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Abstract:

Reproduction is key to the survival and development of a species. Anthropogenic activities release significant amounts of toxic
pollutants into the environment. In this study, we aimed to determine effects of heavy metals on some reproductive parameters
of the mountain hare.

Female mountain hares (n = 41) were hunted in the reference and industrially polluted areas of Krasnoyarsk Krai during
four seasons. Their skeletal muscles, liver, and kidneys were subjected to atomic absorption spectrometry to determine
concentrations of lead, cadmium, and mercury.

The contents of lead, cadmium, and mercury were significantly higher in the hares from the contaminated areas compared to
the reference sites. According to the results, the exposure to lead, cadmium, and mercury had an impact on the reproductive
potential of the female mountain hares. In particular, we established correlations between numbers of embryos and corpora
lutea and contents of lead in the kidneys and liver, as well as cadmium in the kidneys. The number of corpora lutea and
embryonic losses in the female hares from the contaminated areas were higher than those in the hared from reference areas.
However, the numbers of embryos did not differ significantly between the compared areas.

Our study showed that about 40% of the liver samples and 100% of the muscle tissue samples obtained from the hares in the
impact zone contained high concentrations of lead and cadmium. Therefore, hunting in these industrially polluted areas may pose
a toxic hazard to the indigenous peoples living there. Further research is needed to assess potential and actual fertility, offspring
survival, and other important parameters of mountain hare populations exposed to different levels of chemical pollution.
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INTRODUCTION chains [2, 3]. Anthropogenic pollutants include a wide
range of synthetic organic compounds and heavy met-
als. Commonly found in low concentrations, they can
accumulate in feed, water, and air, inevitably harming
herbivores and other animals. While a one-time intake
development of industry and farming has led to environ-  of chemicals may have a low toxic load and therefore
mental pollution, with toxic elements entering the food not cause any physiological abnormalities, some com-

Species can only sustain their natural populations if
they are able to reproduce under unfavorable conditions,
especially in the areas of anthropogenic impact [1]. The
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pounds accumulate over time, producing a cumulative
effect. Moreover, pollutants can additively disrupt body
processes and functions, often targeting reproductive or-
gans. Numerous studies point to the complexity of effects
that chemical compounds can have on the endocrine sys-
tem of mammals. As a result, scientists find it difficult to
identify general patterns and extrapolate the data.

Under certain conditions, anthropogenic pollutants
can have a significant impact on the reproductive sys-
tem of animals, reducing their reproductive potential.
Studies have identified potential effects of some toxic
pollutants on warm-blooded animals. However, there
is insufficient information on the factors that determine
the rate of these effects or the impact of combined pol-
lutants on physiological systems. These factors are key
to identifying risks to the productivity and well-being
of populations. Heavy metals, particularly cadmium,
lead, and mercury are among the most dangerous pol-
lutants, or ecotoxicants.

Cadmium is a common environmental pollutant from
industrial and agricultural activities throughout the
world. It enters the body of animals through contamina-
ted feed and water, as well as through cadmium-contai-
ning smoke or dust. Humans absorb cadmium from food
in relatively low concentrations (3—5%). However, once
cadmium reaches the kidneys, it can remain there for 10
to 30 years, causing necrosis of tubular cells [4, 5]. In
the liver, cadmium provokes necrosis, apoptosis of he-
patocytes, and cessation of autophagy [6]. Intoxication
with cadmium salts can cause a disease called “itai-itai”,
which originated in Japan. This disease was caused by
the contamination of the Jinzu River and its tributaries
with cadmium salts and other heavy metals from mining
waste dumped into the river. Those residents who con-
sumed fish from this river and used contaminated water
for drinking or irrigation developed pathologies, includ-
ing joint pain, hypotension, muscle hypotrophy, bone
fractures and deformations, anemia, pneumonia, as well
as gastrointestinal and kidney diseases [7, §].

Cadmium poses a serious public health risk. It is es-
pecially dangerous for the reproductive system due to
its impact on the hormonal status. This is why cadmium
is called an endocrine disruptor [9, 10]. In particular, it
disrupts the rate of steroidogenesis in the ovaries and
placenta, interfering with the secretion of female sex
hormones [11].

