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ARTICLE

BONE HISTOLOGY OF THE NON-IGUANODONTIAN ORNITHOPOD JEHOLOSAURUS
SHANGYUANENSIS AND ITS IMPLICATIONS FOR DINOSAUR SKELETOCHRONOLOGY
AND DEVELOPMENT
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ABSTRACT —Bone histology has provided valuable information on the life history of dinosaurs, and the presence of growth
lines provides useful information for age estimation, growth variation, and the reconstruction of paleobehavior. Here, we
present new data recovered from five individuals of the non-iguanodontian ornithopod dinosaur Jeholosaurus
shangyuanensis from the Early Cretaceous Jehol Biota. These specimens, ranging in body length from 16 to 62 cm,
represent early juvenile, late juvenile, and subadult ontogenetic stages. The bones of Jeholosaurus mainly consist of
fibrolamellar tissue, which is similar to that of other non-iguanodontian ornithopods; however, parallel-fibered bone and
lamellar bone tissues were also deposited in early juvenile through subadult individuals, suggesting relatively slow growth
rates. Parallel-fibered bone is only regionally present in the juvenile but is well developed throughout the outermost cortex
of the subadult. Skeletochronology indicates that these specimens range in age from one to five years old. Analyzing bone
tissue distribution and lines of arrested growth (LAGs) in these specimens, we estimate that Jeholosaurus reached sexual
maturity at two to four years old. The largest individual (IVPP V15939) displays an apparently higher growth rate during
the first two years, which is abruptly reduced in the following years, suggesting a distinct growth pattern that may be related
to sexual dimorphism or variable environmental conditions. Finally, the largest specimen displays parallel-fibered bone
tissue but lacks an external fundamental system (EFS) near the periphery, suggesting that it was still growing but was
approaching somatic maturity at death.

SUPPLEMENTAL DATA —Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

Citation for this article: Han, F., Q. Zhao, J. Stiegler, and X. Xu. 2020. Bone histology of the non-iguanodontian ornithopod
Jeholosaurus shangyuanensis and its implications for dinosaur skeletochronology and development. Journal of Vertebrate
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INTRODUCTION

Bone histology has provided important information on dinosaur
physiology and growth patterns, including growth rates (Erickson
et al., 2001; Padian et al., 2001; Chinsamy-Turan, 2005), longevity
(Erickson, 2005; Hiibner, 2012), sexual maturity (Erickson et al.,
2007; Lee and Werning, 2008), somatic maturity (Sander et al.,
2006), metabolic rates (Grady et al., 2014), and social behavior
(Zhao et al., 2014). Previous studies show that most dinosaurs
grew with fibrolamellar bone tissue type that is interrupted by
the formation of lines of arrested growth (LAGs). Bone tissues
suggest that the growth rates of dinosaurs are faster than those
of most extant reptiles (Erickson et al., 2001; Erickson, 2005).
Small dinosaurs usually have moderate growth rates, whereas
large species could grow as fast as large mammals (Erickson,
2005). Counting the number of LAGs is a common method for
evaluating the individual longevity of dinosaurs (Castanet,
1994). However, this method does not always provide a correct
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age due to the remodeling and expansion of the marrow cavity
(Horner et al., 1999). Several methods have been used to recon-
struct the number of missing LAGs (Zug and Wynn, 1986; Klein
and Sander, 2007; Lee and O’Connor,2013; Lee et al.,2013; Wood-
ward et al., 2013), and the most informative method is to analyze
samples from an ontogenetic series of individuals (Lee and
Werning, 2008; Reizner, 2010; Zhao et al., 2013).

Analyses of bone histology from the ontogenetic series of indi-
viduals are likely to provide more accurate information to address
the abovementioned issues pertaining to the reconstruction of
dinosaur life histories (Zhao et al., 2013). This approach has
been applied to the non-neoceratopsian ceratopsian Psittaco-
saurus (Erickson and Tumanova, 2000; Erickson et al., 2009;
Zhao et al., 2019), the small ornithopods Gasparinisaura cincosal-
tensis (Cerda and Chinsamy, 2012), the iguanodontians
Dryosaurus (Horner et al., 2009), Dysalotosaurus (Hiibner,
2012), and Tenontosaurus (Werning, 2012), the hadrosaurid
Maiasaura (Horner et al., 2000; Woodward et al., 2015), as well
as some sauropodomorphs (Klein and Sander, 2007, 2008) and
theropods (Erickson et al., 2004; Horner and Padian, 2004;
Bybee et al., 2006; Wang et al., 2017; Lee and O’Connor, 2013).

Ornithopoda represents one of the most successful
ornithischian dinosaur clades, living on all continents during the
Cretaceous. Early-diverging ornithopods are generally small
and bipedal (sometimes referred to as ‘hypsilophodontids’;
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FIGURE 1. The skeleton of the smaller subadult Jeholosaurus shangyuanensis (IVPP V20379) and the locations of histological sampling. A, the whole
skeleton. The black arrow indicates the sectional positions. B, cross-section and line drawing of LAGs in the right tibia. C, cross-section and line drawing
of LAGs in the right fibula. Thick lines represent the border of the medullary cavity and the outline of the whole cross-section. Fine lines indicate LAGs.
Fine dotted lines indicate obscured or missing portions of LAGs. Black point is the center of the extremities of each corner. Red lines are the distances
from the center to each LAG and periphery. The gray areas all indicate endosteal bone layers. Abbreviations: ac, anterior corner; lc, lateral corner; me,

medial corner.

Butler et al., 2008), and the clade includes much larger quadrupe-
dal forms during the Cretaceous (Norman et al.,2004; Butler et al.,
2008). Previous studies on bone histology of the ornithopods have
significantly enhanced our understanding of their physiology and
behavior. The ornithopods are well known histologically in com-
parison with other major dinosaurian clades (Chinsamy, 1995;
Horner et al., 2000, 2009; Cerda and Chinsamy, 2012; Hiibner,
2012; Werning, 2012; Woodward et al., 2015). Hiibner (2012)
suggested that there are two types of bone tissue in ornithopods
based on distinct body size: large ornithopods have well-developed
growth cycles with annuli/LAGs, whereas small ornithopods have
less pronounced annuli/LAGs than large ornithopods in subadult
or adult individuals due to lower demand for food, no need for
migration, and precocial young (Hiibner, 2012). However, the
well-developed LAGs and annuli present in the small ornithopod
Gasparinisaura suggest that there is a greater diversity of growth
patterns among ornithopods than has been previously suggested
(Cerda and Chinsamy, 2012).

