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Sperm quantity and quality are key features explaining intra- and interspecific variation
in male reproductive success. Spermatogenesis is sensitive to ionizing radiation and
laboratory studies investigating acute effects of ionizing radiation have indeed found
negative effects of radiation on sperm quantity and quality. In nature, levels of natural
background radiation vary dramatically, and chronic effects of low-level background
radiation exposure on spermatogenesis are poorly understood. The Chernobyl region
offers a unique research opportunity for investigating effects of chronic low-level ionizing
radiation on reproductive properties of wild organisms. We captured male bank voles
(Myodes glareolus) from 24 locations in the Chernobyl exclusion zone in 2011 and
2015 and collected information on sperm morphology and kinetics. The dataset is
limited in size and there overall was a relatively weak correlation between background
radiation and sperm quality. Still, some correlations are worth discussing. First, mid-
piece segments of spermatozoa tended to be smaller in bank vole males from areas
with elevated background radiation levels. Second, we demonstrated a significant
positive relationship between background radiation dose rates and the proportion of
static spermatozoa among males within and among study locations after 10 as well as
60 min of incubation. Our results provide novel evidence of damaging effects of low
dose ionizing radiation on sperm performance in wild rodent populations, and highlight
that this topic requires further study across the natural gradients of background radiation
that exist in nature.

Keywords: background radiation, Myodes glareolus, reproduction, performance, sperm morphometry

INTRODUCTION

The quality and quantity of sperm are key drivers of male reproductive success across taxa and
strongly impact fitness (Anderson and Dixson, 2002; Firman and Simmons, 2010; Tourmente et al.,
2011; Fisher et al., 2016). Producing high-quality sperm is costly (Hosken et al., 2003; Lüpold et al.,
2016), and, therefore, sperm quantity and quality is subject to trade-offs in environments with

Frontiers in Ecology and Evolution | www.frontiersin.org 1 January 2022 | Volume 9 | Article 736389

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.736389
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.736389
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.736389&domain=pdf&date_stamp=2022-01-06
https://www.frontiersin.org/articles/10.3389/fevo.2021.736389/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-736389 December 30, 2021 Time: 16:32 # 2

Kivisaari et al. Radiation Affects Bank Vole Sperm

competing stressors (Vladicì et al., 2002). One such stressor
is background radiation, which exists at varying levels across
natural habitats and results from multiple sources (Figure 1a),
such as for instance atmospheric UV radiation and earth crust
radon radiation (Cinelli et al., 2019).

While it has been demonstrated that chronic radiation
exposure can have negative effects on reproductive traits in
several organisms (Yamashiro et al., 2013; Møller and Mousseau,
2015; Lehmann et al., 2016; Fukunaga et al., 2017; Mappes et al.,
2019; Mousseau and Møller, 2020), the mechanisms behind these
effects, or their transferability across species and sexes, remain
unclear. It could involve indirect effects through radiation-
induced oxidative stress (a response to increased level of reactive
oxygen species), direct alteration of molecular structures in cells,
or DNA damage from high doses of radiation (Azzam et al., 2012;
Einor et al., 2016). Consequently, changes in chronic radioactive
exposure can cause stress and reduce resources allocated to
these reproductive traits (Congdon et al., 2001). Changes in
swimming behavior and morphology of sperm in wild birds
have been reported (Møller et al., 2008; Bonisoli-Alquati et al.,
2011; Hermosell et al., 2013), but whether or not this effect is
evident in mammals, with potential for translation to humans,
is currently unknown.

