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Abstract. The results of long-term field experiments in the 30-km Chernobyl NPP 
zone, in the vicinity of the radioactive wastes storage facility (Leningrad Region), 
at radium production industry storage cell (the Komi Republic), and in Bryansk 
Region affected by the ChNPP accident that have been carried out on different 
species of wild and agricultural plants are discussed. These findings indicate that 
plant populations growing in areas with relatively low levels of pollution are 
characterized by the increased level of both cytogenetic disturbances and genetic 
diversity. The chronic low-dose exposure appears to be an ecological factor 
creating preconditions for possible changes in the genetic structure of a 
population. These processes have a genetic basis; therefore, an understanding 
changes at the genetic level should help in an identifying more complex changes at 
higher levels. The presented findings add to filling an important gap in our 
knowledge on remote effects in plant populations and ecosystems from man-made 
impact. 
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Introduction 
 

Contamination of the environment has become a worldwide problem. 
Therefore, a clear understanding of all the dangers posed by environmental 
pollutants to both human health and ecologic systems are needed. With this in 
mind, considerable efforts have been undertaken to develop effective methods for 
assessing the quality of the environment. 

Generally, two approaches are used. The more classical one is to take 
samples of air, water and soil and analyze them in laboratory using routine 
chemical-physical techniques. An evaluation of true exposure characteristics is 
complicated, however, since most quantification techniques are able of recognizing 
just a specific compound or its metabolites. Consequently, this approach gives only 
a part of the knowledge necessary to evaluate the harmful potential of pollutants. 

The other approach is to score the biological effects in animals or plants that 
could be exposed in their natural habitat. In contrast to the specific nature of 
assessments on exposure, studies of biological effects integrate the impacts of all 
the harmful agents, including synergistic and antagonistic effects. The biomarkers 
may also illuminate previously unsuspected chemical or natural stressors in the 
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study area or reveal that damage has been caused by a pollutant that has since 
degraded and is no longer detectable by residue analysis. This approach is 
particularly useful for assessing unknown contaminants, complex mixtures, or 
hazardous wastes. It is important to add here that the biomarker approach is not a 
replacement for conventional assessment techniques, but is an important 
supplementary approach of great ecological relevance. Therefore, only the joint 
approach integrating information on both the exposure and biological effects could 
provide a comprehensive understanding of the environmental situation.  

An assessment of impact is to be based on a comparison of responses in 
bioindicator test-system found in study sites and control areas and supplemented 
with data obtained in laboratory where responses to particular chemicals can be 
correlated with physiological status and fitness parameters. It is important also 
that at least some of samples collected for biomarker analysis are also subject to 
residue analysis and, if possible, genetic analysis aimed at detecting alterations in 
gene frequencies within populations. This will provide links between biomarker 
responses, radionuclides exposures and long-term effects such as the evolution of 
tolerant populations at chronically-polluted sites. 

To assess the quality of the environment, we mostly used plants as test-
objects, which has several reasons. Plants are essential component of any 
ecosystem. Owing to the settled nature, plants are constantly exposed to the 
pollution agents and, therefore, can characterize the local environment in the best 
way. Moreover, plants have a high capacity for bioconcentration and 
bioconversion. In many cases, plant bioassays are the simplest and most cost 
effective among test-systems for environmental assessment. Consequently, the 
exposure of intact plants directly growing in contaminated sites is very suitable for 
assessing the quality of the environment. 

Interaction of contaminants with biota takes place first at the cellular level 
making cellular responses not only the first manifestation of harmful effects, but 
also suitable tools for an early and reliable detection of exposure. It is becoming 
increasingly clear [1] that cellular alterations may in the long run influence 
biological parameters important for populations such as growth, health and 
reproduction. These types of effects are of special concern because they can 
manifest themselves long after the source of contamination has been eliminated. 
Therefore, just genetic test-systems should be used for an early and reliable 
displaying the alterations resulting from the human industrial activity.  

