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Abstract—The results of studies of epididymal spermatozoa of three species of rodents (bank vole Clethrion-
omys glareolus, northern red-backed vole CI. rutilus, and herb field mouse Sylvaemus uralensis) living under
long-term exposure to atmospheric emissions from two large copper smelters in the Middle Urals are sum-
marized (Middle Ural and Kirovgrad copper smelters). The impact of pollution (including at the individual
level on the accumulation of Cu, Zn, Pb, and Cd in the liver) was assessed for indicators characterizing the
quality of sperm from different aspects: morphology (proportion of cells with head and tail defects), motility
(proportion of motile cells, velocity, and straightness of movement) and concentration. Sperm motility
responds to pollution: in impact zones, the proportion of motile cells and their velocity were lower than in
background zones. The occurrence of abnormal cells and sperm concentration were not statistically signifi-
cantly different between impact and background zones. The reaction of sperm to chemical pollution is spe-
cies-specific: voles react more strongly than the herb field mouse. The consistency of changes in sperm
parameters (in the direction of their deterioration) in response to increased pollution was found only in the
bank vole. Effect sizes for sperm parameters are much smaller compared to those for liver Cd accumulation
and animal abundance. In general, the reaction of sperm to pollution turned out to be weak, none of the stud-
ied indicators can be a reliable marker of industrial pollution.
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INTRODUCTION

The resistance of mammalian populations to toxic
load is largely determined by the efficiency of repro-
duction, which depends on the reproductive charac-
teristics of individuals. This is why the response of var-
ious reproductive parameters to pollution has always
attracted the attention of ecotoxicologists [1—9]. The
impact of point sources of intense pollutant emissions
(for example, metallurgical plants with primary smelt-
ing of non-ferrous metals) is often chosen as model
situations.

When studying the contribution of males to popu-
lation reproduction, all parts of male reproduction are
considered, from the morphology and physiology of
tissues and organs to behavioral patterns [5, 10, 11].
The most important element is sperm quality, which
can be considered as a proxy assessment of potential
fertility. For humans, the need for such an assessment
is regulated by the guidelines of the World Health
Organization [12] and the International Organization
for Standardization [13].

Fertility diagnosis is based on sperm assessment:
morphology, motility, and concentration of cells,

which together characterize their fertilizing ability. In
practice, all three parameters are most often studied in
humans, laboratory, or commercial animals [14, 15].
Other species are involved in these studies to a lesser
extent. Nevertheless, spermatozoa have been studied
to varying degrees of completeness in mammals from
natural populations: marsupials [16], artiodactyls [17,
18], predatory [19], large rodents (Castor fiber) [20],
and mouse-like rodents [21, 22]. Most studies on
rodents from natural populations have been performed
using epididymal sperm, which are equivalent in fertil-
izing ability to ejaculated sperm [23—25].

Ecotoxicological aspects of the functioning of the
reproductive system of male rodents have been studied
fragmentarily, and its resistance to the action of toxi-
cants (including potentially toxic metals) is still a sub-
ject of debate. Most researchers consider male repro-
ductive cells to be sensitive to pollution of the environ-
ment [26, 27]. On the other hand, the toxic effects of
metals are not always detected in organisms: For
example, in animals living in contaminated zones, no
decrease in sperm motility or concentration or
increase in the proportion of abnormal cells was

201



202

recorded [1, 28, 29]. There are also few studies in
which reproductive parameters (usually only the
structure of the testis) and metal concentrations in the
body were assessed on the same individuals. [5, 6]. To
our knowledge, the influence of individual toxic load
on sperm quality has not been previously examined.
There are also very few studies that simultaneously
assess the impact of pollution on all three groups of
parameters: morphology, motility, and sperm concen-
tration. This does not allow us to give a comparative
description of the information content of different
parameters. Note that in works outside the problem of
pollution, a comprehensive analysis of sperm parame-
ters is traditional [22, 30].

Objective—To compare the response of parameters
of epididymal sperm of different species of rodents to
pollution of the territory by emissions from copper
smelters. To do this, we compared the morphology
(occurrence of abnormal cells), motility (velocity
indicators and proportion of motile cells), and sperm
concentration in animals inhabiting background and
impact zones with contrasting levels of chemical pol-
lution. The concentrations of priority pollutants (Cu,
Zn, Cd, Pb) in the body were also determined, which
made it possible to characterize the relationship
between sperm quality and individual toxic load. At
the same time, we assumed that, (1) the sensitivity of
different parameters of spermatozoa to chemical pol-
lution is not the same and (2) the reaction of sperma-
tozoa to pollution is species-specific.

These assumptions are based in part on our previ-
ous studies. So, of the two forest vole species (bank
and northern red-backed voles) living in areas of cop-
per smelters, only in one species (bank vole) the veloc-
ity and proportion of motile cells were lower in impact
zones compared to background [31]. The results of the
analysis of the occurrence of abnormal sperm in bank
voles from another sample were unexpected: there
were fewer of them in contaminated zones than in
background ones [32].

Unlike our previous studies, in which individual
sperm parameters were characterized for different
samples, in this work, their entire complex was exam-
ined in the same individuals. The basis for this analysis
was samples of bank and northern red-backed voles, in
which motility indicators were determined [31], but
the morphology and concentration of germ cells have
not been studied. In addition, in addition to the closely
related bank and northern red-backed voles (family
Cricetidae), this work also included the herb field
mouse (family Muridae), a species that differs from
voles in morphology and lifestyle (type of food, pre-
ferred habitats, mobility). Taken together, this made it
possible to assess the species specificity and consis-
tency of changes in the parameters under consider-
ation.

The effect of pollution on spermatozoa was ana-
lyzed taking into account the variant of ontogenesis of
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rodents, since it is believed that it can determine dif-
ferences in reproductive characteristics between
underyearlings and overwintered individuals [33, 34].

