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Abstract. Nuclear accidents underpin the need to quantify the ecological mechanisms which determine
injury to ecosystems from chronic low-dose radiation. Here, we tested the hypothesis that ecological mechanisms interact with ionizing radiation to affect natural populations in unexpected ways. We used largescale replicated experiments and food manipulations in wild populations of the rodent, Myodes glareolus,
inhabiting the region near the site of the Chernobyl disaster of 1986. We show linear decreases in breeding
success with increasing ambient radiation levels with no evidence of any threshold below which effects are
not seen. Food supplementation of experimental populations resulted in increased abundances but only in
locations where radioactive contamination was low (i.e., below  1 lSv/h). In areas with higher contamination, food supplementation showed no detectable effects. These ﬁndings suggest that chronic lowdose-rate irradiation can decrease the stability of populations of key forest species, and these effects could
potentially scale to broader community changes with concomitant consequences for the ecosystem
functioning of forests impacted by nuclear accidents.
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INTRODUCTION

controversial source of human impact is related
to the accidental release of radionuclides. The
Chernobyl nuclear accident (1986) is a model for
studies of the impact of chronic exposure to lowdose radioactive contaminants on wildlife
(Anspaugh et al. 1988). The explosion at the former Chernobyl Nuclear Power Plant (NPP)
released a wide array of ﬁssion products, including cesium-137 and strontium-90, and unspent
nuclear fuel (plutonium-239), that were

We have entered the Anthropocene, a period
when human actions dominate the well-being
and functioning of the Earth’s environment.
Detrimental effects of human actions on biota are
well-documented ranging from global impacts,
such as climate change and ocean acidiﬁcation,
to more local events, such as loss of habitat, and
pollution by metals or nutrients. One particularly
❖ www.esajournals.org
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dispersed widely (about 200,000 km2) over large
parts of Northern Ukraine, southeastern Belarus,
and western Russia, with less but still
detectable contaminants distributed over much
of Fennoscandia and Central Europe (Evangeliou
et al. 2013). Contamination levels derived from
the former Chernobyl NPP are highly variable
with background radiation levels sometimes
varying by two orders of magnitude between
places separated by a few hundred meters
(Fig. 1). This variation in contamination levels,
where high and low levels of radiation rate occur

in relatively close proximity, allows for sensitive
and replicated analyses of biological effects of
exposure to radioactive contamination (Mousseau and Møller 2011).
Despite an extensive literature concerning
radionuclide movement in the environment and
associated genetic damage (Chesser et al. 2001,
Geras’kin et al. 2008, Yablokov 2009), there are
no experimental tests concerning the ecological
mechanisms which determine possible radiation
effects in the Chernobyl ecosystem (Møller and
Mousseau 2013b). For example, the only

Fig. 1. Map of the Chernobyl Exclusion Zone (Ukraine) with locations where bank voles were trapped. The ﬁgure is created using Esri ArcGIS 10.0. Satellite imagery CNES/Airbus DS, Earthstar Geographics Source: Esri,
DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, GetMapping,
AeroGRID, IGN, IGP, swisstopo, and the GIS User Community, Esri, HERE, DeLorme. Please note that several
sampling sites were located at short distances as indicated by overlapping circles.
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common and abundant terrestrial vertebrate that
inhabits Eurasian forest ecosystems (Macdonald
and Barrett 1993), which makes it an attractive
indicator species for the health of forest ecosystems that may have been injured by anthropogenic activities.