Cadmium can cause spontaneous abortion in ear-
ly pregnancy. High levels of this metal in the placenta
increase the expression of metallothioneins. These are
low-molecular-weight proteins with a high cysteine con-
tent that prevent toxic metals from penetrating the pla-
centa [12]. Cadmium reduces the bioavailability of zinc
and can replace it in some fetal tissues, affecting normal
growth and development of the fetus, as well as dis-
rupting cell division and differentiation [13]. Moreover,
cadmium reduces the synthesis of leptin, increases the
concentration of corticosterone, and interrupts the pro-
duction of progesterone in the placenta [14].
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High concentrations of cadmium were studied in
the reproductive organs of rats, rabbits, and Japanese
quails [15-17]. The administration of cadmium to labo-
ratory animals caused stromal proliferation in the ova-
ries, an increase in the number of atretic follicles, and
degeneration of the corpus luteum [18, 19]. The effect
of cadmium on ovarian follicles is associated with chan-
ging levels of gonadotropin hormones and lower levels
of follicle-stimulating and luteinizing hormones.

Exposure to cadmium significantly induced oxida-
tive stress in the ovaries of rats. This resulted in in-
creased levels of malondialdehyde (a lipid oxidation
product) coupled with decreased levels of the antioxidant
enzyme catalase [20]. Agarwal ef al. also reported that
cadmium can cause hormonal imbalance or oxidative
stress, which can provoke miscarriage [21].

At moderate or high concentrations, cadmium affects
the synthesis of steroids in the reproductive organs [22].
At low concentrations, cadmium can act like estrogen
or androgen by binding directly to their receptors [23].
Johnson et al. found that cadmium can cause disturban-
ces in the reproductive system of some wild animals and
contribute to hormone-related cancer [24].

Lead is one of the most dangerous toxic metals that
disrupts the functioning of all organs and systems, es-
pecially the kidneys and hematopoietic, nervous, and
reproductive systems. Lead has a toxic effect on the de-
veloping fetus. High concentrations of lead cause acute
poisoning in humans, while chronic lead-poisoning pro-
motes severe consequences and death [25]. Lead enters
the body through inhalation of lead-containing dust or
fumes, as well as through the oral route. It enters the
bloodstream and accumulates in the bones and soft tis-
sues, mainly in the brain, liver and kidneys, for a long
time, often for life. Bones are believed to contain up to
95% of all lead in the body [26]. Pregnancy increases the
need for calcium. Accumulated in the bones, lead can re-
place calcium and circulate in the bloodstream, becom-
ing an endogenous cause of poisoning [27, 28]. Through
the bloodstream, lead penetrates the placenta and dis-
rupts the development of the fetus [29-32]. In pregnant
women, lead intoxication can cause spontaneous abor-
tion, premature birth or rupture of fetal membranes, ar-
terial hypertension, preeclampsia, or gestational diabetes
mellitus. Moreover, it slows down the growth and de-
velopment of the fetus and promotes the birth of under-
weight babies [33—40].

Lead exposure is associated with hormonal imbal-
ances that cause disruption in the reproductive system.
Its accumulation has an adverse effect on the functioning
of the endocrine glands. In particular, it affects the hy-
pothalamic-pituitary axis, causing changes in the secre-
tion of thyroid-stimulating hormone, growth hormone,
as well as follicle-stimulating and luteinizing hormones.
Nkomo et al. reported that women with an increased le-
vel of lead in the blood had higher concentrations of fol-
licle-stimulating and luteinizing hormones [41].

An experiment with rats showed that higher concen-
trations of lead promoted persistent vaginal estrus after
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a period of normal estrus, the development of ovarian
follicular cysts, and a decrease in the number of corpora
lutea [42]. Chronic doses of lead administered orally cau-
sed atresia at all stages of folliculogenesis and decreased
the development of follicles [43]. High doses of lead in-
duced more noticeable changes such as swelling and
necrosis of the ovarian follicles [44]. An in vitro study
showed the effects of lead on the total antioxidant status
and superoxide dismutase activity [45]. Vigeh et al. re-
ported adverse effects of lead acetate at a concentration
of 10 pg/dL on the reproductive parameters of men [46].

Mercury is a natural trace element that can leach
from geological sediments into aquatic ecosystems or
is emitted into the air from volcanic eruptions, forest
fires, or hot springs [47]. Mercury is also a by-product of
human activities such as gold mining, fuel combustion,
cement production, and chemical industry [47—49]. Vo-
latile mercury can be transported through the air to loca-
tions distant from its sources [50]. This makes mercury
pollution a global problem. While natural emissions of
mercury into the atmosphere have remained relatively
stable over the past 150 years, its anthropogenic emis-
sions have increased sharply. This has led to higher
stress, especially in aquatic ecosystems [47]. Exposure
to mercury varies depending on its concentrations in the
environment and in different foods [25, 51].

Mercury is most toxic when converted to methyl-
mercury, primarily by bacteria in marine and freshwater
ecosystems. Methylmercury bioaccumulates in the tis-
sues of organisms and passes from one trophic level to
another. As a result, predators are exposed to the highest
concentrations of methylmercury and suffer from its
negative neurological, immunological, and reproductive
effects. This is most pronounced in aquatic food sys-
tems [47, 48]. Elemental mercury, like organic mercury,
penetrates the placental barrier and causes fetal devel-
opment defects [52].

