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The early ceratopsian dinosaur Psittacosaurus sibiricus from the Early Cretaceous of Western Siberia, Russia, is one 
of the most advanced and largest (up to 2.5 m) members of the genus. Here we present a description of ontogenetic 
changes in the long-bone histology of this species. Analysis of a growth series of femora demonstrates significant his-
tological maturation during ontogeny, expressed by the progressive appearance of signs of bone remodeling (erosion 
bays, secondary bone formation), decreasing of vascularity, changing of the orientation of vascular canals from reticular 
to longitudinal, and appearance of parallel-fibred bone in the outer part cortex. These ontogenetic changes in the long-
bone histology of P. sibiricus are generally similar to those of another relatively advanced species, P. lujiatunensis from 
China. The basal P. mongoliensis from Mongolia shows less mature long-bone histology during late ontogeny (e.g., the 
late appearance of signs of remodeling and the predominance of reticular vascularization at later stages). We suggest that 
the earlier achievement of histological maturity is an evolutionary trend of the genus Psittacosaurus.
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Introduction
Representatives of the genus Psittacosaurus are relatively 
small (about 2–2.5 m) bipedal (as an adult) basal ceratop-
sian dinosaurs (You and Dodson 2004). The abundant re-
mains of Psittacosaurus, including numerous complete 
skeletons, have been found in the Lower Cretaceous depos-
its in many parts of Asia including modern-day Mongolia, 
China, Siberian Russia, and Thailand (Lucas 2006). To date, 

Psittacosaurus is one of the largest genera among non-avian 
dinosaurs by the number of species. It includes at least 10 
species (Napoli et al. 2019), in particular, the object of this 
study, Psittacosaurus sibiricus Voronkevich and Averianov 
in Leshchinskiy et al., 2000 (Averianov et al. 2006).

The large number of fossil remains of Psittacosaurus 
belonging to different age individuals makes it possible to 
establish the life histories and growth patterns based on 
paleohistological studies. Two species of Psittacosaurus, 
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basal P. mongoliensis Osborn, 1923, and relatively advanced 
P. lujiatunensis Zhou, Gao, Fox, and Chen, 2006, were his-
tologically studied in details and ontogenetic changes in 
their bone histology were described. These studies revealed 
differences in bone histology of these two species during 
ontogeny (Erickson and Tumanova 2000; Zhao et al. 2013, 
2016, 2019).

Psittacosaurus sibiricus from the Lower Cretaceous Ilek 
Formation of Western Siberia, Russia is remarkable in sev-
eral aspects: (i) it is one of the largest members of the genus 
(up to 2.5 m in length; PPS personal observations); (ii) it is 
one of the most advanced members of the genus (see Sereno 
2010), and (iii) it is known by abundant material that pro-
vides an excellent opportunity to document the ontogenetic 
changes in bone histology of this species. The main goals 
of this study were to describe ontogenetic changes in the 
long-bone histology of Psittacosaurus sibiricus, to compare 
growth patterns of different Psittacosaurus species, and to 
discuss evolutionary trends in bone histology within the 
genus.

Institutional abbreviations.—KOKM, Kuzbass State Mu-
seum of Local Lore, Western Siberia, Kemerovo, Russia; PM 
TSU, Paleontological Museum of Tomsk State University, 
Tomsk State University, Western Siberia, Tomsk, Russia.

Other abbreviations.—LAGs, lines of arrested growth.

Material and methods
A total of nine specimens representing isolated complete 
and fragmentary femora of ceratopsian Psittacosaurus 
sibi ricus from the Early Cretaceous vertebrate locality 
Shes takovo 3 (for geological settings and age of this lo-
cality see Skutschas et al. 2019; Averianov et al. 2018) 
of the Ilek Formation in Kemerovo Province (Western 
Siberia, Russia) were histologically studied to assess on-
togenetic changes in long-bone histology. For the present 
study, transverse thin-sections were prepared based on the 
methodology outlined in Chinsamy and Raath (1992) and 
Lamm (2013).

