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a  b  s  t  r  a  c  t

In order  to reveal  patterns  of ontogenetic  change  in  occlusal  shape  of  evergrowing  molars  in  arvicolines,
an  intravital  tooth  printing  method  was  applied  to 20 individuals  of Microtus  gregalis  born  in captivity.
Complexity  patterns  of the  first  lower  molar  were  assessed  by  morphotype  analysis  of  the  anteroconid
complex.  Morphotype  dental  patterns  were  monitored  using  tooth  prints  at  0.5,  1, 2,  3  months  of  age,
and  postmortem.  Ontogenetic  changes  in  molar complexity  and  bilateral  symmetry  among  right  and left
molars  of the  same  individual  during  the process  of  tooth  wear  were  assessed.  Our  results  suggested  that
morphotype  dental  patterns  could  not  be  clearly  established  in  half-month  old animals  due to presence  of
juvenile characters.  For  animals  of 1 month  and older,  age  differences  in morphotype  dental  patterns  were
non-significant  and  negligible  compared  to among-individual  variation.  Within-individual  differences
among  right  and  left  molars,  when  present,  were  not  related  to age  of  an  animal  suggesting  that  bilateral
asymmetry  of  morphotype  dental  pattern  could  be regarded  as inherent  characteristic  of an  individual
persisting  during  post-juvenile  tooth  wear.

© 2013 Deutsche Gesellschaft fü r Sä ugetierkunde. Published by Elsevier GmbH. All rights reserved.

Introduction

Molar teeth of arvicoline rodents represent a traditional model
to address taxonomic, phylogenetic, evolutionary, and ecological
issues (e.g., Hinton, 1926; Zimmermann, 1958; Guthrie, 1965, 1971;
Gromov and Polyakov, 1977; Bolshakov et al., 1980; Koenigswald,
1982; Chaline and Graf, 1988; Barnosky, 1990; Agadjanian, 1996;
Maul et al., 1998; Chaline et al., 1999; Borodin, 2009; Vasilyev
and Vasilyeva, 2009; Guérécheau et al., 2010; Ledevin et al.,
2010; McGuire, 2010; Piras et al., 2010). Despite of wide use
of dental characters in evolutionary and ecological studies in
arvicolines, relatively little attention is paid to the problem of
ontogenetic variation in dental characters and its effect in stud-
ies that rely upon tooth morphology. Although the age variation in
dental characters is well-known in arvicoline rodents, there are
only a few studies examining the effect of age when undertak-
ing correlation analyses between tooth morphology and spatial,
temporal and environmental variables (Fominykh et al., 2010;
Guérécheau et al., 2010). Those studies have been done on the
species with rooted molars for which the age of an individual could
be determined based on the stages of root development (Koshkina,
1955; Tupikova et al., 1970; Pankakoski, 1980; Perrin, 1988;
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Evdokimov, 1997; Olenev, 2009). In rodents with evergrowing
(hypselodont) teeth the crown grows permanently that makes it
impossible to establish age classes based on root-crown ratios.
Most of the studies that address ontogenetic variation in ever-
growing molars in voles (Oppenheimer, 1965; Kaneko, 1996; Sözen
et al., 1999; Markova, 2006), or provide short descriptions of juve-
nile and post-juvenile occlusal enamel patterns of hypselodont
molars (Ognev, 1950; Nadachowski, 1982; Borodin, 2009) are
based on samples of individuals classified by age so that between-
individual variability is not taken into account. Only a few studies
addressing ontogenetic variation in occlusal outlines within the
same individual are known for hypselodont rodents. In particu-
lar, considerable changes in size and depth of re-entrant angles
of the occlusal surface were described in Lemmus trimucronatus
(Cheprakov, 1983, 2010), Microtus middendorffi (Kourova, 1985),
and M. agrestis (Kourova, 1986).