Mercury and its compounds cause a wide range of
toxic effects depending on their chemical form, dose,
and level of exposure [53]. In women, mercury can ac-
cumulate in the ovaries and cause reproductive problems,
including infertility. High doses of mercury in experi-
mental animals have increased the potential incidence
of reproductive disorders, such as infertility, stillbirth,
congenital malformations, or spontaneous abortions [48].
Exposure to mercury causes imbalance in the female
hormonal system, causing infertility. The progesterone/
estrogen ratio changes in favor of estrogens, inhibiting
the release of follicle-stimulating and luteinizing hor-
mones from the anterior pituitary gland [54]. Mercury
can also cause infertility by increasing the secretion of
prolactin. This is similar to the effect of dopamine on
the pituitary gland and midbrain, which affects lactopoi-
esis and reproductive organs [55].

Ma et al. observed a positive relationship between
ovarian mercury accumulation and the incidence of fol-
licular atresia in laying hens [56]. In their study, proges-
terone levels decreased significantly in all mercury-
treated groups. On the other hand, the levels of follicle-
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stimulating and luteinizing hormones showed an inverse
correlation with mercury doses. The experimental groups
also showed a significant decrease in the activity of cata-
lase, superoxide dismutase, and glutathione reductase, as
well as in the content of glutathione.

In a study by Lundholm, poultry treated with daily
doses of methylmercury (5 mg for 6 days and 1 mg for
50 days) experienced significant thinning and deforma-
tion of the eggshell, as well as a decrease in egg produc-
tion [57]. The in vitro assays demonstrated the inhibitory
effect of mercury on gastrointestinal calcium absorption
and/or bone marrow mobilization.

Altunkaynak ef al. determined the effects of expo-
sure to mercury vapor on the reproductive parameters of
rats [58]. In their study, the rats exposed to higher con-
centrations of mercury exhibited prolonged estrous cy-
cles and morphological changes in the corpus luteum.
Their ovaries had various histomorphometric changes,
with a significant increase in the volume of atretic fol-
licles. The authors concluded that exposure to mercury
vapor alters the estrous cycle but does not have a signifi-
cant effect on ovulation, implantation, or pregnancy.

Another in vitro study determined the effect of mer-
cury on the secretion activity of progesterone and in-
sulin-like growth factor-1 (IGF-I) by analyzing porcine
ovarian granulosa. The study confirmed the direct effect
of mercury on the release of the steroid hormone pro-
gesterone, as well as the interference of mercury in ste-
roidogenesis and apoptosis [59].

Koli et al. studied the effect of mercury on myometri-
al activity in Wistar rats treated with 5, 50, and 500 pg/L
of mercury chloride in drinking water for 28 days [60].
The authors concluded that low doses of mercury had
a detrimental effect on myometrial activity by altering
calcium entry into smooth muscle and/or calcium re-
lease from intracellular stores [60]. Their study also
confirmed that mercury has a concentration-dependent
uterotonic effect. Nakade et al. reported inflammation
of the endometrium and myometrium in the animals ex-
posed to mercury [61].

Most bioavailable compounds of lead, cadmium, and
mercury are not destroyed in the soil, water, plants, and
animals, exposing them to their toxic, carcinogenic, and
mutagenic effects. The progressive emission of heavy
metals into the atmosphere, soil, and water can increase
their concentrations in animals and humans to critical va-
lues, with potentially irreversible consequences for both
individual species and whole populations [25, 40]. Most
researchers see the highest risk in the toxic effects of he-
avy metals on reproduction [1].

The above fully applies to mammals such as lago-
morphs that live in the conditions of chemical environ-
mental pollution. Studies have shown that heavy metals
can have a significant negative impact on the reproduc-
tive systems of humans and laboratory or farm animals,
as well as the development of their offspring. Howe-
ver, we lack scientific data on their effects on the repro-
duction processes in wild mammals and birds. This is
due to certain difficulties in conducting field studies of
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free-living populations compared to laboratory experi-
ments, where dose-related toxic effects can be accurately
assessed. Field studies should consider a number of addi-
tional factors, including the movement of animals along
a pollution gradient, the mosaic nature of impact fields,
diet variability, etc. [1].

Literature lacks information on effects of cadmium,
lead, and mercury on the natural populations of moun-
tain hares [62—66]. Therefore, more research is needed
to manage these populations in pessimal environmental
conditions more effectively and to ensure safety of re-
sulting food products.

