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ABSTRACT: The reduced reproduction of A. caliginosaand population densityof lumbricidswas
shown at the polluted site. The survival of A. caliginosa after acute y-irradiation (2270 Gy) was higher
at contaminated site (LDso10) than reference site (LDsos). The data obtained indicate the adaptation of
inhabiting contaminated site earthworm population to the harsh environmental conditions.
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INTRODUCTION

Human industrial activities have left behind a legacy of ecosystems strongly impacted by a
wide range of contaminants, including radionuclides. As a rule, the anthropogenic contamination
is characterized by the presence of different types of pollutants in the environment. All pollutants,
including radionuclides and heavy metals, are deposited in the soil that leads to changes in the
state of natural populations of soil fauna. In particular, earthworms are excellent bioindicators of
soil pollution because of low migration activity; close contact with contaminated
environment.Due to such a set of properties earthworms was chosen as one of the basic reference
species in the modern system of the radiation protection of the environment (Larsson, 2008). It is
known that radioactive and chemical contamination of soil leads to a wide range of biological
effects at different levels of organization of biosystems from molecules and cells to populations
and communities. The data about changes in survival (Nakamori et al., 2009; Burgos et al., 2005),
reproduction (Krivolutsky, 1987; Anderson et al., 2013), and population density of earthworms
(Krivolutskii, 1994) under conditions of radioactive or chemical contamination are widely
presented in the literature.

Neverthelessthe combined action of radiation and chemical factors on natural populations of
earthworms is poorly studied (Lourenco et al., 2011a; 2011b; 2012; 2013; Mrdakovic Popic et al.,
2012). The assessment of chronic radiation or chemical exposure to natural populations, as well as
the identification of molecular and cellular mechanisms that allow organisms to sustainably exist
in conditions of chronic low-dose exposure to genotoxicants is important challenge (Brechignac et
al., 2016; Mothersill et al., 2007).

Therefore, the aim of our study was to investigate the consequences of chronic radiation and
chemical exposure for earthworms populations.

MATERIALS AND METHODS
Study area

The earthworms Aporrectodea caliginosa were collected at experimental site near Vodny settlement
(Russia) where previously the extraction and production of radium was carried out. This siteis
characterized by increasedspecific activities of radionuclides (%8U,22Th, #°Th, 228Th,??°Ra, 1°Po,
210pp) and concentrations of heavy metals (Cu, Pb, Cd, Zn, Ni, etc.) and As. The ambient dose rate in
the air varied from 2.5 to 10.5 uSv/h. The reference sitewas chosen at area without radioactive and
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chemical contamination of soil. The value of y—radiation dose rate at reference site was 0.08-0.12
uSv/h.The sites are characterized by similar natural and climatic conditions. The detailed characteristic
of sites was presented in our previous articles (Geras’kin et al., 2007; Kaneva et al., 2015; Belykh et
al., 2015; Maystrenko et al., 2018; Rybak et al., 2020).

The results of soil radiochemical analysis were presented in figurel. Moreover the total indicator of
soil contamination (Z;) with heavy metals was 108 (dangerous level) and 2 (acceptable level) at
contaminated and reference sites, respectively (Revich, 1982).
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Figure 1 — The box plots of specific activities of radionuclides
in soil of contaminated (A) and reference (B) sites

Cultivation of earthworms

The cultivation of earthworms was carried out in plastic containers (14x9x10 cm?®) with 1 kg of wet
artificial soil, prepared in laboratory by mixing of natural sand, clay soil (Komi Republic) and
neutralized peat (pH = 5.2-6.0) in proportion of 5:4:1, respectively. The acidity of artificial soil was
measured before experiment: pH (KCI) = 7.70 £ 0.02. The humidity of soil was 26 + 1 %(GOST
28268-89). The humidity and food availability were monitored during the experiment.

The specific activities of radionuclides in artificial soil were following: ?°Ra - 7.7 + 1.2, 58U -
94.5 + 18.9, 22%Th - 0.52 + 0.16, 2°Th - 0.38 + 0.11, #2Th - 0.18 + 0.05, %P0 - 11.9 + 11.8, ?'%Pb -
10.2 + 1.5 Bg/kg (d.w.). The concentrations of heavy metals and As in artificial soil:Cu -7 £ 2, Pb - 4
+1,Cd-0.12+0.06,Zn-20+4,Ni-16+6,Co-5+2, Mn-220+£70,Cr-13+3,Ba-33+10, As
-3+ 1, Hg - 0.008 + 0.004 mg/kg (d.w.). The physical and chemical characteristics of artificial soil: P
- 250 + 80 mg/kg, N - 0.06 + 0.02 %, C - 2.4 = 0.4 %, organic matter - 2.8 + 0.6 %, exchangeable Ca -
5.5 + 0.4 mmol/100 g, exchangeable Mg - 3.6 + 0.2 mmol/100 g, KO - 105 +13 mg/kg, Fe,Os- 0.18 £
0.03 %, Al;,Os - 0.14 £ 0.03 %, N-NOs- - 1.0 = 0.2 mg/kg, HCO3 - 170 + 40 mg/kg, CI- - 6.4 + 0.5
mg/kg.