There are numerous evidences of age variation in occlusal
outlines in voles with evergrowing molars. First, the salient
angles and re-entrant folds have a very different general appear-
ance in young teeth from that which characterizes them in the
teeth of adult and senile animals (Hinton, 1926; Nadachowski,
1982; Kourova, 1985, 1986; Sözen et al., 1999): in young teeth
the salient angles are relatively narrow (acute), the re-entrant
folds are wide and open, but in later stages of wear the salient
angles gradually become less acute and the re-entrants sepa-
rating the prisms become relatively narrow. Second, there are
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Table 1
Individuals of Microtus gregalis used for analysis of ontogenetic variation in occlusal shape of the first lower molar, occlusal complexity ratings at 1 month of age and
morphotypes of the left (L) and right (R) molars. Id – number of the specimen in the zoological collection of IPAE UB RAS.

Maternal line (female Id) Litter Id Intravital toothprinting Postmortem observations

Number of sessions Complexity rating
at 1 montha

Age, months m1 morphotype

L R L R

I
(2)

1 7 3 3.0 ± 0.00 1.7 ± 0.33 4 3 3
1  8 3 2.3 ± 0.36 3.7 ± 0.33 6 3 4
2  18 3 2.0 2.0 10 1 2
2  21 3 2.0 1.0 3 2 1
2  23 3 2.3 ± 0.33 1.0 10 2 1
2  24 4 2.0 2.0 4 2 2
2  25 3 2.0 2.0 13 2 2

II
(4)

1  11 3 2.0 2.0 6 2 1
1  12 3 3.0 3.0 4 3 3
2  36 3 2.0 2.0 12 2 2
2  37 3 2.3 ± 0.33 2.3 ± 0.36 12 2 2
2  39 3 3.0 3.0 12 2 2
2  40 3 1.3 ± 0.33 1.0 8 2 2

III
(6)

1  26 4 2.3 ± 0.33 3.0 12 3 3
1  29 1 – – 0.5 juv juv
1  30 3 3.0 3.0 5 3 3
1  32 4 3.0 3.0 6 3 3
1  34 1 – – 0.5 juv juv
2  42 4 2.0 2.0 12 3 3
2  45 4 3.0 3.0 7 3 3

a The average of 3 repeated prints (mean ± standard error); standard error is not calculated when there is no variation among repeated prints.

evidences for the association between age and certain size and
shape characters of the anterior cap of m1  and/or posterior lobe
of M3  in Microtus arvalis,  M.  rossiaemeridionalis (Markova, 2006),
M.  guentheri (Sözen et al., 1999), Eothenomys smithii,  E. andersoni,
and E. shanseius (Kaneko, 1996). In general, the area of the ante-
rior cap of m1  and posterior lobe of M3  increases with advancing
age.

However, the question about the amount of within-individual
age-dependent variations compared to variation between individ-
uals still remains unaddressed. Another source of within-individual
variation in dental pattern is bilateral asymmetry. It is well-
known for arvicoline rodents that occlusal shape patterns are not
always identical in right and left molars of the same individ-
ual (Yeremina, 1974; Maleeva, 1982; Zejda et al., 1997; Kovaleva
et al., 2002; Pozdnyakov, 2007; Polly et al., 2011). Although
the age-related variability and bilateral asymmetry are well-
known, there are no studies that estimate the amounts of age
variation and bilateral variation in molar shape as compared
to the amount of between-individual variation. Does the varia-
tion due to age or asymmetry bias the results of morphological
studies based on molar shape in hypselodont arvicolines? To
answer this question, we undertake a case study in Microtus
gregalis, a vole species with hypselodont molars. As in all arvi-
colines, occlusal outlines of the molars in Microtus gregalis differ
in complexity due to development of additional salient and re-
entrant angles between the prisms of the crown (e.g., Borodin,
2009).