STUDY OBJECTS AND METHODS

Materials were collected in 2011-2014 in Krasno-
yarsk Krai (Russia), particularly in the middle reaches of
the Agapa river (71°638611 north, 87°881650 east) (n = 22)
contaminated by industrial activities, as well as in the
reference areas near Kheta village, Kresty village (the
Khatanga river), and Kataryk village (the Kheta river)
(71°319090 north, 99°312443 east) (n = 19).

In particular, we used internal organs (ovaries, liver,
kidneys) and skeletal muscles (forelimb muscles undi-
vided into separate muscles) of adult female mountain
hares (n = 41) selected in the late spring-summer period,
from the 20" of May to the 20" of June. The hares were
hunted with snares by local hunters from among the in-
digenous peoples of the North, who are allowed to hunt
in the spring and summer season by law (Article 19 of
Russian Federal Law No. 209-FZ of July 24, 2009 “On
hunting and conservation of hunting resources”).

To obtain biomaterial, linear routes (at least 10 km
long), or trapping paths, were laid in the floodplains of
the rivers in the reference and contaminated areas. This
method is highly efficient and provides intact organs and
tissues. In addition, it avoids contamination with lead,
unlike shooting with lead-containing bullets.

The captured animals were marked with tags placed
around their necks. The tags had been prepared and pro-
vided to the hunters in advance. The carcasses were fro-
zen in an icebox at —18°C and packaged separately in
new food-grade plastic bags.

Once every ten days, the carcasses were transported
by air to a veterinary laboratory in the city of Dudinka.
There, they were measured and weighed by the authors
in partnership with veterinary experts from the Russian
Federal Service for Veterinary and Phytosanitary Surveil-
lance (Rosselkhoznadzor) in Krasnoyarsk Krai. Next,
the samples of organs and tissues were taken for micro-
element analysis. Also, we counted the number of cor-
pora lutea in the ovaries and the number of embryos in
the uterus of every animal.

The material was then packaged in food-grade poly-
ethylene and delivered to a chemical laboratory at the
Rosselkhoznadzor Reference Center in Krasnoyarsk.
There, Sollar (TJA Solution, USA) and Varian (Agilent
Technologies, USA) atomic absorption spectrophotome-
ters were used to determine the contents of lead, cad-
mium, and mercury in the muscles, liver, and kidneys
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expressed in terms of natural moisture (69-73, 7478,
and 70—73%, respectively).

The number of corpora lutea of pregnancy was an in-
dicator of potential fertility, while the number of viable
embryos characterized actual fertility. The viability of
embryos was assessed visually based on morphometric
characteristics, linear dimensions, and the absence of
signs of tissue resorption or degeneration.

Total embryonic losses were calculated as a differen-
ce, %, between the number of corpora lutea of pregnancy
and the number of viable embryos, according to [1]. Fe-
male hares with more corpora lutea than viable embryos
were considered to have embryonic losses. Females with
identical numbers of corpora lutea and viable embryos
were considered to have no embryonic losses.

The number of lost embryos, or a simple difference
between corpora lutea and viable embryos, was also con-
sidered in comparative analysis. The percentage of fe-
male hares with embryonic losses was calculated in re-
lation to all the females in the sample. Average fertility
rates were based on the data for all the females that had
corpora lutea and/or embryos.

All the females in the sample were of reproductive
age, with their precise age not determined. Neither was
it possible to determine the stage of embryogenesis,
since there has been little research into the reproductive
processes of mountain hares. Moreover, their rutting sea-
son is quite lengthy.

The statistical analysis was carried out with stan-
dard methods using MS Excel (Office 2019) and Statgra-
phics (19-X64) [67]. The samples were described by cal-
culating the mean (M), error of the mean (m), standard
deviation (SD), median (Med), as well as 25 and 75%
percentiles.

Since the distribution of some part of the sample dif-
fered from normal distribution, nonparametric analysis
was used in addition to the standard methods of variabil-
ity statistics. In particular, the Mann-Whitney test (U)
and the Kruskal-Wallis test (H) were employed to com-
pare the significance of differences, while the Spearman
rank correlation method was used to determine relation-
ships between different parameters. Statistical signifi-
cance was set at p < 0.05.

According to the Ministry of Ecology and Rational
Management of Natural Resources in Krasnoyarsk Krai,
the man-made impact on the environment has remained
the same over the last few years [68]. Therefore, our ex-
perimental data are still quite relevant and can be used
for comparative environmental monitoring in the study
areas both in the short and long terms.

RESULTS AND DISCUSSION

First, we determined the number of corpora lutea in
the ovaries of, and the number of embryos in, female
mountain hares sampled from the reference and conta-
minated areas (Fig. 1).