Survival

The survival of adult earthworms A. caliginosa was evaluated after y-irradiation at 2270 Gy
(«Issledovatel», USSR, *¥'Cs, P, = 0.7 Gy/min). The distance between the source and biological object
was 5 cm.Fiveearthworms were placed into plastic containers with 18 g artificial soil for y-irradiation
(2 replications). After irradiationinvertebrates were cultured inplastic containers with 1 kg of wet
artificial soil. Non-irradiated individuals, collected from both sites, were used as control sample (1
replication).The number of surviving earthworms was registered during 30 days after irradiation. Then
the cumulative survival curves were constructed using Kaplan—Meier estimator in the program
STATISTICA 6.0. The significance of the differences was assessed bythe Mantel Cox test.
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Reproduction
Two adult earthworms were placed at plastic container with artificial substrate (m = 1 kg). The

estimation was provided for each site using 8-9 replications during 3 months of experiment. The
number of produced cocoons was counted 2-3 times a week. The reproductive capacity of earthworms
A. caliginosa was evaluated by distribution of the cocoons occurrence frequency per day of parameter
registration in all replicationsfor each site (0 — no cocoons, 1-5 — one-five cocoons) and morphometric
parameters of coccons (length, diameter, volume). The significance of the differences was assessed
with the application of the Mann-Whitney test.

The volume of cocoon (ellipsoid) was calculated using followingequation:

V= Zmab?
3

where V — volume of cocoon (cm?®), a — length of coccon (cm), b — diameter ofcoccon (cm).
Population density

The soil monoliths of 0.25x0.25%0.25 m3size from contaminated and reference sites were used to
determine the population density of earthworms of Lumbricidae family. The total number of
earthworms, selected by hand from soil, was converted into a unit of "individuals per m?" (ind./m?).
The analysis of relationship between population density and physical and chemical factors was
assessed by correlation and regression analysis (Pearson test and linear regression).

RESULTS
Survival after additional acutey-irradiation

The long-term living of earthworms A. caliginosa in soil containing increased concentrations
of chemicals including naturally occurring radionuclides, could led to pre-adaptation to ionizing
radiation exposure and the development of adaptive traitsthat ensure the population existence in
conditions of exposure to higher doses of ionizing radiation. Therefore, the survival of A. caliginosa
earthworms was studied after acute y-irradiation with dose 2270 Gy during 30 days of experiment.

The survival of non-irradiated individuals was 100%. The analysis of survival after acute y-irradiation
showed there were no statistically significant differences in resistance of earthworms from polluted
and reference sites to high dose of ionizing radiation (Fig. 2A).
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Figure 2 - Survival after y-irradiation with dose of 2270 Gy (A) and distribution
of the cocoons occurrence frequency (B) of A. caliginosa
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Despite the lack of evident differences between cumulative survival curves of earthworms from both
sites after y-irradiation, higher survival rate of individuals from polluted site compared to invertebrates
from reference site was identified — 21 and 17 days, respectively. After y-irradiation with dose of 2270
Gy the mortality of 50 % of A. caliginosa from reference site was recorded at 6 day (LDsos), from
polluted site — at 10 day of experiment (LDson0). This fact could also indicate the possible adaptation
of A. caliginosa earthworms from contaminated site to high doses of ionizing radiation.

Reproduction and population density

Radioactive contamination could inhibit the reproduction, growth and development of organisms.
Therefore, we supposed that long-term habitation of A. caliginosa earthworms in soil under conditions
of radioactive pollution in the presence of high concentrations of heavy metals can lead to decrease of
reproductive potential of organisms as a protective mechanism to ensure a stable existence of
population.

The reproductive capacity of earthworms A. caliginosa from reference site, assessed by distribution
of the cocoons occurrence frequency in replication during experiment, was significantly higher than
the value for invertebrates from contaminated site (p = 0.019) (Fig. 2B). It should be notedthat the
absence of cocoons was observed with the greatest frequency in earthworms from polluted site
compared to individuals from reference site. But the production of 2-4 cocoons was higher in soil
invertebrates from reference site (Fig. 2B). This result indicates the suppression of reproductive
function of A. caliginosafrom polluted site, which characterized by high activity concentrations
radionuclides and concentrations of heavy metals in soil.

We also assume that the volume of cocoon could be linked with number of individuals in cocoon
and the adaptation to living in harsh environment. However, the volumes of cocoons on polluted and
reference sites did not significantly differ: 0.2153+0.0017 wu 0.2147+0.0019 cm?.