experiments quantifying the impact of exposure
to radiation upon reproductive capability, and
the concomitant population dynamics of small
mammals, were conducted by manipulating the
external radiation levels (Mihok et al. 1985,
Mihok 2004). These experiments, in a North
American small rodent system, suggest that animals can be very resistant to external radiation
doses if other sources of radiation exposure (e.g.,
via ingestion of contaminated food) and ecosystem effects are excluded. Here, our aim was to
experimentally test the hypothesis that ecological
mechanisms (namely availability of food
resources) can modify some of the putative detrimental effects of radiation in natural populations. This question is particularly relevant given
recent ﬁndings that organisms living under natural conditions appear to be many times more sensitive to the deleterious effects of ionizing
radiation (Garnier-Laplace et al. 2013).
The biological effects of low-dose (<100 mSv)
radiation exposure are strongly debated (Bonner
2003, Calabrese and O’Connor 2014). Much controversy surrounds the validity of the Threshold
model; whereby, exposure to low radiation doses
is predicted to have non-signiﬁcant, or even
beneﬁcial (hormesis; Boonstra et al. 2005, Feinendegen 2005) effects on individuals with detrimental consequences of radiation occurring only
above a threshold dose (Tubiana et al. 2009). The
alternative hypothesis of Linear No-Threshold
(LNT) model has been widely tested (and supported) in laboratory animals and in epidemiological studies of humans (Land 2002, Brooks
2005, Council 2006), but much less is known concerning the shape of radiation response curves
for natural ecosystems (although see Møller and
Mousseau 2011, Garnier-Laplace et al. 2015).
Here, we tested predictions of the LNT model
that radiation has a proportional relationship
with individual ﬁtness measures and concomitant population growth rates, without any evidence for a threshold below which negative
effects are not observed.
We conducted a large-scale, replicated study of
the effects of radioactive contamination on the
breeding characteristics and abundances of a
small mammal, the bank vole Myodes glareolus.
In addition, we experimentally determined how
food limitation interacted with radiation to affect
population characteristics. The bank vole is a
❖ www.esajournals.org

MATERIALS AND METHODS
Study species
The bank vole is abundant (typically between
10 and 80 individuals per hectare) in most types
of forest (from deciduous to coniferous) in Europe and Asia (Macdonald and Barrett 1993). Its
diet is highly variable and may include various
herbs, seeds, buds, roots, berries, fruits, mosses,
lichens, fungi, and small invertebrates (Calandra
et al. 2015). Bank voles are important prey of
many owls and hawks and mammalian predators from weasels to foxes (Krebs 1996). The bank
vole breeding season lasts from May to September when females produce up to four litters, each
with two to ten offspring (Koivula et al. 2003,
Mappes and Koskela 2004). In the wild, bank
voles can live up to 1.5 yr, including one overwintering and one breeding season (Innes and
Millar 1994).

Abundance index and breeding of females
Abundances of bank voles were estimated in
early summer (30 May–7 June 2011, 48 locations,
960 trap nights) and in winter (15–20 February
2016, 38 locations, 760 trap nights) within 50 km
of the former Chernobyl NPP, Ukraine (Fig. 1).
At each location, 20 traps were placed in line for
one night, with each trap separated by about
10 m. Animals were caught with Ugglan Special2
live traps (Grahnab, Sweden) in summer 2011
(with sunﬂower seeds and potato as a bait), and
with snap traps in winter 2016 (with bread and
peanut oil as bait). The minimum distance
between trapping locations was 500 m. To quantify habitat variation among locations, percentage
vegetation cover was estimated within a 1 m
radius around each trap at three layers: forest litter (vegetation of 0–50 cm high), bushes (0.5–
2 m), and in the tree canopy. We selected these
three measures of habitat to estimate whether
contaminated and control areas are different in
key components of habitat structure. Litter cover
and bushes are a proxy for habitat in which bank
3
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did not affect bank vole abundance (F = 0.305,
df = 2,17, P > 0.587) or interact with the radiation level (F = 0.001, df = 2,17, P > 0.996), the
two food supplementation groups were combined into a single food treatment in the subsequent analyses. Food was provided ad libitum at
each feeding station; the minimum distance
between the feeding stations was 1 km. The sample size (number of feeding places) was maximized according to the constraints caused by
material (e.g., food) and time limits determined
by safety regulations imposed by the Chernobyl
Exclusion Zone administration on human
research activity. Abundance of bank voles was
estimated prior to the beginning of the experiment (early June) and after the breeding season
(early October) using a 3 9 3 trapping grid, with
an inter-trap distance of 20 m; the feeding station
was located in the middle of the trapping grid.
The trapping period was ﬁve days in each feeding area. As the experiment was conducted in
open populations, the bank vole abundances represent a combination of reproduction and mortality, as well as immigration and emigration:
These different ecological mechanisms could not
be separated in the present study. In general,
bank vole females defend breeding territories of
up to 0.6 ha (Mazurkiewicz 1983) (corresponding
to 40–50 m radius circle), but males and nonbreeding females are not territorial and they can
disperse up to 1 km (Kozakiewicz et al. 2007).