Within the variety of techniques for comparative morpholog-
ical analyses of occlusal outlines in arvicolines (Van der Meulen,
1973; Bolshakov et al., 1980; Nadachowski, 1982; Kochev, 1983;
Schmidt-Kittler, 1986; Ruiz Bustos, 1996; Hurth et al., 2004;
Navarro et al., 2004; Polly et al., 2011, etc.), the simplest is the
morphotype-based analysis relied on visual inspection of molar
outline pattern. Traditional morphotype approach to analysis of
vole dentition takes into account the complexity of the occlusal
surface, in particular, the development of additional salient and/or
re-entrant angles (e.g., Rörig and Börner, 1905; Angermann, 1973;
Bolshakov et al., 1980; Contoli et al., 1992; Markova et al., 2010;
Pozdnyakov, 2011). Although this method provides only a rough

estimate of morphological variability, it is a useful tool when
one needs to compare data between studies or to combine large
data sets in order to reveal general patterns of spatial or tempo-
ral variation in arvicolines (Nadachowski, 1982; Smirnov et al.,
1986; Smirnov and Fedorov, 2003; Markova et al., 2010). At
the same time, it has been shown that morphotype dental pat-
terns in arvicoline voles are heritable and could be regarded as
Mendelian traits exhibiting incomplete dominance (Zimmermann,
1935; Angermann, 1973; Stohl, 1984). Although there is still some
debate over the applicability of the morphotype approach to
analysis of vole dentition because of the continuous pattern of
variability between the morphotypes (Ledevin et al., 2010), the
numerous studies have shown that this approach takes proper
account of the general trend toward increasing crown complex-
ity in the evolution of Arvicolinae (Guthrie 1971; Bolshakov et al.,
1980; Smirnov et al., 1986; Chaline and Graf, 1988; Chaline et al.,
1999).

In this study, we  investigate patterns of ontogenetic variabil-
ity in occlusal shape of the first lower molar in Microtus gregalis
using intravital technique of toothprinting. We  aim to answer the
two questions: 1. Does the occlusal complexity change with wear
in evergrowing molars (as assessed by determining morphotype
dental patterns)? 2. How are the two sources of within-individual
variation – ontogenetic change and bilateral asymmetry – of mor-
photype dental patterns interrelated when studied in postnatal
ontogeny of the same individual?

Material and methods

Material

A total of 20 individuals of narrow-skulled vole Microtus gregalis
Pall., 1779 from 3 maternal lines were studied (Table 1). Mater-
nal females belonged to the subspecies M.  g. gregalis, and were
trapped in the wild in vicinities of Talitsa settlement (Middle Urals,
Russia). For each maternal female, the two F1 litters were available
for analysis. All the materials studied were registered as part of the
zoological collection housed in the Institute of Plant and Animal
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Fig. 1. Anteroconid complexes of the first lower molars of Microtus gregalis showing the patterns of occlusal surface in juvenile (Id 29, 34) and adult (Id 8) animals. Id 29, 34
–  left molars showing bucco-anterior (a) and anterior (b) patterns of juvenile folding, Id 8 – right molar showing a completely formed outline of the anteroconid, mirrored
image; dotted outlines indicate ephemeral peculiarities in the form of the anterior cap of juvenile individuals. Identification numbers and age of individuals are given in
Table 1. LRA – lingual re-entrant angles, BRA – buccal re-entrant angles, AC – anterior cap, T – triangular loops of the occlusal surface (designated and numbered according
to  the scheme of Van der Meulen (1973)).

Ecology, Ural Branch of the Russian Academy of Sciences (IPAE UB
RAS).

Tooth-printing

A method of intravital study of dental morphology in voles
(Olenev, 1980) was used to obtain occlusal surface prints of the
first lower molars (m1). Tooth prints were taken under conditions
of hexenal-induced sleep (4 ml  per kg bodyweight). The slices of
mastic were used to obtain the prints from right and left tooth rows
separately.