We investigated this question using an ecological model
system, the bank vole (Myodes glareolus), which is a common
rodent species across forested temperate habitats in Eurasia
(Figure 1b; Boratyński et al., 2014a). We use the Chernobyl
exclusion zone, where bank voles are abundant across gradients
of background radiation, as a natural laboratory, to investigate
effects of background radiation on important male life-history
traits. Previous research has shown that female bank voles
have smaller litter sizes as a consequence of high radiation
exposure (Lehmann et al., 2016), but whether similar patterns
are found in the much more dispersive male voles (Kozakiewicz
et al., 2007; Boratyński et al., 2020) is unclear. The sperm mid-
piece is believed to be responsible for generating the energy
needed for sperm mobility (Turner, 2006) and the volume of
sperm mid-piece correlates positively with sperm swimming
velocity and endurance in rodents (Firman and Simmons,
2010; Montoto et al., 2011). We therefore hypothesized that
overall performance of sperm, including fitness-related morpho-
physiological traits (e.g., the volume of the energetic engine of
spermatozoids, the mid-piece; Fisher et al., 2016) and mobility
capability (i.e., swimming velocity and endurance; Tourmente
et al., 2015), will be reduced in males exposed to habitats with
high background radiation.

MATERIALS AND METHODS

Study System
The bank vole (Myodes/Clethrionomys glareolus) is widespread
throughout Eurasia (Figure 1c) and abundant in a variety of
forest habitats (Spitzenberger, 1999). Rapid reproduction and
population turnover make this species ideal for evolutionary-
ecological studies (Ledevin et al., 2010). Multiple mating
(Boratyński and Koteja, 2010) is an important reproductive

tactic in both male and female bank voles, which emphasizes
the importance of sperm quality and sperm competition
(Mokkonen et al., 2012).

Forty-nine sexually mature bank vole males were captured
during summer (June–July) 2011 (33 individuals) and 2015
(16 individuals) from a total of 24 locations. The home range
of male bank voles is 0.09 ha on average (Boratyński et al.,
2020), which is relatively small considering the spatial variation
of background radiation present in the Chernobyl Exclusion
Zone. Trapping locations were chosen across known background
radiation gradients within and around the Chernobyl Exclusion
Zone (1–50 km from the nuclear power plant) (Supplementary
Figure 1 and Supplementary Table 1). Animals were captured
with Ugglan live traps (Grahnab, Sweden) baited with sunflower
seeds and potatoes. Lines of 20 traps were set for one night
at study locations. Environmental radiation level was measured
near each trap using a hand dosimeter (Gamma-Scout w/ALERT
Radiation detector/Geiger Counter, Gamma-Scout GmbH &
Co. KG, Germany, with shielding set to detect only gamma
radiation) and mean values were calculated for each study
location. Radiation levels measured using dosimeters have high
repeatability among days and years and are strongly positively
correlated with doses measured from soil samples, plants and
animals bodies (Møller and Mousseau, 2013; Galván et al., 2014;
Boratyński et al., 2016; Lavrinienko et al., 2020).

Males captured in 2011 were sacrificed by cervical dislocation
after capture, and body measurements recorded. After this,
animals were frozen at −20◦C, transported to Jyväskylä, Finland
(frozen), and morphometric measurements were done in autumn
2013. The same was done to animals captured in 2015 (analyzed
in 2017 after 2 years in the freezer). We did not fix the
sperm since they were extracted from frozen animals (for
morphology analyses) or used fresh (for kinetic analyses) as
described below. All experiments complied with the legal
requirements and adhered closely to international guidelines
for the use of animals in research. The necessary permissions
were obtained from the Animal Experimentation Committee for
these experiments (permission no. ESAVI/3834/04.10.03/2011
and ESAVI/7256/04.10.07/2014). All samples were given an
arbitrary code, from which sampling year could be read, but
sample location and background radiation could not. The
analyses described below were performed by the same person
(the first author) blindly with respect to radiation levels at the
site of collection.

