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Craniometry of mountain voles of the genus Alticola (Rodentia:
Arvicolinae): Orthogonal decomposition of multivariate variability
into intra- and interspecific components

Vera Y. Kovaleva*, Vadim M. Efimov, Igor V. Moroldoev & Yuri N. Litvinov

ABSTRACT. In the analysis of quantitative traits within a genus, distinguishing between intra- and interspecific
variability is crucial. This study aimed to separate and compare these two components of diversity in the skull
morphology of mountain voles. Using Fisher’s method, we performed an orthogonal decomposition of a cranio-
metric data matrix from 12 species and subspecies of the genus Alticola (311 specimens, 15 traits). We created two
statistically independent matrices: one representing interspecific variation (differences between species’ weighted
centroids) and another representing pooled intraspecific variation (the combined within-group variability). The total
variance of the original data was partitioned entirely between these two new matrices. The interspecific component
accounted for 44.32% of the total variance, while the intraspecific component accounted for the remaining 55.68%.
For each matrix, we computed principal components, which were interpreted as structural-functional modules. The
analysis revealed that the first principal component in all cases represented general size-age variability, while the
second and third components captured shape variation in the skull and mandible. However, the overall modular
structure differed significantly between the interspecific and intraspecific levels. The main finding was that the inte-
gration of traits from the facial and cerebral parts of the skull, and mandible was only observed in the interspecific
matrix. This suggests that the phenotypic patterns driving divergence between species are distinct from the patterns
of variation within species. We propose that this difference may be due to differing rates and mechanisms of epigen-
etic and genetic restructuring of the phenotype operating at these separate evolutionary levels.

How to cite this article: Kovaleva V.Y., Efimov V.M., Moroldoev 1.V., Litvinov Y.N. 2026. Craniometry of mountain
voles of the genus Alficola (Rodentia: Arvicolinae): Orthogonal decomposition of multivariate variability into intra-
and interspecific components // Russian J. Theriol. Vol.25. No.1. P.32-43. doi: 10.15298/rusjtheriol.25.1.05

KEY WORDS: principal component analysis, size and shape, morphological integration and modularity, facial and
cerebral parts of the skull, genus Alticola.

Vera Y. Kovaleva [v_kov_65@mail.ru], Institute of Systematics and Ecology of Animals of SB RAS, Novosibirsk
630091, Russia; Vadim M. Efimov [vmefimov2@yandex.ru], Federal Research Center Institute of Cytology and
Genetics Siberian Branch of the RAS, Novosibirsk 630090, Russia,; Igor V. Moroldoev [igmor@list.ru], Institute
of Systematics and Ecology of Animals of SB RAS, Novosibirsk 630091, Russia; Yuri N. Litvinov [lyunl3@yandex.
ru], Institute of Systematics and Ecology of Animals of SB RAS, Novosibirsk 630091, Russia.

KpaHnomeTtpusa ckanbHbIX noneBok poaa Alticola (Rodentia:
Arvicolinae). OpToroHanbHoOe pa3fnoXeHne MHOroMepHOWU
U3MEHYMBOCTU Ha BHYTPU- U MEXBUAOBYH KOMMOHEHTbI

B.10. KosaneBa*, B.M. Ecbumos, U.B. Moponpoes, 10.H. JlutBuHoB

PE3IOME. Ipu cTaTucTHYeckoM aHaIN3e KONMMYECTBEHHBIX MPU3HAKOB HA YPOBHE poOJia HEOOXOIMMO pa3indaTh
BHYTPH- 1 MEXXBH/IOBYIO I3MEHINBOCTb. TakoH IOAXO/ TIO3BOJISIET MPEACTABUTE OOIIIYI0 MI3MEHINBOCTB KaK CyM-
MY BHYTpPH- ¥ MEKBHIOBOTO Pa3HOOOPa3Hs ¥ aHAIU3UPOBATh 3TH THITBI H3MEHUMBOCTH 110 OTAeNbHOCTH. [1o Me-
Tory Puiriepa, MbI OPTOrOHATBEHO PA3JIOXKIIIN HCXOMHYIO MaTPHILy KPAHHOMETPUYECKUX TPU3HAKOB 12 BUIOB U
TIOJIBU/IOBBIX (POPM CKaJIbHBIX NONEBOK poa Alticola (311 0ObeKTOB X 15 IpU3HAKOB) Ha JIBE: MEKBHIOBYIO M 00be-
JMHEHHYIO BHY TPHBHJIOBYI0. 3HaYEHHNS KPAHUOMETPHIECKIX ITPU3HAKOB MOJIyYEHHBIX HOBBIX MaTpPHI] B COBOKYTI-
HOCTH HE KOPPEJMPYIOT IPYT C IPYTOM H OTPaXKaroT, COOTBETCTBEHHO, N3MEHUHBOCTH MEK/LY BUIAMH (= HX B3Be-
IICHHBIMH [IEHTPOUIAMH) U H3MEHYHUBOCTb, KOTOpAs TOMyUINTCs U3 OOIIEH, €CITN COBMECTUTH IEHTPOHUABI BCEX
12 BunOB/GOpM U OOBEAUHUTH UX BHYTPHBBIOOPOUHYIO M3MEHYMBOCTh. COOTBETCTBEHHO, CYMMBI JUCIIEPCHit
BCex Ipu3HakoB oOtei Marpuipl (100%) paBHBI cyMMaM AMCHEPCHil ABYX MPOM3BONHBIX Marpull. Ha nomo
MEXBHUJIOBOM MaTpHIlbl mpuiiocs 44.32%, Ha 10110 BHYTpUBHAOBONH — 55.68%. JInst kaxmoil MaTpHIiibl BbI-
YHCIIEHBI TVIaBHbIE KOMIIOHEHTHI, KOTOphIE PacCMaTpHUBAIOTCS KaK CTaTHCTUYECKH HE3aBHCHUMBIC CTPYKTYpPHO-
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¢yHKIMOHANBHBIE MomyIH. [lepBast I1aBHAsE KOMITIOHEHTA BCEX TPEX MATPHII, 3TO pa3MepHO-BO3pACTHas U3MEH-
YUBOCTH. BTOpast 1 TpeThss — M3MEHINBOCTH (POPMBI Uepera U HIDKHEH 4enmrocTi. MoIyibHast CTPYKTypa Mex-
BUJIOBOM M BHYTPUBHIOBOM U3MEHINBOCTU PA3IM4AETCs. B 4aCTHOCTH, TONBKO Tl MEXKBUIOBOI MaTpHIIbI Ha-
OmomaeTcst MHTErpanys MPH3HAKOB JIMIIEBOTO M MO3TOBOTO OT/ENOB Yepelia M HIDKHEH delmrocTd. Bo3MoxHOM
TIPUYHHOM 3TOMY MOTYT OBITh Pa3IH4Hs B CKOPOCTSX SMUTCHETHUECKUX U TCHETHUECKUX MIepecTpoeK (heHOTHUIIA.

