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Abstract:

The current review is focused on radiobiological and ecological effects on bioindicator small mammal

species. Among the species commonly used for radioecological biomonitoring are those of the genus
Apodemus and the family Cricetidae. Various ecotoxicological studies with laboratory mice have also
been conducted as well as studies on large wildlife mammals. Biomarkers such as body burdens of select-
ed radionuclides, haematological indicators for the high range of exposure doses, cytogenetic biomark-
ers for the mid-to-low exposure range and molecular biology biomarkers have been established. While
radioecology has somewhat shrunk in scope during the last two decades, important studies are still being
conducted. Some of the questions that require further attention are the long-term behaviour of radionu-
clides in terrestrial habitats as well as their impact on the genetic makeup and diversity of populations of

organisms in contaminated areas.
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Introduction

Radioecology is considered one of the younger sub-
divisions of ecology (TscHURLOVITS 1995). Overall,
the discipline can be defined as “the study of the
effects of ionizing radiation to the living and non-
living environment” (HALL & Giaccia 2006). The
present article discusses the development of ecotoxi-
cology over the past 50 years, with a focus on radio-
ecological biomonitoring based on terrestrial small
mammals and key issues such as studies on natural
and anthropogenic radionuclide contamination.

Brief history of the discipline

The origins of radioecology predate the discovery of
radioactivity itself. During the 19" century, miners at
the town of Schneeberg in Germany were found to
suffer from a lung condition of unclear origin known
as the Bergkrankheit (“mountain disease”), which
was proven to be lung cancer (HARTLING & HESSE
1879). While the cause was unknown at the time, im-
proved ventilation and wet drilling reduced mortality.
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Today, it is well known that the main causal agent was
natural radioactivity in the tunnels, specifically radon
and radon decay products emitted from uranium ore
(ENDERLE & FRIEDRICH 1999, ScHULTZ 1999).

Since 1945, the effects of radiation on man-
kind and the environment have become a subject
of widespread concern. Testing of nuclear weapons
led to the development of detection techniques for
anthropogenic radionuclides used by both military
and civilian organizations. The period 1945-1986
was characterised, to a large extent, by secrecy. The
Scandinavian monitoring station at the remote Faroe
Islands has been particularly thorough in recording
and releasing information (AARKROG et al. 1981,
1982). Radioecological data on fallout and detailed
analysis have been used to inform civil defence in
Britain and elsewhere, although the public’s fears
about nuclear weapons and nuclear power were
never allayed (SmitH 2010, ILyiN 1995). The Partial
Nuclear Test Ban Treaty (PTBT) of 1963 ended at-
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mospheric testing, which led to decreasing activi-
ties of radionuclides such as *°Sr and *’Cs in remote
localities (AARKROG et al. 1981, 1982, NIFONTOVA,
1995) and decreasing global contamination.

The Chernobyl accident in 1986 was a turn-
ing point in the history of radioecology. It was the
most significant release of radioactive contaminants
in Europe and worldwide recorded to date with es-
timates varying in the 5.2-14 Exabecquerel (EBq)
scale (GUNTAY et al. 1995), prompting a renewed
global effort in detecting radionuclides in terrestrial
ecosystems and studying their effects.

In the 1990s, there was a renewed interest
in the natural radiation background. In Germany,
where studies (reverse dose-estimation, epidemiol-
ogy) initially were conducted on the uranium mines
operated by the Wismut consortium (ENDERLE &
FrIEDRICH 1999), radon became a problem of gen-
eral interest, culminating in several large projects
aimed at creating maps for geogenic radon release,
as well as studies on radon in homes in high-risk
areas (Kemski et al. 2001). Radon has become of
international concern, owing to its high contribu-
tion to the radioactive dose for people, as well as
the tendency of a-particles to inflict high localised
damage, and therefore, high micro-doses upon in-
gestion and inhalation (DARBY et al. 2005, HALL &
GiaccHia 2006). Several other international pro-
jects have been put into place, e.g. the system of
European high-mountain observatories designed
to detect long-range (cross-border) contamination
by natural and anthropogenic sources (MASSON et
al. 2016), which compare data from European lo-
cations as diverse as Moussala Peak (Bulgaria),
Jungfraujoch (Switzerland), Pic du Midi (France)
and Sonnblick (Austria). During this period, efforts
have been put forward to integrate and model data
for radiobiology and radioecology (for instance,
the projects MELODI, Eurados, COMET and oth-
ers). Radioecology continues to be an active area of
research across the developed world.

Achievements and challenges to radioecology

Over the past 50 years, radioecology has provided a
variety of tools and outcomes in measuring impact of
radioactivity on the environment and important in-
sight on the relationships between natural, anthropo-
genicallyenhanced and technogenic radionuclide con-
tamination. The terrestrial ecosystems near the polar
regions (e.g., tundra) are very vulnerable to anthropo-
genic radionuclide pollution. This is due to the slower
turnover of matter and energy, as well as a dominance
of lichens, which are particularly prone to accumula-
tion of radiocesium *’Cs and **Cs (AARKROG et al.
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1981, 1982, N1FoNTOVA 1995). Some of the conse-
quences of the Chernobyl accident affected particu-
larly Nordic countries (Sweden, Finland, Norway)
(CHesskRr et al. 2001, ZBoLD et al. 1992).

Regardless of progress, radioecology faces
several challenges today. After the Chernobyl acci-
dent (1986), the discipline experienced a renaissance
(TscHurLoOVvITS 1995). However, in the decade 2000-
2011, relatively little expenditure has been devoted
to studies outside the 30-km Chernobyl Exclusion
Zone (OkANO et al. 2016). The Fukushima accident
in 2011 renewed active research on the consequenc-
es of anthropogenic pollution. While the Chernobyl
accident prompted inquiries into the effects of a re-
actor accident on terrestrial ecosystems, Fukushima
posed uncertainties regarding the effects and bioac-
cumulation pathways of radionuclides into marine
ecosystems of the Pacific Ocean. Important ques-
tions outside the context of Fukushima remain to be
answered. Some of the most heavily contaminated
sites for radioecological studies are facilities with re-
stricted access [e.g., the Mayak Industrial Complex
at Chelyabinsk-40 (Ozyorsk) and the plutonium pro-
duction complex at Hanford in the Washington State
(BUrRMISTROV et al. 1998)].