It was impossible to take all thin-sections from a stan-
dard level (midshaft region), because mostly broken femora 
were used and, to minimize further damage to the material, 
sections were taken at the different levels of the shafts, al-
ways close to the broken surfaces (Fig. 1, Table 1).

The sections were observed under polarized light using 
an optical microscope (Leica 4500, Leica Microsystems, 
Wetzlar, Germany) in the Saint Petersburg State University 
Research Centre for X-ray Diffraction Studies, Russia. 
Histological terminology follows Francillon-Vieillot et al. 
(1990) and Prondvai et al. (2014). To avoid misidentifica-
tions of interpreting vascular canal types, we follow recom-
mendations by Zhao et al. (2019).

We estimated the total length of the fragmentary fem-
ora by using maximal length/width of the distal end ra-
tio (measured on complete femora PM TSU 16/0-62 and 
KОKМ 4652/4-5, 4880) that varies in P. sibiricus between 
3.3 and 3.7.

The four femoral specimens from Shestakovo 3 are 
housed in the Paleontological Museum of Tomsk State 
University, Tomsk State University, Western Siberia, Tomsk, 
Russia, and five specimens are housed in the Kuzbass State 
Museum of Local Lore, Western Siberia, Kemerovo, Russia 
(Table 1). The thin-sections used in the study are housed in 
the histological collection of the Department of Vertebrate 
Zoology of Saint Petersburg State University.

Fig. 1. Diagrammatic outline of the femur of Psittacosaurus sibiricus 
Voronkevich and Averianov in Leshchinskiy et al., 2000, from the Lower 
Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, 
Russia, indicating the relative positions of sections taken for histologi-
cal examination. A. Sections taken from specimens from Paleontological 
Museum of Tomsk State University (PM TSU). B. Sections taken from 
specimens from Kuzbass State Museum of Local Lore (KOKM).

Table 1. List of specimens sampled for this study.

Specimen

Width 
of the 

distal end 
(mm)

Estimated 
femur 
length 
(mm)

% of 
maximal 
femoral 

size

Stage

PM TSU 120-Sh3-125 12 39–40 <20% hatchling
PM TSU 16/0-56 22 72–73 ~ 30% juvenile
PM TSU 16/0-55 23 75–77 ~ 30% juvenile
PM TSU 16/0-54 25 82–83 30–35% juvenile
KOKМ 4652/16 35 115–117 40–45% juvenile
KOKМ 4652/11 50 164–167 ~ 63% subadult?
KOKМ 4652/1 57 187–190 ~ 70% subadult
KOKМ 4652/9-10 75 246–250 ~90% adult
KOKМ 4652/13 80 262–267 100% adult
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Results
Hatchling stage.—The microanatomical/histological struc-
ture of the smallest femur PM TSU 120-SH3-125 (<20% 
of maximal femoral size; Fig. 2, Table 1) corresponds to 
that of hatchling individuals of Psittacosaurus lujiatunensis 
(e.g., initial stages of formation of fibrolamellar complex; 
abundance of primary vascular canals, no remodeling and 
growth marks; see Zhao et al. 2019) and it was referred to 
the hatchling stage.

The femur PM TSU 120-SH3-125 has a relatively thick 
cortex (maximal cortical thickness at the trochanter area is 
about 2 mm) entirely composed of primary bone tissue and 
does not present any signs of bone remodeling (e.g., erosion 
bays, secondary osteons, and endosteal bone deposition) 

(Fig. 2A1). The cortex surrounds a well-defined medullary 
cavity (maximal diameter of the medullary cavity about 
3.7 mm).

The primary bone of the cortex is highly vascularized 
and contains mainly reticular primary vascular canals and 
primary osteons that have only just begun to form (thin 
lamellar bone surroundings are present in vascular canals) 
(Fig. 2A2). Besides reticular vascular canals, the cortex con-
tains longitudinally oriented (throughout the cortex) and 
radially oriented canals at the trochanter area where the 
thickness of the cortex is maximal. The primary bone orga-
nization of the cortex is an incipient fibrolamellar complex 
(primary osteons only start to form) (Fig. 2A3, A4).