KJIFOUYEBBIE CJIOBA: MeToq I1aBHBIX KOMIIOHEHT, pa3mep U hopma, Mopdosiornyeckas HHTErpays 1 MOLYJIb-

HOCTB, JINIIEBOM M MO3TOBOH OT/ENBI uepena, Alticola.

Introduction

The mammalian skull is a complex structure con-
sisting of semi-autonomous parts (modules) that dem-
onstrate close relationships within themselves but
weaker ones with other modules. Different parts of the
skull can have different macroevolutionary dynamics
and various links with ecological factors, developmen-
tal factors, and lifestyle, from diet and locomotion to
reproductive strategy (Porto et al., 2009; Goswami et
al., 2023; Kyomen et al., 2023). Differences in the ap-
proaches and methods of different authors are the rea-
son for the lack of a unified model of mammalian skull
modularity. Nevertheless, it appears that there is a hi-
erarchical organization of the skull, in which the facial
and cerebral parts (or the facial part, base, and vault)
can be decomposed into smaller modules (from 3 to
17 according to different authors for different datasets)
(Hallgrimsson et al., 2007; Koyabu et al., 2014; Gos-
wami et al., 2023). The main reasons for the modular
structure of the skull are considered to be the common
ontogenetic origin and function of its constituent ele-
ments (Hallgrimsson et al., 2007; Porto et al., 2009;
Hall & Hanken, 2023).

Currently, the methods and technologies used for
the analysis of cranial data are becoming increas-
ingly accurate, and the volume of knowledge about
the mammalian skull is growing exponentially (Fos-
towicz-Frelik & Tseng, 2023). Because of the advent
of computed microtomography and a new conceptual
approach involving framing tasks and interpreting re-
sults within the concepts of MorphoEvoDevo (evolu-
tionary developmental morphology) (Hallgrimsson et
al., 2007; Wanninger, 2015; Koyabu, 2023), as well as
ideas about the modular organization of the skull (Go-
swami & Polly, 2010; Goswami et al., 2014; Esteve-
Altava, 2017; Goswami ef al., 2023; Sherratt & Kraatz,
2023), research in this field has reached a new scientific
level. Evidence of this is the recent thematic issue of
the journal Philosophical Transactions of the Royal So-
ciety published in 2023, ‘The mammalian skull: devel-
opment, structure and function’ containing review and
original articles that capture the current state of affairs
in this subject area and define the main directions for
future research (Fostowicz-Frelik & Tseng, 2023). For
example, for the paleontological record when working
with fossils (due to the unavailability of DNA analysis),
the search for phylogenetic, allometric, and ecological
signals from different parts of the skull is discussed as
a priority task, since such finds are most common. One

of the current tasks related to the topic of our research
is the separation of the influence of different factors
(functional, evolutionary, genetic, and ecological) on
the patterns of skull modularity, in ontogenetic and his-
torical aspects, using the broadest possible coverage of
different systematic groups of organisms (Fostowicz-
Frelik & Tseng, 2023).

In the statistical analysis of quantitative traits at
the genus level, and in current article we will focus on
the species and intraspecific forms of the little-studied
genus of mountain voles Alticola of the subfamily Ar-
vicolinae, it is necessary to distinguish between intra-
and interspecific variability. This approach allows rep-
resenting the total variability as the sum of intra- and
interspecific diversity and thereby focusing attention
on the similarities and differences of these different
types of variability. Interspecific variability reflects the
diversity of species acquired during evolutionary time
and genetically fixed, due to isolation, genetic drift, and
features of adaptation to species-specific ecological
niches. Intraspecific diversity arises and realizes in the
process of individual development in interaction with
the environment of individuals from different popula-
tions of the same species.