Sperm Morphometrics and Performance
To record sperm morphology, testes (n = 49) were dissected from
thawed individuals and testis, preputial gland, prostate gland
and seminal vesicle mass measured with an analytic balance
(Mettler Toledo, XS105 DualRange, precision: 0.01 g). Mature
spermatozoa were collected from cauda epididymis in phosphate
buffered saline (PBS, pH 7.4) and this sperm suspension was
used for assessment of sperm numbers and sperm morphology.
Sperm numbers were quantified from a hemocytometer using
Leitz Diaplan microscope (Leitz, Wetzlar, Germany) with 500×

magnification as described previously (Wang, 2002). Then
dimensions of 30 sperm per male were measured under 1000×
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FIGURE 1 | Panel (a) shows the dose rate, in nGy/h that a person would receive from terrestrial radiation if he/she spends all the reference time in a location outdoor
in which the soil has fixed U, Th and K concentrations (modified based on Cinelli et al., 2019). Panel (b) shows the study organism, the bank voles Myodes glareolus
(picture by Z. Boratyński), while panel (c) displays the distribution range of M. glareolus across most of Europe, shown in red (data from www.iucnredlist.org).

magnitude (LEICA DM-RBE Fluorescence Microscope with
Retica 2000R Fast camera) for each sperm cell using ImageJ
v.1.50i Software (National Institutes of Health, Bethesda, MD,
United States). Measurements included: head length, width
and area (length x width, µm2), mid-piece length, width and
volume (calculated as cylinder: π × length × width, µm3),
length of the principal piece and length of whole spermatozoon.
A repeatability test was performed to ensure low measurement
variability, by re-measuring 10 cells. The repeatability estimates
were obtained using the package rptR-package for R R 4.1.0
(RCoreTeam, 2016; Stoffel et al., 2017).

We investigated abnormalities of the sperm, and all
individuals had some proportion of deformed sperm (e.g.,
broken acrosome, bubbles in the mid-piece, bent tail). However,
since rates were very low across the radiation gradients, we
assumed that freezing of the animals could have caused some of
these abnormalities. Therefore, we did not pursue this analysis
further, even though it in hindsight might have been wise.

Specimens examined for sperm swimming properties were
captured in 2015 (N = 14). Sperm mobility was analyzed
on fresh mature spermatozoa collected from the right cauda
epididymis immediately after sacrificing animals. Previous
research showed that sperm of muroid rodents stays viable
up to 3 h (Tourmente et al., 2015) and our pre-examination
with Finnish bank voles showed similar results (Kivisaari K,
unpublished). We expected that radiation induced differences
would emerge within the 1st hour. Spermatozoa were allowed
to swim into pre-warmed medium (37◦C, nutrient mixture F-
10 Ham, Sigma Aldrich N6635, and 1% bovine serum albumin,

BSA, Sigma Aldrich B4287, pH 7), incubated for 10 min
and after that, a sample (30 µl) was used for assessment of
sperm velocity parameters. Sperm velocity parameters were
assessed using a computer assisted semen analysis system
(CASA, ISAS v1, PROiSER R + D, Spain) with a phase
contrast microscope (UB 203i Trinocular microscope with
PROISER 782 monochrome camera). The sperm sample was
placed into one well in a microscope slide (Erie Scientific
Company: ER-308B-CE24, 10 wells, 6.7 mm) and examined
using Ph-optics (50 images per second). Four videos of
4 s duration each were recorded for each male’s sperm
sample. Sperm swimming mobility was assessed by collecting
velocity data at two time points, after a short (10 min,
reflecting sperm initial mobility) and a long (1 h, reflecting
sperm endurance) incubation. The proportion of progressive
(movement >80 µm/s), motile (20–80 µm/s) and static
(non-mobile) sperm were recorded from each track. Note,
however, that static sperm could include sperm that are still
alive, and, therefore, should not be treated as dead with
certainty. Additionally, sperm kinetic parameters: curvilinear and
rectilinear speeds, average path velocity (µm/s), linearity index
(%), average amplitude of the head lateral moving (µm) and beat
frequency (Hz) were recorded from progressive and motile sperm
(Mortimer, 2000).