There are no cyclical growth marks (e.g., annuli, LAGs) 
or signs of bone deposition decreasing (e.g., deposition of 
parallel-fibered bone). The absence of cyclical growth marks 

Fig. 2. Histological sections of the smallest femur PM TSU 120-Sh3-125 (<20% of maximal femoral size) of the ceratopsian dinosaur Psittacosaurus 
sibiricus Voronkevich and Averianov in Leshchinskiy et al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, 
Russia; hatchling stage, under polarized light with lambda waveplate. Microanatomical (A1) and histological (A2) overview of the cortex showing primary 
highly vascularized bone. Note the presence of radial primary osteons and primary vascular canals. Close-up of the cortex, showing predominantly retic-
ular orientation of the primary osteons and primary vascular canals (A3). Details of the composition of the primary bone tissues of the cortex (A4). Note 
the presence of the incipient fibrolamellar complex. Abbreviations: lvc, longitudinal vascular canals; mc, medullary cavity; pfb, parallel-fibered bone; 
po, primary osteon; radvc, radial vascular canals; retvc, reticular vascular canals; wb, woven bone. 
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Fig. 3. Histological sections of femora PM TSU 16/0-55 (A) and PM TSU 16/0-56 (B) of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich 
and Averianov in Leshchinskiy et al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; juvenile 
stage; about 30% of maximal femoral size. Microanatomical overview (A1), close-up of the cortex (A2), and histological overview of the cortex under 
polarized light with lambda waveplate (A3) and without lambda waveplate (A4). Note the presence of erosion bays, secondary bone, and LAGs (white 
arrows). Microanatomical overview (B1) and close-up of the cortex under polarized light with lambda waveplate (B2). Note the presence of erosion bays. 
Abbreviations: eb, erosion bays; LAGs, lines of arrested growth; lvc, longitudinal vascular canals; mc, medullary cavity; pb, primary bone; radvc, radial 
vascular canals; retvc, reticular vascular canals; sb, secondary bone; so, secondary osteon. 
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in the cortex suggests that the age of the animal was less than 
one year. The presence of an incipient fibrolamellar complex 
indicates a fast rate of growth at this ontogenetic stage.
Juvenile stage.—The femora from larger individuals (25–
45% of maximal femoral size; PM TSU 16/0-54, 16/0-55, 
16/0-56, KOKM 4652/16; Figs. 3–5, Table 1) display micro-
anatomical/histological structure generally similar to that of 
juvenile individuals of Psittacosaurus lujiatunensis (e.g., the 
fibrolamellar complex, the predominance of reticular vascu-
lar canals, the appearance of LAGs, and bone remodeling; 
see Zhao et al. 2019) and were referred to the juvenile stage.

The PM TSU 16/0-55 (about 30% of maximal femoral 
size; Fig. 3A) has a relatively thick cortex (maximal cortical 
thickness is about 3.3 mm; thickness at the trochanter area is 
about 2 mm) and a well-defined medullary cavity (maximal 
diameter of the medullary cavity 7 mm). The cortex contains 
both primary and secondary bone tissues. The primary bone 
of the femoral cortex is formed by a fibrolamellar complex. 

The cortex is highly vascularized by primary osteons and 
vascular canals. The reticular canals are the most abundant, 
but longitudinal and rare radial canals are also present. The 
primary cortex contains three LAGs (Fig. 3A2). The inner-
most part of the primary cortex and perimedullary region 
displays remodeling leading to the formation of erosion bays 
and compact coarse cancellous bone (Fig. 3A).

The PM TSU 16/0-56 (about 30% of maximal femoral 
size; Fig. 3B) is not well-preserved and many details of the 
histological structure are not visible. Microanatomically, it 
is similar to the PM TSU 16/0-55 in vascularization and in 
the presence of erosion bays in the deep cortex.

