
S185

ISSN 1062-3590, Biology Bulletin, 2021, Vol. 48, Suppl. 1, pp. S185–S196. © Pleiades Publishing, Inc., 2021.
Russian Text © The Author(s), 2019, published in Zoologicheskii Zhurnal, 2019, Vol. 98, No. 10, pp. 1100–1111.

Variability and Morphological Features of Woolly Rhinoceros Skulls 

(Coelodonta antiquitatis (Blumenbach 1799))

from Northeastern Asia in the Late Pleistocene

A. Y. Puzachenkoa, *, I. V. Kirillovab, **, F. K. Shidlovskyb, **, and V. A. Levchenkoc, ***
a Institute of Geography, Russian Academy of Sciences, Moscow, 119017 Russia

b NASH Ice Age Ltd., Moscow, 129223 Russia
cAustralian Nuclear Science and Technology Organisation, Lucas Heights NSW 2234, Australia

*e-mail: puzak@igras.ru

**e-mail: ikirillova@yandex.ru

***e-mail: vld@ansto.gov.au

Received February 20, 2019; revised March 15, 2019; accepted March 20, 2019

Abstract—We studied 63 woolly rhinoceros skulls from the northeast of Russia (northwestern Chukotka,
northeastern Yakutia) housed in the collection of the “Ice Age” Museum-Theatre, Moscow. Both sexual
dimorphism and size/shape variability of woolly rhinoceros skulls are explored using univariate and multivar-
iate statistics for the first time. Peculiarities of the variability, which are probably related to gender, are
expressed in (1) different sets of skull variables the variability of which does not depend on “general size” vari-
ations and (2) differences in skull allometry in males and females. The structure of morphological variability
is discussed. Statistically significant morphological heterogeneity is detected within the male and female
samples. This is shown to be the consequence of the presence of two size groups that are not related to indi-
vidual age. Based on published radiocarbon dates, it is hypothesized that there was a decrease in skull size in
the woolly rhinoceros is at the end of megainterstadial (MIS) 3 to the early Last Glacial Maximum MIS 2 in
northeastern Asia. To test this hypothesis, new radiocarbon dates of the studied specimens are needed.
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Woolly rhinoceros (Coelodonta antiquitatis (Blu-
menbach 1799)) is a unique representative of the
Mammuthus–Coelodonta faunistic complex of the
Late Pleistocene of Eurasia (Kahlke, 2014), the repre-
sentatives of which were well adapted to the harsh eco-
logical conditions of the Würm (=Vistula =Valdai =
Yermakov =Sartan) glaciation of northern Eurasia,
corresponding to marine oxygen isotopes MIS 5d–
MIS 2 (~110–12 ka ago). The area of origin of the
woolly rhinoceros genus is believed to have been in the
west of the modern Tibetan plateau (Deng et al.,
2011). In the Middle Pliocene, about 3.7 million years
ago, an early representative of the genus—C. thibetana
Deng et al. 2011—lived here in a mountainous steppe
landscape. Evidence of the subsequent expansion of
woolly rhinoceros in Asia has been preserved in
China, Mongolia, Transbaikalia and in the south of
Western Siberia (de Chardin, Piveteau, 1930; Chow,
Chow, 1959; Kahlke, 1969; Li, 1984; Zheng, Cai,
1991; Foronova, 1999; Deng et al., 2011). At the
beginning of the Middle Pleistocene, about 460 ka ago
(MIS 12), rhinoceros similar to C. tologoijensis Belia-

jeva 1966 appeared in Western Europe (Kahlke,
Lacombat, 2008).

On the territory of Yakutia, woolly rhinoceros were
probably absent until the Middle Neopleistocene
(Sher, 1971; Lazarev, 2005; Kahlke, Lacombat, 2008).
In the Late Pleistocene, this species was widespread in
Eurasia from the Iberian Peninsula and the British
Isles to Chukotka and Kamchatka (Markova et al.,
2011; Stuart, Lister, 2012). The latest, early Holocene
remains of a woolly rhinoceros were found in the
Urals, in Lobvinskaya Cave, 9500 ± 250, IERZ-92
(Kosintsev, 1995).