voles burrow and take refuge (Flowerdew and
Ellwood 2001), and a cover of tree canopy can
determine a general habitat selection of this forest
species (Zwolak et al. 2016). Breeding characteristics (breeding or not, and litter size) were measured for all adult females caught in 2011
(n = 25, 18 locations) and in August 2013 (n = 34,
an additional trapping in 24 locations). The
breeding probability of females was estimated by
taking all captured females to the laboratory
where their possible pregnancy and breeding
were followed. Number of offspring (litter size)
was measured when pregnant females gave
birth. Head width (a proxy of body size) was
measured to the nearest 0.1 mm with a digital
caliper, and animals were weighed to the nearest
0.1 g using a digital balance. Sample size (number of trapping locations) was maximized during
the research periods, with time limits constrained
by safety issues for humans as determined by the
Chernobyl Exclusion Zone administration.

Measurements of ambient radiation
Ambient radiation levels at trapping locations
were measured at 1 cm above the ground with a
handheld GM dosimeter (Gamma-Scout w/
ALERT Radiation detector/Geiger Counter,
Gamma-Scout GmbH and Co. KG, Germany)
calibrated to measure Sieverts per hour (Sv/h).
The mean ambient radiation levels varied among
trapping locations from 0.01 to 95.55 lSv/h
(Fig. 1). Given the long half-life of 137Cs, such
measurements of radiation are highly repeatable
among days and even years (Møller and Mousseau 2013a).

Statistical analyses
Breeding characteristics of individuals were
analyzed with a generalized linear mixed model
(GLMM), where either breeding probability (binomial error distribution and logit link function)
or litter size (multinomial error distribution and
logit link function) was the dependent variable,
and ambient radiation level (log10 transformed)
was the predictor. As the breeding characters
were studied in the two different years 2011 and
2013, we ﬁrst tested whether the effects of radiation differed between years. These analyses
showed that the main effect of year and its interactions with radiation were not signiﬁcant (for
breeding probability: the main effect, P = 0.375;
interaction, P = 0.521; and for litter size: the main
effect, P = 0.095; interaction, P = 0.111). Consequently, we combined the data for the two years
in the same analyses. In the subsequent analyses

Feeding experiment
The experimental populations for the feeding
experiment were chosen at the beginning of the
2014 breeding season. We chose 18 feeding locations from contaminated areas (range 1.16–
30.54 lSv/h, mean 7.45 lSv/h) and 18 locations
from control areas (range 0.10–0.22 lSv/h, mean
0.15 lSv/h). Both contaminated and control locations were divided randomly into three experimental groups (six populations each). The
experimental groups were as follows: control (no
food manipulation), rodent food (RM1, Special
Diet Services), and rodent food containing the
potential radio-protectant/mitigant, indole-3-carbinol (Fan et al. 2013). Since indole-3-carbinol
❖ www.esajournals.org
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(t = 0.231, df = 55, P = 0.818 and t = 0.336,
df = 27, P = 0.739, respectively). Abundance of
bank voles was not correlated with breeding
probability or litter size (t = 0.622, df = 55,
P = 0.537; t = 0.444, df = 27, P = 0.660) and
did not have an interactive effect with radiation
levels (t = 0.336, df = 55, P = 0.738; t = 0.860,
df = 27, P = 0.397). These results suggest that
radiation did not indirectly affect the breeding
success of voles by changing their structural size
or by modifying population densities and its possible consequences (e.g., level of intra-speciﬁc
competition).

of breeding characteristics, year and location
were included as random factors. Curve estimations (Curve Fit) were used to analyze linear or
quadratic relationship between dependent variables and radiation (both log10 transformed).
Vegetation cover variables were arcsine transformed. The effects of food supplementation
were analyzed at the population level also using
a GLMM, with abundance index as the dependent variable, and food supplementation, radiation level (low or high radiation level), and their
interaction as predictors (Table 1). Location was
included in all models as a random factor. All
statistical tests were performed using IBM SPSS
v.20.0 (IBM SPSS, Chicago, Illinois, USA).