In terms of microanatomical and histological structure, 
the PM TSU 16/0-54 (about 30–35% of maximal femoral 
size; Fig. 4) is generally similar to the PM TSU 16/0-55 by 
high degree of vascularization with numerous reticular and 
longitudinally oriented canals, the primary bone formed 
by a fibrolamellar complex being the dominant bone tissue 
type in the cortex, the presence of secondary bone (compact 

Fig. 4. Histological sections of femur PM TSU 16/0-54 of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich and Averianov in Leshchinskiy 
et al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; juvenile stage, about 30–35% of maximal 
femoral size. Microanatomical overview (A1) and close-ups of the cortex under polarized light with lambda waveplate (A2–A4). Abbreviations: eb, erosion 
bays; lvc, longitudinal vascular canals; mc, medullary cavity; pb, primary bone; retvc, reticular vascular canals; sb, secondary bone; so, secondary osteon. 
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coarse cancellous bone) in the inner part, and the presence 
of growth marks (three LAGs).

The KOKM 4652/16 (about 40–45% of maximal femoral 
size; Fig. 5) is not well-preserved and many details of the 
histological structure are not visible. Despite this, it is char-
acterized by a high degree of vascularization with numerous 
reticular and less abundant longitudinally oriented canals, 
by remodeling leading to formation of secondary bone.

The presence of 3 LAGs suggests that the estimated age 
is over three years for the specimens with about 30–35% of 
maximal femoral size (PM TSU 16/0-54, 16/0-55).

The fibrolamellar complex and LAGs in the femora of 
juveniles indicate a continuing period of fast growth with a 
cyclical temporary and local decrease in growth rate.
Subadult stage.—The femora KOKM 4652/1 and 4652/11 
from larger individual (about 63% and 70% of maximal 
femoral size respectively; Fig. 6, Table 1) display microana-
tomical/histological structure generally similar to that of 

subadult individuals of Psittacosaurus lujiatunensis (e.g., 
extensive bone remodeling; see Zhao et al. 2019) and was 
referred to the subadult stage.

The primary cortex of the femur KOKM 4652/1 (Fig. 
6A) is formed by a fibrolamellar complex. The cortex is 
highly vascularized by primary osteons and vascular ca-
nals. The reticular canals are the most abundant, but rare 
longitudinal canals are also present. The primary cortex 
contains four LAGs and the estimated age is over four 
years. The inner part of the cortex is widely remodeled by 
numerous erosion bays of different sizes, few secondary 
osteons, and compact coarse cancellous bone is present in 
the inner part of the cortex. The appearance of numerous 
erosion bays leads to the formation of spongiosa in the 
perimedullary region. Most of the trabeculae are composed 
of the secondary lamellar bone, but the remains of primary 
bone could present.

The fibrolamellar complex and LAGs in the femora of 

Fig. 5. Histological sections of femur KOKM 4652/16 of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich and Averianov in Leshchinskiy et 
al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; juvenile stage, about 40–45% of maximal femoral 
size. Microanatomical overview (A1) and close-ups of the cortex under polarized light with lambda waveplate (A2, A3) . Abbreviations: eb, erosion bays; 
lvc, longitudinal vascular canals; mc, medullary cavity; retvc, reticular vascular canals; sb, secondary bone. 
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subadults indicate a continuing period of fast growth with a 
cyclical temporary and local decrease in growth rate.