Data Analysis
First, sperm numbers in the cauda were used as a dependent
variable in a generalized linear mixed model (GLMM with
Gaussian errors), where the main predictors were environmental
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radiation level (log10-transformed) and absolute testes mass as
well as body mass (log10-transformed) as covariates to control
for male reproductive investment (Parker and Ball, 2005), year
as fixed effect and male identity nested within trapping location
as random effect. Then two GLMM models (Gaussian errors)
were set up testing effects of radiation level (log10-transformed)
on preputial gland mass and prostate mass with absolute testes
mass as well as body mass as covariates. We then tested for a
functional relationship between sperm morphology and mobility
from the males sampled 2015. For these males we performed a
series of Pearson’s product-moment correlation analyses between
morphology traits and mobility traits (log10-transformed) since
both metrics were taken from the same individuals. To assess
radiation effects on sperm morphology, dependent variables of
head length or area, mid-piece length or volume, principal piece
length and total sperm length, were analyzed in six separate

GLMM models (Gaussian errors). The main predictors were
background radiation level (log10-transformed) and absolute
testes mass as well as body mass as covariates, year as fixed
effect and male identity nested within trapping location as
random effect. Second, sperm mobility was determined as the
proportion progressive, motile and static sperm after a 10 min
and a 60 min incubation. The factor “replicate”, describing
the repeated estimates of mobility (after 10 and 60 min), was
included in three separate repeated-measures GLMM models
(assuming beta-distributed residuals). Other predictors in all
these models were: radiation level (log10-transformed), absolute
testes mass as well as body mass as covariates, and male
identity nested within trapping location as a random effect.
We then tested radiation effects on sperm kinetic parameters
in six separate GLMM models with radiation level (log10-
transformed) as main predictor, absolute testes mass as well

TABLE 1 | Relationship of radiation and sperm morphology in 49 bank voles. We analyzed male sperm morphological traits in relation to radiation (log10) and testes as
well as body mass (to account for the reproductive status of each male) in separate GLMMs (see material and methods for models). After correction for multiple testing,
α is set at 0.00625.

