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Abstract

The toothed members of Pterosauria display an extremely wide range of tooth

morphologies that supported a variety of feeding habits. Histological studies

on the teeth of different pterosaur clades are potentially valuable in under-

standing the development of their tooth diversity. In this study, we used histo-

logical sections and scanning electron microscopy to describe and interpret the

tooth microstructure of Hamipterus (Pterodactyloidea). Our analysis is based

on seven teeth of Hamipterus (six isolated and one from a skull) from the

Lower Cretaceous collected in Hami, China. Our results show that the enamel

on the tooth crown is thin (�25 μm) in Hamipterus and covers only approxi-

mately half of the tooth crown. This thin enamel of the Hamipterus tooth

makes it vulnerable and often becomes damaged during taphonomic and dia-

genetic processes. The radicular pulp inside the conical-shaped root shows a

spindle space with a small foramen at the bottom, while the coronal pulp

shows a small tunnel (100–140 μm in diameter). We estimate that the small

teeth of Hamipterus likely took approximately 80 days to form. Furthermore,

the tooth has Andresen lines, which represent 7–15 days period. For stable

articulation of the tooth in the alveolus, the thick cellular cementum is con-

centrated on the lingual side of the root. The acellular cementum (�40 μm
thick) layer runs from the root to the partial tooth crown.
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1 | INTRODUCTION

Fossil teeth are one of the most popular materials applied
in biochronology, environmental and ecological charac-
terization (via isotopic analysis of the enamel), and evolu-
tionary studies because of the valuable information
recorded therein (Bestwick et al., 2018; Gong et al., 2020;
Kundanati et al., 2019). As a large group of extinct flying
reptiles that once ruled the Mesozoic sky, pterosaurs

exhibit a wide range of tooth morphotypes (Bestwick
et al., 2018; Chiappe et al., 2000; Dalla Vecchia, 2004;
Fastnacht, 2001; Fröbisch & Fröbisch, 2006; }Osi, 2011).
Since the 19th century (Owen, 1845), diverse tooth mor-
photypes of pterosaurs have been reported, and their var-
iation has been used to reconstruct their phylogeny,
inferring dietary and feeding ecologies (e.g., Benton
et al., 2000; Bestwick et al., 2018; Kellner & Mader, 1997;
Martill et al., 2023; }Osi, 2011; S�anchez-Hern�andez
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et al., 2007; Xu et al., 2022; Zhou et al., 2017). However,
the basic tooth microstructure of pterosaurs has been
minimally analyzed (Cerda & Codorniú, 2023;
Fastnacht, 2008; Vidovic, 2010), which is important for
solving discrepancies regarding structure and obtaining
more biological information (Cerda & Codorniú, 2023).

In addition to the importance of the basic architecture
of the tooth, several histological studies of other archo-
saur teeth have also provided insights into the feeding
behavior and paleoecology of extinct organisms (Brink
et al., 2015; D'Emic et al., 2019; Fiorillo & Currie, 1994;
Heckeberg & Rauhut, 2020) and the competitive strate-
gies derived from tooth microstructure (Li et al., 2020).
Histological thin sections of the teeth in crocodylians
were used in the calculation of tooth formation time by
counting the incremental lines of von Ebner in the den-
tine (Erickson, 1996a, 1996b). Improved methods have
also been widely applied to calculate the tooth formation
time and replacement rates of dinosaurs (e.g., Button
et al., 2017; D'Emic et al., 2013; D'Emic et al., 2019;
Erickson, 1996b; Kosch & Zanno, 2020; }Osi et al., 2022;
Sereno et al., 2007).