MATERIALS AND METHODS
Study Area

Areas were selected near the two largest copper
smelters in the Middle Urals, MUCS (Middle Ural
copper smelter, Revda) and KCS (Kirovgrad copper
smelter, Kirovgrad). The enterprises have several sim-
ilar features, which makes it possible to correctly com-
pare the effects of pollution. Both plants are located in
the southern taiga subzone (with a predominance of
dark coniferous forests) of the western macroslope of
the Urals and at the time of the study had comparable
volume and composition of emissions (sulfur dioxide,
metals, and metalloids).

In the vicinity of the enterprises, technogenic geo-
chemical anomalies with increased (10—100 times
compared to the background) content of heavy metals
and other elements in the soil have been formed [35—
38]. Despite the reorganization of production, which
resulted in a significant reduction in emissions
(Fig. S1), the impact on ecosystems remains high [39,
40]. In the immediate vicinity of pollution sources, the
death of the tree stand continues, and there are no res-
toration processes in the herb-shrub layer [41, 42].
The depressed state of forest ecosystems is associated
with the preservation of a thick layer of weakly decom-
posed forest litter due to the low rate of destruction of
plant litter [38] and extremely slow purification of the
upper soil horizons from metals. The latter is associ-
ated with an increase in pH, which in turn reduces the
transit of metals into underlying soil horizons [37].

Animal capture sites were located to the west of the
plants (opposite to the prevailing wind direction) in
two zones contrasting in terms of pollution levels,
background (Bg) and impact (Im). Background zones
(30—40 km from factories) are characterized by a rela-
tively undisturbed state of ecosystems, which is caused
only by regional fallout of pollutants. In impact zones
(2—6 km from plants), structural changes in ecosys-
tems are observed, caused by the effects of local pollu-
tion, up to extreme variants of technogenic digression
of communities, technogenic wastelands [36, 38,
41, 42].

Sampling, Keeping, and Examining Animals

Three species of rodents (Rodentia) from two fam-
ilies were studied: bank vole (Clethrionomys glareolus
(Schreber, 1780)) and northern red-backed vole (Cle-
thrionomys rutilus (Pallas, 1779)) of the subfamily
Arvicolinae of the family Cricetidae [43] and herb
field mouse (Sylvaemus uralensis (Pallas, 1811)) sub-
family Murinae of the family Muridae [44]. These
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Table 1. Sample size and structure

Average relative Cl. glareolus, Cl. rutilus, S. uralensis,
abundance n=71 n=>52 n=18
Area | Pollution zone of rodents
(ind./100 trap-day) m ow m ow m ow
in 2018—2020

MUCS | Background 12.8 0 24 1 1 2 2
Impact 8.5 8 11 16 9 4 2
KCS Background 19.3 7 12 6 6 1 3
Impact 9.7 5 4 6 7 2 2

Intrapopulation groups: m—mature young of the year (mature), ow—

species are common in the Middle Urals and often
dominate local taxocenes.

Captures inthe MUCS and KCS areas were carried
out in 2018—2020 from May to August. At each site,
two to three lines of wooden live traps (20—30 each)
were placed at a distance of 5—10 m from each other
[45]. The traps were exposed for 3—5 days and checked
daily in the morning and evening. To increase the
sample size, a “maximum catch” of animals was used:
after triggering (capturing an animal), the trap was
again installed in working condition, in contrast to the
classical scheme, in which the trap can only be trig-
gered once during the day. Thus, abundance estimates
turned out to be somewhat biased (increased).

After capture, the animals were brought to the lab-
oratory for measurement, weighing, determination of
the mass of internal organs, and collection of biologi-
cal samples. The rodents were kept for 1—3 days in lab-
oratory conditions under natural light and room tem-
perature, trying to house the animals as quickly as pos-
sible (1—3 individuals in plastic cages with a mesh lid).
Overexposure of animals helped reduce the impact of
stress from transportation and the new environment.
The animals were fed (ad libitum) oats, carrots,
cucumbers, and apples; sawdust and hay were used for
bedding. Animals were killed by dislocation of the cer-
vical vertebrae.

Males were differentiated into three intrapopula-
tion groups based on a set of characteristics (body
weight and size, the presence of a thymus, the state of
the gonads): immature underyearlings (immature,
im), sexually mature young of the year (mature, m)
and overwintered individuals (overwintered, ow). The
analysis of sperm parameters included only sexually
mature males without visible signs of involution of the
testes and accessory glands, dividing them into two
groups, sexually mature young of the year (I variant of
ontogenesis, breed in the year of their birth) and over-
wintered individuals (variant II, breed after winter-
ing). The sexual maturity of males was determined by
the degree of development (weight and size) of the tes-
tes and accessory glands and the presence of sperm in
the epididymis. To verify the definition of the group,
the absolute age of all captured rodents was deter-
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overwintered individuals (overwintered).

mined based on age-related changes in teeth: for voles,
with an accuracy of 10—45 days [34], for the herb field
mouse, up to 10—142 days [46].

Sample Size and Structure

The samples partially reflected the status of the
small mammal population in the vicinity of MUCS
and KCS during the study period. The relative abun-
dance of rodents in the background zones was 1.5—
2.0 times higher compared to the impact zones
(Table 1). Interannual differences in the relative abun-
dance made it possible to identify years with low
(2018, 4.6 (1—8) individuals/100 traps-day), medium
(2019, 14.3 (6—22) individuals/100 traps-day) and
high (2020, 17.5 (9—35) individuals/100 trap-day)
numbers and classify them as phases of “depression,”
“growth,” and “peak” of the population cycle [47, 48].
The small number of years of observations and the lack
of repetitions within the cycle phase did not allow us to
assess the interannual variability of reproductive
parameters, so they were considered in total for all
three years.

Analysis of Sperm Morphology

Smear preparations were prepared from the con-
tents of the caudal part of the right epididymis in 2—
3 replicates. A suspension of unstained cells was
applied to a glass slide and a smear was made, which
was then fixed in 95% alcohol. Cells were photo-
graphed using a Leica DM 1000 LED microscope and
a Leica DFC 295 digital camera (Leica Microsystems,
Germany) at X400 (for voles) or X200 (for the wood
mouse).