One of the strategies for the multivariate analysis of
quantitative data is orthogonal decomposition. The idea
of orthogonal decomposition in the case of one trait be-
longs to Ronald-Fisher — one-dimensional analysis of
variance (ANOVA) (Fisher, 1918). The development of
this idea led Ronald Fisher to multivariate discriminant
analysis (Linear Discriminant Analysis, LDA) — a
method for finding several orthogonal lines (discrimi-
nant axes), onto the projection of which the point clouds
representing the samples are most distinct. The method
was illustrated using the example of three species of
irises in the space of four morphological traits (Fisher,
1936). Both the data and the method have entered all
statistical textbooks, and with the advent of computers,
into packages for multivariate statistical analysis.

However, over time, LDA revealed an unexpected
unpleasant effect. At the preliminary stage of statisti-
cal processing, the researcher selects traits, standard-
izes them, and selects a suitable Euclidean distance
between objects. This was done in order to most ad-
equately (from the researcher’s point of view) represent
biological diversity through the mutual arrangement of
objects in multidimensional space. Therefore, from a
substantive point of view, it is natural to expect that
both the discriminant axes and the projections of ob-
jects onto them would be computed while preserving
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the distances between objects. This means that the only
permissible transformation is the rotation of the entire
set of objects as a rigid body in multidimensional space
(Ul’yanov, 2020). However, in LDA, any non-degener-
ate linear transformation is permissible (Wilks, 1947).
Thus, when maximizing the Fisher criterion, in addi-
tion to rotation, compression or stretching of the set of
distances between objects along some axes of the mul-
tidimensional space can, and usually does, occur un-
noticed by the user, precisely such that the differences
between samples will be emphasized certainly better,
and the calculated reliability higher, than with rotation
alone. However, in essence, this will be a fitting to the
desired result, and the real biological meaning can be
distorted, up to its complete loss. Therefore, in this
work, we use only rotation in multidimensional space.
A similar problem exists in Hotelling’s canonical
correlation analysis (Canonical Correlation Analysis,
CCA) (Hotelling, 1936). If we have two systems of
traits for the same objects, then we can find two such
linear combinations of traits, one for each system, that
the correlation between them will be maximum. The
method is impeccable from a mathematical point of
view, it is also included in all statistical textbooks and
packages, but practically it does not work. The result, as
a rule, is very high correlation coefficients, up to unity,
but at the same time very small variances of the found
linear combinations. Since proportion of the variability
of both systems is too small, they are simply useless for
researchers. The difference with LDA is that the lack of
a biologically meaningful result when applying CCA
was discovered almost immediately. However, the

modern analogue of CCA — 2B-PLS analysis (Wold et
al., 1984, 2001; Rohlf & Corti, 2000) —Instead of cor-
relation, the covariance of linear combinations of traits
is maximized, which works excellently in practice.
The aim of the article is to decompose the total vari-
ability of the craniometric traits of mountain voles of
the genus Alticola Blanford, 1881 into two independent
components: intra- and interspecific, with the subse-
quent search for patterns of modularity in both systems.

Material and methods

The analysis of intra- and interspecific variability of
mountain voles of the genus Alticola was carried out on
15 traits of the skull and mandible. The total sample size
was 311 specimens belonging to 10 species and 2 subspe-
cies of the genus Alficola (Tang et al., 2018; KryStufek
& Shenbrot, 2022): Alticola (Alticola) argentatus (Se-
vertzov, 1879), A. (Alticola) barakshin Bannikov, 1947,
A. (Alticola) olchonensis Litvinov, 1960, 4. (Alticola)
semicanus G. M. Allen, 1924, A. (Alticola) stoliczkanus
(Blanford, 1875), A. (Alticola) stracheyi Hinton, 1926,
A. (Alticola) strelzovi (Kastschenko, 1899), 4. (Alticola)
tuvinicus Ognev, 1950, A. (Alticola) tuvinicus khubsu-
gulensis Litvinov, 1973, Alticola (Aschizomys) mac-
rotis (Radde, 1861), A. (Aschizomys) macrotis fetisovi
Galkina & Epifantseva, 1986, 4. (Aschizomys) lemmi-
nus (G.S. Miller, 1898). The main part of the sample is
represented by specimens of mountain voles of the age
groups subadultus and adultus, stored in the collection
of the Zoological Museum of ISEA SB RAS, Novosi-
birsk (rn = 235). Photos of the skulls were taken in three

Fig. 1. Placement of reference points for the dorsal (a), ventral (b), and lateral (c) projections of the skull and the mandible (d).
Specimen A. tuvinicus, collection of the Zoological Museum of ISEA SB RAS, Novosibirsk.
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projections (dorsal, ventral, and lateral) and of the man-
dible — in lateral projection (Canon EOS 1100 D cam-
era with Tamron SP 60 mm F/2 macro 1:1 lens) with
a ruler, graduated in millimeters at a fixed distance of
38 centimeters. Fifteen measurements of each specimen
were obtained from the photographs (Fig. 1) using the
tpsDig ver. 2.22 environment (Rohlf, 2015). Abbrevia-
tions for these measurements (Tang et al., 2018) are as
follows: skull greatest length (SGL), skull basilar length
(SBL), zygomatic breadth (ZB), median palatal length
(MPL), nasal length (NL), length of maxillary toothrow
(LMxT), length of upper molar row (LUMR), length of
maxillary diastema (LMxD), length of tympanic bulla
(LTB), width of tympanic bulla (WTB), distance be-
tween tympanic bullas (DTB), length of mandible (LM),
oral height of the vertical ramus (OHVR), length from
the condyle (LC), and length of the mandible diastema
(LMD). Then, the resulting matrix of craniometric traits
was supplemented with measurements of mountain vole
specimens from China (n = 76 specimens), which were
taken from the table published in the Appendix to the
article by Tang et al. (2018: 44).

