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Abstract

There are significant linear relationships between the standard deviation and
the mean of radiocesiurn concentration for samples of soils, sediments, plants,
and animals from Chornobyl and nuclear sites in the United States. The
universal occurrence of this relationship in all types of samples suggests that a
non-normal frequency distribution should be expected. The slopes of these
relationships are similar for fish and mammals from the two regions of the world
but those for plants are not. The slopes for plants are similar for aquatic and
terrestrial ecosystems within each region. We hypothesize that there are
relationships between the four moments of the frequency distribution of
radiocesium (mean, variance, skewness, and kurtosis), and that these
relationships are caused by the functional properties of the organisms and other
characteristics of the ecosystem. The way in which radiocesiurn was distributed
across the landscape does not seem to be a factor in. determining the form of the
frequency distribution.
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1. Introduction

Whether organisms express effects when exposed to a contaminant
depends upon its concentration. Concentrations of contaminants vary according
to the type of contaminant, the trophic position of the organism, and the type of
ecosystem in which they occur (Dietz et a, 2000), as well as the amount of the
contaminant released into the system. Radiocesium is a common type of
contaminant released from atomic explosions in their fallout and from reactor
accidents such as Chornobyl (Whicker and Pinder, 2002). Its concentration is
usually highest in soil or sediment compared to that in plants or animals partially
because radiocesium is often bound tightly to clays. The concentrations in the
biota depend upon the type of sediments or soils characteristic of the ecosystem
in which the organism occurs. 131

The form of the distribution of radiocesium (primarily Cs) among
individuals is another characteristic that is important to the expression of effects.
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Radiocesium often has a skewed non-normal type of distribution, such as
lognormal or Weibull (Pinder and Smith, 1975). The lognormal distribution has
frequently been found to fit the data for a variety of organisms (e.g., Oeksyk et
aL, 2002). This characteristic is frequently mentioned, because a transformation
of the concentration data is required before parametric statistics can be used to
analyze the data. Since this type of distribution has more high values than
expected, only a small proportion of any population of plants or animals may be
exposed to the highest concentrations, and these are the organisms that would
be most likely to show effects caused by the contaminant. It thus becomes
imperative to determine whether the form of the distribution varies with trophic
position and ecosystem like concentrations do. Unfortunately, it takes large
amounts of data to calculate the four moments of a distribution to determine it's
the exact form.

Fortunately, the first two moments (mean and variance) can be reliably
estimated from many fewer data, and an indirect measure of the form of the
distribution obtained. Oleksyk et aL 2002) calculated the relationship between
the standard deviation (square root of the variance; S) and the mean of
radiocesium distributions for a variety of fish and mammal populations from
Chornobyl and the Savannah River Site. They used the slope of that relationship
as an indicator of the type of distribution found in these organisms and found fish
from the two areas had similar distributions, but that the distributions for
mammals and fish were quite different.

Our purpose was to calculate the relationships between and mean of
radiocesium for soil, plants, and animals from Chornobyl and those from nuclear
sites in the United States and then to compare the slopes of the relationships
among sample types, aquatic and terrestrial ecosystems, and locations. We
expected there to be a positive linear relationship for each sample type
regardless of its origin or position within their respective ecosystem.

2. Methods
Data for Chornobyl and Department of Energy sites in the United States

were taken from the literature (Table 1) and used in our analyses when the mean
concentration, its standard deviation (S) or standard error, and sample size M
were given. Care needs to be taken in selecting data from the literature to
include only those that have been counted for sufficiently long time periods so
they do not contain individual samples that are below detectable levels. This is
most likely to occur when some of the samples have very low levels of
radiocesium. The linear relationships between and the mean of radiocesium
concentrations forced through the origin were calculated. Other data were
collected for aquatic plants and sediments from Chornobyl by one of us (O. T-O.).
The majority of the sediment data for Chornobyl and areas around Chornobyl
came from Jagoe et aL 1997, 1998 and personal communications). Methods of
counting for radioactivity of these samples were similar to those described in
Oleksyk et aL 2000).