Relatively little attention has been given to
the leakage of radioactive and chemical pollutants
from sites of former uranium mining and smelting
operations (KoLEv et al. 2014). The transfer of most
radionuclides along terrestrial food chains and their
bioaccumulation and biomagnification have been de-
scribed (CHESSER et al. 2000, 2006) and extensive ef-
forts are made to measure and characterise radionu-
clide pathways within marine ecosystems of the Sea
of Tohoku (OxaANoO et al. 2016). One of the important
issues to be addressed is trans-generational accumu-
lation of genetic damage and genomic instability
(DuBrOVA et al. 1996, GONCHAROVA & RIABOKON
1998, BoNISOLI-ALQUATI et al. 2010, 2015). Some
have observed that much lower environmental doses
of radioactivity induce given genetic abnormalities
as compared to doses required in laboratory stud-
ies (CHRISTALDI et al. 1990b, CHESSER et al. 2001,
RYABOKON & GONCHAROVA, 2006). DUBROVA et al.
(1996) have hypothesised that this is due to radi-
ation-induced genomic instability. Nevertheless,
these cogitations, as well as direct evidence of muta-
genicity observed in barn swallows (Hirundo rusti-
ca) (BoNisoLI-ALQuatTt et al. 2010, 2015) are highly
controversial (Furitsu 2010). Matson et al. (2000)
has observed increased genetic variability in rodents
of the Chernobyl Exclusion Zone. However, all these
data have been re-interpreted as naturally occurring
genetic variation (CHESSER et al. 2000, 2001, 2006).
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The question of radiation-induced genomic instabil-
ity remains open to further research (Furitsu 2010,
OkANO et al. 2016).

Methods and indicators

in the radioecological monitoring
of terrestrial small mammals
Morpho-physiological indicators
Morpho-physiological indicators (SCHWARTZ et al.
1968) are a conventionally used method in popula-
tion studies on the effects of environmental factors
on individual development. They enable to access
physiological characteristics of animals based on a
set of indirect indicators such as the relative mass of
animal visceral organs. Animal body mass, index of
fatness, liver, adrenal glands, testis index, etc., are
used. The progeny of a monitor species can also be
screened for the presence of anomalies (GuU et al.
1997). Growth performance and litter size, as well
as the presence of anomalies in the progeny are im-
portant indicators of radiation effects, especially in
areas where high doses are expected (CHESSER et al.
2000, RYABOKON & GONCHAROVA 2006). While com-
paring morpho-physiological indicators, animals of
the same gender and approximately the same age are
used,. In the context of radioecological monitoring,
morpho-physiological indicators are not considered
reliable and have niche applications at best.

Haematological indicators

Haematological methods are based on differential
counting and estimation of several blood parameters
in peripheral blood and estimation of the blood bio-
chemical parameters (FLIEDNER et al. 2001). If ra-
diation exposure is suspected, a fast depletion of the
lymphocyte pool indicates serious radiation injury
(LAMERTON et al. 1960, FLIEDNER et al. 2001). While
these indicators are most important in the high-dose
range, they have historically been one of the first tools
in studying the effects of ionizing radiation in rodents
and mammalian species (TiLL & McCuLLocH 1961,
CoMas & BYrRD 1967, VAN BEkkuM 1977).
Haematology remains a useful and important
diagnostic tool in ecotoxicological studies but mo-
lecular methods such as the micronucleus test may
provide higher resolution for genotoxic agents be-
cause of the appearance of effects at lower concen-
trations than for haematological studies (FENECH
& MORLEY 1986, MITKOVSKA et al. 2012). Another
consideration when applying haematological screen-
ing in the field of radioecology is that blood param-
eters can be changed by confounding factors in wild

animals, such as age, gender, diet, exposure to non-
radioactive contaminants, and the presence of infec-
tious and parasitic diseases (NIEMINEN et al. 2015).

Cytogenetic techniques

Cytogenetic techniques are the gold standard in
measuring medium-dose exposure to ionizing ra-
diation in mammals (NATARAJAN et al. 1998). While
different endpoints have been adapted for use in the
context of radiation exposure, classically dicentric
chromosomes are the most common aberration in
human biodosimetry. Dicentrics have a low back-
ground frequency in mammals under normal condi-
tions and their induction is an effect relatively specif-
ic for medium and high doses of ionizing radiation
(KuLka et al. 2012).

While the scoring of chromosomal aberrations
is a good indicator of general radiation exposure, it
should always be correlated with other data such as
the specific burden of radionuclides in each studied
animal (CHEsSER et al. 2000, 2001, BERESFORD et
al. 2008). One drawback of cytogenetic studies in
wild animals is that the animal populations are not
homogeneous with respect to age, sex , diet and
other characteristics, meaning that large samples
are needed and only general trends can be detected
(GONCHAROVA & R1IABOKON 1998, 20006).

Besides scoring large chromosomes, there are
other cytogenetic methods to detect genotoxicity at
lower levels. E.g. a promising method is the scor-
ing of sister chromatid exchanges (SCEs) in ro-
dents (Tapisso et al. 2009, TOPASHKA-ANCHEVA &
GERASIMOVA 2012). It is a sensitive biomarker for
general genotoxicity but not specific for radiation in-
jury (TOPASHKA-ANCHEVA & GERASIMOVA 2012).

Determination of radionuclide body burden,
total beta-activity and dose estimation of monitor
rodent species

When measuring the radionuclide burden and
estimating internal and external doses of monitor
animal species, several considerations need to be
taken into account. Body burden of radionuclides
within most observed species of rodents varies
intra-specifically even for rodents captured at the
same location (CHESSER et al. 2006). This is due to
age and sex differences, as well as individual dif-
ferences in feeding habits (CHESSER et al. 2001,
BERESFORD et al. 2008). In order to evaluate the ef-
fects of radionuclides on populations, each animal
should be sampled individually. Another considera-
tion is the combination of internal and external ex-
posure. External exposure is usually expressed as a
product of the dose rate in a given location and the
estimated time of exposure:
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Absorbed dose (Gy) = Dose rate (Gy/hr) x
8765.8 x Number of years of exposure (N)

It is important to note that different types of
ionizing radiation differ in their potential to gener-
ate biological damage. This is based on their differ-
ent ability to penetrate matter, different linear energy
transfer (LET) and relative biological effectiveness
(RBE) (VasiLev 2005). The Relative Biological
Effectiveness (RBE) is measured (HALL & Giaccia
2006) by the following formula:

Dy
RBE =
D

b

R
where Dx is the reference absorbed dose of a

standard type of radiation (usually medium-energy
y-rays and X-rays, and Dr is the absorbed dose of
radiation of type R, which causes the same amount
of damage in biological tissues.

