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theory (Krebs 1999; Holmes and York 2003; Armstrong 
and Seddon 2008; Zhao et al. 2019; Hecht 2021). For dead 
mammals, a variety of age indicators can be used including 
maturity of the dental system, skull or postcranial skeleton, 
the number of annual layers in the tissues of teeth and bone, 
and lens mass (Morris 1972; Spinage 1973; Klevezal 2007; 

Introduction

Most studies which deal with natural populations require a 
reliable and convenient method of chronological age estima-
tion. Age-explicit data are essential for conservation biol-
ogy, population ecology, and the development of life-history 
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Abstract
Most studies which deal with natural populations require a reliable and convenient way of age estimation. However, 
even rough aging of live individuals is often a real challenge. In this study, we develop a radiographic method for age 
estimation in Ellobius talpinus, a promising model species for population and behavioral ecology. Using portable X-ray 
equipment, we radiographed wild, non-sedated animals from the population that had been subjected to extensive mark-
recaptures for 3 years. Two molar metrics strongly dependent on age and easy to measure on radiographs were selected: 
the lengths of the synclinal folds of the 1st upper and 1st lower molars. No influence of sex on the molar condition age 
dynamics was found. Discriminant function analysis based on molar condition and date of radiography in 86 animals of 
known age classes assigned X-ray images to three age classes (young of the year, yearlings, and 2 years or older) with 
an accuracy of 99%. Leave-one-out cross-validation yielded 97% correct assignments. All age estimates for 52 repeatedly 
radiographed individuals were consistent across images. The analysis of the repeated X-ray images obtained from the same 
animals showed that the 1st lower molars change faster in the first summer of life than later whereas the change rate of 
the 1st upper molars decreases little throughout life. We propose the X-ray technique as a useful alternative to direct skull 
and dental morphometry for age estimation of wild small mammals, saving the investigator’s time and lives of animals.
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Zhao et al. 2019). In some cases, these methods may not 
be desirable, such as for endangered species or for research 
whose objectives conflict with the removal of individuals 
(not to mention the ethical aspect). Although examination 
of tooth replacement and wearing can be performed even on 
living individuals of some taxa (carnivores - Stander 1997; 
Landon et al. 1998; ungulates - Gilbert and Stolt 1970; 
Lipotyphla – Dunaeva 1955; González-Esteban et al. 2002; 
bats - Brunet-Rossinni and Wilkinson 2009), for many other 
mammals such as rodents this is difficult if not impossible. 
In rodents, incisor width can be a convenient age marker, 
especially in species with extrabuccal incisors (Kuprina and 
Smorkatcheva 2019; Caspar et al. 2022), but the reliability 
of this indicator decreases rapidly with age, and it is use-
less after the animal stops growing. Estimating age through 
mark-recapture is time consuming and poorly applicable to 
species that are difficult to observe and recapture. The most 
frequently utilized phenotypic characteristics to age live 
rodents are the mass and length of the body or pelage, but 
they are generally not sufficiently correlated with age, espe-
cially at older age (Ecke and Kinney 1956; Morris 1972; 
Karels et al. 2004; Lichti et al. 2017; Hulejová Sládkovičová 
et al. 2019). Some authors determined the age of rodents in 
vivo by the number of annual layers in the bones of the toe’s 
phalanges, but these layers are not observed in all species 
(Klevezal 2007). In recent decades, various molecular age 
markers, such as DNA methylation, racemization, pentosi-
dine and telomere length, have been proposed (see Zhao et 
al. 2019 for review). The accuracy of these methods varies 
and is sometimes quite high, but they are time-consuming 
and expensive. In addition, they require remote laboratory 
analyses and, therefore, are not suitable when it is desir-
able to estimate the age of an animal immediately after its 
capture. Behavioral markers of age, e.g. parameters of dis-
tant calls in the cheetah Acinonyx jubatus (Klenova et al. 
2023) have been described for some carnivores, but reveal-
ing of similar age indicators in rodents is unlikely. Thus, 
non-invasive or low-invasive aging of rodents is often a real 
challenge (Klevezal 2007; Zhao et al. 2019).

