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Characteristics of the studied sites
The East Ural Radioactive Trace (EURT) was
formed in 1957 as a result of the accident at the
“Mayak” enterprise (the Kyshtym accident).
Main contaminant is the 90Sr. The current soil
contamination density of the 90Sr in the EURT
sites varies from 0.8 to 5.9 MBq m−2.
The selected sites (Fig. 1) are characterized by
maximum soil contamination levels, at which the
pine trees have been survived. In 1957, the dose
rates in the head part of the EURT reached 1333
mGy/day. The level of the natural background
radiation for the Ural region is ≈0.0024 mGy/day.

Fig.1 Map of the study area at the head of the EURT and
the adjacent background territories. 1. Impact-1;
2. Impact-2; 3. Impact-3;4. Control-1; 5. Control-2.

The climate in the study area is moderately
continental. The coldest month is January, with
an average temperature of −12.2°С. The
warmest month is July with an average
temperature of +19.3°С. The average annual
precipitation is 530 mm.
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Research purpose
This study aims are: 1) to evaluate the response of the radial growth of Scots pines
(Pinus sylvestris) that survived the Kyshtym accident and have since been growing on
soils with different densities of the 90Sr contamination; 2) to compare the effect of high
doses of radiation on radial growth with the influence of extreme climatic events.

Materials and methods
Object of the study is radiosensitive species Pinus sylvestris.
At each site, 20–28 undamaged dominant trees were sampled with an increment
borer at height 1.3–1.5 m. For the analysis, we used old trees that were established
before the 1950 year. In total, 96 cores (one per tree) were included in the analysis. All
samples were processed using standard dendrochronological methods and procedures.

Tree-ring width (TRW) was measured using a binocular microscope above a
moving measure table with an accuracy of 0.01 mm. Detailed description of materials
and methods is in https://doi.org/10.1016/j.scitotenv.2021.146827
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Radial growth dynamics of P. sylvestris in control and impact sites

Fig.2 Tree-ring width (TRW) indexes of control samples marked as black lines and impact as red lines. The
columns indicate the years when the growth in the impact area was lower (red) or higher (green) than in the
control area (p < 0.01). Blue columns indicate 1957, the year of the accident.

Radial growth dynamics of P. sylvestris in control and impact sites
At the control sites after the accident, the natural dynamics of radial growth were
maintained.
At the most polluted sites (initial contamination by 90Sr 12–27 MBq·m−2), there
was a significant suppression of P. sylvestris' growth processes in 1959 (Fig. 2).

The strongest effect of radiation exposure was observed in the Impact-3 site:
between 1959 and 1962, annual rings decreased by 50–70% compared to the control
areas, indicating the catastrophic impact of ionizing radiation on the growth of the
Scots pine tree. The reaction to acute radiation exposure was the complete cessation
of radial growth in 10% of all trees from 1959 to 1961. The lowest tree-ring width value
was at the Impact-3 site in 1959. In the following decade, the tree-rings width at the
two most polluted areas has not differ from the control.
At the levels of initial contamination by 90Sr 3.6 MBq m−2 the value of the radial
growth of Scots pine in the years after the accident does not differ from the growth in
the control sites (Fig. 2).

Tree rings and climate in the area

Fig. 3. Bootstrapped correlations between
chronologies and climate variables (average
mean temperatures [red] and sums of
precipitation [blue]) from 1940 to 2017. The
colored bars indicate statistically significant
correlations (p < 0.05, N = 78).

Tree rings and climate in the area
The main climatic parameters affecting the radial growth of pine trees within the
study area were air temperatures (June) and precipitation (May–July; Fig. 3).
Additionally, we discovered a correlation of tree-ring width and May–August Palmer
Dryness Severity Index (PDSI). The correlation coefficient in 1940–2018 years ranges
from 0.53 (at Control-2, p ≪ 0.001) to 0.59 (at Control-1, p ≪ 0.001). Therefore, the
moisture content during the growing season significantly positively determines the
growth rate of trees.

There were some differences between sites regarding the reaction of radial
growth to the climate. The most specific response was observed in the Impact-3 site. In
contrast to other sites, pine growth was not adversely affected by summer
temperatures, while high precipitation, on the contrary, reduced the amount of
growth.
In the 1959 conditions of normal moisture (PDSI index values greater than 0),
anomalously low tree growth was observed at the Impact-2 and Impact-3 sites, which
is likely associated with the consequences of the Kyshtym accident.

Conclusion
1. The hydrothermal conditions of the growth period have the main influence on
the variance of the radial growth of Scots pine in the South Ural region, in which
the EURT is located. Droughts are the main extreme climate events in the region.
The effect of radiation on the radial growth of pine trees was comparable to the
effect of drought, and in some cases exceeded it.
2. The response of the radial growth of pine trees that survived the radiation
accident in 1957 appeared only in 1959. This is apparently due to the sufficient
supply of metabolites accumulated by plants before the accident in the growing
season of 1957.
3. In 1959–1965 significant disruption in the relationship between climate and tree
growth was observed in the most contaminated sites of the EURT. The
background values of radial growth recovered in 5–6 years after the accident.
4. The severity and duration of the radiation effect on the radial growth of trees
depended on the dose absorbed in the “acute” period. The morphological
structure of forest stands had also a significant effect on the growth response of
pines to irradiation. Young trees were protected from radioactive aerosols by the
forest canopy and were able to survive the accident even in cases of high density
of radioactive contamination.
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