The femur KOKM 4652/11 (about 63% of maximal femo-
ral size; Fig. 6B) is poorly preserved, but reticular canals and 

Fig. 6. Histological sections of femora KOKM 4652/1 (A) and KOKM 4652/11 (B) of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich and 
Averianov in Leshchinskiy et al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; subadult stage; 
about 63–70% of maximal femoral size. Histological overview of the cortex (A1, B1) under polarized light with lambda waveplate and without lambda 
waveplate (A3) and close-ups of the cortex (A2, A4, B2) under polarized light with lambda waveplate. Note the presence of the fibrolamellar complex 
and four LAGs (white arrows). Abbreviations: eb, erosion bays; lvc, longitudinal vascular canals; mc, medullary cavity; retvc, reticular vascular canals; 
sb, secondary bone; tb, trabeculae. 
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rare longitudinal canals are visible in some parts of the cor-
tex. We tentatively refer this specimen to the subadult stage.
Adult stage.—The femora from the largest individuals (90–
100% of maximal femoral size; KOKM 4652/9-10, 4652/13; 
Figs. 7, 8, Table 1) display microanatomical/histological 
structure generally similar to that of adult individuals of 
Psittacosaurus lujiatunensis (e.g, decreasing in vascular-
ization in the outer part of the cortex, the appearance of 
parallel-fibred bone; see Zhao et al. 2019) and were referred 
to the adult stage.

The primary cortex of the KOKM 4652/9-10 (Fig. 7) is 
formed mostly by a fibrolamellar complex and it retains a 
high degree of vascularization (except the outermost part of 
the cortex). The orientation of vascular canals is predomi-
nantly longitudinal, but reticular canals are also present. The 
outermost part of the cortex is composed of parallel- fibred 

bone. In the KOKM 4652/9-10 growth marks were not ob-
served, possibly due to extensive remodeling of the primary 
cortex. The compact coarse cancellous bone is present in the 
inner part of the cortex. The thick lamellar trabeculae form an 
extensive secondary spongiosa in the perimedullary region.

The largest femur KOKM 4652/13 (Fig. 8) has a moder-
ately vascularized cortex that is predominantly composed 
of parallel-fibred bone. Like in KOKM 4652/9-10, the ori-
entation of vascular canals is predominantly longitudinal. 
Growth marks were not observed, possibly due to poor pres-
ervation or extensive remodelling of the primary cortex. 
The deep cortex is represented by dense secondary bone 
tissue (compact coarse cancellous bone).

The appearance of parallel-fibred bone and changing of 
the dominant type of vascular canals from reticular to longi-
tudinal indicates a decreasing in growth rate.

Fig. 7. Histological sections of femur KOKM 4652/9-10 of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich and Averianov in Leshchinskiy 
et al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; adult stage, about 90% of maximal femoral 
size. Histological overview of the cortex (A1, A2) and close-ups of the cortex (A3, A4) under polarized light with lambda waveplate. Note the parallel- 
fibred bone in the outermost part of the cortex. Abbreviations: eb, erosion bays; lvc, longitudinal vascular canals; mc, medullary cavity; pb, primary bone; 
pfb, parallel-fibred bone; retvc, reticular vascular canals; sb, secondary bone; so, secondary osteon; tb, trabeculae. 
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Discussion
Ontogenetic changes in the long-bone histology of Psitta
co saurus sibiricus.—The histology of the smallest indi-
vidual (hatchling stage; <20% of maximal femoral size; 
Fig. 2) of P. sibiricus is characterized by the presence of 
only primary bone tissues, a high degree of vascularity, the 
presence of incipient fibrolamellar complex, numerous re-
ticular vascular and few longitudinally and radially oriented 
canals, the absence of remodeling process and growth mark 
formation.

In larger individuals (juvenile stage, 25–45% of max-
imal femoral size; Figs. 3–5, Table 1), the following main 
changes in bone histology were observed: (i) appearance of 
remodeling and the secondary bone tissues; (ii) formation of 
the developed fibrolamellar complex; (iii) longitudinal ca-
nals become more abundant; and (iv) appearance of growth 

marks (LAGs). According to the presence of three LAGs, 
the estimated age is over three years for individuals with 
about 30–35% of the maximal femoral size.

In the larger individual (subadult stage, about 70% of 
maximal femoral size; Fig. 6C–F, Table 1) is characterized 
by progressive remodeling of the cortex with numerous ero-
sion bays formation and by an expansion of compact coarse 
cancellous bone and secondary spongiosa.