As can be seen, the number of corpora lutea found in
the ovaries of female hares from the contaminated areas
averaged 8.72 £ 1.63, which was significantly (p = 0.00)
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Figure 1 The numbers of corpora lutea and embryos in female
mountain hares from reference and contaminated areas in the
north of Krasnoyarsk Krai
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Figure 3 Concentrations of lead in the muscles, liver,
and kidneys of female mountain hares from reference
and contaminated areas, north of Krasnoyarsk Krai
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Figure 4 Concentrations of cadmium in the muscles, liver,
and kidneys of female mountain hares from reference and
contaminated areas, north of Krasnoyarsk Krai
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Figure 2 Proportion of female mountain hares with
embryonic losses (in blue): a in the contaminated areas,
north of Krasnoyarsk Krai; b in the reference areas, north
of Krasnoyarsk Krai

larger (1.21 times) than in the reference areas. Howe-
ver, the numbers of embryos did not differ significantly
between the areas.

Correlational analysis established a strong positive
correlation between the number of corpora lutea and the
number of embryos in the female hares, both in the refe-
rence (r=0.95, p=0.00) and contaminated (r=0.76,
p =0.00) areas.

Figure 2 shows the proportion of female hares with
embryonic losses in the contaminated and reference
areas.

The contents of heavy metals in the organs and tissues
of mountain hares were previously reported by us in [66].

The average concentrations of lead in the muscles,
liver, and kidneys of female hares in the contaminated
areas were 0.16 £+ 0.03, 0.75 + 0.16, and 0.41 + 0.10 mg/kg,
respectively (Fig. 3). These values were significantly
(p =0.00) higher than those for female hares in the re-
ference areas, namely 5.33, 18.75, and 20.5 times as high,
respectively.

The average concentrations of cadmium in the mus-
cles, liver, and kidneys of female hares in the conta-
minated areas were 0.35 + 0.46, 0.35 £0.10, and 0.61 +
0.11 mg/kg, respectively (Fig. 4). These values were sig-
nificantly (p = 0.00) higher than those for female ha-
res in the reference areas, particularly 11.66, 17.50, and
15.25 times as high, respectively.
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Table 1 Statistically significant correlations (p < 0.05) of lead
and cadmium concentrations in female mountain hares from
reference and contaminated areas in Krasnoyarsk Krai

Table 2 Statistically significant correlations (p < 0.05)
between lead and cadmium concentrations in the organs
and tissues of female mountain hares from reference and
contaminated areas in Krasnoyarsk Krai

Pairs Correlation  p

Pb in reference muscles/ 0.49 0.03 Pairs Contaminated area  Reference area

Pb in reference liver Correlation  p Correlation p

Pb in contaminated muscles/ -0.54 0.02 Cd in muscles/ 0.50 0.02 -0.51 0.02
Pb reference liver Pb in liver

Pb in contaminated muscles/ 0.58 0.00 Cd in muscles/ 0.50 0.02 -0.51 0.02
Pb in contaminated liver Pb in kidneys

Pb in reference liver/ 0.81 0.00 Cd in muscles/ 0.43 0.04 - -

Pb in reference kidneys Pb in muscles

Pb in contaminated liver/ 0.73 0.00

Pb in contaminated kidneys

gg 12 f;zfxftr aer?lciz mrilésziss/cl o 055 0.01 and r = 0.50, p = 0.02, respectively). In the contaminated
Cd in reference muscles/ 055 001 areas, an average correlation was established between
Cd in reference liver cadmium and lead concentrations in the muscles
Cd in contaminated muscles/ 0.68 0.00 (r=0.43, p = 0.04).

Cd in contaminated liver The content of mercury in the muscles, liver, and
Cd in contaminated muscles/ —0.46 0.04 kidneys of the hares in the contaminated areas varied
Cd in reference kidneys between 0.01 and 0.025 mg/kg and was significantly
Cd in contaminated muscles/ 0.49 0.02 higher than in the reference areas.

Cd in contaminated kidneys Next, we analyzed the relationships between repro-
Cd in contaminated liver/ 0.54 0.01 ductive indicators and the contents of heavy metals in

Cd in contaminated kidneys

Having performed correlational analysis, we found
a close positive correlation between lead concentrations
in the liver and kidneys of the hares from the reference
(r=0.81, p=10.00) and contaminated (= 0.73, p = 0.00)
areas, an average positive correlation between lead
concentrations in the muscles and liver in the reference
(r=10.49, p=0.03) and contaminated (» = 0.58, p = 0.00)
areas, and an average negative correlation between lead
concentrations in the liver of the hares from the refe-
rence areas and in the muscles of the hares from the
contaminated areas (r =—0.54, p = 0.02) (Table 1).