Tooth-printing sessions were undertaken at fixed age for each
individual (1, 2, and 3 months). For several individuals, tooth
printing was also done at 14–16 days, so that the total of 4 prin-
ting sessions was taken (Table 1). At least 3 repeated prints were
obtained from the same tooth row during one printing session. The
tooth prints were checked for imperfections such as blur, contour
displacement or bias. In case of imperfect outline contour, addi-
tional toothprints were obtained in order to have 3 prints per tooth
during one printing session.

Occlusal outlines in slices of mastic were inspected under
magnification 2.5×.  For each individual, after-death molar shape
inspection was also undertaken. The experiment lasted from the
birth until the death of an individual. The age at death varied among
individuals (Table 1).

Dental variability

In this study, we focused on qualitative traits corresponding to
development of additional salient and re-entrant angles on lingual
or/and on buccal side of the anteroconid portion of the first lower

molar (Figs. 1 and 2). Morphotype dental patterns were established
based on anteroconid complexity taking into account the presence
or the absence of the three elements – BRA4, LRA6 and T6 (Fig. 2).
Although the development of these structures could be described
both qualitatively and quantitatively, we  chose to focus on morho-
types based on additional elements because they reflect both the
phylogenetic trend toward increasing crown complexity in arvi-
colines (Guthrie 1971; Chaline and Graf, 1988) and the iterative
addition of cusps after the establishment of lateral cusp topogra-
phy during the development of arvicoline molars (Jernvall, 2000;
Jernvall et al., 2000).

Morphotypes 1–4 (Fig. 2) are ranged from the most simple to
the most complex as follows: 1 – BRA4 is absent, T6 is absent, LRA6
is absent; 2 – shallow BRA4 could be distinguished being no deeper
than or equal to the width of enamel band, T6 is not yet distinguish-
able, LRA6 is absent; 3 – BRA4 is well-developed, its depth exceeds
the width of enamel band, T6 is clearly distinguishable, LRA6 is
absent; 4 – BRA4 is well-developed, T6 is well-developed, LRA6 is
present. The order of morphotypes is natural because it reflects the
order of appearance of the qualitative traits in evolution of Microtus
gregalis: morphotypes 1–3 represent the transition from “grega-
loid” to “microtid” stage of m1  evolution in the species (Bolshakov
et al., 1980; Nadachowski, 1982; Smirnov et al., 1986), whereas the
morphotype 4 is more advanced (the additional re-entrant angle
LRA6 is only found in m1s  with clearly distinguishable BRA4 and
T6).

The morphotype numbers represent complexity ratings from 1
to 4. For further analysis, we  consider the complexity ratings as
equally spaced variables because the morphotypes differ from one
another by presence/absence of one additional element of occlusal
surface (a salient or re-entrant angle).

Fig. 2. Scheme of the morphotype dental patterns established in the study based on anterior cap complexity of the first lower molar. Morpohotypes are shown regardless
of  left or right position (right molars are mirrored). 1–4 – complexity ratings of the morphotypes. Solid arrow shows position of buccal re-entrant angle BRA4, dashed arrow
shows  position of lingual re-entrant angle LRA6.
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Table 2
Results of Model I ANOVA comparing the variation in dental complexity due to among-individual differences (individual), between-side differences (side), among post-juvenile
ontogenetic stages (age), and due to interaction between explanatory variables. See text for abbreviations.

Source of variation SS DF MS  F p

Main effects Individual 84,44 17 4.97 40.24 0.000
Age  0.31 3 0.10 0.83 0.479
Side 0.30 1 0.30 2.45 0.119

Interactions Individual × age 11.43 51 0.22 1.81 0.002
Individual × side 18.92 17 1.11 9.01 0.000
Age  × side 0.08 3 0.03 0.22 0.882
Individual × side × age 6.12 51 0.12 0.97 0.533

Error Replicates 26.67 216 0.12

Two sources of within-individual variability were considered –
age variability due to growth and wear, and bilateral asymmetry
of morphotype dental patterns widely known in Microtus species
(Yeremina, 1974; Pozdnyakov, 2007).