Three groups of sperm were distinguished: normal
(without deformations of the structural elements of
the cells), with a head defect (including acrosome
deformation), and with a tail defect (various types of
loops and hairpins) [32]. In total, 200 spermatozoa
were examined in each animal: the proportion of nor-
mal and abnormal cells was determined in 15—30 ran-
dom fields of view.
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Analysis of Sperm Motility and Concentration

After autopsy, epididymis were removed from
males, a thin puncture was made in their tail part, then
using a micropipette dispenser (Proline, Sartorius
AG, Finland, 0.1-2.5 uL), 0.5 uL of epididymal fluid
was taken and placed in a nutrient medium with a vol-
ume of 2 mL for 10—15 minutes. Manipulations with
the epididymis were performed under an MS-2 stereo-
microscope (Biomed, Russia). A mixture of solutions
of DMEM (Dulbecco’s Modified Eagle’s Medium,
with L-glutamine and glucose 4.5 g/L) and BSA
(bovine serum albumin, 2% in the final solution) was
used as a nutrient medium. Both solutions are pro-
duced by BioloT (Russia). A mixture of DMEM and
BSA is a modification of culture media used to analyze
sperm motility in laboratory mice (Crlj:CD1 (ICR)
mice) [49] and bank voles from a laboratory colony
[50]. The finished mixture was poured into sterile
microtubes and placed on a thermotable (Microstat,
Tekhnom, Russia) at a temperature of 37°C.

The prepared suspension was filled into both
chambers (10 UL of suspension per chamber) of glass
slides (2X-CEL chamber, Hamilton Thorne, United
States; chamber depth 80 um) and mounted on a slide
heater (MiniTherm, Hamilton Thorne, United
States) under the microscope lens. To analyze sperm
motility, the right epididymis was used, except for two
cases of pronounced asymmetry of the epididymis (the
right organ was 2 times or more smaller than the left)
and two cases of a technical error during sampling.

Sperm motility was measured using the CEROS
CASA system (Computer-assisted sperm analysis):
specialized program Mous€Traxx v. 12.3 (Hamilton
Thorne, United States), microscope (Olympus CX41,
Japan) and video camera (Sony XC-ST50, Japan).
The movement of spermatozoa was filmed with a x4
lens magnification for 30 consecutive frames at a speed
of 60 fps in three or more fields of view. Cells that
appeared in only part of the captured frames were not
included in the analysis. An average of 450 (240—1782)
sperm movement tracks per individual were analyzed.
The following indicators were assessed: Motile—pro-
portion of motile cells; VCL (um/s)—velocity mea-
sured over the actual point-to-point track followed by
the sperm cell; VSL (um/s)—velocity of cell move-
ment in a straight line from the beginning to the end of
the track; VAP (um/s)—velocity of cell movement
along its average pathway; ALH (um)—twice the max-
imum displacement of a sperm head from its spatial
average path; BCF (Hz)—frequency of sperm head
movement across the middle plane of its averaged
path; STR (%)—straightness of the average path
(VSL/VAP) % 100; LIN (%)—Tlinearity of the curve of
the captured track (VSL/VCL) X 100 (Appendix,
Table S1, Fig. S2).

Concentration values of sperm in the samples were
obtained using CASA simultaneously with their motil-
ity indicators. To control the hardware determination
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and check the reproducibility of the results, an MMC-
SR counting camera (MMCSoft, Russia) was used.
For this purpose, an additional sample of epididymal
fluid was taken and diluted in physiological solution
(NaCl, 0.9%). A drop of the finished suspension was
placed into the counting chamber using a pipette.
Cells were photographed and counted using a Leica
DM1000 LED microscope and a Leica DFC 295 dig-
ital camera (Leica Microsystems, Germany) at a total
magnification of X200 in ten camera grid cells.

To convert the sperm concentration from a diluted
suspension into values for the epididymal fluid (epi-
didymate) for manual and automatic determination,
the following formula was used: C = L X (Vi/Ve),
where C is the cell concentration in epididymal fluid
(cells/mL); L is the measured cell concentration in
solution (DMEM or saline) (cells/mL); V1 is the vol-
ume of nutrient solution (DMEM or saline) (mL);
and Ve is the volume of collected epididymal fluid
(mL).

Measuring Metal Concentrations in the Body

Concentrations of priority (based on content in
emissions) metals (Cu, Zn, Cd, Pb) were determined
in the liver. The choice of organ is due to the known
fact of the predominant deposition of toxicants in it
[51, 52].

Liver samples from each animal were dried at 75°C
until dry. Then, the samples were crushed and
weighed on a KERN-770 analytical balance (Ger-
many) with an accuracy of 0.01 mg. A sample of ~100
mg was placed in a Teflon vessel, 7 mL of 65% HNO;
(OSH) and 1 mL deionized H,O were added, kept for
30 min, and decomposed in a MWS-2 microwave
oven (MWS-2 Berghof, Germany) according to the
manufacturer’s instructions. The volume was then
adjusted to 10 mL of deionized H,O. Metal concentra-
tions (Ug/g dry mass) were measured on a ContrAA
700 vario atomic absorption spectrometer (Analytik
Jena, Germany) using flame (for Cu and Zn) and
electrothermal (for Cd and Pb) atomization.

The quality of measurements was controlled using
the international standard sample BCR-185R (bovine
liver). The recovery was 81.5% for Cu, 83.6% for Zn,
94.0% for Cd, and 95.0% for Pb. The detection limit
in the flame version of atomization was 0.03 pug/mL for
Cu and 0.015 pg/mL for Zn; in the electrothermal ver-
sion, it was 0.0008 pg/mL for Cd and 0.0025 pg/mL for
Pb. If the concentration of an element was below the
detection limit, a value equal to half of it was used for
further analysis. The analysis (including sample
preparation) was carried out in the laboratory of eco-
toxicology of populations and communities of the
Institute of Plant and Animal Ecology, Ural Branch,
Russian Academy of Sciences.
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Statistical Analysis

Statistical analysis was performed using STATIS-
TICA 8 software [53] and the R programming envi-
ronment (R-project, v. 4.3.2, IDE RStudio
v. 2023.09.1+494) [54, 55], as well as the ggplot2
package for visualization [56]. In all cases, the statisti-
cal unit was the individual.