The “Ice Age” Museum (Moscow) contains a sig-
nificant collection of woolly rhinoceros skulls from
the northeast of the Sakha republic (Yakutia) and
northwest of the Chukotka autonomous okrug (Fig.
1). The volume of material made it possible to carry
out a comprehensive study of the morphological vari-
ability of this regional “chronopopulation” of rhinoc-
eroses that lived in the late Pleistocene in the western
part of Beringia.
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MATERIALS AND METHODS

We examined 63 skulls of adult woolly rhinoceroses
stored in the collection of the Ice Age Museum and
collected on the territory of northeastern Yakutia and
northwestern Chukotka (Fig. 1) in the basins of the
Yana, Indigirka, Alazeya, Kolyma, etc., rivers.

The few available datings of the skulls included in
the studied sample suggest that the age of the finds is
mainly within the MIS 3 mega-interstadial (57–29 ka
ago) and the beginning of the MIS 2 glaciation maxi-
mum (29–20 ka ago) (Lorenzen et al., 2011): 50097 ±
1047 (OxA-15915), 49940 ± 1160 (OxA-15731), 49310 ±
500 (OxA-15914), 48020 ± 740 (OxA-16324), 36290 ±
270 (OxA-16323), and 28700 ± 130 (Ox -15911) (here-
inafter, radiocarbon dates are calibrated with OxCAl
4.3 software package and IntCal13 calibration curve
(Ramsey, Lee, 2013).

The skulls were measured three times using a mea-
suring table and two electronic calipers, ShTsTs-1-300
and ShTsTs-1-500, with an accuracy of 1 mm. We used
the rhinoceros skull measurement technique proposed
in (Guérin, 1980; van der Made, 2010) with additions
(Fig. 2).

The age of the animals was assessed according to
the qualitative characteristics of the skull: overgrowth
of sutures, development of muscle attachment sites
and the degree of eruption and wear of teeth, “matu-
rity” of compact tissue; only skulls belonging to adults
(ad), middle-aged (ad-mat), mature (mat), and senile
(mat-sen) individuals were selected for the study. To
assess the potential effect of age on the analysis results,
we used correspondence analysis (Shafir, 2009; Beh
and Lombardo, 2014) and the nonparametric Krus-
kal–Wallis test (Sokal and Rohlf, 1981).

Determination of the sex of the skull was carried
out visually, on the basis of external signs: massiveness
(length-to-width ratio) of the skull; the degree of
development of muscle attachment points, including
the occipital crest; the degree of development of
roughness on the surface of the skull; and the width in
the zygomatic arches. For some specimens, gender
was determined, redefined, or confirmed by morpho-
metric analysis. For this, we used part of a sample of
skulls in which sex was determined with a high degree
of confidence. This subsample was considered as
“training” in the stepwise discriminant analysis. The
belonging of the remaining specimens was assessed by
the magnitude of the posterior probabilities. The man-

Fig. 1. Locations of the investigated woolly rhinoceros skulls.

90� E 120� E 150� E 180� E

75� N

60� N



BIOLOGY BULLETIN  Vol. 48  Suppl. 1  2021

VARIABILITY AND MORPHOLOGICAL FEATURES S187

32

31
21

16

15

23

22

48

21

47

44
43

16

39
38

40

37

3635

45

46

41 42

49

2928
30

l_4

2

1

13

43
41

42

23

34 14

4 9

8

7

272625

6

3

151751819205033



S188

BIOLOGY BULLETIN  Vol. 48  Suppl. 1  2021

PUZACHENKO et al.

ifestation of sexual dimorphism in individual mea-
surements was assessed by the value of the sexual
dimorphism index (Rossolimo, Pavlinov, 1974),
which reflects the relative excess of the size of males
over females.