Jeholosaurus shangyuanensis is a small non-iguanodontian
ornithopod from the Lower Cretaceous Yixian Formation in
Liaoning Province, China (Xu et al., 2000). The skeletal mor-
phology has been described based on well-preserved specimens
(Barrett and Han, 2009; Han et al., 2012), but other aspects of
this species such as growth dynamics and physiology are poorly
known. Here, we examine the bone histology of Jeholosaurus
shangyuanensis based on five individuals of different sizes
(Fig. 1; Table 1) and provide growth rates, individual growth vari-
ation, and other life-history aspects of this dinosaur, which will
contribute to understanding the diversity of growth strategies
among non-inguanodontian ornithopods.

Institutional Abbreviations—IVPP, Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China; MOR,
Museum of the Rockies, Bozeman, Montana, U.S.A.

MATERIALS AND METHODS

Five individuals of Jeholosaurus (IVPP V12529, IVPP V15719,
IVPP V20380, IVPP V20379, and IVPP V15939) were selected

for histological analysis (Table 1; Figs. 1, 2). All materials came
from the Lujiatun Bed of the Yixian Formation (Lower Cretac-
eous) of Lujiatun, Liaoning Province, China (He et al., 2006), but
may come from different stratigraphic levels within the Lujiatun
Bed based on color differences in matrix associated with each indi-
vidual (Hanetal.,2012). The skeletal morphology of IVPP V15719,
IVPP V12529, and IVPP V15939 was described in previous papers
(Barrettand Han,2009; Han et al., 2012). IVPP V20379 (Fig. 1) and
IVPP V20380 preserved complete skulls and postcranial skeletons
and are assignable to Jeholosaurus shangyuanensis based on a com-
bination of characters. [IVPP V20379 was identified as J. shangyua-
nensis based on the following characters: the presence of six
premaxillary teeth, the triangular maxillary teeth without
primary ridge, triangular antorbital fenestra, and fused distal
tarsals 1 and 2. IVPP V20380 was assigned to be J. shangyuanensis
by the following features: six premaxillary teeth, subtriangular
maxillary tooth crowns, sharp anterior end of the predentary, the
elongate ilium with a slender preacetabular process and a short
and deep postacetabular process, a brevis fossa facing ventrally,
and the ischial shafts appressing to each other for approximately
70% of their lengths distally. Sections were sampled from the
mid-diaphyses of tibiae and fibulae because of these elements’
diminished potential for remodeling relative to other long bones
(Horner et al., 1999). The sampled positions are listed in Table 1.
All tibiae have subtriangular cross-sections, with the distances
from the proximal ends to the sampled positions among 51-55%
of the entire lengths of the tibiae (Table 1), whereas the cross-sec-
tions of the fibulae are variable from subelliptical to subcircular in
outline due to slightly different sectional positions (Fig. 2). The
tibiae and the fibulae were sampled together in the smallest individ-
ual IVPP V15719, the holotype specimen IVPP V12529, and the
largest individual IVPP V15939, and their fibulae have subcircular
cross-sections. The other two individuals, IVPP V20379 and IVPP
V20380, on the other hand, have more elliptical cross-sections due
to more proximally positioned sections (Fig. 2).

The preparation of the histological sections was carried out at
the IVPP. The selected bones were processed using the Exakt
cutting-grinding system (Gotfredsen et al., 1989; Donath and
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TABLE 1. Specimens of Jeholosaurus shangyuanensis used for histological analysis.
Sectional Body Medullary
Specimen Element length position length Preserved Age estimation area/cortex Growth
number Element (mm) (mm) (mm) LAGs (years) ratio stage
IVPP V15719  Right tibia 65 33 160 0 <1 0.4 Early
Right fibula 61 31 0 0.11 juvenile
IVPP V12529  Right tibia 108 58 270e 2 2 0.21e Late juvenile
Right fibula 101 58 2 0.02
IVPP V20380  Right tibia 135 73 520 3 3 0.23 Late juvenile
Right fibula 130e 55 3 0.01
IVPP V20379  Right tibia 127 69 440 5 5 0.20e Subadult
Right fibula 121e 55 5 0.01
IVPP V15939  Right tibia 161 86 620e 5 5 0.18 Subadult
Right fibula 148 83 5 0.007

Sectional position is the distance from the proximal end to the positional site. e = estimated value.

Rohrer, 2003). Sections were embedded in Exakt Technovit 7200
one-component resin, cut with an Exakt-300CL automatic micro-
tome, and ground to a thickness of about 60 um using Exakt
400CS grinding machine with P800 and P4000 abrasive paper.
The polished thin sections were then observed under transmitted
and polarized light. Thin section slides were photographed using a
Leica DM-RX optical microscope. Nomenclature and definitions
of structures follow Francillon-Viellot et al. (1990) and Chinsamy-
Turan (2005).

Some previous estimations of vascular density use qualitative
terms, such as ‘very dense’ or ‘moderately dense’ canals. Here,
we follow the terms of Warshaw (2008). The terms ‘dense vascu-
larization” or ‘highly vascularized’ are in reference to vascular
canals separated from each other by less than the diameter of
two canals. ‘Moderately dense vascularization’ was defined as
the distance between vascular canals less than three times the
diameter of the canals. ‘Sparse vascularization’ or ‘poorly vascu-
larized canals’ was defined as the distance between vascular
canals more than three times the diameter of the canals.

Estimations of individual age were calculated by counting
LAGs in both tibiae and fibulae (Fig. 2). The LAGs that have
been destroyed because of the expansion of the medullary
cavity or remodeling in large individuals can be retrocalculated
by the examination of small individuals. This assumes minimal
variation in growth rates of the tibiae and fibulae for all the indi-
viduals. We correlated the LAGs of all cross-sections to count the
final number of LAGs in each individual and assume a correspon-
dence between years of growth and annual deposition of LAGs
(Castanet et al., 1993).

In order to calculate the cortical thickness deposited for each
year in each individual, we measured the distance from the cen-
troid of the medullary cavity to each LAG by choosing a standard
location within each cross-section that is unambiguous and repea-
table for all cross-sections (Fig. 1). In the cross-sections of the
tibiae, a triangle was drawn by connecting the extremities of
each corner (including lateral, medial, and anterior; Fig. 1B),
and then the centroid of this triangle was generated (Hiibner,
2012). The distance between the cross-sectional centroid and
each of the LAGs was measured for all cross-sections. To calcu-
late the thickness of each growth cycle, three points at each
LAG in different directions were chosen, which were taken at
the same position in each individual (Fig. 1). Finally, the
average distance from the centroid to each LAG was generated
for all the cross-sections, and the thickness of each growth cycle
would be the radial distance between successive LAGs (Fig. 1;
Table S1).