Abundances of bank voles
Abundance index varied from 0 to 11 individuals per trapping location. Both summer (Fig. 2c)
and winter (Fig. 2d) abundances of bank voles
decreased signiﬁcantly with increasing ambient
radiation (in summer: r2 = 0.209, t = 3.490, df =
47, P = 0.001; linear equation, t = 3.103, P =
0.003; quadratic equation, t = 0.348, P = 0.730;
in winter: r2 = 0.242, t = 3.394, df = 37, P =
0.002; linear equation, t = 2.239, P = 0.032;
quadratic equation, t = 0.201, P = 0.842). As
with radiation effects on probability of pregnancy
and litter size described above, the signiﬁcant linear terms support the predictions of the LNT
model. Ambient radiation levels also negatively
covaried with abundance indexes of control populations in the feeding experiment in 2014 (see
below).
Radiation effects on bank vole populations
could be biased by environmental differences
between contaminated and control areas. Indeed,
the vegetation cover of bushes (0.5–2 m) and tree
canopy decreased with increasing radiation
levels (coefﬁcient = 0.058, t = 0.333, P =
0.021; coefﬁcient = 0.076, t = 0.288, P = 0.047,
respectively). However, the most important vegetation variable for bank voles (cover of forest litter: 0–50 cm) was not signiﬁcantly correlated
with radiation (coefﬁcient = 0.034, t = 0.182,
P = 0.216). Moreover, any effect of vegetation on
bank voles was minimal as vegetation cover,
either forest litter, bushes, or tree canopy, was
not correlated with abundance indexes of bank
voles (coefﬁcient = 0.955, t = 0.416, P = 0.678;
coefﬁcient = 1.138, t = 0.443, P = 0.658; coefﬁcient = 2.457, t = 1.448, P = 0.149, respectively).
And most importantly, these vegetation variables

RESULTS
The probability of a bank vole being pregnant
decreased signiﬁcantly with increasing ambient
radiation level (GLMM, binary logistic regression; coefﬁcient
0.591, t = 2.073, df = 57,
P = 0.043; linear equation: t = 2.407, P = 0.019;
quadratic equation: t = 1.516, P = 0.135; Fig. 2a).
Litter size of bank voles varied between 1 and 8
(mean = 5.17, SE = 0.280) and decreased signiﬁcantly with increasing radiation levels (GLMM,
multinomial logistic regression; coefﬁcient
0.651, t = 2.206, df = 29, P = 0.048; linear
equation: t = 2.800, P = 0.008; quadratic equation: t = 0.831, P = 0.412; Fig. 2b). Linear equations of both the probability of being pregnant
and litter size were more signiﬁcant compared to
their quadratic equations, consistent with the
Linear No-Threshold (LNT) model for radiation
effects.
Size of females was not signiﬁcantly related to
radiation (t = 1.776, df = 57, P = 0.081), and
there was no interactive effect of female size with
radiation on breeding probability or litter size

Table 1. Results of GLMM tests of the effects of food
supplementation and background radiation on
abundance index of bank voles in Chernobyl.
Effects

Coefﬁcient

SE

t

P

Abundance
Food
Radiation
Food 9 radiation

1.387
0.463
1.609

0.667
0.464
0.771

2.080
0.999
2.087

0.038
0.318
0.037
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Fig. 2. (a) Background radiation level predicts the breeding probability of bank vole females in Chernobyl
where ﬁfty-nine adult females were caught (2011: n = 25; 2013: n = 34), of which 36 (61%) were pregnant. Predictive curve (95% CI) is estimated by binary logistic regression (coefﬁcient 0.591, t= 2.073, df = 57, P = 0.043).
(b) Litter size of breeding females (n = 36) decreased with an increase in ambient radiation levels (y = 0.71
(0.25) 9 log(x) + 4.94 (0.27)) (GLMM, multinomial logistic regression; coefﬁcient 0.651, t = 2.061, df = 29,
P = 0.048). Abundances of bank voles decreased with increasing the mean ambient radiation level at the trapping
area (n = 48) in summer (c) (y = 1.14 (0.33) 9 log(x) + 1.63 (0.27), r2 = 0.209, t = 3.490, df = 47, P = 0.001)
and in winter (d) (n = 38) (y = 1.15 (0.44) 9 log(x) + 3.67 (0.42), r2 = 0.242, t = 3.394, df = 37, P = 0.002).