Although a few studies have focused on the histo-
logical teeth of pterosaurs (Cerda & Codorniú, 2023;
Vidovic, 2010), the complex and varied results already
imply their value for their different biological informa-
tion. ?Santanadactylus sp. (Pterodactyloidea) has a ple-
siomorphic enamel microstructure compared to that of
other archosaurs (Vidovic, 2010). Pterodaustro, from
another clade of Pterodactyloidea, differs from ?Santa-
nadactylus sp. in having a filamentous tooth in the
aulacodont condition (Cerda & Codorniú, 2023). There-
fore, to understand the dental variation and complexity
in the evolution of pterosaurs, extensive research on the
basic dental microstructure of different clades is neces-
sary. Recently, the Lower Cretaceous Shengjinkou For-
mation of the Tugulu Group in Hami, China, has
yielded a large number of three-dimensionally pre-
served bones of Hamipterus tianshanensis, including
three-dimensionally preserved male and female skulls
with teeth and eggs (Wang et al., 2014, 2017, 2020).
The adult individual has 19 teeth in the upper jaw and
15 teeth in the lower jaw on each side with variation in
size, position, and morphology (Wang et al., 2014). The
tooth crowns range from large, anterolaterally inclined,
and lance-shaped to smaller, vertical, and more posteri-
orly triangular, but they are all laterally flattened and
medially curved with smooth labial and fluted lingual
enamel surfaces (Wang et al., 2014). Although the mor-
phology of the teeth has been well described, the basic
internal microstructure of the tooth in Hamipterus is
not fully understood. In addition, the fossil teeth of
Hamipterus are typically not the toughest part of the

skeleton. They are very fragile like other fossil bones,
easily broken apart and often missing the crown. To
understand this phenomenon and shed light on the
development of the diverse tooth morphologies of ptero-
saurs, we describe and interpret the microstructure of
Hamipterus teeth using both scanning electron micros-
copy (SEM) and polarizing light microscopy. We find
limited coverage of thin enamel in Hamipterus, which
is often not well preserved. We also estimate the tooth
formation time of Hamipterus using von Ebner lines in
the orthodentine.

2 | MATERIALS AND METHODS

2.1 | Specimens and methods

Six isolated teeth (IVPP V 32250.1–32250.6) and one
tooth (IVPP V 32251.1) from the skull (IVPP V 32251)
of Hamipterus were selected to study tooth microstruc-
ture. All teeth belong to the Hamipterus specimens that
were recovered from our fieldwork at the fossil site of
Hamipterus in Hami, China (Wang et al., 2014), and
deposited at the Institute of Vertebrate Paleontology
and Paleoanthropology (IVPP), Chinese Academy of
Sciences. Only IVPP V 32250.6 had a preserved tooth
crown, while the other six teeth lacked the tip
(Figures 1–3). To investigate the microstructure of
Hamipterus by SEM and polarizing microscopy, we pro-
cessed the seven teeth using two methods, with four
teeth sliced into thin sections (IVPP V 32250.3–32250.6,
Table 1) and the other three (IVPP V 32250.1, 32250.2
and 32251.1) directly examined at their broken surfaces.
The high-resolution images show the detail of the struc-
ture in the teeth of Hamipterus.

2.1.1 | Terminology

The terminology in this study follows Berkovitz and Shel-
lis (2017).

The specimens were prepared and examined in the
following laboratories and institutes:

Chinese Academy of Sciences, China (CAS);
Key Laboratory of Vertebrate Evolution and Human
Origins, Institute of Vertebrate Paleontology and
Paleoanthropology, Beijing, China (IVPP);
China Geological Survey, Beijing, China (CGS);
Museum of Biology, Sun Yat-sen University Mawen-
hui Hall, Guangzhou, China (SYSU-MB);
School of Materials Science and Engineering, Sun
Yat-sen University, Guangzhou, China (SYSU-MSE).
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2.1.2 | Sample preparation

To directly examine the broken surface by SEM, the sam-
ples were cleaned by an air duster. We focus on the bro-
ken surfaces from IVPP V 32250.1 (Figure 1a,b, broken
into three parts), the smallest tooth (IVPP V 32250.2,
Figure 1c) and the tooth root (IVPP V 32251.1, Figure 2)
from the skull (IVPP V 32251). The other four teeth
(IVPP V 32250.3–32250.6) were sliced after being epoxy-

embedded in the laboratory at IVPP. These four tooth
samples were embedded in EXAKT Technovit 7200 one-
component resin. They were cut longitudinally (IVPP V
32250.3–32250.6, Table 1) using the EXAKT 300CP cut-
ting system, and one (IVPP V 32250.5) was also cut trans-
versally. The thin sections were ground and polished to a
thickness of approximately 50–60 μm using an EXAKT
400CS variable-speed grinding system with P500 and
P4000 abrasive papers.