The mean and standard deviation (S) were calculated for every data set
with eight or more individuals from our own data or from the literature. Linear
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regressions were calculated for the relationships between and mean for each
data set using the maximum likelihood method (SAS, 2000). Regressions were
forced through the origin, and the slope was an estimate of the average
coefficient of variation under this restriction. Pearson's product-moment
correlation coefficients (�, for these regressions were calculated, and plots of the
residuals were examined for trends and other indications of a non-normal
distribution. Since the slope and r are extremely sensitive to outliers in the
distribution, we examined the scatter plots for their presence. Suspected outliers
were subjected to the Dixon's test (Dixon and Massey, 1969; Newman, 1995)
and removed from the correlation analysis, if the test statistic was significant.
Results of statistical tests were considered significant when p = 0.05 and highly
significant when p = .01.

3. Results
Outliers were present in one of the plant populations (Gluboke Lake) and

in one of the sediment sites at Chornobyl (Canal 1). Each of the locations
contained one or more extremely high values for radiocesium concentration, and
they caused large significant increases in means and standard deviations. These
two samples were not included in the rest of the analyses. Two examples of
frequency distributions of radiocesium in Typha latifolia are given in Fig. 1 An
example that could be typical of any population of samples with N less than 40 is
given in Fig. 1A, and the outlier problem is illustrated by the comparison of the
frequency distributions in Figs. A and B. There are two distinct outliers and
possibly four in Fig. B.

The slopes and correlations of the relationship between and the mean of
radiocesium concentrations are given for terrestrial and aquatic soils or
sediments, plants, and animals. All six groups of samples demonstrate a
statistically significant positive linear relationship between and mean (Table 1).
Such a relationship indicates that the data for the samples from our study were
not normally distributed, because the mean and variance are independent
characteristics of normal distributions (Hahn and Shapiro, 1967). When the data
were log-transformed, the relationships between and mean were not significant
for any group, possibly indicating the lognormal nature of the frequency
distributions. There were no apparent trends in the residuals that would indicate
curvilinearity or that their distributions were non-normal.

When an extreme outlier point representing Clethrionomys glareolus from
Tovsty Forest (p<0.001) was omitted from the regression, the slope for mammals
decreased from 103 to 083 ± .05 (r = 091, p < 0.001). The slope for this
regression is given in Table 1. All of the deleted outliers were identified as
significantly different from the main data for that location or from data from other
locations. Outliers in this sense are identified as not coming from the same set of
data or populations.

After removing a high value for one population around the highly
contaminated Gluboke Lake in Chornobyl, which is one of the most radioactively
contaminated places in the world, slopes for rodents from both the Chornobyl and
DOE sites were very similar (Table 1, Fig. 3 and the difference between them
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was not statistically significant (df = 8, F= 0.01, p = 092). The combined slope
between DOE and Chornobyl mammals was 0.88 (r = 086, p<0.001). While the
slopes for mammals from DOE and Chornobyl were almost the same, the slopes
for plants from the two locations differ significantly. The plants from DOE sites
had higher slopes than plants from Chornobyl (Table 1, Fig. 2 There was no
significant difference between the slopes for plants from terrestrial and aquatic
environments from DOE or Chornobyl sites (df = 39, F= 006, p = 082 and df
= 12, F = 002, p = 089, respectively). The slopes for soil and sediments for
DOE sites were not significantly different, but they were higher than the slopes
for sediment or soil samples from Chornobyl. There were also significant
differences between the soil samples from within the exclusion zone and from
around the zone. The slopes for the samples from within the zone were lower
than those for samples around the zone.