As for cadmium, we established a positive correla-
tion between its concentrations in the muscles and liver
of the hares from the contaminated (= 0.68, p =0.00)
and reference (r = 0.55, p = 0.01) areas. We also found an
average positive correlation between cadmium concen-
trations in the liver and kidneys (= 0.54, p =0.01), as
well as in the muscles and kidneys (= 0.49, p = 0.02),
in the contaminated areas. Finally, there was an average
negative correlation between cadmium concentrations
in the muscles of the hares from the contaminated areas
and in the kidneys of the hares from the reference areas
(r=-0.46, p = 0.04) (Table 1).

Table 2 shows correlations between lead and cadmi-
um concentrations in the organs and tissues of the hares
in the areas with different levels of contamination. In
both the reference and contaminated areas, we found
a correlation between cadmium concentrations in the
muscles and lead concentrations in the liver (»=-0.51,
p=0.02 and »=0.50, p = 0.02, respectively), as well as
between cadmium concentrations in the muscles and
lead concentrations in the kidneys (»=-0.51, p=0.02
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the internal organs of the mountain hares in the conta-
minated areas. As a result, average positive correlations
were established between the number of embryos and
the lead concentration in the kidneys (= 0.43, p = 0.04),
the number of corpora lutea and the lead concentration
in the liver (r=0.50, p =0.01), the number of corpo-
ra lutea and the cadmium concentration in the kidneys
(r=10.44, p=0.04), as well as the number of corpora lu-
tea and the lead concentration in the kidneys (r = 0.46,
p = 0.03). However, there was no correlation between re-
productive indicators and mercury concentrations in the
hares’ organs and tissues.

The liver and kidneys of mammals are known to ac-
cumulate lead, cadmium, and mercury. Therefore, these
organs can be used to determine concentrations of these
metals in the body. Although skeletal muscles are not as
indicative of metal concentrations, they are quite signifi-
cant in environmental and toxicological studies due to a
high nutritional value [69].

Our results showed a clear relationship between the
environment and the contents of heavy metals in the
mountain hares. The sampling area is affected by the
Norilsk industrial region, with its large metallurgical
and mining enterprises accounting for 1.9% of the Rus-
sian GDP. About 2.5 million tons of pollutants are relea-
sed into the atmosphere of Norilsk annually, according
to the Federal Statistics Service and the Ministry of Eco-
logy and Rational Management of Natural Resources in
Krasnoyarsk Krai. A significant proportion of these pollu-
tants are heavy metals [68]. Moreover, many of them
spread through the air over a distance of 250—400 km
from the point of release, polluting water sources, bot-
tom sediments, and soil, as well as causing vegetation
degradation [70—72]. Emissions from the enterprises in
the cities of Kayerkan and Norilsk spread in the northern
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and northwestern directions, accelerating during winter
snowstorms [73, 74]. Accumulating in depressions, con-
taminated snow delivers large amounts of trace elements
to shrubs and herbaceous plants during the growing sea-
son, as well as contaminating their shoots and bark. And
these plants are what mountain hares feed on.

Previous studies have reported the impact of che-
mical pollution on wild animals in the north of Krasno-
yarsk Krai. Increased concentrations of lead, cadmium,
and mercury were detected in the organs and tissues
of the wild reindeer, mountain hare, and ptarmigan [66,
75, 76]. Histological and morphological studies found
abnormal changes in the main body systems of micro-
mammals, such as mouse-like rodents, living in the No-
rilsk industrial region [77]. Numerous pathologies were
identified in the organs and tissues of small mammals,
including the hematopoietic organs and endocrine sys-
tem. This undoubtedly affects the reproductive potential
of the local animals. Obviously, similar processes can
occur in other plant-feeders in these and adjacent areas.

In our study, the average lead contents in the liver
and kidneys of mountain hares in the contaminated area
(Krasnoyarsk Krai) were 0.75 £ 0.16 and 0.41 + 0.10 mg/kg,
respectively. These values were significantly higher in
the internal organs of lagomorphs inhabiting polluted
areas in Pakistan and Turkey, but only slightly higher
in the liver of the brown hare (Lepus europaeus L.) in
Serbia and Poland [78—81]. Yet, the lead contents in our
study were similar to those found in the liver and kid-
neys of mountain hares in Norway, Finland, and the Ki-
rov region in Russia [62—65]. The concentrations of lead
in the reference area in Krasnoyarsk Krai were similar
to those for lagomorphs in uncontaminated regions of
Europe [82—-84].

