich structure, rather than a hollow
tubular structure, and there are a series of breakages in the distal
process. There is a significant fracture between the rod-like process
and the block-like process of the nasal, and if we fit the two parts of
nasal together, the nasal spine may be more inclined rostrally than
the current appearance. The external description and CT scan show
a narrow strip structure surrounded by nasals and frontals. This
structure could be interpreted as a sediment-filled groove derived
from the frontal-nasal fontanelle that possibly occurs in earlier
growth stages. Our results are basically consistent with the recon-
struction of the cranial crest of Tsintaosaurus spinorhinus by Prieto-
Márquez and Wagner (2013) and provide some new information
about the nasal spine of Tsintaosaurus spinorhinus.
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