With technological advancements of recent years, 
skeletal, cranial and tooth features of live animals can be 
examined using radiography without killing animals, even 
during brief capture. Dental radiography is a simple method 
that allows traditional age indicators such as molar condi-
tion to be applied. The possibility of recording age-related 
dental changes on radiographs has already been shown for 
the Martino’s vole, Dinaromys bogdanovi (Kryštufek et al. 
2000) and the bank vole, Myodes glareolus (Alibhai 1980). 
Although these authors obtained radiographs from dead 
animals, we aimed at the development of a radiographic 
method for age estimation in live rodents, northern mole 
voles (Ellobius talpinus).

Subterranean lifestyle, cooperative breeding and unusual 
life history traits (Letitskaya 1984; Evdokimov 2001; Mosh-
kin et al. 2007; Kaya and Coşkun 2015; Smorkatcheva et al. 
2016; Smorkatcheva and Kuprina 2018) make mole voles 
excellent experimental models for population and behav-
ioral ecology. The age structure of E. talpinus populations is 
complex due to its extremely long (by arvicoline standards) 
lifespan which can reach six years even in free-ranging ani-
mals (Evdokimov 2001). Although abundant throughout 
most of its range, this species is considered endangered in 
Ukraine (Akimov 2009). Clearly, establishing a noninvasive 
method of age determination is critically important for many 
studies using mole voles as well as monitoring this species. 
Very young mole voles, up to the age of approximately 2 
months, can be readily recognized by their small size, gray-
ish (in the case of the brown morph) pelage, and narrow 
upper incisors. Incisor width can be used for the rough 
aging of mole voles younger than 3–5 months (Kuprina 
and Smorkatcheva 2019). The fact that molars in Ellobius 
develop roots during postnatal growth offers an opportunity 
to use tooth structure as an age indicator. Evdokimov (1997) 
developed a method for dividing northern mole voles into 
age groups based on the length of the tooth roots, and Kro-
pacheva and coauthors (2018) provided an equation for the 
relationship between the length of the tooth roots and the 
age of laboratory-born northern mole voles. However, no 
nondestructive method that would allow even rough aging 
of adult mole voles is currently available. In this work, we 
took advantage of recent progress in portal digital radiogra-
phy to develop such a method.

Ideally, the description of age-related changes should 
be based on the study of individuals whose accurate age is 
known, which is only possible when working with labora-
tory-born animals. We had a laboratory colony of a closely 
related species, E. tancrei, at our disposal. We used these 
animals to develop a method for X-raying live mole voles 
and to preliminarily reveal age-dependent parameters that 
can be measured on radiographs. Subsequently, when com-
paring age-related dental changes in laboratory E. tancrei 
and wild E. talpinus, a significant discrepancy was found, 
which most likely reflected the influence of conditions rather 
than species differences (Lowe 1971; Abe 1976 for Myo-
des; Kropacheva et al. 2018 for E. talpinus). Therefore, this 
study is entirely based on data from free-ranging animals.

Material and methods

Study species and population

The study site is located in the Saratov Region (Russia), four 
kilometers west of Dyakovka village (50.71°N, 46°71′E). 
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This territory lies on the border of steppe and semidesert 
zones. The vegetation cover is represented by the psammo-
phytic-steppe and meadow-steppe types of plant communi-
ties. As part of the projects to study the population genetic 
structure, behavioral ecology, and acoustic communication 
of the northern mole vole, the mark-recapture method has 
been used on an area of 25 ha since spring 2021, with 3–4 
trapping sessions per year: May 17–24, July 16–19 and 
August 24-September 5, 2021; May 16–28, July 16- August 
9, and September 26–30, 2022; May 2–13, June 21-July 
3, August 8–22, and September 27-October 6, 2023. The 
population density of mole voles, estimated as the number 
of animals known to be alive, has been consistently high, 
reaching 20 individuals per hectare in some places. In the 
Saratov Region, the reproduction of E. talpinus is seasonal. 
We observed juveniles up to the beginning of September 
and lactating females up to the middle of August. There 
are no exact data on the beginning of the breeding season 
but most likely it falls at the beginning of March. E. talpi-
nus is a highly social species that lives in extended family 
groups with complex kinship and age structure. Within each 
family, only one female typically reproduces (Evdokimov 
2001; our observation). According to the published data for 
the Chelyabinsk Region, Russia (Evdokimov 2001), which 
appears to be consistent with our observations for the stud-
ied population, each female breeder delivers 1 or 2 litters 
per season. The minimum interbirth interval, approximately 
equal to the duration of pregnancy, is approximately 30 days 
(Zadubrovskaya et al. 2020).

