STUDIES OF THE INITIAL STAGES OF PYROGENIC SUCCESSIONS AND SOIL CHARACTERISTICS IN ISLAND PINE FORESTS OF NORTHERN KAZAKHSTAN
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ABSTRACT 
This study assessed early post-fire vegetation succession and soil quality in the Amankaragai pine forest of Northern Kazakhstan after severe fires in September 2022. Field studies were conducted in 2023–2024 on control, burned, and cleared burned plots using geobotanical descriptions, species activity assessment, soil morphological analysis, agrochemical testing, toxicological analysis, and radionuclide measurements. Vegetation recovery followed the pattern of secondary pyrophytic succession, with strong regeneration of fire-surviving pyrophytes and rapid spread of long-rhizomatous grasses, especially Calamagrostis epigeios. Cleared burned areas showed increased meadow-steppe and weed species, which may hinder natural pine regeneration. Burned soils lost much of the A0 and A1 horizons, but heavy metals, potentially toxic elements, and gamma-radionuclide activity remained within permissible limits. The results provide useful baseline data for monitoring and restoring fire-affected island pine forests.
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1. INTRODUCTION. RELEVANCE, AIM, AND OBJECTIVES
The conservation and sustainable use of biological diversity is one of the key environmental challenges of the modern world. Biodiversity, on the one hand, creates the necessary conditions for the functioning of the biosphere and thus serves as a life-supporting basis for humans and the economy. On the other hand, healthy biodiversity ensures a high capacity of the environment to resist negative environmental factors caused by human economic activity. At present, high rates of biodiversity loss persist throughout the world, which is a significant negative factor for sustainable development (Beishov et al. 2019, 2021; Bugubaeva et al. 2023b; Makenova et al. 2023; Simanchuk and Sultangazina 2023, 2024; Sultangazina et al. 2024).
The National Sustainable Development Strategy of the Republic of Kazakhstan assigns forests a decisive role in ensuring the country’s environmental security.
Forests are one of the unique natural resources and among the most important national assets. They have great economic, social, and environmental significance and perform climate-regulating, environment-forming, shelterbelt, soil-protective, water-protective, sanitary, and hygienic functions under complex natural conditions. They are also natural reserves of 86% of the country’s biological diversity (United Nations Development Programme 2018).
According to the international IPCC methodology, forests are natural sinks of greenhouse gases (Houghton et al. 2001; Sarachik 1995; Solomon et al. 2007).
Kazakhstan is characterized by very low forest cover, amounting to 4.7%. Protective and specially protected forests account for 96% of the forest fund, which emphasizes their exceptional environmental and landscape-forming role, as well as their ecological and socio-economic significance. According to the land balance as of 01.11.2022, forest areas in the republic occupy 16,273.5 thousand ha, of which forest-covered areas account for 11,943.8 thousand ha, non-forest-covered areas for 4,168.1 thousand ha, and nurseries and open forest plantations for 161.6 thousand ha (Ministry of Ecology, Geology and Natural Resources of the Republic of Kazakhstan 2021).
Despite a relatively diverse species composition, including 622 species of trees and shrubs, saxaul stands account for 65% of the forest area. Coniferous stands in the Republic of Kazakhstan occupy 18%. These are mainly pine forests in the northern part of the country, approximately 9.5% of the total forest fund area, as well as fir, larch, spruce, and cedar forests in the southern and southeastern regions (Danchenko and Kabanova 2020).
In Kostanay Region, the main share of pine stands, up to 37–60%, belongs to age classes I–II, that is, young stands. Pine forests of age classes III–IV, or middle-aged stands, account on average for 26–32%. Stands of age class V, approaching maturity, do not exceed 5.2%. Stands of age classes VI–X account for 3.1%.
Pine forests are an original botanical and geographical phenomenon in the form of isolated oases on the border of semi-desert areas and represent an unusual phenomenon for the dry steppes of Kazakhstan (Dancheva 2024).
At the United Nations Conference on Environment and Development, held in Rio de Janeiro in 1992, the adopted Agenda 21 paid considerable attention to the rational use of vulnerable ecosystems, in particular to combating desertification and deforestation (Malinovskikh 2003).
Pine forests located in the Turgai depression of Northern Kazakhstan are of great importance in addressing this problem. These are pine forests on sandy soils: Krasnye Borki, Borovskoy, Arakaragai, Kazanbasy, and Amankaragai, distributed within Kostanay Region. They represent the southern outposts of the formation of pine forests in the plains of Kazakhstan.
The island pine forests of the Turgai depression are highly unique in terms of their origin, the specific structure of their plant communities, the population-ecological features of Scots pine, the genesis of flora under isolated conditions, and their environment-regulating and many other useful functions.