Dependent Predictor β ± SE t P

Head length Intercept 11.06 ± 1.819 6.083 <0.001

Radiation 0.068 ± 0.054 1.254 0.223

Year −0.731 ± 0.130 −5.631 <0.001

Testes mass (covariate) 1.507 ± 0.702 2.147 0.043

Body mass (covariate) −0.968 ± 1.137 −0.852 0.403

Head area Intercept 85.45 ± 23.23 3.678 0.001

Radiation 1.069 ± 0.727 1.471 0.155

Year −11.49 ± 1.689 −6.803 <0.001

Testes mass (covariate) 19.64 ± 8.859 2.217 0.037

Body mass (covariate) −16.98 ± 14.51 −1.171 0.254

Mid-piece length Intercept 32.85 ± 3.174 10.350 <0.001

Radiation 0.050 ± 0.102 0.490 0.629

Year −0.470 ± 0.233 −2.014 0.056

Testes mass (covariate) 0.998 ± 1.206 0.827 0.417

Body mass (covariate) −0.990 ± 1.981 −0.500 0.622

Mid-piece volume Intercept 205.7 ± 67.45 3.049 0.006

Radiation 0.591 ± 2.104 0.281 0.782

Year −25.93 ± 4.898 −5.293 <0.001

Testes mass (covariate) 15.92 ± 25.73 0.619 0.543

Body mass (covariate) −27.02 ± 42.12 −0.641 0.528

Total sperm length Intercept 134.2 ± 13.73 9.775 <0.001

Radiation −0.048 ± 0.416 −1.163 0.908

Year −2.351 ± 0.986 −2.384 0.026

Testes mass (covariate) 12.84 ± 5.271 2.437 0.023

Body mass (covariate) −5.339 ± 8.579 −0.622 0.540

Principal piece length Intercept 91.58 ± 11.80 7.761 <0.001

Radiation −0.152 ± 0.355 −0.428 0.673

Year −1.158 ± 0.846 −1.369 0.185

Testes mass (covariate) 10.95 ± 4.536 2.415 0.025

Body mass (covariate) −4.112 ± 7.374 −0.558 0.583

Testis mass Intercept −2.186 ± 0.214 −10.230 <0.001

Radiation −0.007 ± 0.012 −0.611 0.548

Year 0.053 ± 0.027 1.963 0.062

Body mass (covariate) 1.246 ± 0.157 7.920 <0.001
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as body mass as covariates, and male identity nested within
trapping location as random effect. Statistical analyses were
conducted using R 4.1.0 and packages: lme4, nlme, glmmADMB,
ggplot2 (Wickham, 2009; Skaug et al., 2014; Bates et al., 2015;
RCoreTeam, 2016; Pinheiro et al., 2021). Generally we applied
Bonferroni correction, wherein we adjusted α by dividing
standard (p = 0.05) significance level by the number of tests
conducted for given group of analyses. These adjusted levels are
reported in the tables.

RESULTS

Reproductive Organ Size and Sperm
Numbers
There was large variation in sperm numbers (Supplementary
Table 2), and testis mass (representing the reproductive
investment of males) was strongly positively correlated with
sperm numbers (Supplementary Table 3). However, we did
not find any significant correlations between radiation and
sperm numbers (Supplementary Table 3). Testis mass was
strongly positively correlated with prostate gland mass, but
not with preputial gland mass (Supplementary Table 3).
There was no significant relationship between radiation and
testis mass (Table 1), nor between radiation and masses
of preputial glands and prostate (prostate glands and
seminal vesicles), after controlling for testis and body mass
(Supplementary Table 3).

Correlation Between Sperm Morphology
and Mobility
A number of Pearson’s product-moment correlation analyses
between sperm morphometric traits and mobility traits were
performed and while overall traits were not strongly correlated,

some relationships do stand out. These include a positive
correlation trend between mid-piece length and proportion static
sperm after 1 h (r = 0.52, t = 2.099, df = 12, p = 0.058),
a negative correlation between sperm mid-piece volume and
proportion progressive sperm after 1 h (r = −0.63, t = −2.785,
df = 12, p = 0.017), a positive correlation between sperm mid-
piece volume and the proportion motile sperm after 10 min
(r = 0.57, t = 2.396, df = 12, p = 0.034) and a positive correlation
between sperm mid-piece volume and the proportion motile
sperm after 1 h (r = 0.59, t = 2.566, df = 12, p = 0.025). While
none of these results are upheld after correction for multiple
comparisons, likely due to the limited sample size, they do imply a
functional relationship between sperm morphology and mobility.

Sperm Morphology
We measured six sperm morphometric traits (and report high
repeatability, intra-class correlation coefficients and its 95% CI,
in our measurements): total sperm length [τ = 0.99 (0.95–
1.00)], tail length [τ = 0.987 (0.95–1.00)], head length [τ = 0.92
(0.77–0.98)] and width [τ = 0.77 (0.33–0.95)], and mid-piece
length [τ = 0.95 (0.84–0.99)] and width [τ = 0.98 (0.94–
1.00)], and calculated sperm head area and mid-piece volume
(Supplementary Table 2). Nearly all sperm morphometric
measures were inter-correlated (Pearson: r = 0.18–0.97). Overall
there were only weak correlations between morphological traits
and radiation (Table 1). We further analysed the interaction
between radiation and year for these traits and found it to be
significant only for sperm mid-piece length (Supplementary
Table 4). An analysis of the data partitioned by the year (either
2011 or 2015) revealed that the effect was driven by year 2011
(t = −2.627, β ± SE = −0.336 ± 0.128, p = 0.020), which
contains the larger dataset (Figure 2A). After correcting for
multiple testing this effect was no longer statistically significant,
and should therefore be treated with caution.

TABLE 2 | Test of radiation effects on sperm mobility (progressive, motile and static) in 14 bank voles. Replicate reflects an internal correlation between motility after 10
and after 60 min. All interactions between this variable and the predictors were tested and found to be non-significant. After correction for multiple testing, α is
set at 0.01666667.