Trapping and X-ray imaging

The animals were captured with metallic-spiral live-traps 
(Golov 1954 with modifications) placed into burrow tun-
nels. At first capture, each animal was tagged with 1.25*7 
mm microtransponders (Star Security Technologies Co., 
Shanghai, China) for further identification. For each indi-
vidual, the capture date, accurate GPS coordinates of the 
capture site (to the nearest 0.0001∘), sex, pelage condition 
(grayish, brown or molting), body weight (to the nearest 0.1 
g), and joint width of both upper incisors (measured with an 
electron caliper to the nearest 0.01 mm) were recorded. In 
addition, bioacoustic data were collected (Dymskaya et al. 
2024), and distal phalanges of one or two toes were clipped 
to be used in genetic analyses (Rudyk et al., in prep.).

Since July 2022, obtaining radiographs has been added to 
the described procedures. We performed X-rays without the 
sedation of mole voles to prevent side effects that can result 
in death (Hawkins 2020), especially given the stress expe-
rienced by captured animals and hot ambient temperatures. 
This work is a part of a long-term population study, which 
does not allow the removal of any individuals from the 

population. Therefore, the tradeoff between the high qual-
ity of radiographs and the safety of animals was resolved in 
favor of the latter. The required positioning of the animal’s 
head was achieved by placing the animal into a falcon tube 
(50 ml) with the end of the bottom cut off (Fig. SI1 and SI2, 
Supplementary Information). Wright lateral radiographs 
were taken from an animal cranium with portable X-ray 
equipment (Rexstar LCD, Korea) and the Dental Radiovi-
siography Sensor EzSensor 1.5 (Vatech). The exposure time 
was 0.18 s; the distance between the end of the cone and the 
tube with the animal was 15 cm. The resulting images were 
stored and processed in EzDent i. 3 software (http://www.
ewoosoft.com/). We usually took 2–5 images from each ani-
mal to ensure that radiographs of acceptable quality were 
obtained and selected the best one for the analysis.

Each animal was released exactly into the hole where it 
had been caught. Each individual was subjected to this pro-
cedure once within one trapping session, but if recaptured in 
subsequent sessions, it was radiographed again.

Age classes and known-age mole voles

Given the available data on the development of captive mole 
voles (Kuprina and Smorkatcheva 2019 for a sibling spe-
cies, E. tancrei) and reproductive seasonality, animals with 
incisor widths less than 3.15 mm could be reliably identified 
as young of the year. Accordingly, the radiographs of most 
animals (hereafter «known-class images”) were assigned to 
one of three age classes (Table  1): class 1 - images from 
young of the year; class 2 - images from animals that were 
captured as young last year, i.e. yearling; class 3 - images 
from animals known to survive at least two winters. We 
also radiographs from mole voles known to survive at least 
one winter (hereafter referred to as “unknown overwintered 
images”).

Thirty mole voles could be aged to the nearest 5–10 days 
based on their appearance at first capture. The smallest mole 
voles to trap had a body mass of 18–25 g, short gray pelage, 
and incisor width of up to 2.60 mm; they were caught very 
rarely and only after all the older members of their family 
had been trapped. Given that juvenile northern mole voles 
open their eyes at 22–23 days with a body mass of 15–20 g 
(Letitskaya 1984; Smorkatcheva, unpublished), these indi-
viduals were approximately 30 ± 5 days old. The youngest 
animals that readily entered traps were also grayish, but 
obviously larger and typically heavier, with body masses up 
to 40 g and incisor widths up to 3 mm. Their approximate 
age was estimated to be 40 ± 10 days. We realize that these 
age estimates may not be accurate and are actually relative, 
reflecting stages of development rather than absolute age. 
However, due to the absence of more reliable information, 
we used the mean values of these age ranges to evaluate the 
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result, we selected two parameters that seemed to change 
with age and were least prone to measurement errors: the 
length of the second synclinal fold of the first upper molar 
(USF) and the length of the second synclinal fold of the 
first lower molar (LSF, Fig.  1). We used nested ANOVA 
(Statistica 12) with the intraobserver effect nested in the 
interobserver effect to estimate repeatability by the vari-
ance between observations relative to the overall variance. 
For the USF, each of the two factors explained 0.1% of the 
variation. For LSF, interobserver and intraobserver effects 
explained 0.5% and 0.1% of the total variation, respec-
tively. Given a relatively low precision of measurements, 
the means of all the individual measurements obtained by 
the two observers was used.