In this study, we deliberately used the craniomet-
ric measurement scheme of our Chinese colleagues in
order to subsequently combine both samples. Before
combining the samples, we assessed the measurement
error. It turned out that the centroids of the species
A. argentatus and A. semicanus (and these species are
most fully represented in both samples), computed

Table 1. Characteristics of the mountain vole samples.

separately for the samples from Russia and China, are
closer to each other than to neighboring species, and
the single specimen of 4. strelzovi from China is in-
cluded within the sample from Russia. This gives us
every reason to combine both samples (Table 1).

One of the main directions of morphological vari-
ability in voles, both intra- and interspecific, is the non-
linear variability of size associated with the growth of or-
ganisms — allometry, usually expressed by the formula
y = ax’. After logarithmization, the relationship becomes
linear: log(y) = log(a)+b xlog(x). In this regard, before
statistical processing, all traits were logarithmized.

As a variable reflecting the entire size component
of the total variability of traits, either the mean of all
logarithmized values of all traits of a given individual is
used (Mosimann, 1970; Darroch & Mosimann, 1985),
or the first principal component (PC1) arising from the
analysis of quantitative traits by the principal compo-
nent analysis (PCA) method of all logarithmized traits
of all individuals (Klingenberg, 1996).

These same methods are also used in modern geo-
metric morphometrics (Mitteroecker & Schaefer, 2022).
In practice, both methods give similar results. For ex-
ample, in the work (Kovaleva ef al., 2014) the correla-
tion coefficient between the mean size by Mosimann’s
method and PC1 by Klingenberg’s method was 0.991.
In the present work, the mean size of each specimen was
computed using James Mosimann’s method and decom-
posed into intra- and interspecific components.

Species/Subspecies n

Region

A. (Alticola) argentatus 36

Kyrgyzstan (Central Tien Shan, Naryn-Too Range, Terskey Ala-Too Range), Tajikistan
(Gissar Range), China (Xinjiang Uygur Autonomous Region)

A. (Alticola) barakshin 12

Russia (Tuva, Mongun-Taiga District)

A. (Alticola) olchonensis | 29

Russia (Irkutsk Region: Baikal, Olkhon, Ogoy, Zamogoy, Khubyn Islands)

A. (Alticola) semicanus 56

Russia (Tuva, Erzin District), Mongolia (Arkhangai Aimag, Khangai Range; Khovsgol
Aimag, Khuvsgul Lake), China (Inner Mongolia)

A. (Alticola) stoliczkanus | 13

China (Gansu Province, Qinghai Province, Tibet Autonomous Region)

A. (Alticola) stracheyi 10

China (Qinghai Province, Tibet Autonomous Region)

A. (Alticola) strelzovi 31

Russia (Altai: Chemal District, Onguday District, Ulagan District, Kosh-Agach District),
China (Aletai region, Xinjiang)

A. (Alticola) tuvinicus

Russia (Tuva: Tes-Khem District, Barun-Khemchik District, Bay-Tayginsky District,
36 | Ulug-Khem District; Khakassia: Bograd District, Ordzhonikidzevsky District, Shirinsky

fuvinicus District; Krasnoyarsk Territory, Uzhur District)
A. (Alticola) t. . A
Khubsugulensis 23 | Mongolia (Khovsgol Aimag, Khuvsgul Lake)

A. (Aschizomys) macrotis

macrotis .0
District)

Russia (Buryatia: Severo-Baikalsky District, Kabansky District, Barguzinsky District;
30 | Altai, Ulagan District; Kemerovo Region, Novokuznetsk District; Khakassia, Tashtypsky

A. (Aschizomys) m. 30
fetisovi

Russia (Zabaykalsky Krai, Sokhondinsky Nature Reserve)

A. (Aschizomys) lemminus | 5

Russia (Zabaykalsky Krai, Kalarsky District)

Note: Within the framework of this work, the subspecies 4. (Alticola) tuvinicus khubsugulensis and A. (Aschizomys) macrotis
fetisovi are considered on a par with species (without claiming to change the systematics) solely for the purpose of a more
detailed characterization of the craniometric variability of the genus Alticola.
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The decomposition of the total variability into in-
tra- and interspecific is carried out as follows. From
the matrix of the original craniometric traits, two new
matrices of the same size are computed: interspecific
and pooled intraspecific. In the interspecific matrix,
each specimen for each trait is assigned the value of
the centroid of its species; in the pooled intraspecific
matrix — the difference between the original value and
the centroid. The sum of these matrices is obviously
equal to the original matrix. This method was proposed
by Fisher in the ANOVA method (Fisher, 1918). The
idea is that the intergroup variability is subtracted from
the total variability, leaving the intragroup variability,
in which the intergroup one is absent. In this case, the
general matrix of traits is decomposed into interspecific
and pooled intraspecific. The sum of the squared dis-
tances between two specimens for all traits of the new
matrices is equal to the squared distance between them
in the general matrix, and the new matrices are mutu-
ally orthogonal to each other, that is, the correlation
of any trait from the interspecific matrix with any trait
from the pooled intraspecific matrix is zero.