In the fibulae, the calculation of cortical thickness differs from
that of the tibia because the centroid is usually located outside the
medullary cavity if calculated using the whole cross-section

(Fig. 1C). Therefore, the centroid of a triangle was generated
by connecting the extremities of the medullary cavity (not the
whole cross-section). Four points at each LAG in different direc-
tions (the lines connecting the centroid and the points are perpen-
dicular to each other) were chosen, which were taken at the same
position in each individual. The distance from the centroid to each
LAG was then measured. All measurements were then recorded
in Excel (Microsoft Office 2013), and the correlations of growth
cycles to each year were calculated for each individual (Table S2).

The ratio of medullary cavity area to that of the cortex was also
calculated in both tibiae and fibulae (Table 1) using ImageJ 1.52a
(Abramoff et al., 2004). A complete cross-section of the tibia was
reconstructed in IVPP V12529 based on the cross-sectional mor-
phology of other tibiae (Fig. 2B).

RESULTS
General Histological Features

The cross-sectional shape of the tibiae is triangular in outline. It
expands laterally to anterolaterally to form a wedge-shaped area
near the contact and/or ligamentous connection with the fibula
(Fig. 2). The tibia has a large medullary cavity and a thin,
compact cortex in the smallest individual (IVPP V15719), but
the compact cortices become thickened in large individuals and
the medullary cavities are relatively smaller than in small individ-
uals (Table 1). The shape of the medullary cavity is elliptical and is
wider mediolaterally than anteroposteriorly. There is no endo-
steal layer surrounding the medullary cavity preserved in any
tibia. The tibial cross-sections mainly consist of the woven-
fibered bone matrix with a moderate density of well-developed
primary osteons and are interrupted by the formation of LAGs
and annuli (Table 2). In the zones, the vascular canals are
mainly longitudinal but are often either transversely connected
or with irregular and trifurcate canals, especially in large individ-
uals. The osteocyte lacunae are abundant and randomly distribu-
ted throughout the cortex. They are more obvious in the outer
and inner cortex (Fig. S1B) than in the mid-region (Fig. S1C),
likely due to taphonomic processes (possibly bacterial/fungal
growth). The annuli consist of lamellar bone matrix with few vas-
cular canals and flattened osteocyte lacunae that are arranged
with their long axes parallel to the LAGs. Parallel-fibered bone
is present at the lateral corner adjacent to the fibula of the
cross-section in all of our samples (e.g., Fig. SID, E) and is
present throughout the outer cortex of the subadult stage
(IVPP V20379 and IVPP V15939). Remodeling is present but
restricted to the area adjacent to the fibula in all the specimens
except the smallest individual (IVPP V15719), which possesses
no secondary osteons. This area has a dense network of collagen
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FIGURE 2. Cross-sections and line drawings of LAGs (thin lines) through tibiae and fibulae in Jeholosaurus shangyuanensis. A, IVPP V15719, tibia and
fibula; B, IVPP V12529, tibia and fibula; C, IVPP V20380, tibia and partial fibula; D, tibia of IVPP V20379; E, tibia of IVPP V15939; F, fibula of IVPP
V15719; G, fibula of IVPP V12529; H, fibula of IVPP V20380; I, fibula of IVPP V20379; J, fibula of IVPP V15939. All cross-sections are cut at or near the
mid-diaphysis. Fine dotted lines indicate obscured or missing portions of LAGs. The gray areas all indicate endosteal bone layers. Abbreviations: an,

anterior; la, lateral; me, medial; po, posterior.

fibers, is heavily remodeled by secondary osteons, and is without
LAGsS or other growth marks (e.g., Fig. S2).

Compared with the tibial sections, all fibular sections have rela-
tively thick compact cortices and extremely small medullary cav-
ities, which are surrounded by endosteal bone layers (Fig. 2). In
the fibulae, the ratio of the medullary cavity to the compact
cortex is large in the smallest specimen and relatively smaller in
large individuals, and the largest specimen has the smallest ratio
(Table 1). The cortices of the fibulae have fibrolamellar bone
tissue as in the tibiae (Table 3), but parallel-fibered bone matrix
under polarized light is present in the cortex adjacent to the
tibiae in all samples (e.g., Figs. S1, S2). Most of the vascular

canals are surrounded by lamellar bone, forming primary
osteons. The vascular canals are mainly longitudinal. Transversely
connected vascular canals, irregular canals, and trifurcate canals
are less frequent than in the tibiae. The osteocyte lacunae are
abundant as in those of the tibiae. Secondary osteons are
common in the innermost region of the cortex in all but the smal-
lest sampled individual. Due to minimal expansion of the medul-
lary cavity, the number of visible LAGs in each fibula is equal to
that in the corresponding tibia where comparisons are possible,
but the innermost LAGs in all fibulae are better preserved (e.g.,
nearly completely surround the medullary cavity) than the corre-
sponding tibial LAGs (Fig. 2), suggesting that the fibula is the
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TABLE 2. Characteristic bone microstructure of the tibia in the three growth stages of Jeholosaurus shangyuanensis.

Stages
Characteristic Early juvenile Late juvenile Subadult
Specimen number IVPP V15719 IVPP V12529, IVPP V20380 IVPP V20379, IVPP V15939
Dominated bone tissue type Fibrolamellar Fibrolamellar Fibrolamellar
Parallel-fibered bone in the outer No No Yes

cortex
Vascular canal shape Mainly longitudinal and some

radial orientated canals

Collagen fibers Ordered, arranged near the
periosteal margin in some
areas

Osteocyte lacunae Globular

Secondary reconstruction None

Apparently reduced growth rate No
near the outermost region

Endosteal bone Absent
LAG number None
LAG erosion No

Mainly longitudinal and some
anastomosing, irregular, trifurcate
canals

Ordered, arranged near the annuli
(LAGsS)

Flattened osteocyte lacunae appeared
in the annuli (near LAGs)

Restricted to the corner contacting
with the fibula

No

Absent
2o0r3
Yes

Mainly longitudinal and some
anastomosing, irregular, trifurcate
canals

Ordered, arranged near the annuli
(LAGsS) and periosteal margin

Flattened osteocyte lacunae present in
the annuli and outer region

Restricted to the corner contacting
with the fibula

Yes

Absent
More than 4
Yes

more reliable element compared with the tibia for skeletochro-
nology in Jeholosaurus.