Dental terminology for this study was adapted from Van der
Meulen (1973).

Statistical analysis

Analysis was aimed at testing for the presence of systematic
within-individual ontogenetic and bilateral variation in occlusal
complexity of the first lower molar, and comparing this variation
to the magnitude of among-individual variation.

Sources and patterns of variation in morphotype dental patterns
were assessed in the post-juvenile dataset including tooth prints
obtained at 1, 2, 3 months of age, and postmortem observations. The
dataset for statistical analysis included 18 individuals, for which
the three post-juvenile tooth-printing sessions were available for
analysis (Table 1).

We  used model I ANOVA (Sokal and Rohlf, 1994) to examine the
variation in dental complexity that was due to among-individual
differences (individual,  I), between-side differences (side, S), and
due to differences among ontogenetic stages related to the age
when the printing sessions were undertaken (age, A) by treating
individual,  side and age as main effects in a factorial design. The
first-order (I × S, I × A, S × A) and second-order (I × S × A) interaction
terms were tested for any individual- or side-related differences in
the patterns of ontogenetic variation. Tooth prints obtained from
the same tooth row during one printing session were the replicates
in this study.

For statistical analyses, a criterion of  ̨ = 0.05 was used to deter-
mine significance. Statistical analysis relied on programs included
in STATISTICA 5.5 package (StatSoft Inc, 2001).

The following abbreviations were used: R2 – coefficient of deter-
mination, SS – sum of squares, MS  – mean square, F – Fisher’s F
statistic, df – degrees of freedom, p – probability (Sokal and Rohlf,
1994); Id – identification number of the specimen in the zoological
collection IPAE UB RAS.

Results

Investigation of occlusal outlines in slices of mastic taken dur-
ing the first printing session (0.5 month of age) showed that the
anteroconid complex of m1  was not yet fully developed exhibiting
so-called juvenile folding in the enamel of the anterior cap (Fig. 1).
The two different juvenile patterns could be determined: bucco-
anterior (Fig. 1, Id 34), and anterior folding (Fig. 1, Id 29). Analysis
of the prints taken at the first printing session (0.5 months) showed
that one individual (Id 24) exhibited the bucco-anterior pattern
of juvenile folding, and four individuals (Id 26, 32, 42, 45) exhib-
ited the anterior folding. Comparison of the prints taken at the
juvenile stage with the postmortem observations showed that

the bucco-anterior pattern of juvenile folding of the individual 24
had resulted in the morphotype 2, and the anterior folding pat-
tern had resulted in the morphotype 3 in individuals 26, 32, 42, 45
(Table 1). This result indicates that both the anterior and bucco-
anterior patterns of juvenile folding represent the ephemeral
peculiarities of the occlusal outline.

The next stage of molar development (1 month of age) is char-
acterized by complete development of BRA4 and LRA6 (when
present), and by well-defined morphotype dental pattern. How-
ever, the two  individuals at 1 month of age (Id 24, Id 32) had
retained immature characteristics of their anterior caps, which look
slightly waved in shape. That immature trait disappears with age
(it is not found in tooth prints of the same molars at 2 months of
age and older).

ANOVA results for the post-juvenile dataset are shown in
Table 2. The effects included in the model I ANOVA explained sub-
stantial amount of variation in dental complexity, as indicated by
adjusted R2 = 0.75. The effects of age and side are not significant,
whereas the variation among individuals is highly significant. Sta-
tistically significant interactions were found for individual and age,
and also for individual and side.

Significant interaction individual × side could be regarded as evi-
dence of non-directional asymmetry (Palmer, 1994). To test for
genotype differences over the amount of non-directional asym-
metry, F ratio could be calculated as MSindividual/MSside × individual
(Palmer, 1994). Here, variation among individuals (genotypes)
is significant given the amount of non-directional asymmetry
(F17;17 = 4.46, p = 0.002). Significant interaction individual × side
suggests that the bilateral pattern of dental variability varies among
individuals studied.