In contrast to subadult stage individuals, the largest in-
dividuals (adult stage, 90–100% of maximal femoral size; 
Figs. 7, 8, Table 1) are characterized by decreasing vascular-
ity and predominantly longitudinal orientation of vascular 
canals, and the presence of parallel-fibred bone in the outer 
cortex.

Growth patterns of Psittaco saurus sibiricus.—Initial 
growth of P. sibiricus was fast based on the presence of 

Fig. 8. Histological sections of femur KOKM 4652/13 of the ceratopsian dinosaur Psittacosaurus sibiricus Voronkevich and Averianov in Leshchinskiy et 
al., 2000, from the Lower Cretaceous Ilek Formation (Shestakovo 3 locality) of Western Siberia, Russia; adult stage, about 100% of maximal femoral size. 
Histological overview of the cortex (A1) and close-ups of the cortex under polarized light with lambda waveplate (A2, A3). Note moderately vascularized 
cortex that is predominantly composed of parallel-fibred bone and the predominantly longitudinal orientation of vascular canals. Abbreviations: eb, erosion 
bays; lvc, longitudinal vascular canals; mc, medullary cavity; pfb, parallel-fibred bone; retvc, reticular vascular canals; sb, secondary bone; tb, trabeculae. 
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fast-growing primary bone (namely incipient fibrolamel-
lar complex) in hatchling (<20% of the maximal femoral 
size). The fast growth continued later in ontogeny—juvenile 
(25–45% of the maximal femoral size) and subadult indi-
viduals (about 70% of the maximal femoral size) retained 
fibrolamellar complex as the main type of bone tissue in 
the cortex. The appearance of a parallel-fibered bone in the 
primary cortex of adult (90–100% of the maximal femoral 
size) individuals indicates a change in growth regime and 
a decrease in growth rate during late ontogeny. P. sibiricus 
shows a cyclical cessation of growth during ontogeny, with 
the general growth rate decrease being reflected in the ap-
pearance of LAGs.
Comparisons of long-bone histology of Psittaco saurus 
sibiricus and other Psittacosaurus species.—Before this 
study, long-bone histology of P. lujiatunensis and P. mon-
goliensis were described among Psittacosaurus species. 
According to the recent phylogenetic analysis by Sereno et 
al. (2010: fig.2.23E), P. sibiricus and P. lujiatunensis are spe-
cies within two different advanced clades (P. lujiatunensis is 
a member of the P. major-clade, and P. sibiricus–P. sinen sis-
clade), while P. mongoliensis is the most basal species.

The primary cortex of all three species is formed pre-
dominantly by the fibrolamellar complex through onto geny 
(Erickson and Tumanova 2000; Zhao et al. 2013, 2016, 2019). 
The hatchling individuals of P. sibiricus and P. lujiatunen-
sis are similar in the presence of an incipient fibrolamellar 
complex in long bones (Zhao et al. 2019). The presence 
of incipient primary osteons in the studied hatchling indi-
vidual of P. sibiricus and only primary vascular canals in 
hatchling individuals of P. lujiatunensis (Zhao et al. 2019) 
can be explained by slightly younger individual age of the 
latter. It should be noted that in the histological study on P. 
mongoliensis (Erickson and Tumanova 2000) the hatchling 
individuals were not studied directly; the information on 
histology of individuals of this stage is an extrapolation of 
histological data of the internal areas of the cortex of later 
stages. Therefore, it is not known exactly what type of bone 
matrix formed the primary cortex of the hatchling individu-
als of P. mongoliensis.

The vascular organization of the femora of the hatchling 
individuals of P. lujiatunensis and P. sibiricus is different: 
it is dominated by longitudinal canals in P. lujiatunensis 
(Zhao et al. 2016, 2019), while reticular canals are more 
abundant in P. sibiricus. Other ontogenetic stages of these 
two species demonstrate similar vascular patterns in the 
femora: prevalence of reticular vascular canals in juvenile 
and subadult individuals and prevalence of longitudinal vas-
cularization in adults. The femora of P. mongoliensis show a 
different pattern of vascularization: starting from the age of 
three (juvenile stage), the main types of vascular canals are 
reticular canals; this type of canals prevails in the late stages 
of development and in other bones of the limbs (Erickson 
and Tumanova 2000).