FIGURE 1 Variety of isolated Hamipterus teeth from the Lower Cretaceous Shengjinkou Formation of the Tugulu Group in Hami,

China. (a) and (b) are IVPP V 32250.1 in labial (a) and lingual (b) views. Photo (c) and line drawing (d) of IVPP V 32250.2 in lingual view,

and (d) is not in scale. (e) and (f) are IVPP V 32250.3. and 32250.4 in the labial view, respectively. The lines labeled 6b,d correspond to the

locations of the axial section cuts shown in Figure 6b,d, respectively. Scale bar: 2 mm.
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2.1.3 | Scanning electron microscopy, energy
dispersive x-ray spectroscopy (EDS) (SEM–EDS)
and polarizing microscopy

We used Phenom Pro SEM at SYSU-MB to observe and
image the broken surfaces of the teeth of IVPP V 32250.1–

32250.2 with a voltage of 10 kV. The Zeiss BK-POL polar-
ized light microscope at SYSU-MSE and Zeiss Axio Imager
A2 polarized light microscope at IVPP were used to study
the thin sections (IVPP V 32250.3–32250.6). The Zeiss MA
EVO25 SEM at IVPP was used for analyzing the thin sec-
tions of IVPP V 32250.3, 32250.4 and 32250.6 under a 20 kV

FIGURE 2 SEMmicrographs of the dental structure on the transverse broken surface ofHamipterus (IVPP V 32251.1). (a) is the transverse

section of the root area. (b) is the close-up of (a) with different tubule lacunae in the dentine area. (c) shows the dentine–cementum junction area.

The acellular cementum layer is deposited over a thin granular layer of dentine, and the arrest lines (red arrow) are clear in the cellular cementum

as the last layer on the root. (d) is a close-up of the red box in (b) that shows the clusters of cementocyte lacunae (blue arrow) embedded in cellular

cementum. (e) shows where tooth IVPP V 32251.1 was positioned in the skull ofHamipterus IVPPV 32251. ac, acellular cementum; c, cementum;

cc, cellular cementum; d, dentine; dcj, dentine–cementum junction; gl, granular layer. Scale bars: a = 500 μm, b = 100 μm, c = 20 μm,

d = 10 μm, e = 1 cm.
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acceleration voltage after vacuum sputter coating in gold
palladium. Two thin sections (IVPP V 32250.3 and 32250.4)
were etched in 5% hydrochloric acid (20 s), subjected to an
ultrasonic bath, and air-dried for SEM and EDS. The FEI
Quanta 450 SEM at CGS was used to analyze the thin sec-
tions of IVPP V 32250.5 and broken surface of IVPP V
32251.1 with a voltage of 20 kV and EDS.

2.1.4 | Photography and drawings

Each specimen photograph and drawing were edited and
completed by Adobe Creative suite 3 design standard
in IVPP.

3 | RESULTS

3.1 | Gross description

The tooth of Hamipterus can be divided into the crown
and the root, similar to other archosaur teeth (Figure 1).
All fossil teeth of Hamipterus are very fragile, with exten-
sive development of transverse and sagittal cracks
(Figure 1). The roots of these teeth are often better pre-
served than the crown, with little or no damage to the
root tip (Figures 1, 2 and 4). Sagittal cracks on the surface
of every tooth crown are relatively small (Figure 5g). The
ontogenetic stage cannot be determined based on these
isolated teeth (Figures 1, 2 and 4). However, the relative
positions of the four isolated teeth along the tooth line
are clear (Table 1), corresponding to the variable length
and size of the tooth crown at different positions along
the tooth row (Wang et al., 2014). The long lance-shaped
teeth (IVPP V 32250.1, 32250.3 and 32250.4) are posi-
tioned closer to the rostrum, while the conical-shaped
tooth (IVPP V 32250.2) is posterior to the mandibular
symphysis if the tooth is located in the mandible. The
axial length of the crown is either greater than
(Figure 1a) or similar to that of the root (Figure 1c). The
lingual side of the crown is concave, and the crown is
also slightly concave on the mesial side (Figure 1d). The
root of the tooth has a rough surface and is slightly
curved to the lingual side. However, its outer surface is
not as lingually concave as the crown. A conical shaped
tooth root is commonly observed in other sharp-toothed
pterosaurs (Fastnacht, 2001) and has been observed in
the Triassic pterosaur group, including species such as
Eudimorphodon cf. ranzii (Wellnhofer, 2003).