food tended to decrease linearly with increasing
ambient radiation levels (t = 1.909, P = 0.085;
Fig. 3).

did not interact signiﬁcantly with radiation level
(coefﬁcient = 0.718, t = 0.237, P = 0.813; coefﬁcient = 1.380, t = 0.364, P = 0.716; coefﬁcient = 3.457, t = 1.392 P = 0.165, respectively).
Radiation clearly affected the response of the
bank vole populations to environmental changes.
The population living with additional food
resources increased only in low radiation areas,
(up to 1 lSv/h), but decreased from 1 lSv/h to
30 lSv/h (quadratic equation: t = 2.836,
P = 0.010; Fig. 3, Table 1). Abundance indexes of
the populations living without supplemental

❖ www.esajournals.org
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The results presented here refute the hypothesis of there being a threshold level of radiation
below which there are no effects in natural populations of animals (Tubiana et al. 2009). Support
for a threshold hypothesis would be derived
from a non-linear relationship between low-dose
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effects of radiation exposure include an
increased frequency of mutations (Møller and
Mousseau 2015, but see cf. Kes€aniemi et al.
2018) and/or damage to DNA that causes developmental disorders, tumors, and cancers (Møller
et al. 2007). Moreover, birds inhabiting areas of
high radiation have impaired sperm morphology (Møller et al. 2008), potentially providing
one explanation for the lower breeding probability of bank voles. Certainly, bank voles inhabiting areas contaminated by radionuclides
derived from the former Chernobyl NPP show
signs of molecular stress, such as upregulation
of some DNA damage response genes (Jernfors
et al. 2018) and altered telomere homeostasis
(Kes€aniemi et al. 2019). These biological effects
could be caused by direct exposure to gamma
radiation from the surrounding environment or
by exposure to alpha and beta particles accumulated in animals from food (Sazykina and Kryshev 2006). For example, mushrooms, an
essential component of the diet of bank voles
(Hansson 1979), can be an enormous source of
alpha- and beta-emitting radionuclides (Mihok
et al. 1989, Gralla et al. 2014). At this time, we
cannot yet distinguish the direct effects of radiation from its indirect effects. Such indirect
effects could be modiﬁed by quantity or quality
of food resources as affected by radiation. For
example, food resources of voles (mainly plants,
fungi, and small invertebrates; Calandra et al.
2015) are likely altered in contaminated areas
(Tikhomirov and Shcheglov 1994) and we found
some impact of radiation on cover of trees and
bushes. With this in mind, a high level of
radionuclides is associated with an altered gut
microbiota in bank voles (Lavrinienko et al.
2018), potentially indicating that radiation exposure is associated with a change in diet. Another
important ecological factor, predation rate, may
also be lower in contaminated areas, since, for
example, both avian (Møller and Mousseau
2009) and mammalian predators (Møller and
Mousseau 2013a) of rodents decrease in abundance in contaminated areas. The absence of
these ecological mechanisms could be the main
reasons for differences between our results and
those of earlier studies where populations of
small mammals were manipulated only by
exposure to external radiation (Mihok et al.
1985, Mihok 2004).

Fig. 3. The effects of feeding experiments on bank
vole populations in 18 control areas (range 0.10–
0.22 lSv/h, mean 0.15 lSv/h) and 18 contaminated
areas (range 1.16–30.54 lSv/h, mean 7.45 lSv/h). In
the areas where additional food was provided
(n = 24), abundances of bank voles increased with
radiation level up to about 1 lSv/h and then decreased
above this radiation level. In the areas without additional food, populations tended to decrease linearly
with the increase in radiation level (see statistics in the
Results).