The method for studying morphometric variability
of the woolly rhinoceros skull has been previously
tested on many objects (Puzachenko, 2001; Kupri-
yanova et al., 2003; Puzachenko, Zagrebelny, 2008;
Abramov, Puzachenko, 2005; Abramov et al., 2009;
2016; Baryshnikov, Puzachenko, 2011 , 2017; Puzach-
enko et al., 2017, etc.). In the general case, the
sequence of data analysis includes preparation of mor-
phometric data (measurements), construction of a
multidimensional model describing the main patterns
of variability, and analysis of the results. The main
purpose of data preparation is to eliminate the influ-
ence of measurement errors and fill in missing data. To
search for “extreme values” and outliers, a visual
method was used—the analysis of scatter diagrams and
the Grubbs test (Stefansky, 1972). Values missing due
to natural damage to the skull were filled using the EM
algorithm (Dempster et al., 1977) and the regression
method. To bring the initial measurements to the same
scale, ranging was applied in accordance with the for-

mula . The construc-

tion of a multivariate model is aimed at a compact
description of variability and identification of the
main components of variability against the back-
ground of random variations (“noise”). The morpho-
logical space model is a Euclidean space, a small num-
ber of coordinates of which (virtual variables) contains
basic information about the variation of many initial
variables. Each object (skull) is represented in the
model space by a point with coordinates that deter-
mine its geometric position relative to all other objects.
To construct the morphological space, the method of
nonmetric multidimensional scaling (NMDS) was
used (Davison, Jones, 1983). As the initial data for this
method, two matrices of “morphological distances”
between all the skulls of the sample were calculated.
The first matrix of pairwise standardized Euclidean

( ) ( )= − −,rang min max mini ix x x x x

distances mainly reflected the differences in the over-

all size of the skull. The corresponding model of the

morphospace describes the dimensional variability

and is designated as “morphospace of sizes” (model

MSZ, designations of coordinates E1, E2, …, etc.).

The second variant of morphological distance estima-

tion was obtained using Kendall’s tau-b rank correla-

tion (Kendall, 1975). The metric summarizes the dif-

ferences in the shape/proportions of the skulls. The

model corresponding to this metric is designated as

the “morphospace of the shape” of the skull (model

MSH, designation of coordinates K1, K2, …, etc.)

(Puzachenko, 2016). The optimal dimension of the

morphospace (the number of coordinates) was esti-

mated from the variation of the Kruskal stress index

(Kruskal, 1964; Kupriyanova et al., 2003). Analysis of

MSZ and MSH models included correlation analysis

of the coordinates of the morphospace and initial

measurements of the skull, in order to assess the qual-

ity and biological interpretation of the model; analysis

of mixtures of Gaussian distributions (Gridgeman,

1970) in order to check the homogeneity of the distri-

butions of coordinate values with statistical estimate

by criterion d of Kolmogorov–Smirnov; and classifi-

cation of the sample using coordinates as variables by

the k-means method.

MSZ and MSH models were calculated both for

the samples of putative males and females and for the

entire sample as a whole. The corresponding coordi-

nate models (GE1 and GK1) reproduce the variation

in the generalized sizes and shapes of the skulls of rhi-

noceroses of both sexes.

For statistical data processing, we used STATIS-

TICA v. 8.0 (StatSoft, Tulsa, Oklahoma, United

States), PAST v. 3.12 (Hammer et al., 2001) and

NCSS 12 Statistical Software (ncss.com/soft-

ware/ncss).