Histological Ontogenetic Stages

Some researchers refer to ontogenetic stages based on the
attainment of adulthood at sexual maturity; however, definitive
indicators of sexual maturity such as the presence of medullary
bone (Lee and Werning, 2008) or gravidity (Sato et al., 2005)
are relatively rarely identified in dinosaur fossils (Hone and
Mallon, 2017) and are absent from our Jeholosaurus sample.
We refer to ontogenetic stages based on relative somatic maturity
and the attainment of adulthood when an individual has reached
its largest body size and nearly stopped growing. This is often
marked by the presence of an EFS (external fundamental
system) in the outermost cortex (Horner et al., 2000).

The sample of Jeholosaurus can be divided into three stages
according to bone histology and number of LAGs (Tables 1, 2).
In this paper, the early juvenile is defined as an immature individ-
ual with uninterrupted growth. The late juvenile was still growing
fast at death, but growth was interrupted by the formation of
LAGs and/or annuli. In subadults, the individual apparently
reduced its growth rate but had not yet reached somatic maturity.
There are no somatically adult individuals in our sample,
although some were likely sexually mature (see discussion of
sexual maturity below).

Early Juvenile Stage—In the early juvenile stage (IVPP
V15719; the tibial length is about 40% of that in the largest indi-
vidual IVPP V15939), the bone mainly consists of woven-fibered
matrix and is highly vascularized. Almost all the vascular canals
are surrounded by lamellar bone, forming primary osteons, but
there are also some simple vascular canals at the periphery.
Abundant longitudinal vascular canals are arranged in a regular
fashion forming radially oriented rows from the innermost
cortex to the periphery in the cross-section of the tibia
(Figs. 3A, 4; Fig. S1). Some oblique anastomosing canals are scat-
tered in between the longitudinal canals (Figs. 3A, 4). The lateral
surface articulating with the fibula is flattened and narrower than
other regions. It is composed of highly organized parallel-fibered
bone matrix under polarized light (Fig. S1IE). The lateral corner is
also composed of parallel-fibered bone matrix with densely orga-
nized fibers that parallel the lateral corner (Fig. S1D, E). A few
primary osteons with vascular canals of larger diameter are also

present in the lateral corner (Fig. S1A, E). There are no second-
ary osteons. Osteocyte lacunae are abundant and well organized
around the vascular spaces. Abundant osteocyte lacunae are also
present within the cortex bordering the medullary cavity and
the subperiosteal surface. LAGs were not observed, but a
thin bright birefringence appears near the periphery under polar-
ized light (Fig. 3A; Fig. S1F), which suggests that this area grew
slowly.

In the cross-section of the fibula, the thickness of the medial
cortex (articulated with the tibia) is narrower than the lateral
cortex and the medial surface for articulating with the tibia is flat-
tened (Fig. 2F; Fig. S1). The medial cortex mainly consists of par-
allel-fibered bone matrix with seldom but large vascular canals,
and dense fibers are visible under polarized light (Fig. S1),
whereas the other parts are composed of woven-fibered bone.
In the cortex, moderately dense vascular canals are predomi-
nately longitudinal, and vascular canals are more dense interiorly
than exteriorly. Most canals are longitudinal primary osteons, and
only a few simple canals are present at the periphery. There are
no secondary osteons, LAGs, and annuli in the cortex. The endo-
steal bone is well preserved, with a thickness of 30 pm.

In general, the bone histology of IVPP V15719 suggests that it
has a continuous rapid growth rate without apparent interrup-
tions in this stage.

Late Juvenile Stage—IVPP V12529 and IVPP V20380 are con-
sidered late juveniles characterized by the presence of LAGs and
moderately dense vascular canals in the outermost region (Fig. 2;
Table 2). The smaller late juvenile (IVPP V12529) is about 44%
of the body size (as measured from the anterior margin of the
skull to the distal end of the ilium) of the largest specimen. In
the tibial cross-section of the smaller individual, the cortex is
organized in alternating zones and annuli (and LAGs). The
zones consist of woven-fibered bone matrix and are highly vascu-
larized. Almost all the vascular canals are primary osteons. The
vascular canals are mainly longitudinal and anastomosing but
also show some unorganized, irregularly oriented shapes
(Figs. 3B, 4; Fig. S2). There are no secondary osteons except
near the lateral corner connecting with the fibula. The annuli
are very thin (about 20 pm), consisting of sparse longitudinal vas-
cular canals and flattened osteocyte lacunae with the long axis
aligned to the lamellar bone matrix. Two LAGs are clearly
present in the cross-section, separating the cortex into three cir-
cumferential regions (Figs. 3B, 4). Although vascular canals are
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TABLE 3. Characteristic bone microstructure of the fibula in the three growth stages of Jeholosaurus shangyuanensis.
Stages

Characteristic Early juvenile Late juvenile Subadult
Specimen number IVPP V15719 IVPP V12529, IVPP V20380 IVPP V20379, IVPP V15939
Dominated bone tissue type Fibrolamellar Fibrolamellar Fibrolamellar
Parallel-fibered bone and No No Yes

lamellar bone in the outer

cortex

Vascular canal shape Mainly longitudinal, a few

anastomosing canals
Collagen fibers Ordered, arranged near the
periosteal margin in some areas
Osteocyte lacunae Globular
Secondary reconstruction None
Apparently reduced growth zone No
near the outermost region

Endosteal bone Present
LAG number None
LAG erosion No

Mainly longitudinal, a few radial,
irregular and trifurcate canals

Mainly longitudinal, a few
anastomosing, irregular and
trifurcate canals

Ordered, arranged near the annuli
(LAGs)

Flattened osteocyte lacunae appeared
in the annuli (near LAGs)

Inner region

Ordered, arranged near the annuli
(LAGS) and periosteal margin

in the annuli and outer region
Inner region

No Yes

Present Present
20r3 More than 4
Slightly Slightly

Flattened osteocyte lacunae present

abundant, the presence of LAGs demonstrates that rapid growth
was periodically interrupted.

The bone tissue of the fibula shows moderately dense primary
osteons that are predominantly longitudinal (Figs. 3, 4). A few
secondary osteons are present in the innermost region (Fig. S2).
Two LAGs are present in the cortex, as in the LAG number of
the tibia. Endosteal bone tissue surrounding the medullary
cavity is completely preserved and is thicker (about 60 pm)
than in the sample of the early juvenile (IVPP V15719).