The population density of earthworms in polluted site was significantly lower than the value for
reference site (p< 0.001): 51 + 38 and 178 + 72 ind./m?, respectively. In addition, it was shown that the
population density of Lumbricidae family linearly depends on pHof soil (r = -0.67; r?> = 0.4509, F =
22.9919, p = 0.000049) and absorbed dose rate (r = —0.47; r> = 0.22, F = 7.9058, p =
0.0089).Therefore, the increasing values of these factors lead to reducing of population density (Fig.
3). It is important to notethat the influence of other physical and chemical factors (concentrations of
heavy metals and main cations and anions) on that biological parameter was not detected.
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Figure 3- The relationship between population density and pH of soil (A) and absorbed dose rate (B)
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DISSCUTION

The maintenance of reproductive capacity of organisms on reduced level is one of the mechanisms
of acclimation and population stability to adverse environmental conditions (Sowmithra et al., 2015).
In our work the decrease of reproductive potential of A. caliginosa earthworms inhabited contaminated
site corresponds to results of investigation (Lourenco et al., 2012). The authors showed that soil
contaminated by high concentration of radionuclides (2+2%%2%®U = 163-3696 Bq/kg, %%%2Th = 324-
10682 Bg/kg, ??°Ra = 1506 Bg/kg, 2°Pb = 2318 Bg/kg) and heavy metals (Al = 26440 mg/kg, Ba = 8.5
mg/kg, Be = 50 mg/kg, Cd = 2.6 mg/kg, Fe = 13383 mg/kg, Mn = 3711 mg/kg, Ni = 91.4 mg/kg, Pb =
9.7 mg/kg, Sr = 19.3 mg/kg, U = 215.7 mg/kg, Zn = 511.7 mg/kg) causes negative biological effects
associated with the suppression of the growth and reproductive ability of earthworms E. fetida.
Ultimately, the reduced reproduction (number, weight, size of cocoons, and number of offspring) is
crucial in the survival and stability of the population as a whole (Nakamori et al., 2009; Sowmithra et
al., 2015). The increased sensitivity of reproduction capacity compared to other parameters can be
explained by the fact that mutations appear immediately after genotoxic exposure and lead to the death
of germ cells, thereby reducing the population density of viable individuals in the F1 generation
(Nakamori et al., 2009). In addition, the suppression of reproductive function under chronic
radioactive and/or chemical contamination also has been shown in studies (Krivolutsky, 1987;
Spurgeon et al., 1996; Hertel-Aas et al., 2007; Lourenco et al., 2012; Anderson et al., 2013). This
process is usually characterized by a decrease in number of cocoons and juveniles or their complete
absence, slowdown in the processes of achieving maturation of juveniles, changes in the size and
hatchability of cocoons, etc. In our investigation we identified a statistically significant decrease in the
reproductive capacity of A. caliginosa from the contaminated by radionuclides and heavy metals site
according to the frequency distribution of a cocoons number (p = 0.019). At that, the absence of
cocoons was most frequent in individuals from contaminated site, while the number of cocoons from 2
to 4 was more often recorded in earthworms from reference group.

Not only chronic (as was shown above), but also acute radiation exposure causes changes in
number, morphological parameters and hatchability of earthworms’s cocoons. For example, the acute
y-irradiation in doses of 1-60 Gy did not lead to influence of cocoon number of E. fetidaearthworms:
the number of cocoons varied from 34 to 49 during the experiment (Sowmithra et al., 2015).
Nevertheless, the doses of 20-60 Gy induced the decrease of cocoon weight, which became the reason
of statistically significant decline of hatchlings number of individuals compared to values for non-
irradiated earthworms. Therefore, we expected that combined action of chronic irradiation and
chemical pollution on A. caliginosa earthworms from natural population can reduce its reproductive
function through volume of cocoons. However, the differences between volumes of A. caliginosa’s
cocoons were not found: 0.2153 + 0.0017 u 0.2147 + 0.0019 cm3from contaminated and reference
sites, respectively. Perhaps, the given result can be explained by the fact that acute irradiation has a
more negative impact on the reproductive function than chronic exposure as, for example, it is shown
in investigation (Hertal-Aas et al., 2007), where the reproductive function of E. fetida earthworms
after acute y-irradiation turned out to be much more sensitive to radiation stress than after chronic
exposure at the same doses. Also morphological changes of cocoons is less sensitive characteristic of
organism compared to the level of DNA damages (Kaneva et al., 2015), therefore, much larger data
samples are required to record statistically significant differences.