Significant interaction individual × age (along with no signifi-
cant effect of age) suggests that the ontogenetic pattern of dental
variability varies among individuals studied. Second-order inter-
action diagrams (Fig. 3) show that three individuals (Id 24, 39,
45; Table 1) exhibited no morphotype changes in both left and
right molars at post-juvenile stages. Nine individuals showed no
age-related variability either on the left or right molar with cer-
tain changes in the morphotype dental pattern on the opposite
side (Id 7, 11, 12, 18, 21, 23, 25, 26, 32). Six individuals showed
the similar patterns of age-related change in both left and right
molars. Those patterns could be regarded as non-directional (ran-
dom) variability among observations made at different age (Id 8,
30, 36; Table 1) and as the directional change toward complication
(Id 40, 42) or simplification (Id 37) with progressing age. Taken all
together, regardless of side or individual, 15 molars out of 36 exhibit
no morphotype changes at post-juvenile stages, 11 molars show
non-directional differences among ontogenetic stages, 6 molars
demonstrate directional change toward complication and 4 molars
show simplification with progressing age. Magnitude of variation
due to age is not high – differences between ontogenetic stages for
the same tooth are usually not higher than ±1 (Fig. 3). However,
the signs of differences among vital and postmortem observations
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Fig. 3. Dental complexity of the left and right molars of Microtus gregalis as it was
estimated by tooth prints (months 1, 2, 3), and postmortem. The x-axes represent
the identification numbers of individuals; I–III – different maternal lines (see Table 1
for individual identification numbers and maternal lines). Vertical bars denote 0.95
confidence intervals.

were stable for a particular molar. Postmortem observations are
always recorded as the most complex or the simplest for a given
molar, and the complexity rate observed postmortem never falls
between the vital observations for a given molar.

To test for genotype differences over the amount of between-
individual differences in ontogenetic patterns of dental variability,

F ratio was  calculated as MSindividual/MSindividual × age. The genotype
differences in morphotype dental patterns were found to be signif-
icant (F17;51 = 22.17; p < 0.001).

Since the main effect of individual was  significant, we examined
the differences among individuals who descended from different
maternal lines using the one-way ANOVA. The effect of mater-
nal line was found to be significant (F2;351 = 28.16; p < 0.001). The
progenies of female 2 and 4 did not differ in dental complex-
ity on average (F1;252 = 1.98; p = 0.161), although the progeny of
female 6 had significantly more complex molars on average as
compared to those of female 2 (F1;232 = 50.50; p < 0.001) or female
4 (F1;218 = 44.04, p < 0.001). Fig. 3 shows that individuals descen-
ding from female 6 are less variable in dental complexity (only
morphotypes 2 and 3 are present), whereas the maternal line I
exhibits the highest dental variability (morphotypes from 1 to 4 are
present).

Discussion

When analyzing spatial or temporal patterns of variation in
hypselodont arvicolines, the common practice is to exclude juve-
nile individuals from quantitative analyses in order to avoid
biased results (Nadachowski, 1982; Borodin, 2009; Markova et al.,
2010). Here, we confirm the necessity for caution when deal-
ing with juvenile individuals in samples taken for morphological
assessments. The juvenile folding represents the ephemeral pecu-
liarity of the arvicoline molars and disappears at early stages of
wear. Accordingly, we conclude that juvenile folding makes it
impossible to determine a morphotype based on occlusal out-
line. Comparison of the tooth prints taken at juvenile stages with
the postmortem observations allows us to hypothesize that the
two patterns of the juvenile folding found in our dataset might
be indicative of the future anteroconid complexity (anterior pat-
tern of juvenile folding might result in relatively more complex
pattern whereas the bucco-anterior pattern of the juvenile fold-
ing might develop into the simpler morphotypes with the less
developed BRA4). However, this hypothesis needs to be tested and
the transition from the juvenile to the definitive adult occlusal
patterns should be studied in animals from 0.5 to 1 months of
age.