4. Discussion
The and mean of radiocesium concentration of every sample was

significantly related regardless of whether it was a soil, sediment, plant or animal
or where it came from. Slopes and correlation coefficients varied apparently as a
function of what ecosystem component was represented. It is not possible to
determine what the form of the frequency distribution was from this analysis, and
this was not our purpose. However, it is likely that the form of the frequency
distribution may be the same for similar types of samples from locations in a
limited area and even from different widely separated areas that have been
contaminated in quite different ways. It is also likely that there must be
relationships between other combinations of the four moments of the distribution.
For example, Oleksyk et al. 2002) reported a positive linear relationship between
kurtosis and skewness but not between either of these and the mean or S.
Unfortunately estimating the latter two moments requires much larger numbers of
samples than are normally analyzed and reported in the literature. In addition,
few studies report the values of the third and fourth moments (skewness and
kurtostis) of the distribution. Oleksyk et aL 2002) found that distributions for
mammals tend to be skewed and leptokurtotic (ie., it was peaked and had more
high values than a normal distribution). This may be a very common tendency
for distributions of radiocesium, and it would be worth knowing its form to study
the factors that cause this distribution and to determine what proportion of plants
or animals may be above some threshold level where radiation effects might be
expected to occur. The degree of skewness and kurtosis would both be
expected to affect this proportion.

There was a difficulty in analyzing soil and sediment data from Chornobyl
sites and from areas with low levels of contamination located around the
Chornobyl Exclusion Zone. Soil and sediment samples from around the
Chornobyl Zone had very high slopes, while those within the Zone were
characterized by low slopes (Table 1). The radionuclide contamination in
Chornobyl is heterogeneous due to the presence of so-called "hot" particles,
those with very high levels of radioactivity (Kravets et aL, 1993). If there are no
individuals in a population with hot particles, then the distribution of the
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contaminant will be less heterogeneous, and there will be a decrease in the
mean and S, as for example in Typha population from Pond located between
the failed reactor and Gluboke Lake on the reactor side of the Pryp'at? river (Fig.
1). In the presence of hot particles, some of the values will be so high that a
population may be excluded from an analysis as an outlier (e.g., Typha from
Gluboke Lake or sediments from Canal 1). Both Gluboke Lake and Tovsty
Forest were passed over by major plumes from the failed reactor, and have
evidence of hot particles in terms of data with very high values.

In contaminated sites with lower levels of the contaminant, such as areas
beyond the Chornobyl Exclusion Zone, the possibility of getting samples wi th
very high activity is minimal. However, a close examination of the individual data
points from soil and plant populations frequently reveals one or two values that
are 510 times higher than the others, but they are not high enough to exclude
the population from the analysis (Newman, 1995). The outlier problem is
particularly acute at Chornobyl probably because of the large hot particles that
were released at the time of the accident. It is also apparent that the slope of the
relationship between and the mean can vary considerably even within a region
(Table 1). This phenomenon needs further investigation.

The spatial distribution of the contaminant in the soils and sediments must
be one of the most important factors determining the frequency distribution in the
biota. The slopes of the relationship between and the mean vary by a factor or
2 to for soils and sediments within and around the Chornobyl Exclusion Zone
(Table 1). The spatial distributions in soils and sediments are influenced by many
factors, but the most important of these are most likely physical factors, such as
wind or rainfall patterns. How these factors interact to create such different
spatial patterns is not known. Since plants are not mobile and usually have
limited root distributions, their contaminant distributions would be more effected
by that in the soils and sediments than those of animals that move across the
landscape. We hypothesize that large amounts of movement, should tend to
make the frequency distributions more normal in organisms at higher trophic
levels.

The effect of movement on the frequency distributions of radiocesium
should result from the animals sampling from multiple non-normal distributions.
Animals, which take their food from a series of places where organisms have
different lognormal distributions for radiocesium, should have more normal
distributions than those of their food items overall. This is simply a consequence
of the central limit theorem, because the sampling distribution of the means of
non-normally distributed data should approach the normal distribution as sample
sizes increase (Kachigan, 1991). The means of a series contaminated
populations of a given type of animal should be thought of as coming from the
non-normal distributions characteristic of lower trophic levels.