There are many ways of estimating radiation
doses in monitor species of wild animals. Two meth-
ods are discussed further: total beta-activity and dose
determination for particular radionuclides.

Total B-activity

The total B-activity is a well-established param-
eter when screening monitor species for radioactive
contamination (TscHURLOVITS 1996). According to
THORN & VENNARD (1976), the reference value for
total B-activity should not exceed 4.8 Bg/kg, with
higher values necessitating specific measurement of
radionuclides in the animals. Several components of
total B-activity should be taken into account. Most
important are naturally occurring (*K, "C, #*U,
226Ra) and anthropogenic radionuclides (*°Sr and
37Cs; VASILEV 2005). Detecting total B-activity is a
simple procedure, involving burning dried samples in
a muffle furnace and using the ash to determine activ-
ities by a scintillation counter. While convenient and
often used, the method still has its constraints. For an
example of a study on the total B-activity see Table 1
representing results from a radioecological study of
Rila Mts, SE Bulgaria (IovTCHEV et al. 1995).

The results from the Rila Mts. indicate that
Myodes glareolus slightly exceeds the reference

Table 1. Whole-body B-activity (Bq/g) in vertebrate monitor species from Rila Mts., SW Bulgaria (from IovrcHEv et al. 1998)

Species Number Whole-body B activity (Bq/g) Results
Apodemus flavicollis 41 2.6+0.1 Normal
Chionomys nivalis 22 3.8+0.1 Normal
Myodes glareolus 40 5.1+0.1 Normal
Cottus gobio gobio 7 2.74+0.1 Normal
Phoxinus phoxinus 10 3.1£0.1 Normal
Pitymys subterraneus 9 2.9+0.1 Normal
Rana temporaria 17 4.9+0.1 highest value —25.2
Sorex araneus 9 3.3+0.1 Normal
Salmo trutta fario 46 4.6+0.1 Normal

Table 2. Results for 1*?Cs and *°Sr in monitor species of small mammals from the Chernobyl Exclusion Zone: areas
with low, medium and high radioactive contamination (from BERESFORD et al. 2008).

Radionuclide and level . Whole-body activity concentration
of site contamination Species n (kBq/kg FW)
Mean+SD ‘ Range
Cesium-137
Low Myodes glareolus 3 3.8+0.8 3.1-4.7
Apodemus flavicollis 18 3.1+2.0 1.3-9.8
Medium Myodes glareolus 39 70.5+46.3 17.0-252
Apodemus flavicollis 10 59.7437.1 24.1-143
Myodes glareolus 2 2260+1290 1350-3180
High Microtus sp. 11 611£282 252-1140
Apodemus flavicollis 2 145453.3 108-183
Strontium-90
Low Myodes glareolus 3 7.7+4.1 3.1-10.3
Apodemus flavicollis 18 7.4+5.2 1.4-21.1
Medium Myodes glareolus 39 19.5+7.4 4.3-36.0
Apodemus flavicollis 10 24.7+6.1 16.0-34.0
Myodes glareolus 2 81.3£22.1 65.6-96.6
High Microtus sp. 11 107+35.0 38.1-167
Apodemus flavicollis 2 66.6+28.3 46.6-86.7
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values for total B-activity set by THORN & VENNARD
(1976). There is a high variation in the data for Rana
temporaria and M. glareolus, indicating inter-indi-
vidual differences in exposure. The amphibian spe-
cies has presented the highest values, necessitating
further study (IovrcHEv et al. 1995). Even though
the results confirm the need for further radioecologi-
cal studies of the Rila Mts., the total B-activities are
several orders of magnitude lower than those record-
ed in Chernobyl by CHESSER et al. (2001).

Dose estimation from particular radionuclides

There are a range of methods available for measuring
concentrations and dose rates from a given radionu-
clide. When measuring the activity of ¥’Cs, germa-
nium and Nal detectors are most often used (CHESSER
et al. 2000). For most radionuclides, radiochemical
methods exist for determining their concentration in
living and non-living matter (KINOvA 1998, MEHRA
& SINGH 2011, IvanOwA et al. 2014). As an example,
a study from the Chernobyl Exclusion Area can be
given (BERESFORD et al. 2008; see Table 2). It dem-
onstrates the utility of measuring radionuclides sepa-
rately and confirms the observations that M. glareo-
lus, due to its feeding habits, accumulates the highest
amount of radionuclides compared to other studied
rodents (BERESFORD et al. 2008; see also CHESSER et
al. 2000, 2001).

Molecular biology techniques
applied to environmental
biomonitoring

Micronucleus test

The micronucleus test is a well-established meth-
od for in vivo genotoxicity screening (FENECH &
MORLEY 1986, MITKOVSKA et al. 2012). There are
two main versions of the method — the cytokinesis-
block micronucleus assay (CBMN) and the in vivo
micronucleus assay, which uses different stains to
detect DNA-containing fragments in rodent erythro-
cytes (CHRISTALDI et al. 1990a, RODGERS & BAKER
1999). While it is not quantitative enough to detect a
dose-dependent biological response to radiation, it is
still useful in both forms. It should be kept in mind
that the observation of micronuclei is not the most
sensitive method to detect genomic damage from
ionizing radiation. Another drawback to the test is
that it does not detect radiation damage specifically
— micronucleus analyses are confounded by other
factors such as age, the presence of non-radioactive
pollution, as well as infectious and parasitic diseases
(MITKOVSKA et al. 2012).

Comet Assay

The Comet Assay, or single-cell gel electrophoresis
(SCGE) was discovered in 1984 in the context of ra-
diation damage to cells (OSTLING & JOHANSON 1984).
While undoubtedly very useful in cell cultures, in
vivo studies have shown that inter-individual vari-
ability strongly confounds the results. The results
have been applied in environmental biomonitoring
of barn swallows (Hirundo rustica) from Chernoby]l
and Fukushima (BONISOLI-ALQUATTI et al. 2010,
2015). These publications are controversial because
of the methodology used.