The highest concentrations of cadmium (averaging
0.61 £ 0.11 mg/kg) were detected in the kidneys of moun-
tain hares at a contaminated landfill in the north of Kras-
noyarsk Krai. However, these values were significantly
lower than similar indicators in the industrial and mining
regions of Canada, Poland, Turkey, and Serbia [79-8],
85, 86]. Yet, they were comparable to cadmium concen-
trations in lagomorphs and other species from non-indus-
trial areas [80, 83, 87-92]. Also, the contents of cadmium
in the liver and kidneys of mountain hares in the refe-
rence area of Krasnoyarsk Krai were lower than similar
indicators for lagomorphs in European non-industrial
regions. This may be because the main sources of cad-
mium in the environment are agricultural, energy, and
transport enterprises.

Thus, the contents of lead and cadmium in the female
mountain hares from the reference areas of Krasnoyarsk
Krai appeared quite low compared to these indicators for
lagomorphs from other countries. At the contaminated
landfills in Krasnoyarsk Krai, these contents were compa-
rable to the values for contaminated areas in other regi-
ons. Our study did not detect abnormally high concentra-
tions of these heavy metals, unlike numerous studies of
wild animals in other industrialized countries. However,
a significant part of the liver samples and all the samples
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of hare meat obtained in the middle reaches of the Agapa
river exceeded the hygienic standards for lead and cad-
mium concentrations (The unified sanitary, epidemiolog-
ical, and hygienic requirements for goods that are subject
to sanitary and epidemiological supervision (control)).
This undoubtedly indicates an increased toxic impact on
the population of mountain hares and its well-being.

The numbers of corpora lutea in the ovaries of female
mountain hares (potential fertility) in the contaminated
and reference areas of Krasnoyarsk Krai were 8.72 and
7.15, respectively, with a significant (p = 0.00) difference
of 19.16%. The number of embryos was also larger in the
contaminated areas. In particular, the average number
of viable embryos per female (maximum actual fertility)
was 7.22 in the contaminated areas, compared to 6.84
in the reference areas. Yet, the difference between them
of 5.27% was not significant. However, the survival rate
of embryos was higher in the reference areas than in the
contaminated areas (95.6 and 82.8%, respectively).

The female hares with embryonic losses accounted
for 31.57% in the reference areas, which is close to the
average for other species. This indicator reached 86.36%
in the contaminated areas. Noteworthily, the females
in the reference areas lost only one embryo, while those
in the contaminated areas, an average of 1.73 emb-
ryos (p =0.02). According to Fig. 5, 42% of the latter
lost one embryo, 42% lost two embryos, and 16% lost
three embryos.

Many researchers consider the average number of
corpora lutea per female as an indicator of potential
fertility. Its natural increase is one of the adaptation
mechanisms enabling the population to survive in un-
favorable conditions. Toxic pollution appears to stimu-
late potential fertility, which partially compensates for
losses induced by chemical exposure. We can also as-
sume that the frequency of embryo resorption may in-
crease in contaminated areas, especially under harsh
climatic conditions.

Previous studies have shown changes in the repro-
ductive parameters of female small rodents and other
species caused by increasing toxic load. In particular,

16%

42%

B one embryo Othree embryos

I two embryos

Figure 5 Embryonic losses in female mountain hares from
contaminated areas, north of Krasnoyarsk Krai
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the density, biomass, and diversity of micromammals
in Murmansk region and the Middle Urals increased
with distance from the impact zone around large metal
works [93-96]. The proportion of pregnant red-backed
voles (Clethrionomys rufocanus) was significantly asso-
ciated with a distance from the source of pollution [97].
The embryo resorption near the source of pollution was
7.7 times as high as in the control group. However, the
embryo survival rate was 96.4-95.8% in the reference
areas, 92.0-81.9% in the buffer zone, and just over 60%
in the impact zone, i.e., 4 km away from the source of
pollution [98]. Considering the level and nature of con-
tamination, similar values are typical for the mountain
hare in the north of Krasnoyarsk Krai. However, our
study showed no decrease in the actual fertility of the
hares, compared to this indicator for mouse-like rodents
in the above studies.

Mukhacheva studied the reproduction of the bank
vole (Clethrionomys glareolus) in an industrial pollution
gradient [99]. The author reported significantly reduced
levels of toxicants in the organs, tissues, and developing
embryos due to the system of blood-tissue barriers in the
female bodies. This decrease in toxicants was detected
alongside their increased contents in the contaminated
feeding areas. At certain development stages, the embryos
are highly resistant to the effects of heavy metals. The
study showed no significant effects of their contents on
potential fertility or embryonic death during intrauterine
development. Noteworthily, all breeding females in the
reference and contaminated areas had similar numbers
of corpora lutea of pregnancy. However, corpora lutea
were more numerous in the group of sexually mature fe-
males in the impact zone, which is consistent with our
results. Also, the number of viable embryos was higher
in the bank voles in contaminated areas [99].