Mammals certainly did not have lower slopes for the S-mean relationship
than did plants, however fish had the lowest slopes of any ecosystem component
both in the Ukraine and southern United States. There also appears to be some
interesting similarities in the slopes for plants within a geographical area. These
may be due to these organisms having a similar function within ecosystems from
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different areas. Further speculation about these relationships will require
replication of the effects in other areas to establish the generality of the patterns.

Mammal populations had much more skewed distributions than did fish
populations (Oleksyk et al., 2002). The difference between the distributions of
fish and mammals could be due to the trophic position of the species, although
the species used in Oleksyk et al.'s analyses included forms functioning at
different trophic levels. It is more likely that the difference was due to the type of
ecosystem that the organisms came from (ie., aquatic versus terrestrial type of
the environment). Fish may simply move more through their aquatic ecosystem
than do small mammals in a terrestrial ecosystem, and thus have lower slopes
characteristics of distributions that approach the normal distribution.

Future work should emphasize increased sample sizes for individual
populations, and these ecosystem components should be collected at the same
spatial scale whenever possible. More species of plants and animals need to be
included in the samples. In addition, other animal species that show different
amounts of movement need to be sampled. The goal of future studies in this
area should be to understand the factors that influence the distribution of
radioisotopes and other contaminants among individuals that might be affected
by the contaminants.
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Table 1. The slopes and correlations for the relationships between the standard
deviation and the mean for terrestrial and aquatic samples of soils or sediments,
plants and animals from Department of Energy Sites (DOE) or Chornobyl.

Samples DOE Sites Chornoby 13

Terrestrial
Soils' 0.59: 033 (r2 = 039)*a 0. 34 0. 1 (r2 = 0. 81 ),e
SoiIS4 1.59 - 042 t = 0.92)**f,

Plants' 0.70 t 021 (r2 = 052)" 0.45 006 ( = 0.99)'g

RodentS2 0.83 ± .05 (2 = 083)**c 0.89 03 (r2 = 084)' h

Aquatic **ab 9)*kl
Sediments' 0.59.t 043 (r2 = 079) 0.45 ± 028 (r2 = 03

SedimentS4 1. 1 8 ± 012 (r = 91)**,

Plants' 0.73 ± 021 (r2 = 080)"' 0.39 ± 013 (r2 = 056)*1

Fish' 0.21 ± 002 V2 =0.91 )**d 0.21 002 (r = 0.85),h

*pj.05; **p<0.01

'DOE Sites were Savannah River Site and Oak Ridge

2Oak Ridge Reservation

3 Chornobyl Sites within the Exclusion Zone
4
Areas around the Chornobyl Zone

aSmith et aL, 1982; Briese et al., 1975; Sharitz et aL, 1975; Brisbin, et aL, 1974

b Brisbin et aL, 1989

cGarten, 1980

d Peles et al., 2000

e Chesser et aL, 2000; Malek et aL, 2002; Poiarkov et aL, 1995

fAskbrant et aL, 996

gAskbrant et aL, 1998

holeksyk et aL, 2002

k Jagoe et aL, 1997; Jagoe et aL, 1998; Kryshev, 1995

'Tsyusko
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Figure 1. Frequency distribution of radiocesium concentrations (dry weight) in

Typha latifolia from the Chornobyl Exclusion zone:

A. Typha latifolia from Pond illustrating expected skewness and kurtosis.

N=35.

B. Typha latifolia from Gluboke Lake illustrating very high skewness and the

presence of outliers probably due to hot particles. N33.
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Figure 2 The relationships between the standard deviation and the mean of
radiocesium concentrations (dry weight) in plant species from DOE and
Chornobyl sites. The regressions were forced through the origin. The
DOE data were for eight species, while Chornobyl data included three
species
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Figure 3 The relationships between the standard deviation and the mean of
radiocesium concentrations (dry weight) for rodents from Chornobyl
(Oleksyk et al., 2002) and from a DOE site (Oak Ridge Reservation;
Garten, 1980). The regressions were forced through the origin. The
Chornobyl data were for five species of rodents while the DOE data
were for one species.
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