The first signs of primary bone remodeling, the ero-
sion bays, appear in the femur and fibula of three-year-old 

P. lujia tunensis (Zhao et al. 2019). Erosion bays in the femur 
of P. sibiricus appear at the juvenile stage: in the femur bone 
of PM TSU 16/0-55 (judging by the three LAG’s, this bone 
probably belongs to individuals older than three years) and 
the femur PM TSU 16/0-56 (due to poor preservation there 
are no data on the number of LAG’s). In P. mongoliensis, 
erosion bays are present only in the tibia of an eight-year-old 
individual (Erickson and Tumanova 2000).

Secondary bone formation in P. lujiatunensis and P. 
sibiricus begins at the juvenile stage, with P. lujiatunensis 
being the first to begin endosteal bone formation (due to 
centripetal growth), followed by erosion bays in the pri-
mary cortex and formation of secondary osteons (Zhao et 
al. 2019); in P. sibiricus there is no active endosteal bone 
formation, secondary bone is formed due to remodeling of 
the primary cortex. The absence of active endosteal bone 
formation in P. sibiricus could be the result of the fact that 
sections were made at the different levels of the shafts. For 
P. mongoliensis, the only thing known is that endosteal os-
sification occurs locally in different thin sections (Erickson 
and Tumanova 2000).

The ontogenetic changes in the long-bone histology of 
P. sibiricus and P. lujiatunensis are similar in many aspects 
(predominance of reticular vascularization in juvenile and 
subadult individuals and longitudinal in adults, early start of 
primary bone remodeling), which may be explained by their 
rather advanced phylogenetic positions (Sereno et al. 2010). 
The basal P. mongoliensis differs in ontogenetic changes of 
long-bone histology from P. sibiricus and P. lujiatunensis: 
predominance of reticular vascularization (a sign of active 
growth) and absence of well-developed secondary bone at 
late stages, as well as later appearance of remodeling signs, 
indicate that P. mongoliensis reached histological matu-
rity later than P. sibiricus and P. lujiatunensis. The largest 
known femur of P. mongoliensis (210 mm) belongs to a nine-
year-old individual and is histologically immature (Erickson 
and Tumanova 2000); in comparison, the largest femur of P. 
lujiatunensis (202 mm) is an eleven-year-old (Erickson et al. 
2009). This means that P. mongoliensis probably had a lon-
ger growth period, and representatives of this species could 
reach even larger sizes. Thus, the earlier achievement of 
histological maturity may be one of the evolutionary trends 
within the genus Psittacosaurus.

Conclusions
The histological structure of the femora of Psittacosaurus 
sibiricus changed significantly during ontogeny. The hatch-
ling stage is characterized by a high degree of vasculariza-
tion and absence of signs of bone remodeling; at subadult 
and adult stages a gradual decrease of vascularization de-
gree is observed and the appearance of signs of bone remod-
eling (erosion bays, secondary bone formation). The adult 
stage is characterized by a low degree of vascularization 
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(the dominant type of vascularization is the longitudinal 
vascular canals) and well developed secondary bone tissue.

The ontogenetic changes in P. sibiricus long-bone his-
tology are similar to those in P. lujiatunensis expressed in 
the early signs of bone remodeling and similar patterns of 
vascularization. P. mongoliensis shows different ontoge-
netic changes (late appearance of signs of remodeling, the 
predominance of reticular vascularization at later stages); 
considering the basal position of this species within the 
genus, we can suggest that the earlier achievement of histo-
logical maturity is a possible evolutionary trend within the 
genus Psittacosaurus. To confirm this assumption, further 
paleohistological studies of the differently sized bones of 
other Psittacosaurus species are needed.
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