Statistical analyses

First, we tested the appropriateness of the selected molar 
metrics for discriminating between age classes using all 
known-class radiographs (n = 144). We examined, sepa-
rately for the two sexes, the basic USF and LSF statistics 
for each age class to test whether some or both characters 
could be directly used to distinguish between the three age 
classes. Then we estimated the correlation between the 
USF and LSF with Pearson’s correlation coefficient, using 
all available radiographs (n = 245) and combining data for 
males and females.

Next, a principal component analysis (PCA) was per-
formed (again, using all 245 radiographs) to eliminate 
redundancy due to the high intercorrelation between two 
metrics by summarizing them into a single factor, molar 
condition.

We used linear mixed model analysis (LMM, lme4 pack-
age in R 4.3.1) to investigate the effects of age class, sex 
and Julian day of radiography as well as their interactions 
(fixed effect predictors) on molar condition. Animal identity 
was fitted as a random term. All known-class radiographs 
were included in this analysis (n = 144). We compared mod-
els based on maximum likelihood estimates. Akaike’s Infor-
mation Criteria corrected for small sample size (AICc) was 
used to guide model selection (Mazerolle 2023). In cases of 
similar support (ΔAICc < 2), the model was preferred due 
to a lower number of parameters. The appropriateness of 
the best model was checked via a diagnostic of observation 
influence through the Cook’s distances (Cook 1979) (Di < 1) 
and via analysis of residuals using the Shapiro-Wilcoxon 
normality (Royston 1995) (p > 0.05) and Breusch-Pagan 
homoscedasticity (Krämer and Sonnberger 1989) (p > 0.05) 
tests.

Based on the results of the LMM, we conducted all the 
following analyses on the pooled data for males and females.

predictability of yearlings’ absolute or relative age based on 
dental characteristics. We calculated the approximate age 
of the known-age mole voles at the time of radiography by 
adding their presumed age at first capture and the interval 
from first capture to radiography. All radiographs of these 
individuals are referred to as “known-age images”.

Analysis of radiographs and selection of age-
dependent characteristics

A total of 245 high-quality radiographs were selected 
for this study (132 male radiographs from 91 individuals 
and 113 female radiographs from 78 individuals). These 
included 144 known-class images obtained from 86 animals 
(Table 1) and 20 unknown-class overwintered images from 
16 animals. The remaining 81 images belonged to 71 ani-
mals whose age class at the time of X-ray was unknown; 
they were also used in some analyses (see Statistical analy-
sis). Fifty-two animals were X-rayed several times, in dif-
ferent trapping sessions or in different years. Therefore, for 
some animals we had images belonging to different classes 
(unknown overwintered and class 3, unknown and unknown 
overwintered, class 1 and class 2, or class 2 and class 3, 
Table  1). Among the known-class radiographs, 49 were 
known-age images from 30 animals.

The selected radiographs were processed through EzDent 
i. 3 software (http://www.ewoosoft.com/) which allows 
image rotation, scaling, and measurement length, angles and 
radiographic density.

We screened the radiographs obtained from the known-
class animals and those from the same animals in different 
trapping sessions to reveal age-dependent characteristics. A 
number of candidate characteristics (length of molar roots 
and molar crown, the maximum length of the grinding 
surface, angles of inclination of molars, and several other 
metrics and indices, as well as the density of some skull 
structures) were then evaluated for interobserver and intrao-
bserver variability. Measurements wre performed with a 
digital tool (accuracy of 0.01 mm) by two observers (VRN 
and AEN) who were blinded to the animal’s age class. As a 

Table 1  Sample sizes of known-class radiographs used in this study
Age class Males Females In total

Number of animals Only 1 31 30 61
Only 2 5 2 7
1 and 2 3 2 5
Only 3 6 4 10
2 and 3 2 1 3
In total 47 39 86

Number of radiographs 1 50 47 97
2 20 7 27
3 11 9 20
In total 81 63 144
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We used two-way ANOVA (Statistica 12) to compare the 
age-related dynamics of the USF and LSF for those known-
class individuals who were X-rayed during several trap-
ping sessions. In this analysis, a metric (USF/LSF) was a 
within-group factor, and interval class was a between-group 
factor with three levels: intervals between two radiographs 
taken in the first summer of life (n = 23), intervals between 
two radiographs taken in the first and second summers of 
life (n = 6) and intervals between two radiographs taken in 
the 2nd and 3rd summers of life or later (n = 4). The rate of 
change was determined as (measurement 1 - measurement 
2)/interval between surveys (in months). The obtained val-
ues were log-transformed to improve the normality of the 
data distribution. The significance of pairwise differences 
was tested with the Unequal N HSD- test.