Frequency of abnormal sperm. The relationship
between the frequencies of various anomalies was
assessed using the Spearman rank correlation coeffi-
cient (R). The search for possible predictors of the
development of sperm anomalies (region, pollution
zone, species, intrapopulation group) was carried out
using generalized linear models (GLM) for dichoto-
mous characteristics (multiple additive logit regres-
sion). Odds ratios (OR) and their 95% confidence
intervals (CI) are given after potentiation of logit
regression coefficients, logarithms of odds ratios
(exp(InOR) or 1/exp(InOR)). Mature underyearlings
from the background zone in the KMS region were
selected as a reference group.

Sperm motility and concentration. The arithmetic
mean for the individual was used, since most sperm
motility parameters were normally distributed
(according to the Shapiro—Wilk test). The structure of
correlations between motility indicators was analyzed
by the method of principal components (varimax raw
rotation was used). Since the initial data was an unbal-
anced complex, the influence of factors (region, pol-
lution zone, intrapopulation group) on sperm motility
and concentration was analyzed using Student’s 7-test
and Fisher’s test (F) to test equality of variances. Gen-
eral linear models (LM) were used to analyze the pro-
portions of explained variance in R?, and one-way
analysis of variance was used to assess interspecific
differences. Multiple comparisons were performed
using Tukey’s test. The relationship between instru-
mental and manual concentrations was assessed using
Pearson’s linear correlation coefficient (r) (values
were pre-logarithmized).

Relationship between sperm parameters and individ-
ual toxic load. Since the distribution of metal concen-
trations had pronounced asymmetry (Shapiro—Wilk
test), data preliminarily logarithmized (natural loga-
rithm). To assess the influence of factors (region, pol-
lution zone, species, intrapopulation group) we used
multivariate analysis of variance. Multiple compari-
sons were performed using Tukey’s test. The relation-
ship between sperm parameters and individual levels
of heavy metal accumulation was assessed using the
Pearson linear correlation coefficient (7). To control
the false discovery rate (FDR) during multiple tests of
statistical hypotheses, the Benjamini—Yekutili correc-
tion was used.

Species specificity of changes in indicators. The con-
tribution of different groups of sperm parameters to
differences between species was assessed using canon-
ical variates analysis.
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The structure of correlations between different sperm
parameters were estimated using the principal compo-
nent method. The values of indicators measured on a
multiplicative scale (proportion of abnormal and
motile cells, straightness (STR)) were previously con-
verted to an additive scale, logarithm of odds (Log
Odds (LO) or logit).

Effect size, i.e., an assessment of the strength of the
influence of pollution on the parameter was calculated
using the response ratio (log Response Ratio) as the
natural logarithm of the ratio of the value in the
impact zone to the value in the background zone. The
confidence interval was estimated using the LRR
function of the SingleCaseES v. 0.7.2 package [57].

RESULTS
Frequencies of Abnormal Sperm

The frequencies of occurrence of sperm head and
tail defects were not related to each other (for the bank
vole—R = 0.02, p = 0.88, northern red-backed vole—
R=-0.27, p=0.06, herb field mouse—R = 0.07, p =
0.80), so they were further analyzed independently of
each other.

The “species” factor significantly influenced the
occurrence of abnormal cells: for head defects—
X2 (D waa = 21.6, for tail defects — x2(1)ywaa = 56.2 (p <
0.001). The odds of detecting head defects in the bank
vole were 1.3 (95% CI: 1.2—1.4) times, compared to
the herb field mouse — 1.7 (1.3—2.0) times. The
chances of detecting tail defects, on the contrary, were
1.2 (1.1—1.2) times lower in the bank vole compared to
the northern red-backed vole, and 1.4 (1.3—1.6) times
lower than in the herb field mouse. Since the inci-
dence of abnormal sperm varied significantly between
species, the influence of factors was considered sepa-
rately for each species.

All factors (district, pollution zone, group) had dif-
ferent effects on the frequency of abnormal cells. In
the MUCS region, head and tail defects were more
common in northern red-backed voles, and in KMS
region—sperm tail defects in the bank vole (Table S2).
In impact zones, the proportion of all defects in
Cl. glareolus and the proportion of tail defects in
S. uralensis was higher than in the background zones.
In CI. rutilus the frequency of head defects was higher
in background zones (Fig. 1, Table S2).

The frequency of abnormal cells in some cases var-
ied among rodents of different intrapopulation groups.
In sexually mature bank vole underyearlings, the inci-
dence of tail defects was lower than in overwintered
animals. In CL rutilus head defects were more com-
mon in mature yearlings, and tail defects were more
common in overwintered individuals. In S. uralensis
all types of sperm pathologies were more common in
mature underyearlings. In CL glareolus most of the
effects found were weak since the odds ratio was close
to unity (see Table S2). In other words, the likelihood
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Fig. 1. Frequencies of abnormal spermatozoa (mean, 95% CI) in rodents from background (white marker) and impact (black
marker) zones. Intrapopulation groups: m—mature young of the year, ow—overwintered individuals.

of detecting abnormal sperm due to one factor or
another is low.

In the northern red-backed vole and the herb field
mouse, some effects associated with head defects were
more pronounced. For example, the odds of detecting
head anomalies were 2—3 times higher depending on
the “area” or “group.” But even with the maximum
chance (in S. wuralensis the probability of detecting
head defects was 3.3 times higher in underyearlings
than in overwintered individuals); the frequency of
occurrence of head defects in this species did not
exceed 3.5% (see Fig. 1).