Dependent Predictors β ± SE z P

Progressive Intercept 9.265 ± 4.419 2.10 0.036

Replicate* −0.274 ± 0.123 −2.22 0.027

Radiation −0.012 ± 0.071 −0.17 0.866

Testes mass (covariate) 4.299 ± 2.090 2.06 0.040

Body mass (covariate) −4.423 ± 2.671 −1.66 0.098

Motile Intercept −7.609 ± 4.942 −1.54 0.124

Replicate* 0.181 ± 0.119 1.52 0.127

Radiation −0.129 ± 0.079 −1.62 0.105

Testes mass (covariate) −3.905 ± 2.348 −1.66 0.096

Body mass (covariate) 3.002 ± 2.982 1.01 0.314

Static Intercept −10.51 ± 3.100 −3.39 <0.001

Replicate* 0.296 ± 0.110 2.70 0.007

Radiation 0.209 ± 0.062 3.35 <0.001

Testes mass (covariate) −3.320 ± 1.453 −2.28 0.022

Body mass (covariate) 4.694 ± 1.896 2.48 0.013

*The first replicate, i.e., the measurement after 10 min, was set as the reference level.
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Sperm Mobility
There was a significant positive relationship between background
radiation and proportion of static sperm (Table 2 and Figure 2B),
but not between background radiation and progressive or motile
sperm. We also found an increased proportion of static sperm
between replicate measures after 10 min and 1 h (t = 3.58,
β ± SE = 0.334 ± 0.093, p < 0.001). The interactions
between replicate and radiation for progressive (t = −0.63,
β ± SE = −0.056 ± 0.088, p = 0.52), motile (t = −0.04,
β ± SE = −0.003 ± 0.086, p = 0.97) or static sperm (t = 1.13,
β ± SE = 0.088 ± 0.078, p = 0.26) were non-significant. Thus,
higher radiation is associated with a higher proportion of static
sperm in both the 10 and 60 min replicate measures. These results
were upheld after correcting for multiple testing. Further, testis
mass was significantly related to both the proportion progressive
and static sperm but not to the proportion motile sperm
(Table 2). Sperm kinetic parameter tests did not display any
significant correlations to radiation (Supplementary Table 5).

DISCUSSION

Sperm quality and quantity are key elements of male reproductive
success, and hence fitness (Tourmente et al., 2011; Fisher et al.,
2016). The results of the present study overall indicate weak
correlations between background radiation and sperm quality,
possibly suggesting ample compensatory mechanisms, e.g., in
the form of antioxidant production (Boratyński et al., 2014b).
However, for sperm swimming endurance, a link between
chronic low-dose radiation exposure and key fitness-related
traits could be observed. Thus, sperm quality is one possible
causal mechanism underlying the smaller litter sizes previously
observed in bank voles from areas with high levels of background
radiation (Lehmann et al., 2016). These results should motivate
further studies of the mechanisms driving relationships between
natural background radiation and life-history traits.

Sperm mid-piece size has been shown to correlate positively
with sperm swimming velocity and endurance in rodents (Firman
and Simmons, 2010; Montoto et al., 2011), implying that a
reduction in mid-piece size could reduce fertility in bank voles
that engage in sperm competition. A possible mechanism causing
mid-piece shortening could be radiation induced mitochondrial
damage (Kim et al., 2006). Mitochondrial DNA is particularly
sensitive to oxidative damage due to limited DNA repair
mechanisms and the lack of histones (Kim et al., 2006).
Smaller mid-pieces could thus indicate mitochondrial damage
and explain the sperm mobility results, as also indicated by the
correlation analyses. However, since ATP content can actually be
lower in sperm with longer mid-pieces in birds (Bennison et al.,
2016; Mendonca et al., 2018), it would be important to follow up
morphological analyses with kinetic, or whole-organism studies
of the fitness consequences of sperm morphological variation.