Analysis of minisatellite and microsatellite
instability

DuBrowa et al. (1996) reported increased mutation
rate in the minisatellite DNA of the children of par-
ents who had been exposed to Chernobyl fallout, con-
tradicting previous data from A-bomb survivors that
found no significant genetic damage. While elevated
minisatellite instability can point to an accumulation
of trans-generational genomic instability in humans
and animals, these findings have been contested. Many
subsequent studies on minisatellite mutation frequen-
cy found no correlation between radiation dose and the
effect of mutation frequency (Furitsu 2010).

Target organs and tissues for the toxicity of ra-
dionuclides in wild small mammals: haematopoietic
toxicity, radiation toxicity to the reproductive sys-
tem, mutagenesis

The biological effects of ionizing radiation
in small mammals are well-studied (BonD et al.
1965, HACKER-KLOM 1985, HALL & Giaccia 2006).
Experimental studies in mice and rats have yielded
many results that have been the subject of extrapolation
to humans (NEEL & LEWIS 1991, SANKARANARAYANAN
& CHAKRABORTY 2000). Currently, scientists are less
engaged with radiation exposure than two decades
ago. The most important concepts in the radiobiology
of radiation injury to mammals relevant to radioeco-
toxicology include hematopoietic injury and radiation
damage to the reproductive system. Ecotoxicological
studies on wild rodents typically deal with doses,
which are much lower than those required for observ-
able deterministic effects (changes in haematological
parameters, teratogenesis).

Haematopoietic system

The lethality from acute total-body irradiation in
mammals at the LD, dose range is primarily due to
damage to the haematopoietic system (BonD et al.
1965). It is the most radiosensitive key system in the
body (FLIEDNER et al. 2001), being subjected to cy-
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tokine disturbances, proliferative arrest and destruc-
tion of haematopoietic stem cells. Due to radiation
toxicity to the blood-forming organs, mammals are
the most radiosensitive group of animals, with mean
LD_s ranging from 2.5-11 Gy (BonD et al. 1965).
The course of acute radiation syndrome (ARS) is
generally similar in humans and rodents (FLIEDNER
et al. 2001). The hematopoietic phase of ARS can be
described by the following three phases:

1. Phase 1 (days 1-3): acute lymphocytopenia;
initial peak in blood levels of granulocytes, followed
by a sharp decrease; beginning of thrombocyte de-
pletion.

2. Phase 2 (days 3-7): measurable decreases
in red blood cell (RBC) counts, haemoglobin and
haematocrit, nadir in white blood cell (WBC) counts
of all types of WBCs, beginning of the pathology of
ARS — immune insufficiency, internal bleeding and
inability to clot.

3. Phase 3 (days 7-30): autologous recovery
of the hematopoietic system from stem cells; sever-
est forms of generalised anaemia in rodents; bone
marrow stem cell colonies appear in rodent spleens
(FLIEDNER et al. 2001).

In the context of radionuclide pollution, acute
radiation syndrome in wild mammals may not oc-
cur due to the dose-rate effect in radiobiology,
which means that protracted exposure with a dose
of several Gy is not biologically equivalent to the
same radiation dose administered acutely (HALL &
Giaccia 2006). Radiation damage is primarily due
to two factors: 1) external y- and, less significantly,
B-radiation from the environment, and 2) internal a,
B and vy radiation from incorporated radionuclides
(VasiLEv 2005). In the context of anthropogenic pol-
lution, acute lethality of rodents was observed in
the Chernobyl exclusion zone during the first 1-2
years after the accident (CHESSER et al. 2001, 2006).
Nevertheless, rodent populations recovered relative-
ly quickly due to migration from surrounding areas.
The locally residing rodent populations thrive around
the Chernobyl in large numbers, even though doses
from incorporated *’Cs and *Sr are several orders of
magnitude higher than in similar non-contaminated
European regions (CHESSER et al. 2001, BERESFORD
et al. 2008). It is important to keep in mind that sev-
eral key radionuclides are bone-seekers (i.e. prefer-
entially accumulated in bone). This is the case with
%Sr and **°Ra (as well as all other radium isotopes),
leading to increased bone marrow toxicity of these
radioactive elements. lodine radionuclides (most im-
portantly *'I), accumulate preferentially in the thy-
roid; '¥’Cs as a sodium analogue accumulates mostly
in soft tissues and nearly uniformly throughout the
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body with preferences for muscle and nervous tissue
(VasiLEv 2005). Seasonal variations in feeding hab-
its lead to increased accumulation of '*’Cs during the
fall season, when animals’ feeding habits are intensi-
fied (ZBOLD et al. 1992).

Reproductive system
Sterility

Radiation effects on the reproductive systems of
mammals are well documented at doses in excess
of 2-4 Gy and can cause temporary sterility in both
male and female animals (HALL & Giaccia 2006,
RYABOKON & GONCHAROVA 2006).

Mouse spermatogonia are remarkably radiore-
sistant, being able to recover nearly completely the
production of spermatozoa, even after irradiation
with the strongest dose of 15 Gy, with the lowest
dose of 0.5 Gy producing a measurable but small
percentage decrease in haploid germ cells (HACKER-
Krowm 1985). Usually, the dose required to cause per-
manent sterility in wild animals are well in excess of
the lethal doses (HALL & Giaccia 2006).

Radiation teratogenesis: in utero effects
of radiation
A subject of concern is radiation-induced teratogen-
esis in wild animals. This effect occurs probabilisti-
cally at doses exceeding 1 Gy and in rats and mice is
most severe during the organogenesis period (Fig. 1).
The above figure is an illustration of the dam-
age to rodent embryos that occurs after an acute to-
tal-body irradiation with 2 Gy of photons (y-rays or
X-rays). Irradiation of pregnant mice, depending on
the time post-conception, results in:

PRE -
i’ IHPLANTATIO!&WI ORGANOGENESIS | FETUS
100 = Jor— .
s Apnormaolihes™,
B8O Prenatgl Neanatal .: -
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Fig. 1. Peaks of prenatal death (foetus resorption) (days
1-5), neonatal abnormalities (days 7-12) and neonatal
death (days 9-10) in the progeny of mice, irradiated with
2 Gy of y-rays (RBE=1); data for humans are also given
based on epidemiological evidence from the Hiroshima
and Nagasaki bombings (from HALL & Giaccia 2000).
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1. Pre-natal death (resorption) of the foetuses
with a probability of 80% (days 1-3 post-concep-
tion), decreasing to 0% at day 12.