Finally, we estimated the predictability of age (judging by 
the R2 values and prediction intervals on scatter plots) based 
on the USF and LSF, using radiographs from known-age 
mole voles (n = 30). For each known-age animal, the last or 
only image taken in the first summer of life was included in 
the analysis. The resulting range of ages covered a period of 
life approximately 1.5 to six months.

We performed discriminant function analysis (DFA, Sta-
tistica 12) to test how well molar condition can be used to 
classify 86 known-class images (one image per animal, class 
1: n = 61; class 2: n = 13; class 3: n = 12) into age classes. 
For those individuals X-rayed in both years, the most recent 
radiograph was used to increase the sample size for older 
age classes. When we had several radiographs per individ-
ual per year, the best quality image was selected. The Julian 
day of radiography was included as a second predictor. The 
Kolmogorov–Smirnov test was used to check the multi-
variate normality of the data distribution. Prior probabilities 
were based on group size. The test error was estimated using 
leave-one-out cross-validation (caret package in R 4.3.1).

We applied the obtained classification functions to clas-
sify all the remaining radiographs (i.e. 20 unknown-class 
overwintered images, 81 unknown-class images and 58 
known-class images that were not used for classifica-
tion function computation). This was done in order to test 
whether the yielded classification of different radiographs 
from the same animals would contain any contradictions, 
and whether any radiographs from unknown overwintered 
animals would be misclassified as young of the year (age 
class 1).

Fig. 1  Skull radiographs of mole voles from three age classes: a - class 1 (young of the year), b - class 2 (yearling); c, d - class 3 (survived two or 
more winters). USF – synclinal fold of the 1st upper molar; LSF – synclinal fold of the 1st lower molar
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loading 0.98). In the following, we used PC1 as an indicator 
of molar condition.

According to the LMM analysis, age class, Julian day, 
and the interaction of day and age class were the best com-
bination of explanatory factors associated with molar condi-
tion (Table 2). The model that included the same predictors 
plus sex had similar support but a larger number of parame-
ters. The best model explained 97% of the variation in molar 
condition. The parameters of the top prediction regression 
model for molar condition are presented in Table 3. Molar 
condition decreased from spring to autumn in animals of all 
age classes, somewhat faster in yearlings (Fig. 3).

DFA based on 86 known-class radiographs confirmed 
that the molar condition and day of radiography, taken 
together, ensured discrimination between age classes 
(Wilks’ lambda = 0.15; χ2 = 158.9; df = 4; p < 0.0001). The 
model explained 99% of the variation in the variable.

The plot of the canonical scores for the first two discrimi-
nant functions illustrates the separation among age classes 
(Fig. 4). The first discriminant function was highly corre-
lated (r = 0.95) with the molar condition, whereas the sec-
ond discriminant function was highly correlated with the 
day of radiography (r = 0.99). The first discriminant func-
tion accounted for 99.9% of the grouping variation. It was 

In all analyses significance levels were set at 0.05, and 
two-tailed probability values are reported.

Results

The comparison of basic statistics for the USF and LSF 
between age classes suggested the usefulness of these met-
rics for age estimation: they significantly decreased from 
age class 1 to age class 3 in both sexes (Fig.  2). In our 
samples, there was no overlap between yearlings and the 
two older age classes in the USF. However, there was some 
overlap in both parameters between age classes 2 and 3, and 
therefore neither was sufficient to correctly assign animals 
to the classes (Fig. 2).