A slender cavity tunnel is centrally present as the cor-
onal pulp, with a relatively constant diameter of 130–
136 μm in IVPP V 32250.1 (Figure 5b,c) and 49 μm in
IVPP V 32250.2. In contrast, the root has a larger pulp

cavity with a spindle shape (Figures 1c and 6b,c). Fur-
thermore, the labiolingually flattened tooth morphology
is also reflected in this radicular pulp (Figure 2a). Unlike
the hollow root with a large opened radicular pulp in
Crocodylus (Enax et al., 2013), the conical-shaped root in
Hamipterus retains only a very small foramen (�60 μm)
for connection of the radicular pulp (Figure 5i).

3.2 | Dental histology

There should be an outer layer of thin enamel covering
the tooth crown, as evidenced by the longitudinal
section of IVPP V 32250.4 (Figure 7) and V 32250.6
(Figure 3). However, we failed to find any obvious
enamel on the tip of the crown (Figure 3), as in ?Santa-
nadactylus sp. (Vidovic, 2010). The preserved outer
layer of tooth IVPP V 32250.6 is separated from the den-
tine, as observed through the microscope (Figure 3) and
with SEM, and it measures approximately 15–25 μm in
thickness. Additionally, SEM images reveal a very thin
enamel layer (�8 μm) of tooth IVPP V 32250.2
(Figure 5d), distinguishing it from the dentine in the
broken top crown area. While examining the continu-
ous outer layer on the lingual side of the middle crown
of IVPP V 32250.3 and 32250.4 (Figures 6b,d and 7), it
was challenging to distinguish the boundary between
the enamel and the cementum on the outer layer. This
difficulty arises due to their similar densities on the
intermittent outer surface, as observed through SEM
and microscopy. However, as indicated by different
polarizing microscopy results on the lingual side of the
IVPP V 32250.4 tooth (Figure 7d), there might be a
gradual reduction of the enamel layer, which is gradu-
ally covered by a thin cementum. Therefore, in contrast
to that in ?Santanadactylus sp., the enamel in Hamip-
terus covers a larger portion of the crown, likely extend-
ing over half of the total functional tooth height
(Figure 6a).

The dentine itself contains dense networks (�8 per
10 μm2) of dentine tubules (Figure 5f). These dentine
tubules were observed in all teeth in both the axial and
transversal planes (Figures 4–6). Subsurface structures
show a dense network of dentine tubules radiating out
from an undivided pulp cavity to the surface structures
(Figure 5b,f). The SEM image of the fractured teeth
revealed that the mineral phase of dentine consists of
lamellar-shaped crystallites (Figure 5h). In the transverse
plate (Figure 5d,f) of the outer layers in the early mineral-
ized stage, the dentine tubules often appear as tiny,
pointed shapes. However, as the root area forms, the den-
tine tubules exhibit short lines in the outer layers on the
transverse plane (Figures 2c and 4g). In the middle
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layers, the dentine tubules resemble short lines
(Figures 2b, 4b,e, and 5c,e), curving toward the radicular
pulp (Figures 4a,f and 6b,d). Closer to the pulp, very few
dentine tubules are embedded in the last layers
(Figures 4b, 5a,b,c). The nontransparent dots in the den-
tine (Figure 4b) appear to be rather bright in the SEM
image (backscatter mode), indicating the intrusion of dia-
genetic minerals as in its nondental bones (Li
et al., 2021).

The transitional region from dentine to enamel is not
well preserved. However, on the root, the transition
between dentine and cementum is clearly marked by the
dentine–cementum junction (dcj). This layer is clearly
visible in the SEM images of axially polished sections
through the teeth (Figure 6b,d). Similar to those in Cai-
man sclerops (Reptilia, Crocodylidae) (Berkovitz &
Shellis, 2017), the dentine tubules terminate at the dcj in
the immediately underlying region. In this area, the

FIGURE 3 Tooth axial micrographs of Hamipterus (IVPP V 32250.6). (a) is an axial thin-section micrograph showing the tooth tip of

IVPP V 32250.6. (b) is a polarizing micrograph of (a). The SEM micrograph (c) is a close-up of the red box in (a), showing a different outer

layer that should represent the enamel (indicated by an arrow). (d) is an SEM micrograph of the enamel, showing increased magnification of

the red box in (c). (e) is the tooth IVPP V 32250.6 only preserved crown part. Scale bar: a, b and c = 100 μm, d = 2 μm, e = 2 mm.
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packing density of the crystallites increases, distinguished
as a granular layer (Figure 2c). In the ground sections of
IVPP V 32250.5 (Figure 4b,g), the granular layer appears
dark and speckled because the light is scattered by the
broken and filled matrix during taphonomic processes in
numerous spaces, which is caused by incomplete miner-
alization (Berkovitz & Shellis, 2017).