radiation and its consequences, such that there
are non-signiﬁcant negative effects (or even beneﬁcial effects, e.g., hormesis; Boonstra et al. 2005,
Feinendegen 2005) of low radiation levels (here
at 0.5–10 lSv/h) and with harmful effects beginning, and increasing signiﬁcantly thereafter, following a speciﬁc threshold level of radiation
exposure. Contrary to the threshold hypothesis,
harmful and signiﬁcant radiation effects on bank
vole populations can be observed even at very
low levels of ambient radioactivity (1 lSv/h or
less) and these effects increase linearly with
exposure above these levels. However, our ﬁndings also show that ecological mechanisms can
modify linear effects of radiation. Here, the supplemental food resources increased vole abundances up to a low level of radiation (1 lSv/h),
but higher levels were associated with decreased
abundances independently of supplemental food
resources.
Chronic exposure to ionizing radiation is
widely believed to have direct and indirect
effects on natural populations of animals. Direct
❖ www.esajournals.org
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living across a wide range of ambient radiations
levels in Chernobyl found very strong negative
effects on growth during the ﬁrst three years
after the disaster in 1986, with large negative
effects persisting for 2.5 decades following the
disaster during years of signiﬁcant drought
(Mousseau et al. 2013). And, a study of pollinators, fruit trees, and frugivores in Chernobyl
found evidence for signiﬁcant interactions
among these guilds that varied across ambient
radiation levels (Møller et al. 2012). These studies
suggest a very large effect of ecological interactions on the susceptibility of organisms to the
deleterious effects of ionizing radiation.
To conclude, in this study we used experimental manipulation of food resources to demonstrate signiﬁcant effects of radiation on a key
forest mammal. These ﬁndings are particularly
important given the potential for ecosystem-wide
consequences of the observed effects on rodents.
These results suggest that rodent populations,
and by implication, entire ecosystems, are likely
to have been affected across perhaps
200,000 km2 in Eastern, Northern, and even Central Europe where radioactive contaminants
stemming from the Chernobyl disaster are still
measurable in a large diversity of different species and are known to accumulate in the food
chain (e.g., wild boars Sus scrofa in Germany,
reindeer Rangifer tarandus in Finland and Sweden
(Hohmann and Huckschlag 2005, Strebl and
Tataruch 2007, Semizhon et al. 2009)). Although
the consequences of exposure to low-dose radiation are very difﬁcult to detect under most circumstances because of the complexity of biotic
and abiotic factors shaping individual ﬁtness
and population processes, the experimental studies presented here provide irrefutable evidence
that even very low doses can lead to signiﬁcant
consequences for individuals, populations, and
likely even entire ecosystems.

A novel element of the study reported here was
the use of experimental manipulations of food
resources in order to test whether the effects of
food stress correlate with other environmental
stressors (here exposure to environmental
radionuclides). The effect of food supplementation in natural populations depends upon study
species and its environment. Nonetheless, food
supplementation generally does not strongly
increase population densities when environmental conditions are good (Boutin 1990) while densities often increase in populations experiencing
harsh environments (Huitu et al. 2003, Forbes
et al. 2014, Johnsen et al. 2017). Accordingly,
additional food did not increase bank vole abundances in the control populations but the food
treatment did have a positive effect on abundance
in contaminated areas at low (<1 lSv/h ambient
dose rates) radiation levels. However, above this
level of radiation, the increasing radiation levels
had a clear negative effect on abundances of bank
voles despite food supplementation. Thus, the
food supplementation can mitigate the detrimental effects of an environment contaminated by
radionuclides up to a certain point only. We suggest that the relevant environment of bank voles
can be altered at many trophic stages. For example, predation risk of avian predators could be
already reduced at the elevated radiation levels
(1 lSv/h) (Møller and Mousseau 2013a), and thus,
these predators might be unable to limit population increases when food stress of voles is artiﬁcially relaxed. Furthermore, many parasites and
diseases of voles might not regulate their populations in a density-dependent manner in elevated
radiation levels (Sibly and Hone 2002), although
the interactions between these important ecological processes and radiation are still unknown
(Morley 2012).
The interaction between ionizing radiation and
other environmental stressors on natural populations is being increasingly recognized as potentially signiﬁcant. For example, in a meta-analysis
of the effects of Chernobyl-derived radioactive
contaminants on 19 species of plants and animals
living under natural conditions (Garnier-Laplace
et al. 2013), it was found that organisms in the
wild were more than eight times more sensitive
to negative radiation effects than these same species living under laboratory or model conditions.
Similarly, a study of pine trees (Pinus sylvestris)
❖ www.esajournals.org
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