2. Visible neonatal abnormalities (probability
of nearly 100% in days 7-12 post-conception).

3. Neonatal death (with probabilities approach-
ing 70% in days 9-10 post-conception).

During the stage of organogenesis in utero the
most sensitive mammalian organ is the brain, fol-
lowed closely by the eyes and gross skeletal and
organic abnormalities (HALL & Giaccia 2006). One
difficulty, which arises during studies of radiation ter-
atogenesis in rodents is that small rodents frequent-
ly eat the abnormal newborns. Radiation effects in
utero are very significant and severe in all mamma-
lian species at doses exceeding 1 Gy. The ecological
significance is diminished by the above-mentioned
phenomenon of eating abnormal newborns, thus, ra-
diation teratogenesis, while a severe adverse effect
is rarely visible in wild-dwelling rodents and gross
malformations are seldom propagated trans-genera-
tionally (GONCHAROVA & RIABOKON 1998).

Genetic effects: mutagenesis, genomic instability
and population dynamics

The mutagenic effects of radiation have been a sub-
ject of widespread concern since the arrival of the
atomic age (TscHURLOVITZ 1996). One of the main
mammalian models for radiation mutagenesis have
been laboratory mice. In the 1950s, Russell and
Russell conducted a large experiment at several gene
loci of 1,000,000 mice exposed of doses up to 10 Gy
(protracted exposure). RUSSELL et al. (1958) conclud-
ed that, for different genes mutation frequency var-
ies by a factor of about 35. Their experimental data,
combined with human epidemiological data from
the A-bomb survivor study), have led scientists and
radioprotection committees to estimate the doubling
dose to be 1 Gy of chronic exposure to low-Linear
Energy Transfer (LET) y-rays or X-rays (RUSSELL et
al. 1958, SANKARANARAYANAN et al. 2000).

Data on the mutagenic effects of radionuclide
pollution in populations of wild rodents are contra-
dictory. Some authors have reported increased mu-
tagenesis from Chernobyl at sites as distant from the
site of the accident as Northern Sweden and Italy
(CHrisTALDI et al. 1990a, 1990b). These data have
not been confirmed; studies from the Chernobyl ex-
clusion zone have shown higher genetic variability of
rodent populations from the contaminated zone than
in control areas (CHESSER et al. 2000, MATSON et al.
2000). Using cytogenetic techniques, observations
have been made from highly contaminated areas in
Belarus, showing an increased number of chromo-

Table 3. Cytogenetic abnormalities in Myodes glareolus
from reference areas (1), medium-radioactive (2) and highly
radioactive (3, 4) areas in Belarus near the site of the Cher-
nobyl accident (from GONCHAROVA & RIABOKON 1998).

Number | Number | Aber- Poly-
Site Year of of cells rant ploid
animals | scored cells cells
1 1986 10 997 0.4 0.5
1988 3 310 0.65 0
1991 6 741 1 3.51
1986-1991 19 2048 0.69 1.51
2 1991 20 2164 1.11 4.25
1992 17 1995 1.22 1.65
1991-1992 37 4159 1.17 3.01
3 1986 18 2011 1.71 1.19
1988 21 2380 1.75 8.87
1991 16 1824 2.54 9.27
1986-1991 55 6215 1.96 6.5
4 1986 16 1743 1.27 0.23
1987 36 3973 1.14 7.5
1988 27 2883 1.77 5.86
1991 30 4166 1.86 12.31
1986-1991 109 12765 1.53 7.71

some aberrations, an euploidy and similar phenomena
in mice from irradiated areas, as well as in their prog-
eny (GONCHAROVA & RIABOKON 1998, see Table 3).
The data presented both prove the utility of using cy-
togenetic biomarkers in animals from areas with high
radiation exposure and give evidence for trans-gener-
ational accumulation of chromosomal damage in ro-
dents from the most highly contaminated areas. Other
data from studies with minisatellite DNA seem to
confirm the hypothesis of radiation-induced genomic
instability (DUBROVA et al. 1996). What remains cer-
tain is that radiation is a powerful mutagen, inducing
both somatic and heritable mutations. Further studies
are needed to measure the mutagenic potential of ra-
dionuclides in terrestrial rodent species.

Small mammals as monitor species
for environmental radioactivity

Utility of rodents (Cricetidae and Muridae) and
shrews (Soricidae) as monitors of environmental ra-
dioactivity

The usefulness of rodents and other small mam-
mals in the context of environmental monitoring
has been discussed at length elsewhere (TALMAGE &
WALTON 1991, TALMAGE & WALTON 1992, ANDRAS et
al. 2006, TOPASHKA-ANCHEVA & GERASIMOVA 2012).
There are several reasons for using rodents as bio-
monitors:

1. They have a fast life cycle (fast reproduc-
tion, relatively speedy maturation, fast turnover of
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local populations). This means that rodents can be
used to detect quickly changes in the environmental
outlook, including seasonal variations in pollution
levels (ANDRAS et al. 2006);

2. Compared with larger animals, rodents have
smaller home ranges, which means observing local
populations is a good way to monitor pollution in
given small areas (TALMAGE & WALTON 1992);

3. Their small size, abundance, high reproduc-
tive rate, short gestation period and relative docility
mean they are easy animals to work with, both in the
field and in laboratory settings (TALMAGE & WALTON
1991);

4. Many studies have been conducted on the
comparative genetics of rodents and humans, ensur-
ing that rodents are well-suited model animals for
estimating effects in human populations (NEEL &
Lewis 1991);

5. Rodents are well characterised, meaning
that a lot is known about their biology and behaviour
(TALMAGE & WALTON 1991, 1992).