An acellular layer (Figure 4a) of calcium phosphate
surrounds the granular layer of dentine and lacks
tubules of uniform thickness (�40 μm). This layer
extends from the root to the partial tooth crown
(Figure 6b,d) and is surrounded by a thick layer of cel-
lular cementum at the beginning of the root area. Simi-
lar to that in crocodylians (Berkovitz & Shellis, 2017;
Enax et al., 2013), this acellular layer in Hamipterus is

likely the acellular cementum layer, considering the
typical arrangement of dentin structure. From the outer
surface inward, the mineral phase of this acellular layer
is not clearly structured in terms of irregularly arranged
crystallites (Figures 2c and 4g), which conforms to the
loose network of randomly arranged organic fibers in
the cementum (Berkovitz & Shellis, 2017). Based on dif-
ferent polarizing microscopy results, the enamel layer is
covered by a thin cementum on the lingual side of
IVPP V 32250.4 (Figure 7), indicating that the cemen-
toenamel junction in Hamipterus belongs to the overlap
interface type rather than the meet or gap interface
type (Fehrenbach & Popowics, 2016).

The root surface of the Hamipterus tooth exhibits two
types of cementum. The first type is acellular cementum

TABLE 1 Details of the specimens used for histological study, and tooth formation times counted on the dentine in Hamipterus.

Inventory
number

Tooth
position

Complete
tooth root
length (mm)
* estimated

The tooth
width of the
mesiodistal
widest
area (mm)

Tooth
formation
time
(estimated
days)

Mean width of
von Ebner
incremental
bands (μm) *
lingual/labial

Direction of
section/
broken
surface Methods

IVPP V
32250.1

Closer to
the
anterior
of the
tooth line

�10.3 �5.5 ? - Transverse SEM

IVPP V
32250.2

Closer to
the
posterior
of the
tooth line

�3.9 �2.8 ? - Longitudinal
&
Transverse

SEM

IVPP V
32250.3

Closer to
the
anterior
of the
tooth line

�7.7 �4.8 ? - Longitudinal Microscope
+ SEM
+ EDS

IVPP V
32250.4

Closer to
the
anterior
of the
tooth line

�6.1 �2.7 �80 - Longitudinal Microscope
+ SEM
+ EDS

IVPP V
32250.5

Closer to
the
posterior
of the
tooth line

? �3.6 ? 18.5 Longitudinal
&
Transverse

Microscope
+ SEM
+ EDS

IVPP V
32250.6

Closer to
the
anterior
of the
tooth line

? ? ? ? Longitudinal Microscope
+ SEM

IVPP V
32251.1

? ? �2.5 ? 23.5 Transverse SEM

Note: * estimated; ? unclear.
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(Figures 2c, 4g and 6b,d), which lacks cementocytes and
is deposited over the dentine at the dentinocemental
junction. The second type is the cellular cementum, simi-
lar to that in extant animals (Berkovitz & Shellis, 2017).
This outermost layer contains embedded cementocytes
(Figure 2d) deposited over the thin layer of acellular
cementum adjacent to the dentine (Figure 2c). The

appositional growth of cellular cementum is indicated by
the presence of lines of arrested growth, which appear as
smooth growth rings in the cross-sectional microscopic
views (Figures 2c,d and 4g).

Similar to that in other vertebrates, such as the sperm
whale, the spring hare, and Crocodylus (Berkovitz &
Shellis, 2017), the dentine in Hamipterus also exhibits

FIGURE 4 Microanatomy of the dental structure in Hamipterus (IVPP V 32250.5). (a), (c) and (f) are transmission micrographs of the

axial sections. (c) and (f) are close-ups of the No. 1 and No. 2 red boxes in (a), respectively. (b) is transmission micrograph of the transverse

thin sections. The polarizing micrograph (d) is a close-up of the No. 1 red box in (b). The SEM micrograph (e) is a close-up of the No. 2 red

box in (b). The SEM micrograph (g) is a close-up of the red box in (e) and shows the cementocyte lacunae (red arrows) and the filled matrix