 
Results 
 

An important gap in our knowledge is long-term biological effects induced by 
chronic low dose-rate and multi-pollutant exposure at contaminated sites. Indeed, 
there are few studies directly relevant to revealing responses of plant and animal 
populations to environmental pollutants in their natural environments. Although 
radionuclides cause primary damage at the molecular level, there are emergent 
effects at the level of populations, non-predictable solely from the knowledge of 
elementary mechanisms of pollutants influence. Usefulness of data gathered both in 
laboratory-based assays and field-based monitoring observations may, therefore, 
be significantly affected by our present lack of knowledge in this area of 
environmental research.  

Previously done and ongoing field studies of biological effects in different 
species of wild and agricultural plants are briefly summarized in Table 1.  

In 1987-1989, an experimental study on the cytogenetic variability in three 
successive generations of winter rye and wheat, grown at four plots with different 
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levels of radioactive contamination, was carried out within the 10-km ChNPP zone 
[2]. In autumn of 1989, aberrant cell frequencies in intercalary meristem of winter 
rye and wheat of the second and third generations significantly exceeded these 
parameters for the first generations (Fig. 1). In 1989 plants of all three generations 
were maintained in the identical conditions and accumulated the same doses, which 
is why the most probable explanation of the registered phenomenon relates to a 
genome destabilization in plants grown from radiation-affected seeds. This finding 
relates to higher-order ecologic effects, as well as to contaminant-induced 
selection of resistant phenotypes. From this viewpoint, the results observed in this 
study and indicating a threshold character of the genetic instability induction may 
be a sign of an adaptation processes beginning, that is, the chronic low-dose 
irradiation appears to be an ecological factor creating preconditions for possible 
changes in the genetic structure of a population. 

In frames of other studies, adaptation processes in impacted wild plant 
populations were investigated. In the field study [4], Scots pine populations were 
used for an assessment of the genotoxicity originating from an operation of a 
radioactive waste storage facility, the ‘Radon’ LWPE. Specifically, frequency and 
spectrum of cytogenetic disturbances in reproductive (seeds) and vegetative 
(needles) tissues sampled from Scots pine were studied to examine whether Scots 
pine trees have experienced environmental stress in areas with relatively low 
levels of pollution.  

 
TABLE 1. Field studies on wild and agricultural plants  
Species Site & Time Contamination Assay 
Winter rye and 
wheat, spring 
barley and oats 

10-km ChNPP zone 
(11.7-454 MBq/m2), 
1986-1989 

Radionuclides Morphological indices of 
seeds viability, mitotic 
index, cytogenetic 
disturbances in 
intercalar and seedling 
root meristems [2] 

Scots 
pine,couch-
grass 

30-km ChNPP zone, 
(250-2690 µR/h), 1995 

Radionuclides Cytogenetic 
disturbances in seedling 
root meristem [3] 

Scots pine Radioactive waste 
storage facility, 
Leningrad Region, 
1997-2002  

Mixture Cytogenetic 
disturbances in needles 
intercalar and seedling 
root meristems [4] 

Wild vetch Radium production 
industry storage cell, 
Komi Republic, (73-
3300 µR/h), 2003 

Heavy natural 
radionuclides 

Embryonic lethals, 
cytogenetic 
disturbances in seedling 
root meristem [5] 

Scots pine Sites in Bryansk 
Region radioactively 
contaminated in the 
Chernobyl accident 
(451-2344 kBq/m2), 
started in 2003 

Radionuclides Cytogenetic 
disturbances in seedling 
root meristem, 
enzymatic loci 
polymorphism analyses 

Scots pine 10-km ChNPP zone 
(1100 µR/h), 2004 

Radionuclides Morphological 
modifications in pine 
needles, cytogenetic 
disturbances in seedling 
root meristem 
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Koeleria 
gracilis Pers., 
Agropyron 
pectiniforme 
Roem. et 
Schult. 