The tibial length of IVPP V20380 is 84 % the tibial length of the
largest individual IVPP V15939 and is much larger than the
smaller late juvenile (IVPP V12529), with a tibial length 120%
longer than the latter specimen. Compared with the smaller late
juvenile (IVPP V12529), it contains more connected irregular
and trifurcate canals (all are primary osteons) and the vascular
canals are more dense, suggesting that it grew faster than IVPP
V12529 in its first and second years (Montes et al., 2010) (Figs.
3C, 4; Fig. S3). Three LAGs are clearly present in both sampled
sections. An innermost LAG is only partially preserved due to
endosteal erosion. Two LAGs adjacent to each other are
present at mid-cortex, and the outer LAG is far from the periph-
ery, with a distance of 1.5 mm (Fig. 3). The presence of some open
canals and no LAG at the periphery indicate that this individual
was still growing rapidly when it died (Figs. 3C, 4).

The distance between adjacent LAGs is inconsistent in the
large specimen (IVPP V20380) (Figs. 2C, 3C, 4, 5; Fig. S3). It
grew much faster than the smaller late juvenile (IVPP V12529)
and the smaller subadult individual (IVPP V20379) during the
first two years based on the thickness of the cortex between
LAGs. The distance from the centroid to LAG 2 in (IVPP
V20380) is 100 um larger than that in the late juvenile (IVPP
V12529) and 60 um larger than that in the subadult individual
(IVPP V20379) (Fig. 5; Table S1). The cortex in IVPP V20380
is narrower between LAG 2 and LAG 3 but becomes wider
again after LAG 3.

The cross-section of the fibula is elliptical in outline (Fig. 2H).
The primary osteons are predominantly longitudinal. A few
radially oriented canals are present in the outer region (most
are primary osteons). Both the vascular canals and the osteocyte
lacunae density are reduced toward the outer cortex. Several sec-
ondary osteons are concentrated within the innermost cortex.
Three LAGs are present in the cortex, as in the tibia, but the
innermost LAG is more completely preserved. The layer of

endosteal bone surrounding the medullary cavity is complete,
with a thickness of about 60 um.

Subadult Stage — The largest individual (IVPP V15939) and the
third-largest individual (IVPP V20379) can be assigned to a sub-
adult stage, which is defined by apparently reduced growth rates
but without an EFS (Hone et al., 2016). They both have more
than five LAGs and changes in tissue organization and/or adja-
cent LAG distance at the periphery (Table 2).

The tibial length of IVPP V20379 is 79 % that of the largest indi-
vidual (IVPP V15939). The cortex is moderately vascularized.
Primary osteons are dominated throughout the cortex, and
simple longitudinal vascular canals are shown in the outer
cortex. Longitudinal and anastomosing canals are dominant,
but there are also some irregular and trifurcate canals (Figs. 3D,
E, 4; Fig. S4). There is no evidence of remodeling in the cortex
except for the corner that articulates with the fibula. Five LAGs
are present, but most of the innermost LAG is destroyed due to
medullary expansion and breakage. The spacing between adja-
cent LAGs is gradually narrower toward the periphery, and the
distance between the fourth and fifth LAGs is much less than
between interior LAGs. Fibers or hydroxyapatite crystals
appear under polarized light in this area and periphery, indicating
that parallel-fibered bone tissue and the growth rate were dra-
matically decreased after the fourth LAG (Fig. 3E; Fig. S4).

The cross-section of the fibula extends anteroposteriorly and
was compressed mediolaterally, with an elliptical outline. The
bone mainly consists of woven-fibered bone matrix, and highly
organized parallel-fibered bone is present in the medial cortex
that contacts the fibula. The parallel-fibered bone transitioned
to lamellar bone near the periphery (Fig. S4D). Most of the vas-
cular canals are primary osteons, and a few longitudinal vascular
canals are present in the outer region. The vascular canals are
predominantly longitudinal, but several canals are radially
oriented and cut through the LAGs in the middle and outermost
cortex. The number of vascular canals decreased gradually
toward the outermost region, and there are only a few vascular
canals in the medial cortex that contacts the tibia. Secondary
osteons are restricted to the innermost region of the cortex.
Five LAGs are all clearly present in the cortex (Fig. 4; Fig. S4).
The innermost LAG is very complete and was not affected by
remodeling or enlargement of the medullary cavity.

In the largest specimen (IVPP V15939), the bone tissue is
highly vascularized in the inner cortex and the primary osteons
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FIGURE 3. Bone microstructure in tibiae and fibulae of Jeholosaurus shangyuanensis. A-H, transverse sections of the tibiae: A, the smallest early
juvenile individual IVPP V15719 under polarized light; B, smaller late juvenile specimen IVPP V12529 under polarized light; C, larger late juvenile
specimen IVPP V20380 under normal light; D, smaller subadult specimen IVPP V20379 under polarized light; E, IVPP V20379 at higher magnification,
showing the longitudinal primary osteons; F, large subadult individual IVPP V15939 under polarized light, showing fibrolamellar bone, parallel-fibered
bone, and lamellar bone tissues; G, [IVPP V15939 under normal light; H, IVPP V15939 at higher magnification, showing bone tissue types, dense LAGs,
and vascular canals at the periphery. I-M, transverse sections of the fibulae under normal light: I, smallest early juvenile individual IVPP V15719; J,
smaller late juvenile specimen IVPP V12529; K, larger late juvenile specimen IVPP V20380; L, smaller subadult specimen IVPP V20379; M, large sub-
adult specimen IVPP V15939. Black arrows denote LAGs, and white arrows denote annuli (A, E, transversely oriented crystallites). Abbreviations: fbl,
fibrolamellar bone; lb, lamellar bone; pfb, parallel-fibered bone.

form a reticular pattern. However, a series of closely spaced poorly vascularized, forming lamellar bone matrix with highly
LAGs were present close to each other but not at the periphery  organized flattened osteocyte lacunae, of which the long axis
of the cortex (about 400 um to the periphery). This region is extends along the orientation of LAGs (Figs. 3F-H, 4; Fig. S5).
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FIGURE 4. Line drawings of bone microstructure in tibiae and fibulae of Jeholosaurus shangyuanensis, showing LAGs and vascular density as well as

arrangement/orientation of vascular canals. Abbreviations: L1-5, LAGs 1-5.

However, the bone matrix changing to parallel-fibered bone
tissue with more vascular canals at the periosteal surface suggests
that this individual was still growing at a moderate rate prior to
death. The area with a series of LAGs as well as at least six
weakly developed rest lines in the lamellar bone tissue. Particu-
larly, double and triple LAGs are formed in some areas of the
cortex but merge into a single LAG in other regions (Fig. 3G,
H). Another prominent LAG is present in the innermost region
and is completely preserved (Fig. 3G).