It should be noted that the number of living embryos
does not indicate the quality of the offspring. Studies ra-
rely identify deviations from normal development rela-
ted to the location of the placenta, the size or weight of
the embryo, etc. However, chronic exposure to heavy me-
tals during pregnancy can cause up to 30 types of seri-
ous pathological changes in the embryos of small mam-
mals. These pathologies can lead to the birth of weake-
ned offspring or its death [100—102].

Weight is the most important indicator of offspring’s
life potential. Benitez et al. established an inverse re-
lationship between the weight of embryos and/or new-
borns and the concentrations of toxicants in the pla-
centa [103]. According to Salomeina and Mashak, chro-
nic exposure to pollutants during pregnancy and lacta-
tion can decrease the weight of embryos by 6—-10%, and
in some cases by up to 25%, compared to the control
group [101].

A study in the Middle Urals found that increased ex-
posure to lead and cadmium in bank vole embryos by
the end of the prenatal period caused weight loss, com-
pared to the embryos from reference areas [1]. This inevi-
tably weakened the offspring and increased their mortal-
ity in the early postnatal period. There is an opinion that
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the weight of embryos is more indicative of changes in
the reproductive potential of a population than the level
of embryonic losses.

A number of objective reasons prevented us from es-
tablishing relationships between the sex, age, and size of
a population and its reproduction in a chemically pollu-
ted area [1]. Therefore, this should become the object of
further research.

CONCLUSION

Our study showed significantly higher concentrations
of lead, cadmium, and mercury in the liver, kidneys, and
muscles of mountain hares in the industrially polluted
areas compared to the reference sites.

The relationships between the reproductive indica-
tors and the contents of heavy metals in the internal or-
gans of the mountain hare revealed an average positive
correlation between the number of embryos and the con-
centration of lead in the kidneys (» = 0.43, p = 0.04), the
number of corpora lutea and the concentration of lead
in the liver (»=0.50, p =0.01), the number of corpora
lutea and the concentration of cadmium in the kidneys
(r=0.44, p=0.04), and the number of corpora lutea
and the concentration of lead in the kidneys (= 0.46,
p=0.03). The significant correlations between indivi-
dual metals in the organs and tissues may indicate com-
mon sources of their entry into the environment of the
study area.

The average number of corpora lutea per female mo-
untain hare was 8.72 in the contaminated areas, which
was 19.16% higher than in the reference areas (p = 0.00).
However, the numbers of embryos did not differ signifi-
cantly in the reference and contaminated areas.

The proportion of female hares with embryonic loss-
es was 31.57% in the reference areas, which is close to
the average for other species, and 86.36% in the con-
taminated areas. Moreover, they lost only one embryo
in the reference areas and an average of 1.73 embryos
(p=0.02) in the contaminated areas. The females that
lost one, two, and three embryos in the contaminated
areas accounted for 42, 42, and 16%, respectively.

According to our results, the levels of cadmium, mer-
cury, and lead detected in the bodies of the mountain ha-
res in the north of Krasnoyarsk Krai do not pose a risk of
acute poisoning. Although significant differences were
found in the potential fertility of female hares in the refe-
rence and contaminated areas, their actual fertility was
not affected. The increase in corpora lutea of pregnancy,
or potential fertility, apparently compensated for greater
embryonic losses induced by exposure to pollutants.

Environmental pollutants caused by anthropogenic
activities enter the food chain. Due to their toxicity, these
pollutants, even at low concentrations, can have an
adverse effect on animals in case of prolonged expo-
sure. This has been shown by previous studies on nu-
merous species of vertebrates in the European part of
Russia [104—-109]. Pollutants affect the structure of ani-
mal communities, their territorial distribution, aggre-
gation, population density, and reproductive indicators
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(fertility, survival, embryonic mortality, etc.). This was
confirmed by our study, where we compared the samples
from reference and industrially contaminated areas in
the north of Central Siberia.

Our results are also indicative of the well-being of
the mountain hare population in Krasnoyarsk Krai,
mainly its ability to produce healthy offspring at the
required level.

Further research is needed to assess potential and
actual fertility, offspring survival, and other important
parameters of mountain hare populations exposed to che-
mical pollution compared to those in reference areas.

Our study showed that about 40% of the liver sam-
ples and 100% of the muscle tissue samples obtained

from the hares in the impact zone contained high con-
centrations of lead and cadmium. Therefore, hunting in
these industrially polluted areas may pose a toxic hazard
to the indigenous peoples living there.
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