(white arrow) during taphonomy inside the acellular cementum layer. Both the short-period von Ebner lines (red arrows in b, c, d, e) and

long-period Andresen lines (white arrows in b, d) are clear in the dentine area. (f) shows the tubules curving to the radicular pulp on the

basal tooth (red arrows). ac, acellular cementum; c, cementum; cc, cellular cementum; d, dentine; dcj, dentine–cementum junction. Scale

bars: a and b = 500 μm, c–g = 100 μm.
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two types of incremental lines: Andresen lines (long peri-
odicity) and von Ebner lines (short periodicity)
(Figure 4b,d). Andresen lines reflect periodic variations
in the orientation of collagen fibers and are particularly

clear under polarizing microscopy (Berkovitz &
Shellis, 2017). Between the long-period Andresen lines,
short-period von Ebner lines occur (Berkovitz &
Shellis, 2017). The von Ebner lines represent a daily

FIGURE 5 SEM micrographs of the surface features on the broken area of the teeth in Hamipterus. (a) and (d) are the broken

transverse surfaces on the top of the crown in IVPP V 32250.2, showing the coronal pulp surrounded by orthodentine with tubules (a) and a

very thin outer layer that belongs to the enamel (d). (b), (c) and e–i are the micrographs taken of IVPP V 32250.1. The size of the slender

tunnel of coronal pulp is similar from the middle (c) to the top area (b) of the tooth. The dentine tubules generally show tiny points closer to

the outer layer (f) and pulp (a) and short lines in the middle (b and c, black arrow in e) of the tooth crown. The tooth crown surface has

numerous small axial cracks (black arrow) and microwear (g). The broken transverse surface in the middle part of the tooth shows lamellar-

shaped crystallites on the orthodentine (h). A very small foramen (�60 μm) (i) on the tip of the tooth root connects the radicular pulp of the

tooth. d, dentine; e, enamel. All scale bars are equal to 50 μm.
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increment of dentine mineralization (Dean, 1998;
Erickson, 1996a, 1996b) and can be observed at different
distances from each other in all thin sections (Figures 2,
4 and 6). The number of von Ebner lines between Andre-
sen lines ranges from 7 to 15, suggesting potential weekly
or monthly periods in Hamipterus, although the exact
periodicities of these lines require further investigation.
In the cross-section of IVPP V 32250.5, the widths of the

von Ebner lines vary in the transverse (labiolingual) (16–
21 μm) and longitudinal (mesiodistal) sections (13–
23 μm). The mean widths of the von Ebner lines are 18.5
μm and 18 μm in these two sections, respectively, and
occasionally thinner growth lines (13 μm) appear in the
middle of the dentine (Figure 4b). The growth lines
around the distal pulp cavity are bent toward the cavity
(Figure 6b,d).

FIGURE 6 Illustration of the Hamipterus tooth axial plate and its SEM diagrams and EDS analysis results. (a) is an illustration showing

the different dental layers. (b) is an axial thin-section SEM micrograph of IVPP V 32250.3. c is the micrograph close-up from the

corresponding area of the red box in (b). (d) is an axial thin-section SEM micrograph of tooth IVPP V 32250.4. (e–i) are the diagrams of

SEM–EDS results focused on the corresponding area of the red box in (c). A twist dentine layer are preserved on the radicular pulp surface at

the bottom of the root in IVPP V 32250.3 (red arrow in b and c). The preserved continuing outer layers on the lingual side clearly show the

acellular cementum layer from the root to the partial crown (white arrow in b and d). The density of the enamel on the inside is slightly

higher (yellow arrow in d). c, cementum; d, dentine; e, enamel. Scale bar: b and d = 500 μm, c = 200 μm.
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3.3 | Tooth formation time

The number of von Ebner lines from an axial
section near the central axis will closely reflect tooth for-
mation (Kosch & Zanno, 2020). However, due to the
preciousness of complete fossil teeth, we selected a
small tooth (IVPP V 32250.4) that had lost its tip to esti-
mate its formation time based on the estimated central
axis. To facilitate accurate counting, we divided it into
three stages (Figure 7c). In stage one, 16 von Ebner lines
were observed, while in stage two, 18 von Ebner lines
were counted. However, not all von Ebner lines were
clearly visible in stage three (Figure 7c). We estimate
that there are 36 von Ebner lines in Stage, including 9

lines (within the 90 μm unclear areas) estimated from
the 10 μm average width of nearby von Ebner lines.
Based on the axial section count, approximately 70 von
Ebner lines were identified. Considering the estimated
height of the central axis, the tooth formation time for
this small tooth was estimated to be approximately
80 days (Figure 7c).