Many of them, such as Myodes glareolus,
Apodemus flavicollis, A. sylvaticus and Peromyscus
maniculatus (Wagner, 1845) are the subject of many
past and present ecotoxicological monitoring stud-
ies. This ensures that standard protocols exist and
results are easy to compare (TALMAGE & WALTON
1991, CHESSER et al. 2001, 2006, ANDRAS et al.
2006, MiTkovska et al. 2012). The insectivore spe-
cies of the family Soricidae are located at the higher
levels of the food chain and are often considered as
especially useful in the monitoring of heavy metals
and radionuclides (TALMAGE & WALTON 1991, 1992,
CHESSER et al. 2000). Nevertheless, certain draw-
backs exist when using them for monitoring studies:

1. They do not survive and breed in captivity
due to their extremely fast metabolism.

2. They are less studied than rodents.

Comparative analysis
of the utility of wild rodents in
radioecological biomonitoring

Wild rodents have been established as monitor
species for both heavy metals and radionuclides
(TALMAGE & WALTON 1991). So far, the most exten-
sive studies have been conducted with European wild
rodents in the vicinity of Chernobyl after the accident
(GONCHAROVA & RIABOKON 1998, CHESSER et al. 2000,
2001, BERESFORD et al. 2008). Rodents have different
utility based on their life spans, food preference and
tendency to accumulate toxicants. In series of studies,
Chesser et al. have established that the bank vole is
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an excellent monitor species for determining the bio-
accumulation of radionuclides, having body burdens
and dose levels far exceeding those of Apodemus spp.
(CHEsser et al. 2000, 2001, 2006). This tendency is
given by BERESFORD et al. (2008, see Table 2). The
authors have confirmed that M. glareolus preferential-
ly accumulates radiocesium isotopes due to its food
preferences being mostly herbivorous (BERESFORD et
al. 2008). This is in agreement with broader, more ex-
tensive studies (CHESSER at al. 2000, see Table 4). The
data demonstrate the utility of M. glareolus in moni-
toring environmental radioactivity but highlights two
other tendencies: the higher concentration of radios-
trontium in the bones of M. oeconomus and thevery
high concentrations of *°Sr in the skeletons of the in-
sectivore S. araneus. This is explained, in part, by bio-
magnification due to the higher position of Soricidae
in the food chain, which means that, for a given body
weight, they accumulate substantially more radionu-
clides and heavy metals (TALMAGE & WALTON 1992,
CHESSER et al. 2000).

Monitoring studies with other animal species

Studies have been conducted with other wild-
life, mainly deer and rabbits (Z1BoLD et al. 1992).
Even though these animals are less suited to moni-
toring due to their larger home ranges and tendency
to migrate (TALMAGE & WALTON 1992), they can still
be useful in assessing the effects of radionuclides
in a given ecosystem, including seasonal variations
in body burden. An example of such a study is the
monitoring of roe deer (Capreolus capreolus) con-
ducted in Oberschwaben, Germany, in 1987-1991
(Fig. 2). These data on the body body burden of ra-
diocesium measured from the meat of roe deer varies
significantly from season to season, with clear peaks
in autumn, which are correlated with specific activi-
ties measured in mushrooms (ZBoLD et al. 1992).
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Fig. 2. Specific activities of *’Cs in the meat of roe deer
Capreolus capreolus (solid line graph) caught in Ober-
schwaben, Germany, in the period 1987-1991 (ZBoLD
et al. 1992). The bar graphs represent specific activities
of ¥Cs in mushrooms, which constitute one of the main
sources of food for roe deer in the summer—autumn season.
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In addition to cesium acquired by the consumption
of mushrooms, another reason is the more inten-
sive grazing of C. capreolus in the autumn season
(ZmBoLp et al. 1992). While the monitoring of other
wildlife can be informative, it is primarily rodents
(Muridae and Cricetidae), which constitute the most
useful species for radioecological monitoring.

Current concepts in radioecological
biomonitoring
Studies related to natural radioactivity; areas with
naturally elevated radiation background; long-range
transmission of radionuclides and its monitoring
There are areas with naturally elevated radiation
background. While such regions have been the sub-
ject of some studies, most ecotoxicological research
has focused on anthropogenic contamination with
radionuclides. Still, areas with naturally elevated ra-
diation background deserve a mention in the context
of the radioecology of terrestrial vertebrates. Some of

the most important locations with higher-than-aver-
age natural background radiation are Ramsar in Iran,
Kerala in India, Guarapari in Brazil and Yangjiang in
China. Most of this increased background is due to
external y-radiation and emission of radon and thoron
and their daughter radionuclides (MoRrTaZAvVI 2015).
In Guarapari, cytogenetic studies have been conduct-
ed in humans inhabiting high-natural background ra-
diation (HNBR) areas, although no conclusive results
have been reached (BARCINSKI et al. 1975).

The effects of high natural radioactive back-
ground on humans and biota have been the subject
of much discussion. A relatively recent comprehen-
sive review on studies of humans (most of which have
been inconclusive, with a few collaborative studies
in China and India), indicates increased cancer risk
among populations from HNBR areas (HENDRY et al.
2009). Few studies have been conducted with mam-
mals from HNBR areas; an example of one such study
is the work of TEsTov (1996), who has studied rodents

Table 4. Levels of *’Sr in bones of monitor species of small mammals (Bq/g) and dose range estimates (mGy/d) due to
strontium in mammals from highly contaminated (Red Forest), medium-contaminated (Glyboke Lake) and reference

areas within the Chernobyl Exclusion Zone (from CHESSER et al. 2000).