The sum of the squared distances between all speci-
mens for all traits of the new matrices is equal to the sum
of the squared distances between them in the general ma-
trix. This relationship is preserved under any rotations
of the set of all objects in the multidimensional space.
However, this is a property of the aggregate, and it does
not have to hold for each individual trait. Therefore, one
can reconsider the task set by Fisher, but, unlike him, use
only rotations: to find the subspace in the projection onto
which the proportion of interspecific variability is maxi-
mum. For this, it is necessary to compute the principal
components (PCs) of the interspecific matrix of traits.
For the purposes of this article, we computed the PCs of
the three matrices considered here.

To solve the problem of multiple comparisons
when calculating the reliability of the correlation co-
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efficients of the components with the original traits,
the Bonferroni correction was used (Narkevich et
al., 2020). When applied, statistically significant
values of the correlation coefficients for a sample
size of n = 311, number of correlation coefficients
N, = 154 (9x16) and significance level p < 0.001
start from 0.253 (effect size 6.3%), therefore in the
article we analyze only correlation coefficients ex-
ceeding this value.

Calculations were performed using Excel 2016, sta-
tistical packages Statistical2 (StatSoft Inc., Tulsa, OK,
USA), PAST4 (Hammer ef al., 2001) and Jacobi4 (Po-
lunin et al., 2019).

Results

Using Fisher’s method, we orthogonally decom-
posed the original (All) matrix of craniometric traits
of 12 species and subspecific forms of mountain voles
of the genus Alticola (311 objects X 15 traits) into two
other matrices: interspecific (Inter) and pooled intra-
specific (Intra), each also sized 311 x 15. Accordingly,
the sums of the variances of all traits of the All matrix
(100%) are equal to the sums of the variances of the
Inter and Intra matrices. The Inter matrix accounted
for 44.32%, and the Intra matrix for the remaining
55.68%.

PCs were computed separately for all matrices, in
order to find the directions of maximum variability and
identify the traits associated with these directions. We
focused on the discussion of the first three PCs of the
studied matrices, which together account for: All —
84.53%, Inter — 93.39% and Intra — 81.58% of the
trait variances (Table 2).

Traditionally, in the analysis of quantitative traits,
the direction with the greatest variance — PCl1, rep-
resents size-age variability. This unconditionally holds
for All-PC1; all 15 craniometric traits of this matrix

Table 2. Variances of the principal components (PC1-PC15) of the total (All), inter- (Inter) and intraspecific (Intra) matrices of

craniometric variability of mountain voles.

PC All-Var,% All-Sum,% Inter-Var,% Inter-Sum,% Intra-Var,% Intra-Sum,%
PCO1 70.69 70.69 74.87 74.87 68.83 68.83
PCO02 7.85 78.54 10.17 85.04 7.32 76.15
PCO03 5.99 84.53 8.35 93.39 5.42 81.58
PC04 4.10 88.63 3.23 96.63 425 85.83
PCO5 2.78 91.41 1.49 98.11 3.09 88.92
PC06 2.34 93.76 0.86 98.97 2.70 91.63
PC07 1.96 95.72 0.56 99.53 2.37 93.99
PCO8 1.07 96.79 0.26 99.79 1.58 95.57
PC09 0.96 97.75 0.15 99.94 1.31 96.88
PC10 0.68 98.44 0.03 99.98 1.00 97.88
PCl11 0.57 99.01 0.02 100.00 0.75 98.63
PC12 0.40 99.40 0.00 100.00 0.56 99.19
PC13 0.34 99.75 0.00 100.00 0.46 99.65
PCl14 0.15 99.90 0.00 100.00 0.21 99.85
PC15 0.10 100.00 0.00 100.00 0.15 100.00

A, % 100.00 44.32 55.68

Note: = A, % — total variance of the PCs of the three matrices of craniometric variability in percent.
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contributed highly significant positive loadings to the
component (Table 3).

However, for the orthogonal matrices Inter and
Intra, this does not seem so obvious. Since a variable
reflects the size component of variability, we com-
puted the mean size of each specimen using James
Mosimann’s method and decomposed it into intra- and
interspecific components (Table 3, trait M). The table
shows that the correlation coefficients of M with the
corresponding PC1 of all matrices (All, Inter and Intra)
were close to unity, and with other PCs — were not
significant (Table 3). This indicates that the size of in-
dividuals in the orthogonal matrices (Inter and Intra) is
also almost entirely concentrated in PC1. Here, for the
Inter-matrix, these are interspecific differences, and for
the Intra-matrix, these are within-sample differences in
the size of the skull and mandible.

It is noteworthy that the trait DTB is the only one
that has no size variability in the Inter-matrix, and al-
most entirely enters the next component — PC2. PC2
and PC3 are responsible for the variability of propor-
tions and are free from the size influence. Inter-PC2
(A=10.17%) is formed by the contributions of traits re-
lated to different parts of the skull and mandible. The
main contribution to the component is made by DTB; it
partially determines the width of the skull in its cerebral
part, and, together with SBL, characterizes the ratio of
the length and width of the skull. LUMR and LMxD
contribute approximately equal in value but opposite
in sign contributions to the component, which is also a
characteristic feature of intramodular interactions in the
facial part of the skull in different species. In addition,
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traits OHVR and LC, have significant contributions to
this component, belonging to another bone structure —
the mandible.