It is generally accepted that a large proportion of static
sperm can be indicative of low male fertility (Turner, 2006).
Our data indeed show a significant positive correlation between
the proportion of static sperm and increasing radiation level.
The time lag between ejaculation and fertilization varies greatly

FIGURE 2 | Figure showing how (A) sperm mid-piece length and (B) sperm
mobility changes in male bank voles as a consequence of chronic exposure to
radiation. In panel (A) data from 2015 (open symbols and dashed line) and
2011 (filled symbols and solid line) are plotted, while in panel (B) the first
measurement (open symbols and dashed line) was taken after 10 min of
incubation and the second (filled symbols and solid line) after 60 min of
incubation. Lines represent predicted values from the mixed models, and
sample sizes were 49 males in (A) and 14 males in (B).

between species and the female reproductive tract filters
out sperm with inferior morphology and mobility (Orr and
Brennan, 2015). For this reason, sperm swimming endurance
can be more important to male fitness than initial mobility
(Orr and Brennan, 2015).

Radiation can also affect sperm quality indirectly, through
variation in life-history traits. For example, radiation can be
viewed as an environmental stressor that causes trade-offs
between investment in survival versus reproduction, resulting
in low quality sperm (Congdon et al., 2001; Vladicì et al.,
2002). Even low level chronic radiation causes small amounts
of cellular damage, and resource allocation could be biased
toward DNA and cellular repair mechanisms (Kim et al., 2006;
Azzam et al., 2012). In this context it is important to note
that damaged DNA in sperm cannot be repaired (Smith et al.,
2016), thus highlighting impact of even moderate radiation-
induced damage. Future approaches could include measuring
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oxidative phosphorylation from fresh sperm samples to
further test the hypothesis of radiation-induced mitochondrial
damage. In any case, future studies will require a significantly
larger sample (Makin and Orban de Xivry, 2019), since the
effect sizes discovered here, and in other studies on
background radiation adaptation (Boratyński et al., 2021), are
relatively small.

For sperm morphology, year had a major impact on
the studied traits. While effort was taken in standardizing
sampling time and effort (Supplementary Table 1) some factors
influencing sperm quality warrant discussion. In birds, flagellum
length and sperm velocity has been shown to increase during
the mating season, whereas sperm numbers declined (Lüpold
et al., 2012). The same study also found that sperm morphological
traits correlated positively with the number of mates the male
had and how much offspring it produced (Lüpold et al., 2012).
In another study, sperm length decreased during the breeding
season (Schmoll et al., 2018). In the current study, all sampling
was done within a two-week period during the breeding season,
and in Chernobyl, bank voles hardly ever live through two
mating seasons (around 80% voles do not survive first winter,
e.g., Boratyński et al., 2010). The aforementioned studies suggest
seasonal changes occur over much longer time-periods (e.g., the
whole breeding cycle) (Lüpold et al., 2012; Schmoll et al., 2018).
In bank voles, research has shown that there is a difference
in sperm numbers and testicle size between dominant and
subordinate males where the former group has larger number
of sperm and larger testes (Lemaître et al., 2012). However,
the same study also shows that subordinate males do not
compensate for this and do not have faster sperm and for
example do not invest more in copulatory plugs (Lemaître et al.,
2012). Taken together, we do not believe seasonality, age or
mating history has major impact on the interpretation of the
results presented here.

It has been demonstrated that animals may show
radioadaptive responses to very high levels of background
radiation, for instance in the Chernobyl Exclusion Zone (Galván
et al., 2014). It is now important to investigate also the extent
to which populations exposed to lower levels of radiation,
across natural habitats show radioadaptive responses (Tapio and
Jacob, 2007; Okano et al., 2016; Fuller et al., 2019). As levels of
background radiation vary dramatically (Cinelli et al., 2019) it
should constitute a significant, either direct (e.g., DNA-damage)
or indirect (e.g., diverting resources to antioxidant production),
selective factor. Yet, natural variation in background radioactivity
is very rarely incorporated in life-history contexts.
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