The cortex of the fibula is rounded and thickened with a small
medullary cavity (Fig. 2I). A layer of endosteal bone tissue with
a thickness of 80 pm was present (Fig. S5). Vascular canals are
longitudinal and abundant throughout the cortex, and most vascu-
lar canals are primary osteons. A few longitudinal vascular canals
are present in the outer cortex. Secondary osteons are restricted
to the innermost region. Dense Sharpey’s fibers are present in
the region that contacts the fibula (Fig. SSH). One LAG was
detected near the inner cortex. As in the tibia, a series of LAGs
are shown near the outermost region and four LAGs are promi-
nent (Fig. 4; Fig. S5), but the inner two LAGs are close to each
other and merged into one in some places (Fig. 2J). The area
with a series of LAGs has a thickness of about 240 pum. The

highly organized collagen fibers with rare vascular canals and
highly organized flattened osteocytes suggest the deposition of
lamellar bone tissue in this area. However, the bone matrix
changed to parallel-fibered bone and vascular canals apparently
increased at the periphery, with a thickness of about 120 um.

In general, the dominantly fibrolamellar organization of
Jeholosaurus indicates that it had a rapid growth rate that was
interrupted in forming LAGs, as in other small ornithopods
such as Orodromeus (Horner et al., 2009). The distances
between adjacent LAGs are gradually reduced in the juvenile
individual IVPP V12529 and the subadult IVPP V20379 but are
variable in the large juvenile IVPP V20380 and the large subadult
IVPP V15939. There are no secondary osteons in any tibial sec-
tions, but they are present within the innermost growth zones of
the fibula. Endosteal bone is well preserved in all fibulae but is
absent in all tibial sections.

DISCUSSION
Age Estimation

Age estimation was based on counting the number of LAGs in
the tibia and fibula. We hypothesize that the smallest specimen
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(IVPP V15719) comes from an individual less than one year old
because there are no LAGs preserved in either the tibial or the
fibular section (Figs. 2, 3A; Table 1), and because the fibular
medullary cavity is less than 1 mm in diameter, indicating
minimal loss of primary tissue due to medullary expansion.
Although the tibia and fibula of the holotype specimen (IVPP
V12529) were crushed during preservation and portions of the
tibial cortex are missing from the section, two LAGs can be recog-
nized in both bones. The innermost LAG in the fibula is comple-
tely preserved and only partially covered by secondary osteons,
which indicates that it died after two years of age given the rela-
tive size of the fibular cross-section lacking growth marks of IVPP
V15719. The late juvenile individual (IVPP V20380) has a tibial
length 1.2 times that of the smaller late juvenile (IVPP
V12529), but it only has three LAGs, and much of the innermost
LAG has been eroded by the expansion of the medullary cavity.
Comparison with the smaller specimen IVPP V12529 suggests
that the innermost LAG represents the first LAG. Therefore,
IVPP V20380 likely died at three years old. Five LAGs are
present in the subadult individual IVPP 20379 and the largest
individual IVPP V15939, but their distribution is quite different.
In the smaller subadult individual IVPP V20379, the outer four
LAGs are distinctly separated from each other and almost com-
pletely encircle the medullary cavity, except in the area of

fibular contact. The innermost tibial LAG of the smaller
subadult individual IVPP V20379 has been partially destroyed
due to preservation but is well preserved in the fibula (Fig. S4).
In the largest individual (IVPP V15939), there is a LAG at the
innermost region, and a region closer to the periphery of the
cortex with four clear LAGs as well as numerous closely
packed rest lines that are far from the innermost LAG. The
feature we interpret as the innermost LAG of IVPP V15939
(Fig. 4) likely represents the first annual growth mark and corre-
sponds to the approximate location of the first LAG when com-
pared with smaller specimens. Therefore, the age of IVPP
V20379 and the largest individual IVPP V15939 is probably five
years, although they have different body sizes and growth
patterns.

In fibulae, the number of LAGs is consistent with that of corre-
sponding tibiae for all sections except the largest individual
(IVPP V15939). The fibula of IVPP V15939 contains four
LAGs: an innermost LAG and three other closely packed
LAGs as well as several rest lines near the periphery (Fig. S5),
similar to the pattern in the tibia of the same specimen. The
three tightly packed LAGs sometimes appear to separate into
four, likely reflecting slow growth, with bone being deposited in
the areas of the split and nondeposition in the regions without a
split LAG (Fig. S5).
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Overall, the fibular LAGs of Jeholosaurus experienced less
erasure due to medullary expansion, providing a better skeleto-
chronological record than those of the tibiae. However, the
LAGS could be missed or undetected if they are closely adjacent
to each other. Therefore, both the tibial and fibular sections are
necessary in order to obtain an accurate age estimation of this
ornithopod.

Sexual Maturity

The attainment of sexual maturity is usually accompanied by
apparently reduced growth rates in extant reptiles (Brody, 1964;
Andrews, 1982; Reiss, 1989; Shine and Charnov, 1992). Research
evaluating the earliest ontogenetic appearance of medullary bone
in concert with growth curve estimation based on skeletochronol-
ogy suggests that dinosaurs reached sexual maturity long before
somatic maturity and that growth rates decrease following its
attainment (Lee and Werning, 2008). This could result in
changes in bone tissue organization and/or decreasing distance
between adjacent LAGs (Klein and Sander, 2007). Because
these features are not always necessarily present together,
either feature shown may suggest sexual maturity, but other
factors potentially responsible for the slowed deposition of
bone, such as environmental conditions, cannot be excluded
when interpreting dinosaur life histories from small sample
sizes. Reduced growth rates are apparent in the largest individual
(IVPP V15939), the smaller subadult individual (IVPP V20379),
and the large late juvenile (IVPP V20380) at different ages.
Both smaller distances between LAGs and a change from domi-
nantly fibrolamellar bone to parallel-fibered bone are present in
the largest individual (IVPP V15939), but only a decrease in dis-
tance between LAGs is present in the outer cortex in the other
two specimens.

In the largest specimen (IVPP V15939; tibial length of 161
mm), the width between adjacent LAGs is very narrow following
the second LAG, and the change in tissue organization from fibro-
lamellar bone to lamellar bone and parallel-fibered bone occurs
after the third LAG and persists until the outermost region of
the cortex. Although vascular canals are slightly increased at
the periphery, the density of vascular canals present in the first
two growth zones never reaches the density present in the first
two growth zones. Thus, the bone tissue changes suggest the
attainment of sexual maturity after two years old.