The pine forests of the Turgai depression grow under the arid conditions of the southern forest-steppe and steppe, at the extreme southern limit of the Scots pine range (Pugachev, 1994).
According to radiocarbon dating, the age of these island forests falls within the period between 6,000 and 4,500 years ago (Kremenetski et al. 1997).
The Turgai depression is located within two geomorphological regions: the West Siberian Lowland and the Turgai plateau region.
Based on the surface structure of stratified plains within the Turgai depression proper, three extensive hypsometric levels are distinguished, corresponding to the contours of major orographic units: the Northern Turgai Plain, the Turgai Plateau, and the Southern Turgai Plain (Doskach 1961; Illarionov 1972).
In the south-northeastern part of the Northern Turgai, or Kostanay, Plain, two large sandy massifs with hummocky-ridge relief rise: Amankaragai and Kazanbasy.
According to the general classification scheme of A.G. Gael (1962), the soils of the northern pine forests, including Amankaragai and Kazanbasy, are mainly represented by sod-podzolic cohesive sandy varieties. They occupy the slopes and tops of hillocks, being replaced in closed depressions by solodized and podzolic-solodized soils. In the Amankaragai forest, the hydrological regime of these soils was studied in detail by A.G. Gael and N.V. Voronkov (1963). Their distinctive feature is gleying and weak solonetzicity in the lower part of the profile, caused by significant groundwater migration (Pugachev, 1994).
The climate of the area is sharply continental and arid, with a large seasonal temperature amplitude. According to data from the Kostanay meteorological station, the average annual precipitation is 310 mm per year (Reference and information portal "Weather and Climate" 2022).
The forests of the forest-steppe and steppe zones of Kazakhstan have been strongly negatively affected by the ploughing of steppes around forested areas, which has led to changes in the hydrological regime of forests in these zones. Their biological diversity has also been significantly affected by regular aerial herbicide treatments of agricultural fields, as well as logging in birch forests aimed at coppice regeneration, which has led to the formation of low-productivity stands. Steppe pine forests have been depleted by intensive logging and large forest fires (Ministry of Environment and Water Resources of the Republic of Kazakhstan 2014).
In the 1890s, three fires reduced the area of the Amankaragai forest by almost half; according to the plane-table survey conducted by the surveyor Matushevsky, it covered 28 thousand ha in 1883. According to N.V. Pavlov (1925) and L.N. Gribanov (1957), more than 8 thousand ha of pine forest burned in this same forest in 1912 (Pugachev, 1994).
According to L.N. Gribanov (1960), “At present, in steppe pine forests it is almost impossible to find even a small area that does not bear traces of forest fire in the form of charred bark on the trunks of growing trees. Some areas of forest stands were passed by fire even two or three times or more. Thus, the formation of modern pine stands in steppe pine forests occurred as a result of spontaneous forest fires, under the adverse influence of a dry climate and unsystematic predatory logging in the past” (p. 45).
In 2021, 100 forest fire cases were registered in the state forest fund of Kostanay Region. Forest lands affected by fires amounted to 5,183.7 ha, including 3,308.8 ha of forest-covered lands. Non-forest lands affected by fires amounted to 105,912.5 ha (Ministry of Ecology, Geology and Natural Resources of the Republic of Kazakhstan 2021). In 2022, 46 forest fire cases were registered. Forest lands affected by fires amounted to 42,927.8 ha, including 33,824.3 ha of forest-covered lands. Non-forest lands affected by fires amounted to 5,286.3 ha (Ministry of Ecology and Natural Resources of the Republic of Kazakhstan 2023).
Fires in pine forests are an ecological factor and an integral part of the circulation of matter and energy on Earth (Brown and Davis 1973; Cwynar 1978; Furyaev and Kireev 1979; Sannikov 1983). Global warming is accompanied by increasing fire risks (Senande-Rivera et al. 2022; van der Werf et al. 2017; Zhao et al. 2024).
Post-fire ecosystem change, primarily vegetation change, belongs to secondary succession, that is, the recolonization of an area with previously destroyed vegetation. Any succession, including secondary succession, according to the general theory of succession (Clements 1916), is a determined, directed process and is characterized by the following factors that define its course: the type of disturbance causing the succession; the ability of species to disperse seeds; the ability of species to take root and grow despite harsh environmental conditions; the transformation of habitats by species; and competitive relationships among them. At the early stages of succession, the formation of coenoses usually occurs under the influence of the abiotic environment or ecotope (Kazantseva et al. 2002). After plants colonize an area, the regulation of population distribution and abundance is mainly determined by interactions among plants. A considerable number of studies have been devoted to the mechanisms of pyrogenic successions (Clements 1928; Furyaev et al. 2005; Kuprijanov et al. 2003). Nevertheless, the initial stages of pyrogenic succession in the island pine forests of Kostanay Region have not previously been studied.