The direction of interspecific variability Inter-PC3
(A=8.35%) is formed by the traits LTB and WTB. These
are the proportions of the auditory capsule. NL, LMxD
and LMD make negative contributions to the compo-
nent. These traits are located quite far from each other,
but from a structural-functional standpoint, their coor-
dinated variability looks quite logical. The length of the
nasal bones on the dorsal side of the skull is related to
the length of the upper diastema on the ventral side,
such that they fuse to form the rostrum, which in turn
corresponds to the diastema of the lower jaw. Species
are grouped in the Inter-PC1-Inter-PC2 and Inter-PC2—
Inter-PC3 spaces as follows (Figs 2 and 3).

In the projection onto the size axis, Inter-PCl,
three groups of species are recognized: with small-
sized (A.m. fetisovi, A. lemminus), medium-sized
(A. stracheyi, A. stoliczkanus, A. argentatus, A.t. khub-
sugulensis, A. macrotis, A. strelzovi) and large-sized
skulls (4. barakshin, A. olchonensis, A. semicanus,
A. tuvinicus). In the projection onto the axes Inter-PC2
and Inter-PC3, characterizing the proportions of the
skull and mandible, the species lie more densely, but
groups can be distinguished. For Inter-PC2 — three
groups are recognized: 4. argentatus, A. stoliczkanus,
A. barakshin, A. stracheyi; A. macrotis, A.m. fetisovi,
A. tuvinicus, A.t. khubsugulensis, A. semicanus, A. ol-
chonensis;, A. lemminus and A. strelzovi; and for In-
ter-PC3 — two groups are recognized: A. argentatus,
A. barakshin, A. semicanus, A.m. fetisovi and

Table 3. Correlation coefficients (x1000) of the first three principal components (PC1-PC3) of the total (All), inter- (Inter) and
intraspecific (Intra) matrices of craniometric variability of mountain voles with the original (logarithmized) traits.

Traits All-PC1 | All-PC2 | All-PC3 | Inter-PC1 | Inter-PC2 | Inter-PC3 | Intra-PC1 | Intra-PC2 | Intra-PC3
SGL 962 69 114 976 202 0 948 -32 26
SBL 942 128 128 909 331 —54 963 75 -57

7B 925 58 213 953 210 136 900 24 -124

MPL 957 96 -8 986 86 —-67 946 25 39
NL 883 84 -186 892 -83 -353 873 43 75

LMxT 969 32 -117 972 -103 —-158 970 37 -37

LUMR 793 -239 -178 880 -381 -16 724 15 -372

LMxD 875 202 -2 821 313 -346 909 -116 39
LTB 786 —245 476 811 143 556 763 -365 —-105

WTB 718 —409 475 788 -8 602 652 —487 —-147
DTB 257 878 238 -1 942 —125 452 831 -44
LM 866 -38 -200 951 147 —124 801 89 114

OHVR 742 -154 -268 730 —422 -12 769 40 -193
LC 936 -82 215 932 =319 -87 947 69 51
LMD 727 83 -278 829 -50 -282 676 —54 675
M 999 37 16 998 60 -13 999 15 -3
A, % 70.69 7.85 5.99 74.87 10.17 8.35 68.83 7.32 5.42
A, % 100 44.32 55.68

Note: Correlations of traits with PCs significant by the Bonferroni criterion at p <0.001 are highlighted in bold font.
Row M — correlation of the mean size of an individual, computed by James Mosimann’s method, with the PCs of the three
matrices of craniometric variability of mountain voles. £ A, % — total variance of the PCs of the three matrices in percent.
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craniometric variation (n = 12).

A. stracheyi, A. stoliczkanus, A. olchonensis, A.t. khub-
sugulensis, A. tuvinicus, A. macrotis, A. lemminus,
A. strelzovi.

Now transitioning to the PCs of the Intra- matrix.
Intra-PC2 (A=7.32%) in terms of the contributions of
traits of the cerebral part: LTB, WTB and DTB and
in terms of the variance value is similar to All-PC2
(A=7.85%), which is not surprising, since the general
matrix is a mixture of inter- and intraspecific vari-
ability and the variance of the Intra-matrix predomi-
nates in it. The statistical relationship between the
traits looks quite logical: the smaller the sizes of the
auditory capsules, the greater the distance between
them, assuming there is a certain “limit” on the in-
traspecific width of the skull. The traits LUMR and
LMD make a significant contribution to the compo-
nent Intra-PC3. The following intramodular interac-
tions is observed: a decrease in LUMR is accompa-
nied by an increase in LMD.

In the pooled intraspecific Intra-space, due to the
large number of specimens, we considered the samples
separately by species (Fig. 4). Intra-PCl-Intra-PC2
plane of craniometric variability (» = 311). Sample
centroids are aligned with the zero coordinates of PC.

It can be seen, that the intraspecific samples are
heterogeneous in size in the projection onto the Intra-
PCl1 axis. At the same time, large and small individu-
als (projection onto the Intra-PC2 component) can
have the same proportions. This is especially clearly
manifested in the subspecies A.m. fetisovi and A.t.
khubsugulensis.

Discussion

The structural elements of the skull form subsets of
traits that tend to change together during ontogeny and
evolution, as opposed to others that are less connected.
Traits included in such subsets are called ‘integrated’
(Olson & Miller, 1958). Division into subsets can be
done formally by correlations between traits (r-groups)
and substantively — by the principle of joint function-
ing of traits (F-groups). Ideally, both divisions should
correspond to each other. The division of traits into r
and F groups corresponds well to what was later called
statistical and functional modules (Klingenberg, 2014).
Everett Olson and Robert Miller believed that the de-
scription of such associations, as well as the study of
the causes and consequences of integration, would lead
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to more interesting and profound ideas about the nature
of phenotypic evolution (Magwene, 2006).