Fig. 2. Skull measurement scheme for woolly rhinoceros according to (van der Made, 2010). In our work, we used the following
measurements: (2) the distance from the anterior edge of the nasal bones to the posterior surface of the occipital condyles, (3) the
distance from the anterior edge of the nasal bones to the occiput, (4) the length of the nasal notch, (5) the minimum width of the
postorbital region, (6) the distance from the postorbital process to the occiput, (7) the distance from the supraorbital process to
the occiput, (8) the distance from the preorbital process to the occiput, (9) the distance from the notch between the nasal and
intermaxillary bones (nasoincisive notch) to the anterior edge of the orbit, (13) the distance from the posterior edge of M3 to the
posterior edge of the occipital condyle, (14) the distance from the anterior edge of the nasal bones to the anterior edge of the orbit,
(15) the width of the occiput, (16) the width of the skull in the mastoid processes, (17) the minimum distance between the fron-
toparietal ridges, (18) the width between the postorbital processes, (19) the width between the supraorbital processes, (20) the
width between the preorbital processes, (21) the maximum zygomatic width, (22) the width of the entrance to the nasal cavity,
(23) the distance from the occipital foramen to the occipital crest, (28) the width of the palate measured in front of P2, (29) the
width of the palate between P4 and M1, (30) the width of the palate measured in front of M3, (31) the width of the occipital fora-
men, (32) the width between the outer edges of the occipital condyles, (33) the width of the nasal bones, (34) the height of the
nasal opening, (35) the width between the choanas, (37) the distance between the caudal wing openings (foramen alare caudal),
(38) the distance between the lacerated openings (foramen lacerum), (39) the distance between the hyoid foramen (foramen nervi
hypoglossi), (45) the length of the space inside the zygomatic arch, (46) the width of the space inside the zygomatic arch, (47) the
width of the articular facet, (48) the distance between the infraorbital foramen, and (50) the minimum width of the nasal bones
behind the region of origin of the nasal horn; I_4 is the length of the dentition.
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RESULTS

Sexual Dimorphism of the Skull

In most measurements of the skull of the woolly
rhinoceros, the putative sexual dimorphism is insignif-
icant and manifests itself on parts of the skull that are
directly or indirectly associated with the attachment of
the anterior and posterior horns and with the width of
the occiput (Table 1). The horns of the males probably
had more powerful and wider bases. The largest differ-
ence (12–11%) between males and females was deter-
mined for the width of the entrance to the nasal cavity
and the width of the nasal bones (measurements 22
and 33).

Sexual dimorphism is poorly expressed in the over-
all dimensions of the skull, such as condylobasal
length or maximum width in the zygomatic arches.

Despite the obtained evidence of a low contribu-
tion of sexual dimorphism, this factor can influence
the results of morphometric analysis. Therefore, fur-
ther samples of males (38 skulls) and females
(25 skulls) were analyzed separately.

Structure of Cranial Variability

The morphological spaces of males had a dimen-
sion of four; for females, three (MSZ) and five
(MSH), respectively. The Kruskal–Wallis test and the
analysis of correspondences did not reveal the influ-
ence of the belonging of an individual age on the val-
ues of the coordinates of the models.

In males, the maximum values of the Pearson cor-
relation coefficient with the first coordinate E1 were

Table 1. Measurements of the skull of a woolly rhinoceros with a sexual dimorphism index from 7 to 12%

Measure Measurement name

Average between 

measurement values in 

males and females, mm

Statistical significance 

according to the Mann–

Whitney test: Z. p

Sexual dimorphism 

index, %

22 Width of the entrance to nasal cavity 8.4 4.52, <0.0001 12.1

33 Width of nasal bones 18.9 5.32, <0.0001 11.2

50 Minimum width of nasal bones 

behind horn-attachment area

14.1 5.48, <0.0001 9.3

19 Width in supraorbital processes 22.7 5.01, <0.0001 8.6

15 Occiput width 16.4 3.27, 0.001 7.4

20 Width in preorbital processes 23.4 5.16, <0.0001 7.8

Table 2. Maximum values of Pearson correlation coefficients for coordinates of morphospaces MR (E1–E4) and MF
(K1–K4) with measurements of the male skull

 Values of measurements that form the basis of skull variability are marked in bold.