During the research, the authors set tasks related to conducting a comprehensive floristic assessment of forest areas affected by fires. Another very important issue in assessing forest biosystems is the evaluation of agrochemical indicators of soil quality and soil morphological features, which directly influence the growth and productivity of plant biomass (Baisholanov 2017; Malanyin and Smetana 1989). The mineral composition of soils and ground materials also forms the basis for the formation of soil and ground quality indicators. Studying radionuclide activity in pine forest soils makes it possible to assess the accumulation of gamma-radionuclides in soil layers and the safety level of radionuclide activity.
During 2022–2025, the authors of the present study have been conducting multifactorial ecological studies to assess the restoration of the relict pine forest of Kostanay Region affected by fires (Baisholanov 2017; Malanyin and Smetana 1989). The authors have practical experience in assessing the recovery of forest ecosystems after fires (Kuprijanov et al. 2003), assessing the restoration of vegetation cover on lands affected by technogenic impact (Bugubaeva et al. 2023a, b; Chashkov et al. 2024; Nugmanov et al. 2022; Simanchuk and Sultangazina 2024; Sultangazina et al. 2024), conducting agrochemical soil assessment (Yskak et al. 2024), and organizing and carrying out assessments of environmental monitoring objects using Earth remote sensing methods, including specialized unmanned systems and satellite remote sensing data (Zarubin et al. 2025).
The aim of the present study is to examine changes in the formation of plant communities at the sites of combined fires in the territory of the Amankaragai pine forest and to assess the qualitative characteristics of soils in the studied control plots.
The present study sets the following objectives:
1. To study the activity of species at the initial stages of pyrogenic successions in the territory of the Amankaragai pine forest, located in Auliekol District of Kostanay Region.
2. To assess the number of pyrophytes that survived the fire and exhibit high activity.
3. To assess the processes of formation of meadow-steppe communities in burned areas.
4. To conduct a floristic analysis in the control forest plots.
5. To assess the morphological features of the upper soil layers in various control plots, including forest areas unaffected by fire, burned forest areas, and other study plots.
6. To assess agrochemical soil indicators and total forms of elements in the soils of the studied forest plots.
7. To assess the activity of gamma-radionuclides in soil samples.

2. OBJECTS AND METHODS OF RESEARCH
2.1. Objects of Research
The Amankaragai pine forest, located in Auliekol District of Kostanay Region, was selected as the object of the study (Fig. 1).
According to N. Makhanova et al. (2022), the total forest-covered area was 33,370.5 ha, including 13,235.55 ha of sparse forest and 20,134.95 ha of dense forest. Over 28 years, the forest-covered area decreased by 5,506.5 ha. From 1993 to 2023, more than 11,210 ha were affected by logging and burned areas. Despite significant anthropogenic disturbances, the authors concluded that the forest ecosystems of the Amankaragai pine forest constitute a stable geosystem and are capable of recovery.

2.2. Methods for Assessing Pyrogenic Successions. Floristic Analysis
The vegetation cover of the pine forests of the Turgai depression, including the Amankaragai pine forest, has been studied in considerable detail by P.G. Pugachev (1994), who emphasized the floristic similarity of the island pine forests and their high floristic richness: 426 species and 238 genera from 68 families, with a large number of species belonging to the relict complex.
To study the nature of natural overgrowth in the burned areas of the Amankaragai pine forest, monitoring plots were established within the territory of the Semiozernoye Forestry Institution (Fig. 1).
The following sites within the Kalininskoye and Novonezhinskoye forest districts were selected as monitoring plots:
1. an area unaffected by fire (controls 1 and 2);
2. an area affected by fire with the burned tree stand remaining in place (burned areas 1 and 2);
3. an area where the forest was cut down and removed in spring 2023 (cleared burned area).
The initial stages of pyrogenic successions were studied in 2023–2024. Geobotanical descriptions were carried out according to standard methods (Korchagin 1964; Lavrenko 1938). In forested areas, the description plot area was 625 m². In plots with herbaceous cover, the sample plot area was 100 m². For each variant, 10 standard geobotanical descriptions were performed, and the number of species, occurrence (%), and partial projective cover (%) were determined. In total, 80 geobotanical descriptions were completed.
Projective cover was assessed using the combined J. Braun-Blanquet scale (Braun-Blanquet 1964): + (0.5%); 1 — 1–4%; 2 — 5–9%; 3 — 10–24%; 4 — 25–49%; 5 — 50–74%; 6 — 75–100%.