Sperm Motility

Due to the discovered species-specificity of sperm
motility indicators (Application, Table 3) they were
analyzed separately for each species. In CL. glareolus
the first two main components (PC 1 and PC 2) ofthe
variability in sperm motility indicators accounted for
84.2% of the total variance; CI. rutilus—84.4%, in
S. uralensis—92.1% (Appendix, Table S4). In all three
species, the main contribution to the first principal
component was made by indicators characterizing the
velocity of spermatozoa, and the second, by the direc-
tion of movement. For further analysis, we chose two
well-interpreted indicators with high factor loadings
that do not correlate with each other: VCL (reliably
contributes to PC 1) and STR (reliably contributes to
PC 2). The proportion of motile cells (Motile) was
also analyzed.

Belonging to one or another intrapopulation group
did not affect sperm motility indicators: for CI. glareo-
lus—|f = 0.82—1.65, p = 0.103—0.417; for CI. rutilus—
|/ =0.47—1.30, p = 0.200—0.637; For S. uralensis—|| =
0.13—1.70, p=0.108—0.900. The “area” factor also did
not affect the indicators of sperm motility in rodents:
for CI. glareolus—t = 0.31—1.27, p = 0.209—0.756; for
CL rutilus—|f = 0.32—0.56, p = 0.575—0.752; for S.
uralensis—|t| = 0.61—1.58, p = 0.133—0.548. Since the
influence of these factors turned out to be insignifi-
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cant, animals from different groups and from different
areas were combined for further analysis.

The effect of the pollution zone on Motile and
VCL in the bank vole turned out to be significant: in
the impacted zones the proportion of motile cells and
their velocity were lower than in the background
(tvotie = 2.60, p = 0.011; |flyc = 2.43, p = 0.018)
(Fig. 2). However, the factor “pollution zone”
explained only 9% of the total variance for Motile and
8% for VCL. In the northern red-backed vole and the
herb field mouse, both indicators did not differ
between zones: for CI. rutilus — |thyome = 0.21, p =
0.837; |y = 1.87, p=0.067); For S. uralensis — |thyyotiie =
0.29, p =0.772; |tlycr. = 0.92, p = 0.373.

The directionality index (STR) of sperm in all spe-
cies did not differ between zones: for CI. glareolus—
| = 0.60, p = 0.548; for CI. rutilus—| = 0.76, p =
0.451; for S. uralensis — [f = 1.21, p = 0.242. Also, the
bank vole in the impact zones had higher variability in
the Motile index (CVg, = 14.85; CV}y,, = 25.18; Fyouite
(27, 42) = 2.26, p = 0.017), only here were individuals
found with extremely low sperm motility rates (see
Fig. 2). In the herb field mouse, on the contrary, the
variability of the Motile index was higher in animals in
the background zones: CVg, = 63.81; CV,, = 32.81;
Fyotie (9, 7) =4.34, p=0.045.

Sperm Concentration

The concentration values for manual and auto-
matic measurements correlated with each other (r =
0.63, p < 0.05). Sperm concentrations in DMEM and
epididymal fluid CI glareolus and CI. rutilus did not
differ, while in both species of voles the concentration
of cells was almost 5 times higher than in S. uralensis.
The total number of sperm in the epididymis varied in
different species (Appendix, Table S5).

Indicators of the concentration of epididymal sper-
matozoa in rodents (as well as indicators of motility)
did not depend on belonging to a particular group and
region: for CI. glareolus — |y, = 0.56, p = 0.579, |fl,e, =
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Fig. 2. The proportion of motile sperm (Motile) and the curvilinear line velocity (VCL) in rodents from background (without fill-
ing) and impact (gray filling) zones: horizontal line—median, box boundaries—interquartile range, whiskers—minimum and maxi-
mum values, not exceeding 1.5 interquartile range, point—outlier; *—differences are statistically significant (p < 0.05).

0.25, p = 0.803; For CL rutilus—|fg,, = 0.40, p =
0.694, [t],re, = 1.17, p = 0.246; for S. uralensis—|tlyo,, =
0.55, p = 0.592, ... = 1.24, p = 0.232.

Since the differences between area and groups
turned out to be insignificant, the samples were then
combined. For all three species, the influence of the
pollution zone also turned out to be insignificant: for
Cl. glareolus—|f = 0.37, p = 0.711; For CL. rutilus—|{ =
0.68, p = 0.497; For S. uralensis—|f| = 0.48, p = 0.638.
Although no statistically significant effects associated
with the pollution zone were detected; in both species
of voles, the lowest sperm concentrations were found
in impact zones. In addition, in the northern red-
backed vole, the variability of concentration indicators
in impact zones was higher than in background zones:
CVg, = 30.03, CVy,, = 49.83; F (37, 13) = 3.37, p =
0.022 (Fig. 3).

Relationship between Sperm Parameters
and Individual Toxic Load

The studied factors had different effects on the
accumulation of metals in rodents (Fig. 4, Appendix,
Table S6). The influence of the intrapopulation group
on the accumulation of metals turned out to be insig-
nificant (Appendix, Table S7), therefore, to analyze
other sources of variability, underyearlings and over-
wintered individuals were combined. The “region”
factor influenced the accumulation of all elements
except Cu: rodents accumulated more Cd near
MUCS, and Zn and Pb near KCS (Table 2). The pol-
lution zone affected only the accumulation of Cd: in
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animals in the impacted zones, the concentrations of
this element were higher than in the background ones.
Species differences were also found in the accumula-
tion of Cd (CL. rutilus > Cl. glareolus > S. uralensis) and
Zn (Cl. rutilus > S. uralensis): voles accumulated more
metals than the herb field mouse.

In none of the species were sperm parameters asso-
ciated with individual toxic load (Appendix, Table S8).
The detected weak negative relationships between
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Fig. 3. Concentration of epididymal spermatozoa in
rodents from background (without filling) and impact
(gray filling) zones. For other designations, see Fig. 2.
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some parameters and metal concentrations were lev-
eled out by correction for multiple testing of statistical
hypotheses.