Our results show that in narrow-skulled voles of 1 month and
older, age-related differences in morphotype dental patterns were
non-significant and negligible compared to among-individual vari-
ation. Considering the previous results obtained by the use of
tooth-printing in Microtus middendorffi (Kourova, 1985, 1986), we
can conclude that despite substantial change in size and depth of
the re-entrant angles and increase in occlusal surface area, the mor-
photype features of the molars (namely, the presence or absence of
additional salient angles) do not change with age.

It is known that the rooted molars of arvicoline species such
as Ondatra zibethica (Viriot et al., 1993) or Clethrionomys species
(Emelyanova, 2005; Borodin, 2009) exhibit a well pronounced
trend of occlusal simplification during the crown wear. Despite the
differences in the life-span, the similar stages of crown and root
development could be clearly established for rooted molars of dif-
ferent arvicoline genera based on the extent to which the occlusal
surface is formed, the crown is worn, and the roots are differenti-
ated. Substantial variability in the occlusal outline of rooted molars
in arvicolines is related not only to the earliest stages when the
occlusal surface gradually acquires its definitive appearance but
also to adult stages when additional prisms of the crown might get
worn out and to the senile stages when the crown is almost com-
pletely worn out and the occlusal surface gradually loses its typical
outline. The stages of crown wear and root development were rec-
ommended to account for occlusal simplification when studying
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dental variability in natural populations of arvicolines with rooted
molars (Borodin et al., 2006; Fominykh et al., 2010).

Here, we find no evidence of age-related occlusal simplifica-
tion in hypselodont molars at post-juvenile stages. We  conclude
that when the specimens showing the juvenile dental traits are
excluded, the morphotype-based approach to analysis of dental
patterns in hypselodont arvicolines is expected to be less vulner-
able to the age structure of a population (or a sample) than it is
known for rooted arvicolines (Borodin et al., 2006; Fominykh et al.,
2010; Guérécheau et al., 2010).

Analysis of the age-related variability within the same molar
and comparison between intravital and postmortem observations
suggest that some molars exhibit no morphotype changes at differ-
ent ontogenetic stages, whereas others appear to vary. Magnitude
of morphotypic variability within the same molar (when present)
is not high. However, the postmortem observations of dental com-
plexity are always recorded as the most complex or the simplest
for a given molar, and never fall between the complexity ratings
established by tooth prints at 1–3 months of age. Based on that, we
suggest that variability among ontogenetic stages in some individ-
uals reflects the process of dental pattern clarification of a given
molar with its growth and wear. In other words, the morphotype
dental pattern of a hypselodont molar appears to be more clearly
manifested in aged animals.

Within-individual differences among right and left molars,
when present, are not related to age of an animal suggesting
that bilateral asymmetry of morphotype dental pattern could be
regarded as inherent characteristic of an individual persisting dur-
ing post-juvenile tooth wear (e.g., individuals 8, 18, 21, 23). It should
be noted, that in our study almost all individuals with asymmetric
dental pattern originate from the same maternal line (I, Table 1,
Fig. 3).

Highly significant differences among individuals found in our
study as well as the differences in dental complexity among the
maternal lines confirm the previous results showing the genetic
background of the morphotype dental patterns in arvicolines,
namely in Microtus arvalis (Zimmermann, 1935; Stohl, 1984).
Although the question of genetic vs. epigenetic mechanisms regu-
lating tooth development in arvicolines is still open (Jernvall, 2000;
Salazar-Ciudad and Jernvall, 2002; Ledevin et al., 2010), there are
no reasons for doubts in heritability of the characters used to iden-
tify the morphotypes (namely, the additional re-entrant or salient
angles). Although it is clear that the features of the occlusal pattern
of arvicoline molars show rather continuous than discrete patterns
of variation (Borodin, 2009; Ledevin et al., 2010), we suppose that
the role of genetic factors in dental variability should not be mini-
mized in favor of epigenetic regulation processes.
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(Arvicolidae, Rodentia Mammalia). Z. Geol. Wiss. Berlin 10 (7), 951–962.