3.4 | SEM–EDS analysis

EDS analysis revealed high peaks of calcium and phos-
phorus in all dental layers (IVPP V 32250.3, 32250.4 and
32251.1). Additionally, the thin cross-section of IVPP V

FIGURE 7 Tooth axial micrographs of Hamipterus (IVPP V 32250.4). (b) is a close-up of the corresponding area of the red box on its

axial thin section (a). The polarizing micrograph (d) is a close-up of the red boxes in (c). c, cementum; d, dentine; e, enamel. The estimated

central axis height is indicated with dashed lines in (c). Scale bar: a and c = 100 μm, b and d = 50 μm.
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32250.5 exhibits fissures and secondary mineralization in
the dentine area (Figure 4e,g). In the thin cross-section of
IVPP V 32250.3 (Figure 6e,g), a curved, twisting layer
was preserved within the innermost dentine layer on the
surface of the radicular pulp (Figure 6b,c). This layer dis-
played continuity with the dentine layer, apparent under
microscopy (Figure 6c), but it appeared darker in image
acquired using the Back-scattered Electron Detector
(BSE), indicating a distinct composition (Figure 6b,e–i).
The EDS results demonstrated similar compositions for
this layer and the dentine layer, primarily consisting of
Ca, P and O with small peaks attributed to C, S, and F
(Figure 6e,g). Although this irregularly curved and folded
layer resembles the plicidentine found in the basal por-
tions of teeth in Latimeria and some reptiles (Kearney &
Rieppel, 2006; Meunier et al., 2015), it is not extensively
folded vertically as in plicidentine (Kearney &
Rieppel, 2006; Meunier et al., 2015). Therefore, this irreg-
ularly curved dental layer may represent a unique feature
specific to IVPP V 32250.3 or possibly remnants from the
last mineralization stage of orthodentine.

4 | COMPARISONS AND
DISCUSSION

It is understandable that due to taphonomy, the crown
part of fossil teeth is less frequently preserved than other
parts. As the diagenetic minerals in bones, this taphono-
mical process may also lead to the fragile nature of fossil
teeth. Furthermore, the enamel is very thin and does not
have a sufficiently high density to preserve or protect the
dentin. We observed that the enamel is poorly preserved
in the fossil teeth of Hamipterus. The thickness of the
enamel layer identified is approximately 25 μm, which is
similar to the general thickness of the enamel of? Santa-
nadactylus sp. but much thinner than that of crocody-
lians (�360 μm) and dinosaurs, including the spinosaur
(55–90 μm) (Vidovic, 2010). This outer layer covers
almost half of the functional tooth, slightly more than in?
Santanadactylus sp. (Vidovic, 2010), and differs from the
enamel layer of dinosaurs (e.g., Button et al., 2017;
D'Emic et al., 2013; D'Emic et al., 2019; }Osi et al., 2022;
Sereno et al., 2007) and crocodylians (Erickson, 1996a,
1996b). Despite the enamel layer exhibiting increased
density from the outer surface inward (Figure 6d), its
density is still not obviously higher than that of the acel-
lular cementum, as revealed through SEM (Figure 6d).

Compared with the dental calculus, the outer layer of
Hamipterus teeth with small rounded lacuna clusters is
likely the cellular cementum (Figures 2c, 4g and 6b,d).
Although some dental calculus may also cover the root
area and preserve a variety of biomolecules or their

lacunae (Velsko & Warinner, 2017; Warinner
et al., 2014), it lacks the presence of regular parallel
growth lines in the same anatomical position across dif-
ferent teeth, as observed in the cellular cementum. The
thick, cellular cementum, found mostly on the lingual
side of the crown-root area of the tooth in Hamipterus,
has hardly been noted in other pterosaurs, dinosaurs, and
crocodylians (e.g., Enax et al., 2013; Heckeberg &
Rauhut, 2020; Vidovic, 2010). This cellular cementum
responds to tooth wear and movement (Fehrenbach &
Popowics, 2016), so its development indicates that the
teeth of Hamipterus are well stabilized in the alveoli.