Species Specificity of Sperm Parameters

The species differed significantly in terms of motil-
ity (velocity and straightness of movement, the pro-
portion of motile cells) and sperm concentration, but
the proportion of cells with head and tail defects
turned out to be insignificant for their differentiation
(Appendix, Table S9).

In the first canonical variate axis (CV 1, explains
91.6% of the variance), the greatest contribution was
made by concentration, straightness of movement
(STR) and the proportion of motile cells (Motile), in
the second (CV 2, explains 8.6% of the variance), the
velocity of sperm movement (VCL). The differences in
spermatozoa, as expected, were maximum between
voles and the herb field mouse, and minimal between
vole species (Fig. 5, Appendix, Table S10).
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Structure of Correlations between Sperm Parameters

In detail, the structure of correlations between
sperm parameters in each species differed, however, in
all rodents, the indicators of motility and cell concen-
tration turned out to be the most interconnected (see
Table 3): for example, in CL. glareolus basic contribu-
tion to variability was made by the concentration and
straightness of cell movement (PC 1); in CI. rutilus, in
addition to these indicators (which were also included
in PC 1), the maximum contribution was made by the
proportion of motile cells (PC 2); in S. uralensis, the
main contribution to variability was made by cell
movement indicators (VCL, STR; PC 1) and the pro-
portion of cells with tail defects (PC 2).

Some sperm parameters were similarly associated
across species, but others were not. In both species of
voles, the proportion of motile spermatozoa (Motile)
was positively correlated with movement speed (VCL,
r=0.3—0.4), and their concentration is negative with
straightness of movement (STR, r = —0.8 to —0.4)
(Fig. 6).

Although no strong connection was found between
the proportion of motile cells and the proportion of
cells with tail defects, these two indicators turned out
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Table 2. ANOVA results of metal accumulation in the liver of rodents
Element Source of Variability MS daf F p<

Area 0.04 1 0.51 0.4752

Cu Pollution zone 0.12 1 1.40 0.2388
Species 0.02 2 0.29 0.7478
Area 0.34 1 7.83 0.0059

Zn Pollution zone 0.04 1 0.96 0.3299
Species 0.81 2 18.72 0.0001b ¢
Area 9.18 1 12.18 0.0007

Cd Pollution zone 28.91 1 38.36 0.0001
Species 8.85 2 11.74 0.00013-%¢
Area 9.20 1 6.49 0.0120

Pb Pollution zone 0.30 1 0.21 0.6441
Species 1.63 2 1.15 0.3192

Capital letters indicate differences (Tukey test, p < 0.05; df = 109) between: (a) CL. glareolus and CI. rutilus, (b) CI. glareolus and S. uralensis,

and (c) CL rutilus and S. uralensis; values of p < 0.05 are in bold font.

Table 3. Structure of correlations between rodent sperm parameters (results of principal component analysis)

ClI. glareolus, ClI. rutilus, S. uralensis,
Index n=71 n=>52 n=18

PC 1 PC2 PC 1 PC2 PC 1 PC2
Proportion of cells with head defects —0.19 —0.40 0.04 —0.65 —0.62 0.37
Proportion of cells with tail defects —0.46 —0.25 —0.24 0.16 —0.15 0.83
Curvilinear line velocity (VCL) 0.57 0.55 0.42 —0.49 —0.78 0.30
Straightness (STR) —0.88 0.35 —0.89 —0.23 —0.72 —0.42
Proportion of motile cells (Motile) 0.57 0.30 0.16 —0.72 —0.61 —0.25
Cell concentration 0.72 —0.62 0.90 0.20 0.31 0.41

Maximum (>70%) factor loadings on the principal components (PC 1, PC 2) are highlighted in bold.

to be in different directions: in all rodent species, as
the proportion of abnormal cells increased, the pro-
portion of motile cells decreased. Only in one species
Cl. glareolus, a consistency in the response to pollution
was found between all sperm parameters: a simultane-
ous increase in the proportion of abnormal cells, a
decrease in the proportion of motile cells, and their
velocity in impact zones (see Appendix, Fig. S3).
However, despite the statistical significance, all
detected effects were weak and explained only 2.9—
9.0% of the total variance.

Effect Sizes

For only one species, the bank vole, confidence
intervals for effect sizes (differences between loga-
rithms of values from impact and background sites) do
not include zero, i.e., they can be considered statisti-
cally significant. Of the sperm measures, effect sizes
are statistically significant only for movement velocity
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(VCL) and proportion of motile cells (Motile), but
they are much smaller compared to the effect sizes for
Cd accumulation and relative abundance (Fig. 7).
Confidence intervals for the remaining sperm param-
eters include zero, although the effect sizes themselves
take on nonzero values. All the considered parameters
in the bank vole change in a consistent manner: with
an increase in the toxic load (Cd concentration in the
liver of animals), the relative abundance, the propor-
tion of motile sperm and their velocity decrease, but
the number of abnormal cells increases.

DISCUSSION OF THE RESULTS

The Influence of Chemical Pollution on the Occurrence
of Abnormal Spermatozoa

A study of sperm morphology, performed on new
samples, confirmed earlier conclusions about the dif-
ference in the frequency of occurrence of cells with
head and tail defects [32]. While tail defects can always
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Fig. 6. Relationship between sperm straightness (STR) and sperm concentration; ellipse—95% CI.

be found among epididymal spermatozoa of rodents,
head defects are less common or may be absent. How-
ever, they are not related to each other, and the differ-
ing frequencies of occurrence and different reactions
to the factors under study support the opinion of dif-
ferent reasons for their occurrence [58].