Measure E1 E2 E3 E4 Measure K1 K2 K3 K4

2 0.80 –0.40 0.21 –0.11 3 0.65 0.31 0.42 –0.04

21 0.79 0.27 –0.22 –0.17 8 0.64 0.19 0.48 0.08

20 0.78 0.42 0.13 0.20 7 0.62 0.21 0.52 0.20

50 0.75 0.24 –0.15 0.07 17 –0.51 –0.29 0.23 0.08

16 0.73 0.16 0.05 –0.25 35 –0.52 –0.06 0.06 –0.08

45 0.72 –0.37 0.03 –0.14 20 –0.32 0.69 0.30 0.15

33 0.70 0.04 0.01 0.10 18 –0.42 0.66 0.17 0.15

3 0.75 –0.54 –0.18 0.07 22 0.14 0.63 –0.08 –0.04

8 0.66 –0.59 –0.28 0.07 28 –0.07 0.54 –0.05 0.04

7 0.64 –0.57 –0.31 0.14 48 –0.07 0.58 –0.09 0.12

35 0.31 0.55 –0.25 –0.23 38 –0.19 0.01 0.67 0.18

48 –0.07 0.58 –0.09 0.12 6 0.48 0.08 0.61 0.17

37 0.48 0.32 –0.57 –0.23 37 –0.22 –0.10 0.54 –0.06

17 0.17 0.47 –0.52 –0.16 31 0.08 –0.25 –0.28 –0.51

38 –0.19 0.01 0.67 0.18 I_4 0.40 0.04 0.08 0.52

31 0.11 –0.08 –0.01 –0.70 4 0.45 0.17 –0.22 –0.51
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obtained for the condylobasal length (r = 0.80), width
in the zygomatic arches (r = 0.79), width in the preor-
bital processes (r = 0.78), and a number of other fea-
tures (Table 2). The E2 coordinate correlates with the
width between choanas (r = 0.55), and the distance
from the supraorbital and preorbital processes corre-
sponds to the occiput (r = –0.59, –0.57). Specific
measurements correlating with the E3 coordinate are
the distance between the caudal foramen (measure-
ment 37) and the distance between the frontoparietal
ridges (measurement 17), while the width of the fora-
men magnum correlates with the E4 coordinate.

Measurements that correlate predominantly or
only with one of the coordinates of the model form an
“orthogonal” basis for the variability of the skull.
These measurements that determine the dimension of
the morphospace.

The correlation of measurements with the MSH
coordinates is lesser in magnitude (Table 2). Since the
coordinates in this case reproduce the variability of the
proportions of the skull, then for measurements that
correlate primarily with the K1 coordinate, allometric
variability is likely (measurements of the skull length
associated with the occiput, the minimum distance
between the frontoparietal ridges, and the width
between the choanas). In addition to the listed mea-
surements, the bases for the variability of the propor-
tions of the skull of males includes the length of the

dentition, the width of the skull between the preorbital
and postorbital processes, and the width of the
entrance to the nasal cavity (Table 2).

Analysis of the coordinates of MSZ and MSH of
male models showed that the sample is heterogeneous
and the distribution of the values of the E1 coordinate
is probably bimodal (criterion d of Kolmogorov–
Smirnov = 0.084, p = 0.93, Fig. 3a). In other words,
the sample may contain two groups of skulls with dif-
ferent mean skull sizes. The subsequent dichotomous
classification according to the values of the coordi-
nates of the MSZ model divided the sample into two
groups of skulls (Fig. 3b). Representatives of different
size groups did not practically differ in the proportions
of the skull (Fig. 3c). According to the Mann–Whit-
ney test, the largest significant differences (p < 0.001)
between groups characterize the distance from the tip
of the nasal bones to the occiput, the distance from the
tip of the nose to the anterior border of the orbit, the
maximum width in the zygomatic arches, the width of
the skull in the mastoid processes, the width of the
nasal bones, and other characteristics. There were no
differences between the size groups in terms of mea-
surements: the minimum distance between the fronto-
parietal ridges, the width of the foramen magnum, the
length of the dentition, and a number of other mea-
surements that do not correlate with the E1 coordi-
nate. Using the analysis of correspondences, it was not

Table 3. Maximum values of Pearson correlation coefficients for coordinates of morphospaces MSZ (E1–E3) and MSH
(K1–K5) with measurements of the female skull

Values of measurements that form the basis of skull variability are marked in bold.