On the contrary, the intensification of reproductive process (increase in the proportion of females
and their fertility) of Alexandromys oeconomus from natural populations, lived for 100 generations
under conditions of chronic low-intensity exposure of radionuclides on the territory near settlement
Vodny, was revealed that is also one of the types of adaptation to stressful conditions (Ermakova et al.,
2020). The relationship between reproductive function of earthworms A. caliginosaand population
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density under radioactive and chemical contamination of soil was shown in our study. The population
density of earthworms was significantly (p< 0.05) lower in soil of contaminated site than in reference
site with suppressed reproductive function of A. caliginosa earthworms. The same changes in
populations density was shown in invertebrates populations inhabiting territories affected by an
underground nuclear explosion in the Northern Urals, and areas with increased natural radioactivity
(Kolesnikova, Taskaeva, 2005; Kolesnikova et al., 2015).1t should be remembered that not only
technogenic but also natural factors affect the natural populations of living organisms. Natural factors
often play animportant role enhancing the effect of anthropogenic factors. We have shown that soil
radioactive contamination and pH value has a negative influence on population density of
Lumbricidae family. As an example, the study of impact of copper smelters emissions in the
Sverdlovsk region on population density of earthworms showed that there was the effect of
“Lumbricidae desert” on the plots near smelters - complete absence of earthworms. The author
explains this result by the synergistic effect of increased concentrations of heavy metals (Cu, Cd, Pb)
and reduced soil acidity (pH 4.7-5.2) (Vorobeichik, 1998).

The survival is less sensitive biomarker of technogenic exposure in invertebrates than reproduction.
It is confirmed by the fact that the values of effective doses (ED1o and EDso) are tens to hundreds times
lower than the half-lethal doses (LDso). After acute y-irradiation LDsy was 825 Gy for E. fetida
earthworms, but effective doses to reduce reproduction were much lower LDsq (ED1o = 3.3 Gy, EDsp =
11.1 Gy) (Nakamori et al., 2009). Generally, the half-lethal doses of ionizing radiation for different
species of Lumbricidae family vary from 20 to 1600 Gy and depend on their stage of ontogenesis
(cocoons, juveniles, adults) (Table 1). The most sensitive stage of ontogenesis is a stage of cocoon.
The half-lethal doses of irradiation for cocoons and juveniles can be 10% of LDso for adults
(Krivolutskii, 1988). For instance, LDso for cocoons of Dendrobaena octaedra was 20 Gy (Table 1).

The analysis of survival of A. caliginosa adult earthworms after acute y-irradiation did not allow
confirming the results of preliminary laboratory experiments that the dose ~ 2000 Gy is LDsos30, that is,
the causing mortality of 50% of individuals during 30 days. However, it should be mentionedthat dose
2270 Gy is half-lethal for A. caliginosa earthworms from reference site after 6 days of exposure, for
invertebrates from polluted site — 10 days (Fig. 2A, Table 1). A. caliginosa earthworms from
contaminated site showed neither statistically significant increased sensitivity nor resistance for this
indicator after additional y-irradiation. However, we observe a tendency to greater survival after
additional acute exposure in invertebrates previously lived in conditions of chronic radiation exposure
(Fig. 2A).

CONCLUTION

Finally, soil radioactive and chemical contamination induces the biological effects in earthworms of
family Lumbricidae such as reduction of reproduction of individuals and associated population
density, but also can lead to higher survival rate of A. caliginosa after additional acute y-irradiation
with dose of 2270 Gy. This dose was LDso10 for earthworms from contaminated by radionuclides and
heavy metals site and LDsos — from reference site. This may be sign of adaptation for higher doses of
ionizing radiation invertebrates that previously lived under soil contamination with radionuclides and
heavy metals.

This study was performed within the frameworks of thebudget federal program of the Russian
Federation (the state task number is AAAA-A18-118011190102-7).
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Table 1 — LDso for earthworms after irradiation

Species LDso, Gy Time of survival Publications
20 30 days
Viktorov, 1999
600 30 days
Eisenia fetida Siouk Ecar
650 4 weeks 1é839 ’
825 2 weeks Nakamorietal.,
2009
100 30 days
Lumbricus rubellus <600 30 days Viktorov, 1999
>1024 (B) 30 days
1000 35 days Hancock, 1962
Lumbricus terrestris 678 30 days Reichle et al., 1972
600 5 days Viktorov, 1989
Aporrectodea caliginosa
Kursk population 1120+ 30 30 days Viktorov, 1989
Ural population 1340 £ 60
Aporrectodea rosea 570 + 60 30 days Viktorov, 1989
Dendrobaena octaedra (cocoons) 20 30 days Viktorov, 1989
Krivolutskii, 1988;
Earthworms* 600-1600 30 days Krivzlttfs o 1389?
Earthworms * ~1000 - Krivolutskii, 1988
Aporrectodea caliginosa
Reference site 2270 6 days our study
Contaminated site 10 days

* — the species were not identified.
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