There was a strong correlation between the USF and LSF 
(r = 0.92; p < 0.001). Principal component analysis yielded 
PC1 which accounted for 96% of the total variation (factor 

Table 2  Model selection results from the mixed-model regression 
analysis of molar condition in mole voles based on 144 radiographs 
from 86 individuals. All models included a random effect of animal 
identity. ΔAICc - differences in AICc values relative to the best model. 
Lowest AICc = 79.85
Fixed effects in model df ΔAICc
Age + day + age*day 8 0.000
Age + day + age*day + sex 9 1.850
Age + sex + age*sex + day + age*day 11 5.108
Age + day 6 13.917
Age + sex + day 7 15.670
Age + sex + age*sex + day 9 20.178
Age 5 56.156
Age + sex 6 58.266
age + sex + age*sex 8 62.645

Table 3  Parameters of the best linear mixed model of molar condition 
in mole voles based on 144 radiographs from 86 individuals
Parameter Estimate (Std.Error) t
Intercept 0.598 (0.044) 13.723
Age class 2 -1.419 (0.062) -22.962
Age class 3 -2.268 (0.092) -24.693
Day (standardized) -0.256 (0.022) -11.837
Age class 2 : day (standardized) 0.174 (0.040) 4.308
Age class 3 : day (standardized) 0.200 (0.052) 3.839

Fig. 2  Variation in synclinal fold lengths of (a) upper and (b) lower first molars in E. talpinus from three age classes (mean ± SD and limits). Dark 
gray boxes - females, light gray boxes - males
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assigned to the same class if they had been obtained in the 
same year and to different classes if they had been obtained 
in different years.

Two-way ANOVA revealed difference in the age-related 
patterns of the USF and LSF. Both main effects and their 
interaction, were highly significant (interval class: F2,30 
= 12.6; p = 0.001; metric: F1,30 = 8,9; p = 0.006; interval 
class X metric: F2,30 = 13,6; p < 0.001). The LSF decreased 
faster during the first summer than later in life, and the LSF 
decreased faster than the USF early in life. The decreasing 
rate of the USF, in contrast to that of the LSF, changed little 
throughout life (Fig. 5).

For 30 known-age young of this year, the fit between 
age and LSF was better than the fit between age and USF 
although the determination coefficients differed nonsignifi-
cantly (p = 0.058). The predictability of age based on each 
of two metrics was too poor to be used, for example, to dis-
tinguish cohorts of yearlings (Fig. 6).

Discussion

In this work, we applied dental radiography to estimate the 
age of the northern mole vole, which is a valuable model 
object for ecological and behavioral research due to sub-
terranean specialization and sociality (Evdokimov 2001; 
Moshkin et al. 2007). Molar root length is traditionally used 
as an age indicator for rhizodont voles, including Ellobius 
(Tupikova et al. 1968; Lowe 1971; Viitala 1971; Abe 1976; 
Alibhai 1980; Gustafsson et al. 1982; Kryštufek et al. 2000; 
Evdokimov 2001; Kropacheva et al. 2018). According to 
Evdokimov (1997, 2001), the 1st lower molar in E. talpinus 
starts developing roots during the first summer of life. How-
ever, even in the radiographs obtained from old animals, 
molar roots were not always clearly visible (Fig. 1C, D), and 

weighted most heavily by the molar condition (standardized 
coefficients of 1.05 and − 0.31, respectively, respectively).

The following discriminant equations were obtained:
Class 1: -25.28 + 9.05 molar condition + 19.28 day.
Class 2: -20.43 + 0.41 molar condition + 0.17 day.
Class 3: -23.63 -6.82 molar condition + 0.14 day.
The predictive accuracy of the model for the analysis 

sample was 0.99. Only one radiograph from class 3 was 
mistakenly assigned to class 2 whereas all images from 
classes 1 and 2 were classified correctly. The predictive 
accuracy of the cross-validation sample was 0.97 (95% CI: 
0.901–0.993).

All 20 radiographs of the unknown overwintered ani-
mals were assigned by DFA to either class 2 or class 3. All 
age estimates for repeatedly radiographed individuals (2 to 
5 images from each of 52 animals) were consistent across 
images: the images from the same individual were always 

Fig. 4  Scatterplot illustrating DFA results for classifying 86 images 
from 86 known-class mole voles

 

Fig. 3  Relationship between the 
Julian day of radiography and 
molar condition in mole voles of 
three age classes based on 144 
radiographs from 86 individuals
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years old. The heterogeneity of this class is confirmed by the 
high intraclass variability of the USF and LSF (Fig. 2), as 
well as the diversity in molar root conditions (Fig. 1C, D). 
The scatterplot of the canonical scores (Fig.  4) also hints 
that class 3 may combine animals from at least two discrete 
subclasses. Within the timeframe of our mark-recapture 
study, it was not possible to obtain the data necessary to sta-
tistically test this assumption. We hope that in the future we 
will elaborate our model to differentiate between the oldest 
age classes. However, the inability to discriminate between 
old and very old animals may not be critical for many 
researchers because the latter category usually constitutes 
only a small proportion of a population. In E. talpinus from 
the South Ural, a pooled group of 4–6 year-old mole voles 
constitutes only 6.5% of the population (Evdokimov 2001).