In the smaller subadult individual (IVPP V20379; tibial length
of 127 mm), the distance between adjacent LAGs is gradually
reduced for earlier growth zones, but there is an obvious decrease
in depositional rate after the fourth LAG. Sexual maturity prob-
ably corresponds to the decrease in depositional rate in the fourth
to fifth years.

In the large juvenile individual (IVPP V20380; tibial length of
135 mm), a much narrower zone is present between LAG 2 and
LAG 3. However, the width between LAG 3 and the periphery
is much wider than the former, suggesting that it grew much
faster at three years old than at two years old. The irregular dis-
tribution of LAGs does not support the attainment of sexual
maturity but indicates that the individual was still growing at com-
parable rates to its juvenile ontogeny before death.

Surprisingly, the attainment of sexual maturity is either not
uniform in Jeholosaurus or is not recorded uniformly in its bone
histology. This phenomenon is also seen in some extant tetrapods,
where intraspecific variability in the attainment of sexual maturity
may be caused by sexual differences and/or variable rates of
attainment of a threshold body size. Skeletochronological
studies of salamanders indicate that the timing of sexual matu-
ration is different in male and female individuals, and the latter
is usually one or two years later than the former (Castanet
et al., 1996; Misawa and Matsui, 2000). In some extant lizards,
sexual maturity appears to be determined by a minimum size

rather than age as a result of highly variable growth rates
(Bauwens and Verheyen, 1987; Galdn, 1996). However, this
phenomenon appears to be restricted to short-lived organisms
(e.g., lizards) that reach sexual maturity at one or two years old
and is poorly known in long-lived species. In crocodiles, females
attain sexual maturity after their body length reaches 262 to 287
cm, whereas males reach sexual maturity at body lengths
between 270 and 295 cm (Kofron, 1990), but whether they
attained sexual maturity at the same age is poorly known.

In conclusion, the attainment of sexual maturity in
Jeholosaurus likely occurs between two and four years of age,
which is similar to that of other ornithopod dinosaurs such as
Orodromeus (Horner et al., 2009), a small ‘hypsilophodontid’
from the Antarctic circle (Woodward et al., 2011), and the large
hadrosaur Maiasaura (Woodward et al., 2015). Orodromeus is a
small Late Cretaceous ornithopod that is closely related to the
Early Cretaceous Jeholosaurus (Han et al., 2012). It has a rela-
tively small body size, roughly comparable to Jeholosaurus, but
the largest known individual of Jeholosaurus (IVPP V15939;
tibial length equals 161 mm) is slightly smaller than the adult
size of Orodromeus (MOR 973-T-2; tibial length equals 195
mm; Horner et al., 2009). However, Orodromeus has LAGs
near the periphery only in subadult and adult individuals, and
the number of LAGs (only three in the adult individual) is less
than that of Jeholosaurus. This suggests that sexual maturity of
Orodromeus was likely attained earlier than in Jeholosaurus. Sur-
prisingly, the likely attainment of sexual maturity of the hadro-
saur Maiasaura was three years old on the basis of a large-
sample statistical assessment (Woodward et al., 2015), whereas
it is apparently much later in many iguanodontians, such as Dys-
alotosaurus (10 LAGs; Hiibner, 2012) and Tenontosaurus (7 or 8
LAGs; Lee and Werning, 2008), as well as in the ceratopsian Psit-
tacosaurus (9 LAGs; Erickson et al., 2009). It seems that the
timing at which sexual maturity attained is highly variable
among ornithopod dinosaurs, with early sexual maturation
present in Jeholosaurus and other small ornithopods as well as
some large-bodied hadrosaurs.

Growth Variation

The smaller late juvenile (IVPP V12529) and the smaller sub-
adult individual IVPP V20379 show fibrolamellar bone tissue
that was interrupted forming LAGs and annuli, and growth
rates gradually reduced. In the largest individual IVPP V15939,
the thickness of the cortex at two years old has already reached
those of the smaller subadult individuals IVPP V20379 at the
fifth year and IVPP V20380 at four years old (Fig. 5), but
closely packed LAGs including double or triple LAGs and lamel-
lar bone tissue appeared after the second year. The rapid growth
rate until sexual maturity and apparently slow down after that is
quite different from all other specimens but is similar to extant
birds and mammals (Chinsamy-Turan, 2005), and the only distinc-
tion is that the dense LAGs are not preserved at the periphery.
Therefore, the growth rates of Jeholosaurus vary according to
year across individuals. This may be caused by variable environ-
mental conditions (Hiibner et al., 2012), individual variation, or
sexual dimorphism (Sander, 2000).

Environmental conditions that strongly affect body size are
known to have a histological signature in the bones of some
extant lizards, especially in juvenile individuals (Petermann
et al., 2017). Mammals are also known to experience slowed
growth rates and to produce LAGs in resource-limited habitats
(Kohler and Moya-Sola, 2009). In the largest individual (IVPP
V15939), double and triple LAGs are present near the periphery
of the cortex, and these features may indicate that the individual
experienced harsh environmental conditions, as demonstrated in
species across a wide taxonomic range including amphibians, rep-
tiles, and mammals (Castanet, 1994; Esteban et al., 1996; Botha
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and Chinsamy, 2004; Kohler and Moya-Sola, 2009; Sanchez et al.,
2010). Therefore, the closely packed LAGs may indicate a harsh
environment.

Intraspecific variation in development unrelated to sexual
maturity or the environment is also a factor that affects growth
rates in extant animals (e.g., tortoises, Lagarde et al., 2001) and
may affect the bone tissue type and the distance between
LAGs. However, there is still no evidence that shows that this
type of individual variation could produce closely spaced LAGs.

Sexual dimorphism can take the form of differences in body
size, shape, or extreme morphologies present in one sex
(Chapman et al., 1997), but statistical analyses suggest that
sexual dimorphism in dinosaurs is difficult to demonstrate
(Hone and Mallon, 2017; Mallon, 2017). The only definitive
method for identifying individual sex in Mesozoic dinosaurs is
the identification of female-specific tissues such as medullary
bone (Schweitzer et al., 2005; Lee and Werning, 2008) (although
recent studies questioned whether these tissues were correctly
identified; Chinsamy and Tumarkin-Deratzian, 2009; Prondvai
and Stein, 2014; Chinsamy et al., 2016; Prondvai, 2017) or the
identification of gravid individuals (Sato et al., 2005; Bailleul
et al., 2019). Therefore, proposed instances of sexually dimorphic
structures or growth patterns cannot be associated with male or
female sex in most cases. In extant reptiles, sexual size dimorph-
ism can be demonstrated by variable growth trajectories accord-
ing to sex. In some cases, male and female individuals have similar
growth rates until sexual maturity, at which point one sex grows
faster than the other (Andrews, 1982). Alternatively, one sex
sometimes grows faster than the other throughout life and a
size disparity between the sexes is already present at sexual
maturity (Andrews, 1982). The unusual growth pattern of the
largest individual IVPP V15939 is more in accordance with the
second pattern.