Kochev, V.A., 1983. The quantitative assessment of variation in the occlusal surface
of  molars in collared lemmings. In: Manziy, S.V. (Ed.), Morphological Peculiar-
ities  of the Vertebrates of the Ukraine. Naukova Dumka, Kiev, pp. 59–62 (in
Russian).

Koshkina, T.V., 1955. Metod opredeleniya vozrasta ryzhikh polevok i opyt ego
primeneniya (A method for age determination in the bank vole and its appli-
cation experience). Rus. J. Zool. 34 (3), 631–639 (in Russian).

Kourova, T.P., 1985. Vozrastnaya izmenchovost’ formy i razmera zhevatelnoy
poverkhnosti M3 i m1  polevki Middendorfa [Age variation in shape and size
of  the occlusal surface of M3  and m1 in Middendorff’s vole]. In: Investigation of
Small Mammals in the Urals (Theriological Pproblems in the Urals). The Urals
Scientific Center of the USSR Academy of Sciences, Sverdlovsk, 22–24 (in Rus-
sian).

Kourova, T.P., 1986. Izmenenie risunka zhevatelnoy poverkhnosti zubov trekh vidov
polevok na postyuvenilnykh stadiyakh razvitiya. In: Proc. IV Congress of Russian
Theriological Society. Vol. 2, Moscow, p. 65 (in Russian).

Kovaleva, V.Y., Pozdnyakov, A.A., Efimov, V.M., 2002. Investigation of variability
structure of root vole (Microtus oeconomus Pallas) molar morphotypes using
bilateral asymmetry. Rus. J. Zool. 81 (1), 111–117.

Ledevin, R., Quéré, J.-P., Renaud, S., 2010. Morphometrics as an insight into processes
beyond tooth shape variation in a bank vole population. PLoS One  5 (11), e15470.

Maleeva, A.G., 1982. Simmetriya I asimmetriya stroeniya zhevatelnoy poverkhnosti
korennykh zubov u polevok na primere stepnoy pestrushki (Lagurus lagurus
Pall.). In: Proc. of the Zool. Institute the USSR Academy of Sciences, Saint-
Petersburg, 115, pp. 23–37 (in Russian).



Author's personal copy

E.A. Markova et al. / Mammalian Biology 78 (2013) 251– 257 257

Markova, E.A., 2006. Interspecific differentiation and intraspecific variation in odon-
tological characters in sibling species Microtus arvalis and M. rossiaemeridionalis,
extended abstract of Cand. Sci. (Biol.). Dissertation. Institute of Plant and Animal
Ecology, the Ural Branch of RAS, Ekaterinburg (in Russian).

Markova, E.A., Malygin, V.M., Montuire, S., Nadachowski, A., Quéré, J.-P., Ochman, K.,
2010. Dental variation in sibling species Microtus arvalis and M.  rossiaemerid-
ionalis (Arvicolinae Rodentia): between-species comparisons and geography of
morphotype dental patterns. J. Mol. Evol. 17 (2), 121–139.

Maul, L.C., Masini, F., Abbazzi, L., Turner, A., 1998. The use of different morphometric
data for absolute age calibration of some South- and Middle European arvicolid
populations. Palaeontograph. Italica 85, 111–151.

McGuire, J.L., 2010. Geometric morphometrics of vole (Microtus californicus) denti-
tion as a new paleoclimate proxy: Shape change along geographic and climatic
clines. Quatern. Int. 212 (2), 198–205.

Nadachowski, A., 1982. Late Quaternary Rodents of Poland with Special Refer-
ence to Morphotype Dentition Analysis of Voles. Państwowe Wydawn. Nauk,
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