The breeding season of mole voles in the studied popula-
tion is extended over four months, so class 1 encompasses 
several cohorts of young animals. The LSF outperforms the 

only in some radiographs were they measurable. Therefore, 
two other molar metrics were selected. One of them, the 
upper synclinal fold of the 1st molar (USF), is apparently 
sufficient to separate young of the year from overwintered 
individuals. For further age differentiation of overwintered 
animals another parameter, the 1st lower molar synclinal 
fold (LSF), and the date of X-ray should also be taken into 
account. Our model allows us to discriminate between three 
age classes with much greater reliability than the previously 
described method based on direct dental measurements of 
only the 1st molar roots (Evdokimov 1997). The results of 
the LMM analysis suggest that the rude categorization of E. 
talpinus into age classes can be done without taking sex into 
account, although, in view of the paucity of data for adult 
groups, the effect of sex on molar condition changes cannot 
be ruled out.

Based on the lifespan reported for wild northern mole 
voles (Evdokimov 2001), class 3 may include animals 3–6 

Fig. 5  Rates of decrease in synclinal fold lengths of lower (LSF) and 
upper (USF) 1st molars (mean ± SE) during different periods of life. 
Interval classes: 1 - between two radiographs taken in the first summer 
of life; 1 > 2 - between two radiographs taken in the first and second 

summers of life; 2> - between two radiographs taken in the 2nd and 
3rd summers of life or later. Same letters indicate statistically signifi-
cant differences (a: p < 0.05; b and c: p < 0.001)
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age determination in live wild rodents. Most aging methods 
developed on laboratory-born animals require validation 
before use in the field; without such an additional study, at 
best, they can be used to estimate relative rather than abso-
lute age. This is especially true for dental indicators because 
the growth rates of molar roots and attrition rate depend on 
the diet and vary during the year (Lowe 1971; Abe 1976; 
Olenev 1989; Evdokimov 2001; Kropacheva et al. 2018, 
2021). We believe that our method is applicable to any mole 
vole population living in areas with similar seasonality and 
soil and vegetation characteristics. In regions with very dif-
ferent conditions, adjustments may be necessary.

The main disadvantages of using animals from a natu-
ral population for developing age estimation methods were 
already mentioned: (i) not knowing the age of some old 
individuals, (ii) not knowing the exact age of any individ-
ual, and (iii) biased sampling with a large predominance of 
younger categories. In the case of mole voles as well as other 
social subterranean rodents, field studies of the relationship 

USF as a potential age indicator for young of the year. To 
create a model for more accurate age estimation within сlass 
1, it is necessary to know the exact dates of birth, but obtain-
ing such information would require special research. How-
ever, attempts to achieve greater accuracy in absolute age 
determination based on molar condition do not seem par-
ticularly promising, given the very likely intercohort differ-
ences in root development and tooth attrition (Lowe 1971; 
Olenev 1989). In the case of the focal population of E. tal-
pinus, the relative age of young of the year can be estimated 
based on their pelage condition and incisor width (Kuprina 
and Smorkatcheva 2019) for most of the trapping period.

Although X-rays have been widely used for quite a long 
time to determine the age of mammals, such studies focus 
mainly on large, rare or long-lived species (carnivores - 
Jenks et al. 1984; Dix, Strickland, 1986; Zeiler 1988; Nich-
olson et al. 2020; сetaceans - Read et al. 2018; Barratclough 
et al. 2019; ungulates - Flinn et al. 2013). To our knowl-
edge, this study is the first attempt to apply radiography for 

Fig. 6  Scatterplot of the length of the synclinal fold of the upper (USF) and lower (LSF) 1st molars against age (in days) for 30 known-age mole 
voles (solid line - log-linear regression model, dashed line − 95% confidence intervals; dotted line − 95% prediction interval)
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