Measure E1 E2 E3 Measure K1 K2 K3 K4 K5

3 0.91 –0.15 0.25 I_4 0.78 0.01 0.28 0.14 -0.12

8 0.89 –0.16 0.18 7 0.70 0.39 –0.03 –0.04 –0.23

2 0.85 0.03 0.30 8 0.69 0.41 –0.13 –0.06 –0.19

6 0.84 –0.10 0.23 3 0.62 0.36 –0.16 –0.03 –0.14

45 0.83 –0.01 0.05 18 –0.25 0.77 0.03 –0.02 0.06

7 0.82 –0.26 0.12 19 –0.29 0.74 0.19 –0.15 –0.30

50 0.78 –0.15 –0.18 20 –0.04 0.66 0.25 0.13 –0.09

14 0.78 –0.03 –0.03 39 –0.12 -0.03 –0.62 0.08 0.02

23 0.74 –0.22 –0.11 29 0.32 0.13 0.53 0.19 0.16

5 0.73 0.27 0.26 37 0.14 0.26 –0.27 0.67 –0.09

17 0.70 0.11 0.10 38 0.10 0.31 –0.03 0.52 –0.31

4 0.67 0.05 0.08 31 –0.43 -0.06 -0.02 -0.25 -0.60

I_4 0.70 –0.58 –0.05

33 0.66 –0.20 –0.43

35 0.05 0.86 0.01

13 0.25 0.69 0.02

18 0.33 0.64 –0.16

19 0.39 0.62 –0.37

39 0.19 0.06 0.59
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Fig. 3. Size groups of woolly rhinoceros skulls in MSZ and MSH models. (a, d) (1) empirical frequency distribution (n) of the
values of the first coordinate of MSZ models (E1), which correlates with the total size of the woolly rhinoceros skull, and (2) the
model of a “mixture” of two Gaussian distributions for samples of (A) males and (D) females; (b–f) distribution of specimens of
skulls of (b, c) males and (e, f) females relative to the first two coordinates of the (b, e) MSZ and (c, f) MSH models, (1) group
with small skulls, (2) group with large skulls, numbers in diagrams b and e indicate the geological age of the specimen, ka.
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possible to detect the influence of the individual age of
animals on the composition of size groups.

The variability in the size of the skull of the putative
female woolly rhinoceros looks more ordered, which
is reflected in the lower dimension of the MSZ model
and higher values of the correlation coefficients of
coordinates with measurements (Table 3). The first
coordinate (E1) here also describes the variation in the
overall dimensions of the skull (its predominant
length): the distance from the anterior edge of the
nasal bones to the occiput and condylobasal length,
the length of the space inside the zygomatic arch, and
features. The E2 coordinate correlates with the width
between the choanas and the distance from the poste-
rior edge of M3 to the edge of the occipital condyle.
The distance between the hyoid foramen is an indica-
tor measurement of the E3 coordinate.

The dimensionality of the MSH model in females
is higher than in males (Table 3). As in males, the K1
coordinate correlates with measurements related to
the occipital region of the skull, but in this case the
length of the dentition is added to them. As in males,
in females the proportions of the skull width in the
orbital region are reproduced by the K2 coordinate.
The K3 coordinate, which is unique to females, cor-
relates with the distance between the hyoid foramen and
the width of the palate at the P4–M1 level (measurement
29). The K4 coordinate correlates with a specific mea-
surement—the width between of foramen alare caudal.
Finally, the K5 coordinate reproduces the variation in the
relative width of the foramen magnum.