Disturbances in the structure of sperm indicate a
decrease in their fertilizing ability, therefore it is no
coincidence that the influence of environmental fac-

RUSSIAN JOURNAL OF ECOLOGY  Vol. 55

tors is more often studied in relation to extreme and
therefore clearly distinguishable variants of morpho-
logical variability of sperm anomalies [29, 59, 60].
There are several classifications of abnormal forms of
sperm, including for rodents [50, 61—63]. We used a
rough version of the classification (without detailed
defects) and considered only two groups of anomalies
(head and tail defects), which, if necessary, allows us
to compare our results with the materials of other
authors.
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Previously, we examined in detail the controversial
issues about the importance of morphological indica-
tors for assessing potential fertility, as well as the effect
of chemical pollution on structural indicators [32].
Despite skepticism regarding the prognostic value of
morphological characteristics of sperm (in reproduc-
tive medicine, it is reflected in a decrease in the refer-
ence value of the proportion of normal sperm [64]),
the study of the structure of germ cells remains an
important part of assessing their quality. In addition,
there is inconsistency and scarcity of data on the effect
of chemical pollution on the morphology of sperm of
“wild” rodents [6, 26, 27] determine the need to con-
tinue full-scale and experimental studies of this group
of animals.

The results on the variability of frequencies of
abnormal cells are consistent with data for other sam-
ples of rodents from background and impact zones of
both regions [32, 65—67]. Although the direction of
the effects did not always coincide (for the polluted
zones and the intrapopulation group), the strength of
the effects was always at a very low level: odds ratio
estimates were close to unity in all cases. Thus, slight
differences and incomplete agreement in the frequen-
cies of abnormal sperm in different samples (i.e., dif-
ferent species and intrapopulation groups) may indi-
cate a natural level of variability in this indicator, and
not the influence of chemical pollution.

The Effect of Chemical Pollution on Sperm Motility

Motility is considered the most informative param-
eter of sperm [68], since it is what determines their
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functional properties. We have previously reviewed in
detail methods for measuring sperm motility (includ-
ing using automatic analysis systems), determining
reference parameters in voles, and comparing the
obtained values with data from other authors [31].

Motility analysis performed for three species also
showed the species-specific characteristics of sperma-
tozoa: most of them in the herb field mouse are sig-
nificantly lower than in voles. Differences may be due
to characteristics of spermatozoa in representatives of
the group/section Apodemus (including Sylvaemus).
Apart from the obvious differences related to cell size
(acrosome size, head area, and tail length, .S. uralensis
more than in voles), these features include the ability
of cells to form clusters (the so-called sperm-train).
This ability may provide a more reliable path to the egg
compared to individual cells. However, the relation-
ship between cell size, sperm-train formation, and
motility remains controversial [22, 69, 70].

Sperm motility indicators did not depend on the
region or population group. In two species (CI. rutilus
and S. uralensis), motility (Motile, VCL, STR) did not
differ between populations living in background and
polluted zones. However, for CI. glareolus in heavily
polluted zones, the proportion of motile cells (Motile)
and sperm velocity (VCL) were lower compared to
background, but pollution explained only 9 and 8% of
their variance, respectively. In other words, pollution
affected sperm motility, but very weakly.
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Effect of Chemical Pollution on Sperm Concentration

Determination of sperm concentration in humans
and commercial animals is a routine procedure regu-
lated by WHO and various national and international
guidelines. [13, 71, 72]. For laboratory animals,
including rodents, regulations have also been devel-
oped that involve excision and homogenization of the
epididymis [49, 73]. However, the search for new,
optimal methods for determining cell concentration
and related methods for selecting ejaculated or epidid-
ymal sperm is still ongoing.

A variety of methods are used to measure the con-
centration (or absolute number) of sperm in rodents,
causing results to differ from one study to another,
which makes it difficult or impossible to compare [21,
26—28, 50, 74—76]. The method we propose allows us
to simultaneously study indicators of sperm motility
and concentration in several replicates, and samples
from the caudal part of the epididymis can be taken
multiple times.

We did not find a significant effect of the pollution
zone on sperm concentration. This is contrary to the
results of some toxicology experiments in which the
classical dose relationship between toxicant levels and
sperm concentration has been demonstrated. So, in
the experimental group of CI. glareolus from a labora-
tory colony seeded with copper sulfate and aluminum
chloride decreased the concentration of epididymal
sperm due to a decrease in the activity of the sper-
matogenic epithelium of the testis (according to the
representation of different cell types) [26, 27]. The
authors cited suggested that the effect is due to an
increase in the amount of testosterone (so-called tes-
tosterone overload), since this hormone in large quan-
tities suppresses sperm production and inhibits the
secretion of hypothalamic hormones involved in ste-
roidogenesis [77].

In contrast, L.V. Tannenbaum et al. [28, 29, 74,
78], did not find differences in the concentration of
spermatozoa of rodents living in background and pol-
luted zones: the values never reached “threshold” lev-
els (a decrease in concentration by 60—80%). In our
study, this indicator was also insensitive to recorded
pollution levels.

Relationship between Individual Toxic Load
and Sperm Parameters

Data on individual levels of accumulation of heavy
metals in animal organs and tissues serve as an indica-
tor of the toxic load on the body [5, 79—81]. For these
purposes, as a rule, we examine the organs of primary
deposition of heavy metals: liver, kidneys, and bones
of the postcranial skeleton. We examined the concen-
trations of biophilic (Cu and Zn) and toxic (Cd and
Pb) elements in the liver, since it is considered one of
the main target organs for metals [51, 52].
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Many researchers [80—89] believe that animals in
polluted zones accumulate more toxicants than in
background ones, and the concentrations of toxicants
are higher in adult animals than in young ones. In
addition, different species (supraspecific taxa) accu-
mulate toxicants differently: lower concentrations of
elements in mice compared to voles are explained by
the peculiarities of their biology, predominant feeding
on seeds, which are maximally protected from the
intake of excess metals, greater motility, etc. [90].

Our data did not fully confirm the known patterns
of metal accumulation by small mammals. With the
exception of a single element (Cd), no relationship was
found between the concentrations of elements in the
body with the zone of pollution and the age of the ani-
mals. In contrast to what was expected, there was no
dependence of sperm parameters on metal concentra-
tions in the body.

The reasons for the absence or weakness of individ-
ual toxic effects have been repeatedly discussed. These
include different behavior of essential and toxic ele-
ments in the body (including their synergistic or
antagonistic interactions), high individual variability
and specificity of accumulation of elements by differ-
ent intrapopulation groups, and insufficiently high
levels of recorded pollution and/or its mosaic nature
[5, 28, 29, 91-95].