L?catlon/. Apodemus | Apodemus | Apodemus | Microtus Microtus Myodes Sorex
perimeter in . - . . Total
agrarius flavicollis sylvaticus arvalis oeconomus | glareolus | araneus
Chernobyl
Red Forest _ _ — =
Grassland n=12 n=21 n=1 n=34
389 314 332
Ba/g (79.4-871) | (21.1-1374) 3 Q11-1374)
13 1.1 1.1
Dose (mGy/day) (03-3.0) | (0.1-4.8) 0.1 (0.1-4.8)
Red Forest B B _ _
Woodland n=3 n=4 n=1 n=8
330 370 325
Ba/g (36.5-582) | (204-815) 131 (36.5-815)
1.1 13 1.1
Dose (mGy/day) (0.1-2.0) (0.7-2.8) 0-5 (36.5-815)
Glyboke Lake n=8 n=1 n=1 n=10 n=3 n=13 n=9 n=45
630
262 752 1068 271 497
Ba/g (109-765) 167 17 (368-1502) | (370-1609) | (74-497) ;12(;‘;) (74-2275)
0.9 2.6 3.7 0.9 22 1.7
Dose (mGy/day) | 45 ¢ 0.6 0.6 (13-52) | (13-5.6) | (0.3-1.7) | (0.4-7.9) | (0.3-7.9)
Chistogalivka - n=25 n=9 n=1 n=10 n=48
reference zone
30 89 76 83 79
Bale (30-30.5) a2 | G239 | P QR a2em
0.3 0.3 0.3 0.3
Dose (mGy/day) 0.1 (0.04-2.3) | (0.1-0.8) 0.1 (0.2-0.6) | (0.004-2.3)
Chernobyl Zone | n—4 n=17 n=57 n=12 n=14 n=20 n=135
Summary:
B/ 216 289 372 289 324 253 327 297
Ve (30.3-765) | (36.5-582) | (79.4-871) | (12-1502) | (32.3-1609) | (22.7-479) | (39-2275)| (1.2-2275)
Dose (mGy/day) 0.7 1 1.3 1 1.1 0.9 1.1 1
YY) 0.1-2.6) | (0.1-2.0) (0.3-3.0) | (0.04-52) | (0.1-5.6) | (0.1-1.7) | (0.1-7.9) | (0.004-7.9)
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from several regions of Russia and Ukraine, includ-
ing two areas with high natural background radiation
(Ural and Uhta) and two with high anthropogenic
contamination (East Urals Radioactive Trace (EURT)
near Ozyorsk, Russia, and the Pripyat near Chernobyl.
They analysed Myodes rutilus, M. glareolus, Microtus
oeconomus, M. arvalis, Apodemus agrarius, A. syl-
vaticus, A. flavicollis and Mus musculus. The animals
in HNBR areas show no statistical difference with
respect to population genetics, morpho-physiological
indicators and cytogenetic parameters in comparison
with animals from control areas (TEsTov 1996).

Another issue related to both natural and man-
induced radiation is the long-range transfer of radio-
nuclides in terrestrial ecosystems. Long-range atmos-
pheric transfer occurs through both natural events,
such as volcanic eruptions, and due to anthropogenic
sources. Technogenic radionuclides have been detect-
ed in remote areas such as the Faroes Islands and the
Yamal Peninsula, indicating global contamination due
to atmospheric nuclear testing in the period 1945-1965
(AARKROG etal. 1981, 1982, NIFONTOVA 1995). Tundra
ecosystems are especially sensitive to global radioac-
tive pollution (NIFONTOVA 1995, VASILEv 2005).

For the purpose of monitoring long-range trans-
fer of radionuclides, the European Economic Area
(EEA) has established a Europe-wide network of high-
mountain observatories, which have equipment to de-
tect both natural and anthropogenic radionuclides in
the atmosphere. These activities have been useful in
determining fallout from Chernobyl, as well as, more
recently, detecting contaminated air masses from the
Fukushima accident (MASSON et al. 2016). Although
high-mountain observatories are useful in maintaining
awareness of the global radiological outlook, the be-
haviour and transfer of radionuclides in high-mountain
ecosystems is still an active area of research.

Anthropogenic enrichment

of naturally occurring
radionuclides; uranium mines
and mine tailings

Anthropogenic enrichment of uranium and radium in
certain areas represents an ongoing problem. While
in Europe there are only two operational uranium
mines, sites of former uranium extraction present an
ongoing hazard to the environment (TSCHURLOVITS
1996, KoLEv et al. 2014). There have been few stud-
ies on the transfer of anthropogenically enriched
uranium, radium and other radionuclides to small
mammals, mostly from North America, such as vole
species and Peromyscys maniculatus (see TALMAGE
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& WALTON 1991, THoMAS 2000). These data should
be extrapolated with caution to European mamma-
lian species. Radiological monitoring studies on the
sites of former European uranium mining locations
are regularly conducted and can be consulted when
preparing and designing studies for biomonitoring of
small mammals ( e.g. KOLEv et al. 2014).

Studies of surface waters and sediments are
useful starting points for assessing the environmen-
tal impact of former mining activities. Nevertheless,
they need to be supplemented by data for ecosystem
transfer to plants and animals in order to be able to
draw conclusions about the effects of contaminated
sites on the environment. Regarding the waste prod-
ucts of the nuclear fuel cycle, little data are available
on how uranium mine tailings interact with the ter-
restrial biota, although several European studies are in
progress. Most available information has shown that
uranium, radium and their radioisotopes in tailings are
only one component of a complex pollution pattern in
many areas, including toxic metals (lead, copper and
vanadium) and, depending on the extraction method
of uranium, various quantities of sulphuric and nitric
acid and different salts thereof (KoLEv et al. 2014).

Studies of contamination with anthropogenic
radionuclides: migration in the soil, bioaccumula-
tion and biomagnification in terrestrial food chains

Most radioecological studies on small mam-
mals have been conducted in the context of pollu-
tion with anthropogenic radionuclides; the majority
of studies address the radiological consequences
of the Chernobyl accident (CHESSER et al. 2001,
GONCHAROVA & RIABOKON 1998, BERESFORD et al.
2008, CHRISTALDI et al. 1990b). The migration of ra-
dionuclides in soil and along terrestrial food chains
has been described elsewhere (KiNnova 1998, Z1BOLD
etal. 1992, NiroNTOVA 1995). It was determined that
different species of small mammals have distinct
profiles for the uptake, retention and bioaccumula-
tion of radionuclides within the Chernobyl exclusion
zone (CHESSER et al. 2001, BERESFORD et al. 2008).

Future and prospective
developments in radioecological
biomonitoring with terrestrial
small mammals

New studies on natural radioactivity and its
effects on the biota

Although some efforts have been made to monitor
the impact of natural radioactivity in free-living small
mammals, currently little research is addressing the is-
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Table 5. Contents of **Cs and *’Cs in Apodemus speciosus (male adult animals) living in Fukushima and two control

areas (Aomori and Toyama) (Bq/kg wet weight) (from OkANoO et al. 2016).