The regular periodicity of the Andresen lines corre-
sponds to increments of dentine apposition over periods
of 7–15 days in Hamipterus. This estimated time is closer
to the periods observed in some extant mammals, such as
humans and great apes (6–10 days), monkeys (4–5 days),
and proboscideans (13–14 days) (Dean &
Scandrett, 1996). In comparison, Crocodylus exhibits
long-period lines, with 15–35 von Ebner lines
(Berkovitz & Shellis, 2017). The mean von Ebner line
increment width (VEIW) data from the transverse sec-
tions can still be used for comparisons between different
clades. The short-period lines (von Ebner lines) represent
daily increments of growth of approximately 18.5 μm in
Hamipterus, slightly higher than that of crocodylians
(16 μm) (Erickson, 1996a, 1996b). These values are higher
than those of Edmontonia (13.9 μm) and Pinacosaurus
grangeri (15.7 μm) (Hill et al., 2015), closer to that of
Hungarosaurus (15–19 μm) but lower than that of
Mochlodon (33.55 μm) (}Osi et al., 2022). Given the varia-
tion in VEIW observed among dinosaurs, it is important
to investigate whether this degree of daily deposition of
tooth formation varies among the pterosaurs. This explo-
ration can help determine if the widths of daily deposi-
tion of the tooth are related to the variety of tooth
morphotypes and diets among pterosaurs.

Ontogeny barely impacts the mean VEIW in alligator
(Kosch & Zanno, 2020), and similarly, the mean VEIW
does not vary significantly with tooth size in Hamipterus
(Table 1). Based on our estimation, the formation time of
a small tooth (2.7 mm width in the mesiodistal widest
area) in Hamipterus is approximately 80 days. Therefore,
even if we double the formation time for a larger tooth
with double the size, Hamipterus would still require a
shorter tooth formation time than theropods (293–
359 days, e.g., D'Emic et al., 2019; Heckeberg &
Rauhut, 2020) and crocodylians (Erickson, 1996a, 1996b).
The dentin deposition and the thin short enamel layer
may both contribute to the shortened development time
of teeth in Hamipterus.

No replacement tooth preserved with antecedent
teeth in different individuals at various developmental
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stages of Hamipterus has been found. Instead, there is
either the distolingual replacement of the tooth as in
Coloborhynchus (Fastnacht, 2008) or the circular resorp-
tion of Eudimorphodon (Wild, 1978), similar to in alliga-
tor (Wu et al., 2013). While Pterodaustro exhibits a
distinct pattern of tooth replacement, it indicates that
dental variation and complexity are related to changes in
the spatial distribution of tissues rather than the occur-
rence of novel tissues in the evolution of the clades
(Cerda & Codorniú, 2023). Therefore, further investiga-
tion and the discovery of specific preserved materials are
required to determine the patterns of tooth replacement
in Hamipterus. Furthermore, this will allow the estima-
tion of the tooth replacement rate of Hamipterus.

5 | CONCLUSION AND
PERSPECTIVES

Our study focuses on the detailed dental microstructure
analysis of Hamipterus, and all of the specimens in this
study were discovered in the Lower Cretaceous Shengjin-
kou Formation of Hami, Xinjiang, China. The results indi-
cate that the conical-shaped root of Hamipterus teeth
contains a spindle-spaced radicular pulp, which narrows
into a small tunnel (100–140 μm in diameter) on the
crown. The enamel in Hamipterus is very thin and only
covers nearly half the height of the total functional tooth,
similar to that of ?Santanadactylus sp. The thin, small,
covered area and the low density of the enamel might be
related to the fragile and fragmentary fossil tooth preserva-
tion in Hamipterus. The acellular cementum surrounding
the dentine not only covers the whole root but also
extends to parts of the tooth crown. The thickest cellular
cementum layer covers the cervical root surface. More-
over, the thick cellular cementum layer stabilizes the tooth
in the alveolus. Two types of incremental lines on the den-
tine are clearly shown in Hamipterus, which are von
Ebner lines and Andresen lines. The periodicity of Andre-
sen lines is approximately 7–15 days in the teeth of
Hamipterus, similar to that in some mammals. Investiga-
tions of the incremental lines in the small teeth of Hamip-
terus showed relatively short tooth formation times
(�80 days).
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