The distribution of the values of the E1 coordinate
in females also turned out to be bimodal (Kolmog-
orov–Smirnov d = 0.073, p = 0.99, Fig. 3d). The scat-
ter diagrams in coordinates E1–E2 and K1–K2
(Figs. 3e, 3f) demonstrate that the two groups differ
from each other only in the overall size of the skull.
They differ to the greatest extent in the distance from
the supraorbital process to the occiput, the distance
from the postorbital process to the occiput, the dis-
tance from the anterior edge of the nasal bones to the
occiput, the distance from the preorbital process to the
occiput, the minimum width of the nasal bones
behind the nasal horn attachment area, and the mini-
mum distance between frontoparietal ridges. The use
of the matching analysis method did not reveal the
influence of the estimated individual age on the size of
the skull measurements in female rhinoceroses from
different size groups.

Figure 4a shows the regression lines of the E1 coor-
dinates of MSZ models relative to the GE1 coordi-
nates (E1 = a + b * GE1) for males and females from
different size groups. Formally, the differences
between males and females are expressed in different
slopes of the E1 regression lines relative to the GE1
abscissa axis. In this case, allometric variability sug-
gests that in the group including large skulls, sexual

dimorphism in overall size should be more pro-
nounced than in the group with small skulls.

In the variability of the proportions of the skull of
males and females (coordinates K1 and GK1, Fig. 4b),
differences between the sexes are also present, but are
much less pronounced. The K1 coordinates of both
sexes correlate with measurements related to the
length of the skull and the relative length of its cerebral
region (Tables 2, 3). The GK1 coordinate of the MSH
model, which includes both sexes, also correlates with
the distance from the supraorbital process to the
occiput normalized to the distance from the anterior
edge of the nasal bones to the occiput (Fig. 4c). In
females, this dependence is more clearly expressed
(Pearson’s correlation coefficient r = 0.54, p = 0.005).
In addition (see Table 3), in females, compared with
males, the variability of the relative length of the den-
tition is limited (Fig. 4d). In females, GK1 correlates
with the length of the dentition normalized to the dis-
tance from the anterior edge of the nasal bones to the
occiput, with a correlation coefficient of 0.61 (p =
0.001), while there is no such correlation in males.
Belonging to one of the two size groups, apparently,
does not affect the proportions of the skull (Fig. 4b).

DISCUSSION

Sexual Dimorphism

Sexual dimorphism is known in both modern and
fossil rhinoceros (Mihlbachler, 2005; Chen et al.,
2010), although it is less pronounced than in other
mammals. Adult males and females differ morpholog-
ically in several ways. For example, male Indian rhi-
noceros (Rhinoceros unicornis L. 1758) have longer
mandibular incisors (but not horns), more powerful
muscles of the neck and shoulders, and extensive folds
of the neck and shoulder, which is important when
fighting for females during the breeding season (Din-
erstein, 1991). Dimorphism is more pronounced in
captive animals. Males are significantly taller at the
withers and greater in body weight (up to 1000 kg) than
in nature, which is explained by the lack of competi-
tion between males in zoos. In nature, severe stress
and poor nutrition during a long nonbreeding interval,
when young males are driven from productive pastures
by dominant males, cause equalization of sizes (Din-
erstein, 1991).

For the Miocene Chilotherium wimani Ringström
1924 male, the features are considered to be the long
second incisor, the long molars, the greater height and
length of the occipital part of the skull (Chen et al.,
2010). The specified author reviewed the gender dif-
ferences in modern rhinoceroses according to the lit-
erature and noted their variability for different species:
in the Javanese and Sumatran rhinoceroses, sexual
dimorphism manifests itself more in the incisors than
in the size of the body and horns, while the black rhi-
noceros is monomorphic; sexual dimorphism in the
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Fig. 4. Allometric variability in two size groups of woolly rhinoceros skulls. (a, b) allometric patterns of (a) general sizes and (b)
proportions of skulls of females (F) and males (M) woolly rhinoceroses belonging to two size groups, in coordinates of MSZ (E1)
and МF (K1) models and similar models for both sexes (GE1, GK1) (1, group with small skulls, (2) group with large skulls); (c, d)
diagrams illustrating the relationship between changes in the first coordinate of the MSH model for males and females (GK1)
with the relative distance from the supraorbital process to the occiput (“7/3”) and the relative length of the dentition (“I_4/3”).
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white rhinoceros (Ceratotherium simum (Burchell
1817)) is expressed in horn size, body weight, and the
neck; adult males of white rhinoceros are 25–43%
heavier than females.