The discovered differences between the regions (in
the MUCS region rodents accumulate more Cd, in
the KCS region—Zn and Pb) well illustrate the polye-
tiological nature of the accumulation of heavy metals
in the body. These differences can be explained by the
geographic location of pollution sources, production
cycles, emission treatment systems, ore composition,
etc. For example, the KCS region is distinguished
from MUCS by a more complex orography (deter-
mines a highly mosaic distribution of pollutants) and
a less sharp decrease in gross emissions after the
reconstruction of the enterprise (see Appendix,
Fig. S1).

Species-Specific Response of Sperm to Pollution

Most sperm parameters turned out to be species
specific, even when considering closely related
Cl. glareolus and CI. rutilus. This appears to reflect dif-
ferent reproductive strategies of the species. The results
of the analysis of the structure of relationships between
predictors and dependent variables (see Table S7) con-
firm significant interspecies differences in rodent
spermatozoa, discovered when testing separate groups
of indicators (morphology, motility, concentration).

The reaction of sperm to pollution also turned out
to be species-specific: voles reacted more strongly
compared to the herb field mouse. The severity of the
detected effects (for sperm motility) decreased in the
series CI. glareolus > CI. rutilus > S. uralensis. Unfortu-
nately, it cannot be ruled out that less pronounced
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effects (or lack thereof) in CI. rutilus and S. uralensis
may be due to small sample sizes for these species.
However, extremely low concentrations of metals in
the liver of S. uralensis in impact zones correspond to
the lack of influence of intoxication of the body with
heavy metals on sperm parameters.

Structure of Correlations between Different Sperm
Parameters and Effect Sizes

One of the key issues of our work is the analysis of
the consistency of changes between groups of sperm
parameters. Many authors have studied several sperm
parameters simultaneously [26—29, 60, 96], however,
general patterns regarding the direction of changes in
indicators under the influence of various factors have
not yet been identified. Our analysis of the structure of
correlations between sperm parameters showed that
motility and cell concentration were the most related
to each other. Although the variability of morphologi-
cal parameters was statistically insignificant, the pro-
portion of abnormal cells and motility indicators
changed in the impact zones in the same direction,
towards a deterioration in sperm quality. This consis-
tency of response to chemical pollution can lead to the
summation of many weak effects, making the resulting
population effect significant.

It is important to emphasize that studying the qual-
ity of sperm is necessary to assess the potential fertility
of males, but is not sufficient to determine their actual
fertilizing ability [97, 98]. It is impossible to accurately
determine the optimal quality of sperm for pregnancy,
the number of fetuses, or the survival rate of offspring,
since after the formation of a zygote is a complex of
factors, associated not only with the quality of sperm.

The use of effect sizes made it possible to clearly
compare entities of different sizes, expressing them on
a single scale. The effect sizes for sperm parameters
were significantly smaller compared to the relative
rodent abundance, the resulting estimate of popula-
tion reproduction (see Fig. 7). On the other hand, the
unidirectionality of these effects (in impact zones the
relative rodent abundance and motility of sperm are
lower) can be considered as indirect evidence of the
existence of a connection between the quality of sperm
and the final population size. To a certain extent, this
allows us to get closer to estimating the realized fertility
of males.

In the discussion about the sensitivity of sperm
parameters to toxic load, our results can be regarded as
contradictory: on the one hand, germ cells react to
chemical pollution, but on the other hand, the reac-
tion to it is weak (see Fig. 7). The weakness of the
effects of pollution can be explained by the presence of
evolutionarily developed homeostatic barriers, pri-
marily hematotesticular, which reliably protect the
reproductive function of animals [99, 100]. The rea-
sons for the weakness of the effects can also include
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the spatial mosaic nature of the toxic load and the
motility of rodents, which allows them to avoid unfa-
vorable habitats. In addition, it cannot be ruled out
that the level of pollution studied was insufficient to
cause a significant shift in reproductive rates. This
necessitates the verification of our findings for the
effects of other sources of industrial pollution. In any
case, our results add arguments to those researchers
who consider sperm to be “invulnerable” to toxic
effects [1, 28, 29], and not declaring the high sensitiv-
ity of germ cells [26, 27].

CONCLUSIONS

In this work, we for the first time compared for sev-
eral species of rodents (Cl. glareolus, CI. rutilus, S. ura-
lensis) living in zones with contrasting levels of chem-
ical pollution from industrial emissions, the informa-
tion content of various indicators of epididymal
sperm. It turned out that pollution worsens the quality
of sperm in rodents from natural populations, but the
reaction to pollution is weak. Therefore, none of the
sperm parameters studied can be a reliable marker of
industrial pollution, at least for the levels of metal pol-
lution studied.

Insignificant differences between the MUCS and
KCS areas in most tests may indicate similarities in the
impact of the two pollution sources and the identifica-
tion of patterns that are not related to the specific
emissions of a particular enterprise. The indicators of
morphology, motility, and concentration of epididy-
mal sperm in the studied rodents also do not depend
on the variant of ontogenesis and reach definitive val-
ues in mature underyearlings and overwintered indi-
viduals; therefore, the potential contribution of males
of these groups to the reproduction of the population
can be considered equivalent.

Our assumptions about the different sensitivity of
sperm parameters and the species-specificity of their
response to pollution were confirmed. Sperm motility
turned out to be more sensitive to pollution compared
to morphology, which is consistent with the idea that
cellular structures are conserved. At the same time,
the detected response, although weak, of sperm motil-
ity to pollution allows for the future study of other
important functional characteristics (for example, the
level of apoptosis, the content of extra- and intracellu-
lar nucleic acids).

The reaction of sperm to pollution turned out to be
species-specific: voles reacted more strongly com-
pared to the herb field mouse. This result highlights
the risk of extrapolating results from one species to
another and the importance of including different spe-
cies in ecotoxicological studies.
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