Semipalatinsk Test 
Site, (74-2050 µR/h), 
started in 2005 

Radionuclides Developmental 
instability, mitotic 
index, cytogenetic 
disturbances in seedling 
root meristem 
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Figure 1. Aberrant cells frequency in three successive generations of winter rye and 
wheat, grown on contaminated plots [2] 

Over a long operation period of the nuclear facility (since the early 1970s), 
doses absorbed by biota and population from artificial radionuclides did not 
exceed the levels officially adopted as permissible. The null hypothesis states that 
there should be no significant variations distinguishing populations dwelling 
impacted and reference environments. However, data presented in Fig. 2 show that 
Scots pine populations growing in the vicinity of the radioactive waste storage 
facility and at the sites within the 30-km Chernobyl NPP zone were characterized 
by the increased level of cytogenetic disturbances. The findings for sites of Sosnovy 
Bor and ‘Radon’ LWPE were rather surprising because cytogenetic disturbances in 
these populations were not expected to exceed the control. It should be noted that, 
while the incidence of cytogenetic damage in the samples from the 30-km Chernobyl 
NPP zone increased along with radiation exposure, the cytogenetic damage found in 
the samples from the 'Radon' LWPE site (Fig. 2) could not be attributed to the 
radiation exposure alone. 
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Figure 2. Aberrant cell frequency in root meristem of Pinus sylvestris L. seedlings 
from  
the 30 km Chernobyl NPP zone and Leningrad Region of Russia.  
1 – Bolshaya Izhora (control), 2 - Sosnovy Bor town, 3 – ‘Radon’ LWPE,  
4 – Obninsk (control), 5 – Cherevach, 6 - ACP 

 
Since the observations on the Scots pine populations lasted several years, it 

was possible to trace temporal changes in cytogenetic damage. If these variations 
were not stochastic but causal, ignoring them could lead to an unsuitable or even 
wrong forecast of the further development of a case. The temporal changes of the 
cytogenetic disturbances in seedling root meristem from 1997 to 2002 are shown in 
Fig. 3. There are essential differences between these dependences for the 
reference and impacted Scots pine populations. Statistical analysis revealed [4] 
that cytogenetic parameters at the reference site trend to cyclic fluctuations in 
time, whereas in affected populations these peculiarities could not be revealed 
with confidence. Thus, man-caused impact in this region is strong enough to destroy 
natural regularities. But the mechanisms involved in this plant response are still 
unclear. 

To study possible adaptation processes in impacted plant populations, a 
portion of the seeds collected were subjected to an acute γ-ray exposure [4]. The 
seeds from the Scots pine populations experiencing a man-caused impact showed 
(Fig. 4) a higher resistance than the reference ones. There is a convincing proof [6] 
that the divergence of populations in terms of radioresistance is connected with a 
selection for changes in the effectiveness of the repair systems. 

To find out whether genetic differentiation had occurred between the 
reference and impacted populations, genetic structure of five Scots pine 
populations growing in Bryansk Region under conditions of radioactive 
contamination caused by the Chernobyl accident (Table 2) has been studied, using 
gel electrophoresis for 4 enzymatic loci (Lap, Est, Mdh, Gdh). Radionuclide-affected 
populations demonstrate a higher genetic diversity than that from the reference 
site. These results provide evidence that a general pattern of adaptation strategy 
of populations to pollution stress involves an increase in genetic variation. Such 
information can be used to identify cellular mechanisms responding to 
environmental stress, which in turn may lead to a better understanding of the 
consequences of contaminant exposure.  
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Figure 3. Aberrant cells percentages in seedling root meristem of Scots pine trees in 
dependence on year and their approximation by the best models. 1 – linear model, 
3 and 4 – polynomial models of 3rd and 4th degrees, correspondingly 
 

 

1 2 3 1 2 3 1 2 3
0

2

4

6

8

1999 2000 2001

A
be

rr
an

t c
el

ls
, %

 
Figure 4. Aberrant cell frequency in root meristem of Scots pine seedlings grown 
from seeds sampled in Leningrad Region in 1999-2001 and exposed to an acute �-
ray dose of 15 Gy.  
1 – Bolshaya Izhora (reference), 2 - Sosnovy Bor town, 3 – ‘Radon’ LWPE 