Gender differences in adult woolly rhinoceros are
“incomplete” and rather weakly expressed (Borsuk-
Bialynicka, 1973). According to this author, sexual
dimorphism in a sample from one population is man-
ifested only in extreme values of the distributions of
traits. Despite the significant overlap in the distribu-
tions of traits in males and females, males are distin-
guished by a greater length of the skull and a greater
zygomatic and orbital width of the skull. The distance
from the occipital crest to the orbit and the widths of
the occiput and nasal bones do not show a clear bimo-
dality of the distributions, which may be associated
with individual variability (Borsuk-Bialynicka, 1973).

Our study showed that the putative sexual dimor-
phism of different dimensions of the woolly rhinoc-
eros skull varies within the range of 0–12.1%. In gen-
eral, it was noted that the differences between the sexes
are small. These differences are most clearly mani-
fested in the rostral and supraorbital regions of the
skull and are most likely associated with dimorphism
in the sizes of the anterior and posterior horns. The
roughness of individual bone structures also varies
greatly—from weak to extremely pronounced, usually
in males. In the second case, its development can be
associated with a high hormonal status.

Sexual dimorphism manifested itself not only in
the average values of measurements, but to a much
greater extent in the structure of variability in the size
and proportions of the skull. The data presented
demonstrate both a similarity of the basis of variability
of both sexes and their noticeable differences. The lat-
ter are manifested in different dimensions of morpho-
spaces and sets of measurements that form the basis of
variability. In males, the group of measurements, the
values of which depend on the total size of the skull
(correlate with the E1 coordinate), include mainly
measurements of the total length and width of the
skull. In females, a similar group of measurements also
includes measurements characterizing the occipital
region of the skull. In males, these measurements
simultaneously correlate with both the first and sec-
ond coordinates of the MSZ model (Tables 1, 2); i.e.,
their final values depend on two independent ontoge-
netic factors. Variations in the development of the
occipital skull significantly affect the overall propor-
tions of the skull in both sexes, which is reflected in the
structure of the MSH models.

Hypothesis of a Change in the Size of the Skull of Woolly 
Rhinoceroses at the End of the Late Pleistocene

(Second Half of MIS 3 to MIS 2)

In this study of woolly rhinoceros skulls, against
the background of relatively weak sexual dimorphism

in overall size, statistical methods were used to identify
two size groups. The differences between “large” and
“small” specimens are manifested mainly in overall
size. A comparison of size-group belonging with the
geological age of the skulls (Figs. 3b, 3e) allows us to
make a cautious assumption that large skulls in the
studied sample are often older, possibly more than
40 thousand radiocarbon years (MIS 3, MIS 4, or
older). In this case, we can only say that there is a ten-
dency (“trend”), and not a sharp change, in the size of
animals at the end of the MIS 3 and the beginning of
the MIS 2. This chronological hypothesis requires
testing, for which it is necessary to obtain additional
radiocarbon dates. It is also necessary to check how
genetically similar “large” and “small” specimens are.
At this stage of research, it is assumed that both mor-
phological groups belong to the same haplotype or
haplogroup of mtDNA. In this case, if the “chrono-
logical” hypothesis is confirmed, the decrease in the
size of the skull can be associated with changes in the
ecological living conditions of rhinoceros of the same
chronopopulation that lived in this part of Northeast-
ern Asia. To characterize changes in the nutritional
spectrum of rhinoceroses, it is advisable to simultane-

ously evaluate the isotopic composition (δ13C, δ15N)
skull bones from different size groups. According to an
alternative hypothesis, a change in the rhinoceros
population in the area under consideration took place
in the second half of MIS 3.
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