Bq/kg wet weight
2013 2014

134 Cs 137 Cs n 134 Cs 137 Cs n

. . 2326 4331 4770 12312
Site I (Fukushima) (1771-4137) (3335-7806) 12 (1140-12907) (2874-40131) 10

. . 1380 2815 2359 6426
Site 2 (Fukushima) (882-1766) (1632-3761) 4 (954-8480) (2456-21738) 8
Site 3 0 4 0 0 5 5

(Aomori) (0-11) (0-21) (0-0) (3-8)
Site 4 0 0 10 0 0 o

(Toyama) (0-0) (0-3) (0-0) (0-6)

sue of biomonitoring of the terrestrial biota in HNBR
areas. lovrcHEV et al. (1995) have measured total
B-activities in vertebrate species inhabiting the Rila
Mts., Bulgaria. While the Rila Mts. are not an HNBR
area, there are slightly elevated levels of natural radio-
activity in comparison with the national average (2.6
mSv/a) due to their granite structure and high elevation
(Moussala Peak, 2925 m a.s.l.), leading to increased
exposures to space radiation. For total B-activities of
small mammals inhabiting the mountain, see Table 1.

Answering questions about anthropogenic
radionuclides. Future concepts

in the biomonitoring of anthropogenic pollution
in the Chernobyl Exclusion Zone

A number of small mammal studies have been con-
ducted in the area of the Chernobyl Exclusion Zone
(GONCHAROVA & RIABOKON 1998, CHESSER et al.
2000, 2001, 2006, BERESFORD et al. 2008). While the
danger to humans and ecosystems from radionuclides
is decreasing in the 30-km zone, many topics are still
open to further research. DUBROVA et al. (1996) and
RYABOKON & GONCHAROVA (2006) have presented
evidence for transgenerational genomic instability
induced by radioactivity from the Chernobyl acci-
dent. This means that, for ecosystems and humans
exposed to ionizing radiation, a possibility exists
that future generations will have an increased ten-
dency to acquire transmissible germline mutations.
Nevertheless, research in this area has been regarded
as highly controversial. Some of the questions which
remain to be answered are:

1. Is there a trans-generational accumulation
of genomic instability within highly contaminated
terrestrial ecosystems?

2. Is there a change in the genetic structure of
populations of small mammals exposed to high lev-
els of ionizing radiation?

While a significant amount of research has
so far been devoted to rodent populations in the

Chernobyl Exclusion Area, these questions do not
have definitive answers yet.

Studies of other contaminated areas: Ozyorsk
(Chelyabinsk-40), Fukushima and others

Over the last two decades significant amount of
data have emerged on the radioactive contamination
of another site in the former Soviet Union. The water-
shed of the Techa River is located in the Eastern Urals
and flows from the grounds of the former nuclear com-
plex “Mayak” and the closed city of Chelyabinsk-40.
The river is well known for its radioactive contamina-
tion and has been the site of several radioactive ac-
cidents (BURMISTROV & LINKOV 1998, BURMISTROV et
al. 1999). In the period 1995-2005, the Techa River
Basin has been the site of several US/EU/Russian
collaborative studies to determine the radioecologi-
cal status of the area and estimate radiation doses to
residents. During the main period of the study, it was
discovered that most of the remaining radioactive pol-
lution in the vicinity of the Mayak Industrial Complex
is due to ?°Sr, which contributed also to most of the
anthropogenic bone marrow dose for residents in the
area (BURMISTROV et al. 1999).

No biomonitoring studies with small rodents have
been conducted to study the impact of this site on ter-
restrial ecosystems. More recently, the industrial com-
plex has been mentioned in the context of a release of
Ruthenium-106 ('Ru) in the atmosphere, which was
detected in Europe in 2017; however, the secretive na-
ture of the Mayak Enterprise has prevented the inter-
national community from verifying or disproving the
occurrence of a new accident at the complex.

Another site of interest is the immediate vicinity
of the Fukushima Dai-Ichi Power Plant in northern
Honshu, Japan. Due to the timely shutdown of the re-
actors at Fukushima, the accident was much smaller
in magnitude than Chernobyl (400-800 PBq, com-
pared to 5,200 PBq; see STEINHAUSER et al. 2014).
BonisoLI-ALQuaTi et al. (2015) have focused on barn
swallows from Fukushima. OkANoO et al. (2016) have
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measured radionuclide concentrations and genetic
damage in Japanese field mice (4dpodemus speciosus)
in 2013 and 2014 (Table 5). While not much higher
than concentrations in the reference areas, the meas-
ured values for radiocesium still provide evidence
for the radioactive contamination of the environment
close to the damaged power plant and for bioaccu-
mulation of the element in A. speciosus. Although the
authors report effects on mice spermatogenesis, there
is still much research to be done before radionuclide
contamination from the Fukushima accident can be
said to significantly affect any measured biological
endpoints, especially germline mutations.

The future of radioecological biomonitoring
lies in the following directions:

1. Exploring radionuclide-contaminated sites
which have received little attention: the basin of the
Techa River, the Semipalatinsk test site, sites of for-
mer uranium mining and refining.

2. Introducing new methodologies to assess
biological endpoints more accurately.

3. Exploring the two key issues of areas with
high natural background radiation and the presence
or absence of cross-generational genomic

4. Introducing and developing non-invasive
methods for assessing radioactive contamination.
In recent years, BoNDARKOV et al. (2011) have re-
ported a system for external in vivo measurements of
body burden of *°Sr and '*’Cs near Chernobyl, which
does not require sacrificing animals in order to ob-
tain radionuclide data. Additionally, BERESFORD et al
(2008) and VETIKKO & SAXEN (2010) have reported
the use of predictive software models (the ERICA
tool) to estimate radiation doses to terrestrial and
freshwater biota from physical models of radionu-
clide deposition. While such systems and tools are
undoubtedly useful, non-invasive sampling in the
context of small-mammal radioecology is in its in-
fancy and further studies are needed.

Conclusions

While small-mammal radioecology has achieved
much, several challenges remain to be addressed in
future research:

1. Gaining access and conducting measure-
ments in the vicinity of closed facilities.

2. Development and implementation of non-
invasive samplings.

3. Solving the question of genomic instability
due to radionuclides contaminations. Even though
radioecological research has achieved a lot in the re-
cent past, the challenges and questions that remain
to the discipline are practically boundless, ensuring
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that scientists will not run out of problems to solve.
This area of study, in particular biomonitoring ac-
tivities with small mammals, will likely continue to
be active and productive in the immediate future.
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