 
 

TABLE 2. Aberrant cell frequency in seedling root meristem of Scots pine growing in 
Bryansk Region of Russia, radioactively contaminated as a result of the Chernobyl 
accident (preliminary data) 
Test site 137Cs contamination 

d it kB / 2
Dose rate, 

G / a
Aberrant cells (mean±se), %
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 density, kBq/m2 mGy/year a 2003 2004 
Reference - 0.14 0.90±0.09 0.88±0.09 
VIUA 451 7.40 1.47±0.15 b 1.59±0.14 b 
Starye Bobovichy 946 15.3 1.32±0.12 b 1.37±0.14 b 
Zaborie 1 1730 28.3 1.69±0.17 b 1.67±0.17 b 
Zaborie 2 2340 37.8 1.63±0.15 b 1.68±0.17 b 
Note: Seeds were collected in 2003 and 2004; 
a - absorbed doses are estimated for �- and �-radiation; 
b - difference from the reference population is significant, p<5% 

 
A study of wild vetch (Vicia cracca L.) population more then 40 years 

inhabiting site with an enhanced level of natural radioactivity showed [5] that 
transformations of genetic structure of the population are still ongoing. They were 
revealed as a decrease of average frequencies of cytogenetic disturbances in 23 
years on the background of high intrapopulation variability (Table 3). External 
exposure appears to be as a selection factor increasing frequency of embryonic 
lethal mutations. Cytogenetic variability within population depends on 230Th 
concentration in an aboveground part of plants. While total occurrence of 
cytogenetic disturbances in root meristem cells of germs decreases with time, a 
contribution of double fragments keeps significant and dependent on 226Ra content 
in plant aboveground parts. Thus, in site with enhanced level of natural 
radioactivity, both low doses of external exposure and incorporated heavy natural 
radionuclides have significant effect on variability in plant populations and their 
potential for an adaptation. 

 
TABLE 3. Embryonic lethals and chromosome aberrations frequency in seedling root 
meristem of wild vetch inhabiting site with enhanced level of natural radioactivity 
(Komi Republic, preliminary data) 

Test site Dose rate, µR/h Chromosome aberrations 
frequency, % 

Embryonic lethals, %

Reference 9 0.80±0.91 24.62±21.23 
Plote 1 3300 1.33±1.23 a 33.63±23.23a 

Plote 2 2400 1.00±0.95 35.38±20.59a 

Plote 3 758 0.87±0.98 25.17±22.44 
Plote 4 73 0.98±0.98 24.60±20.78 

Note: Seeds were collected in 2003; 
a - difference from the reference population is significant, p<5% 

 
Conclusions 
 

A better understanding of genetic aspects of population, community and the 
whole ecosystem responses to toxic agent’s exposure is vital to future 
environmental management programs. Genetic nature of such effects as well as 
their dynamics in generations remains inadequately explored up to now. The 
presented findings taken together suggest that a long-term existence of some 
factors (either of natural origin or man-made) in the plants environment activates 
genetic mechanisms, changing a population’s resistance to exposure. These 
processes have a genetic basis; therefore, understanding changes at the genetic 
level should help in identifying more complex changes at higher levels. Studies 
briefly illustrated here add to filling a major gap in our knowledge on remote 
effects of man-made impact on plant populations and ecosystems and make a vital 
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contribution to scientific and public understanding of the environmental risks of 
radiation and to debates on the environmental costs and benefits of nuclear 
energy. The further evolution of investigations in the field would issue in a 
development of theoretical bases and practical procedures for environmental 
protection against radioactivity. Therefore, in spite of the wealth of information 
collected so far, much more still remains to be explained in order to fully 
understand the basis of plant populations adaptation to harmful environment. This 
should be addressed in the future. 
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