In this article, using Fisher's method, we orthogonally
decomposed the total variability (All) of the craniometric
traits of mountain voles of the genus Alticola into two in-
dependent components: inter- (Inter) and pooled intraspe-
cific variability (Intra). The application of PCA separately
for these matrices made it possible to identify craniomet-
ric modules — PCs, characteristic of each of these sys-
tems/subsystems, which, by the method of identification,
although they are statistical, however, in our opinion, are
also united by the commonality of origin and function.

First of all, PC1 of all three matrices demonstrates
that the skull and mandible are well-integrated struc-
tures. We can judge their coordinated ontogenetic
growth by the uniform contributions of traits to the
component. High correlations of trait M (mean size of
the specimen, computed by Mosimann's method) rein-
force the conclusion that for the Inter and Intra matri-
ces, PC1, as well as for the All-matrix, is the direction
of variability of general sizes. We can only guess that
for Inter-PC1 these are interspecific genetic differenc-
es, and for Intra-PC1 — combined intraspecific ontoge-
netic and possibly epigenetic differences.

In the direction of Inter-PC1, three groups of species/
intraspecific forms of voles that are well differentiated
by size stand out (Fig. 2). The smallest form is the sub-
species A. m. fetisovi. Judging by the figure, it differs
noticeably from the nominative 4.m. macrotis in the gen-
eral size of the skull and mandible, but not in proportions
(see the projection of the subspecies onto the Inter-PC2
axis). The same picture is observed in relation to the oth-
er two subspecies: A.t. tuvinicus and A.t. khubsugulensis
(Fig. 2.). The subspecies differ only in size.

Intra-PC1 demonstrates high intraspecific hetero-
geneity of the samples, namely the presence for most
species/forms of at least two size-age groups.

For PC2 and PC3 of all three matrices, correlations
with size are not significant, so these components char-
acterize certain features of the shape of the skull and
mandible. Interspecific differences are mainly mani-
fested in the trait DTB; almost all of its variability is in-
vested in Inter-PC2 (effect size 88.7%). In the direction
of the component, this trait increases, reaching maxi-
mum values in A. strelzovi. Integrated with DTB, the
lengths SBL, LMxD increase and LUMR decreases.
The mandible, at the same time, becomes lower and
shorter.
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In the projection onto the Inter-PC2 axis, the first
group of species, located in the lower part of the
graph (4. argentatus, A. stoliczkanus, A. barakshin, A.
stracheyi) (Fig. 2) coincides with the so-called ‘south-
ern group’ of species, inhabiting lower latitudes and
higher altitudes, which we previously identified based
on data on the variability of cytb amino acid sequences
(Kovaleva et al., 2024). In the species of the ‘south-
ern group’, an increase in the frequency of Leu — Val,
Phe substitutions was found compared to the groups of
‘northern species’. These amino acids with nonpolar
(hydrophobic) radicals are similar in physicochemical
properties, so the substitutions should not lead to sig-
nificant changes in the structure of the protein mole-
cule; nevertheless, an ecological conditionality of these
substitutions has been discovered. The factors that have
the greatest influence are soil frosts (especially in tran-
sitional seasons) and indicators of evapotranspiration
or total evaporation from the soil surface and vegeta-
tion, which in all regions of the world correlate with
the bioproductivity of ecosystems. Thus, based on the
results of these two studies, the conclusion suggests it-

self about the influence of habitat factors on the pheno-
typic evolution of mountain voles at different levels of
biological organization, molecular and organismal (the
level of organ systems).

The question arises, why exactly does DTB occupy
a central place among the other traits forming Inter-
PC27? First of all, this trait apparently has the least age-
related variability, since it is anatomically located at the
base of the skull, and this structure reaches adult size
and shape slightly earlier than the vault and facial part
(Hallgrimsson et al., 2007). Secondly, the process of
bone tissue formation at the base of the skull (endo-
chondral ossification) differs from the process of os-
sification of the vault and facial part (intramembranous
ossification). This difference is significant because
endochondral ossification may be less susceptible to
epigenetic interactions with neighboring tissues and or-
gans than intramembranous ossification (Hallgrimsson
et al., 2007). If this is the case, the component Inter-
PC2, (with the trait DTB included in it to the maximum
degree), can be considered as interspecific variability in
the duration (rate) of ontogeny. Furthermore, a number
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of works have shown that the shape of the skull base
(basicranium) has a significant phylogenetic signal
(Cardini & Elton, 2008; Arnaudo ef al., 2019).

In the facial part of the skull, there are also traits
with early stabilization in ontogeny, for example, inter-
orbital width. In craniometric studies, this trait almost
always forms PC2 and is a marker of growth rate in
populations. In particular, voles from different phases
of population dynamics, as well as spring and autumn
generations of voles having different ontogenetic de-
velopmental pathways, differ in this trait (Vasil’ev et
al., 2003).