Aside from sex-specific tissues such as medullary bone, sex
differences in tissue organization or growth rate have only
rarely been commented upon in the non-avian dinosaurian litera-
ture. Sander (2000) tentatively interpreted sex differences in Bar-
osaurus based on an apparently dimorphic histological pattern,
but the small sample size of one of the apparent morphs could
not preclude the influence of other factors, such as environmental
conditions, individual variation, or taxonomic variation. A large
histological data set of Plateosaurus showed a high variation in
growth rates, but sexual dimorphism was not detected in this
taxon (Klein and Sander, 2007). Therefore, testing whether the
observed variability in the growth trajectory of Jeholosaurus is a
sexually dimorphic pattern will require a much larger sample size.

Implications for Environment and Development

The largest individual (IVPP V15939) possesses a series of
LAGs (including double LAGs) closely packed together near
the peripheral region (about 400 pm to the periphery), which
suggests that it experienced a long slow growth period (Fig.
3H). However, no LAGs and a few vascular canals are present
in the outermost region, indicating that the bone was still
growing before it died (faster than the region with closely
spaced LAGS). Closely packed LAGs followed by a few vascular
canals and no LAGs seem to be unusual in dinosaur bone tissue.
Here, we propose three hypotheses to explain this phenomenon.

The unusual feature may be caused by changing environmental
conditions. The closely packed LAGs may indicate a harsh
environment, and the relatively higher growth rates at the periph-
ery suggest a return to more tolerable conditions, such as the rela-
tive abundance of food or warm weather.

Other explanations of this unusual bone tissue type include
factors intrinsic to the individuals themselves, such as pathology
or behavior. The histological consequences of externally mani-
festing pathologies have been studied in a fractured fibula of

Psittacosaurus in which it shows radially oriented spokes of
woven bone (Hedrick et al., 2016). However, no external evi-
dence of pathology can be identified in the largest individual
(IVPP V15939). The bone tissue is also unlike the pathological
tissues described in previous papers (Chinsamy and Tumarkin-
Deratzian, 2009; Griffin, 2018). A third explanation is that the
largest individual IVPP V15939 may have to take care of young
(parental care or posthatching cooperation) following the attain-
ment of sexual maturity, which may consume larger amounts of
energy (Gittleman and Thompson, 1988). This may reduce
growth rates and narrow the distance between adjacent LAGs
(Zhao et al., 2014).

Parental care in dinosaurs has been supported by previous
studies (Varricchio, 2011). Parental care was suggested in troo-
dontid and oviraptorid dinosaurs based on a statistical analysis
of the clutch volume of brooding adults, and this may represent
ancestral condition for birds (Varricchio et al., 2008). Addition-
ally, parental care was suggested to have been present in the
hadrosaur Maiasaura from the Two Medicine Formation near
Choteau, Montana, on the basis of a nest of juvenile individuals.
The discovery of 15 1-m-long hadrosaurian skeletons together
suggests that they may have lived together and were cared for
by their parents (Horner and Makela, 1979; Horner et al.,
2001). Moreover, Psittacosaurus was supposed to exhibit parental
care based on the discovery of a large Psittacosaurus and 34
young conspecifics found together from the Lower Cretaceous
of Liaoning Province, China (Meng et al., 2004). This provides
strong evidence that at least some non-avian dinosaurs cared
for their young. However, recent research indicates that the
large Psittacosaurus individual may not have reached sexual
maturity (Zhao et al., 2014) but may be an example of posthatch-
ing cooperation (Hedrick et al., 2014). Bone histological infor-
mation of this large Psittacosaurus could show whether it has
reached sexual maturity and may help to clarify whether it is par-
ental care or posthatching cooperation.

Whether parental care or posthatching cooperation could
affect bone tissue is poorly known across tetrapods. However,
Zhao et al. (2014) provided clear evidence of different age clus-
ters in Psittacosaurus, finding that the older individual possessed
a much narrower cortex and fewer vascular canals at three years
of life than in the first two years. Therefore, it is possible that this
behavior could affect the bone tissue structure in the largest indi-
vidual (IVPP V15939).

CONCLUSIONS

The bone histology of Jeholosaurus consists of fibrolamellar
bone tissue in early ontogenetic stages that indicates rapid
growth rates with interruptions (indicated by LAGs), as in
other small ornithopods. According to bone tissue type and
LAG intervals, two different growth patterns occur in the
sampled Jeholosaurus material that may suggest sexual dimorph-
ism or variable environmental conditions. One type grows fast at
an early stage, and growth is gradually reduced in later ontoge-
nies, such as in the smaller subadult individual IVPP V20379.
This pattern may be the result of variable environmental con-
ditions and/or individual variation, resulting in growth differences
every year (e.g., IVPP V20380). The other type shows fast growth
rates during the first two years but strongly reduced growth in
later ontogeny, marked by the formation of lamellar bone
tissues and the deposition of closely spaced LAGs (e.g., the
largest individual IVPP V15939). Based on bone tissue changes
and decreasing LAG intervals, we hypothesize that sexual matur-
ity occurred at two years old in the largest individual IVPP
V15939 and four years old in the smaller subadult individual
IVPP V20379. Therefore, the age of sexual maturity would prob-
ably be between two and four years old, as in some other small
ornithopods and the hadrosaur Maiasaura (Woodward et al.,
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2015), but earlier than that of Dysalotosaurus and Psittacosaurus
(Erickson et al., 2009; Hiibner, 2012). The relatively early sexual
maturity of Jeholosaurus may indicate a successful survival strat-
egy. In the largest individual IVPP V15939, vascular canals and no
LAGs present at the periphery suggest that it still grew after a
long slow growth period (indicating by several closely spaced
LAGs). This unusual feature may be an indicator of an environ-
mental condition or social behavior in these small ornithischians.
However, all these issues need to be clarified based on a large
data set of bone tissue in the future.
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