The third direction of interspecific differences, In-
ter-PC3, is associated mainly with the proportions of
the auditory capsules (LTB and WTB) and the length of
the rostrum (NL + LMxD), which are in a negative cor-
relative relationship with each other and are integrated
with LMD. From the point of view of possible interpre-
tation, these bone structures are a reflection of sensory
functions: hearing and smell. In the projection onto the
Inter-PC3 axis, two groups of species are distinguished.
The species of the first group: A. argentatus, A. barak-
shin, A. semicanus and A.m. fetisovi have skulls that
are wider in the cerebral part with a shortened rostrum
(animals with brachycephalic proportions of the facial
part) than the others, forming the second group.

Intra-PC2—-Intra-PC3 characterize the proportions
of skulls associated with intraspecific variability. In In-
tra-PC2, the main contribution is made by the trait DTB
already known to us, which is negatively dependent on
the proportions of the auditory capsules (traits LTB and
WTB); together they form a characteristic intramodular
connection at the base of the skull. Intra-PC3 demon-
strates the integration of the mandible and facial skull.

Over the past few years, a number of studies have
been published in which the commonality of ontoge-
netic origin is considered as a possible cause of cranial
integration and modularity (Goswami ef al., 2023; Hall
& Hanken, 2023). Two embryonic cell populations give
rise to the cranial neural crest (CNC) and the paraxial
mesoderm (PM). The CNC is derived from the embry-
onic ectoderm and forms the facial part of the skull, in-
cluding the structures of the middle ear, zygomatic arch
and palate, pterygoid bones, and the mandible. The PM
is derived from the embryonic mesoderm and forms the
cerebral part of the skull: the base, the posterior vault,
and the occipital part. The boundary regions, approxi-
mately corresponding to the coronal (fronto-parietal)
suture on the dorsal side of the skull and the spheno-oc-
cipital synchondrosis on the ventral side, may experi-
ence competitive pressure and have contributions from
two cell populations. Structures derived from the CNC
have a greater capacity for change, including under
natural and sexual selection, domestication, and breed
production (e.g., dogs and cats), although this pheno-
type also occurs in nature (Kyomen ef al., 2023). Data
on experimental domestication of foxes (Trut, 2008),
minks, and sables (Trapezov, 2007) and selection of rats
under stress conditions (Markel’, 2008) show that all
domesticated species exhibited an increase in the rate

and amplitude of modification variability. Along with
characteristic exterior features (Belyaev & Trut, 1989),
such as changes in body size and proportions, floppy
ears, changes in the length and position of the tail, spe-
cific piebaldness (white spotting), etc., shortening of
the facial part of the skull (brachycephaly) was also ob-
served. These observations together led to the ‘neural
crest/domestication syndrome’ hypothesis (Wilkins et
al., 2014), which linked the phenotypic traits of domes-
tication with the biology of the CNC. The hypothesis
sparked a heated debate between its supporters and op-
ponents (Johnsson et al., 2021; Wilkins et al., 2021).
However, the fact remains that the time of cranial su-
ture closure is an important source of variability in the
shape of the skull in its facial part.

Conclusion

In this study, we orthogonally decomposed the total
craniometric variability of mountain voles of the ge-
nus Alticola into two independent parts: interspecific
(44.32%) and pooled intraspecific (55.68%). This ap-
proach, based on Fisher’s method, enabled a separate
analysis of variability patterns resulting mainly from
different biological processes — evolutionary diver-
gence of species and ontogenetic and epigenetic vari-
ability within species.

PCls in all three matrices (All, Inter, and Intra) reli-
ably reflects the overall size of the skull and mandible.
This is confirmed by a near-unit correlation correla-
tion with the mean size calculated using Mosimann's
method. The structure of craniometric modules (identi-
fied as PCs free from size influence) differs between the
inter- and intraspecific levels. Interspecific variability
(Inter-PC2, Inter-PC3) is characterized by the integra-
tion of traits of the facial and cerebral parts of the skull
with the mandible. The distance between the tympanic
bullae (DTB) plays a key role here, likely reflecting in-
terspecific differences in rate of ontogenesis and carry-
ing a phylogenetic signal. Modules associated with the
proportions of the auditory capsules and rostrum were
also identified.

Intraspecific variability (Intra-PC2, Intra-PC3)
demonstrates modularity within the same functional
parts: integration of traits of the skull base (DTB, LTB,
WTB) and coordinated variability of the tooth row and
diastema (an increase in the LMD trait with stable LM
leads to a decrease in LUMR). The observed differ-
ence in modularity patterns may be linked to different
rates and nature of variability. Intraspecific variability
is likely due to rapid ontogenetic and epigenetic rear-
rangements, whereas interspecific variability is due to
the slow accumulation of genetic differences over the
course of evolution. The integration of skull parts at
the interspecific level might be explained by common
embryonic origin (neural crest cells, CNC, and paraxial
mesoderm, PM).

As a perspective for further research, it is worth
noting the search for relationships between the identi-
fied interspecific craniometric modules and molecular
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genetic data (evolutionary distances), as well as with
key ecological factors (such as climatic parameters
and habitat characteristics). This will help identify the
driving forces of morphological evolution in the genus
Alticola. Expanding the study to include data obtained
through geometric morphometric methods and the ex-
amination of ontogenetic series will provide a more
detailed picture of cranial integration and modularity.

Thus, the proposed methodology of orthogonal de-
composition of variability has proven effective for the
separate study of intra- and interspecific phenotypic
diversity and opens new avenues for investigating the
factors that shape this diversity at different levels of
biological organization.

The concept of phenotypic integration and modu-
larity currently provides an opportunity for a new per-
spective on the quantitative analysis of traits and the
study of variability at different levels of biological or-
ganization.
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