Constancy classes (CC) in the tables are given in Roman numerals according to a five-point scale: I — the species is present in less than 20% of descriptions; II — 21–40%; III — 41–60%; IV — 61–80%; V — in more than 80% of descriptions (Kazanskaya et al. 1977).
For the overall assessment of the coenotic position of a species, a complex indicator of species activity is used. This indicator reflects the degree of ecological success of a species within a given territory and represents one expression of the “weight of the species” in the given flora (Kuprijanov et al. 2018; Savinov and Nikitin 2017).
Species activity was calculated in the IBIS system (Zverev 2007) using formula (1): 
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where Act is the calculated activity of the taxon for the monitoring area, expressed as a percentage (0–100%);
N is the number of sample plots;
C is the constancy of the taxon, that is, the absolute number of sample plots where the taxon was recorded;
Ai is the projective cover of the taxon in the i-th sample plot;
AΣ is the sum of the projective covers of the taxon across all sample plots.
The synanthropization coefficient was calculated using the formula proposed by E.P. Prokopyev et al. (2007).
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where
Ks is the synanthropization coefficient;
ai is the occurrence of synanthropic species; 
Na is the number of synanthropic species;
bi is the occurrence of hemerophobic species; 
Nb is the number of hemerophobic species
Under anthropogenic and technogenic loads, herbaceous vegetation is the first to respond. Based on characteristic features, six stages of digression of herbaceous vegetation are distinguished (Valendik 1996). In determining these stages, the share of the trampled area and several characteristics of the vegetation cover and litter were taken into account.
The first stage is characterized by undisturbed litter and a complete set of herbaceous species typical of the given forest type, with numerous individuals of different age groups. The degree of disturbance of the grass stand is 0.7–0.8%; plant communities are complete and show no signs of digression.
At the second stage, paths occupy less than 5% of the area. Litter trampling begins, and edge species start to penetrate under the forest canopy. The degree of disturbance of the grass stand is 1.0–5.0%; plant communities are incomplete but show no signs of digression.
At the third stage of digression, the transformed surface occupies 10–15% of the area. The thickness of the litter decreases, illumination increases, the upper forest canopy, young growth, and undergrowth become sparse, and meadow and weed species begin to invade. Seedlings of coenosis-forming tree species are almost absent. The degree of disturbance of the grass stand is 5.0–10.0%; plant communities show the first signs of digression.
At the fourth stage, the path network occupies 15–20% of the area. A specific structure is formed, consisting of alternating patches of young growth and undergrowth separated by glades and paths. In glades, the litter is destroyed, meadow grasses expand, and the soil becomes turfed. Young growth remains only under the protection of clumps, and its vitality is very low. The degree of disturbance of the grass stand is 10.0–15.0%; plant communities show significant litter disturbance.
At the fifth stage of digression, paths occupy more than 60% of the territory. Only patches of vegetation, fragments of weeds, and annual plants remain. Young growth is almost completely absent. Illumination is sharply increased. All remaining trees are diseased or mechanically damaged, and in most trees the roots protrude above the soil surface. The degree of disturbance of the grass stand is 15.0–20.0%; soil turfing occurs with alternating clumps.
At the sixth stage of digression, a significant part of the area is devoid of vegetation, and only patches of weeds and annual plants remain. The degree of disturbance of the grass stand is 60.0–100.0%.

2.3. Studies of Soil Quality Indicators
The assessment of soil morphological features was carried out in accordance with scientific recommendations. The features of soil layers in various control plots were taken into account, including forest areas unaffected by fire, burned forest areas, and other plots (Baisholanov 2017; Durasov 1958, 1959; Malanyin and Smetana 1989).
Soil samples were collected from the studied plots with consideration of soil layer or horizon depth and with recording of geographic coordinates (Appendix 1, Table 1). Soil sampling for studies of agrochemical and toxicological indicators was carried out in accordance with the regulatory requirements of the Republic of Kazakhstan and scientific recommendations, including regulatory rules for establishing water protection zones and belts, rules for conducting agrochemical soil surveys in the Republic of Kazakhstan, and methodological guidelines for conducting comprehensive agrochemical surveys of agricultural soils (International Organization for Standardization 2017; Ministry of Agriculture and Food of the Russian Federation 1994; Ministry of Agriculture of the Republic of Kazakhstan 2015; State Committee of the USSR for Standards 1989).
One composite sample was collected from each elementary plot. Point samples taken from the depth of the arable layer, from 0 to 30 cm, were collected with consideration of the presence of the humus horizon. A specific procedure was used to form a single sample mass from 20–25 point samples, with the total weight of the sample mass being at least 1.5 kg. During the work, a composite soil sample was collected from each plot subject to analysis. To create a composite sample, at least 25 individual point samples were used, with a total mass of no less than 2 kg. After delivery to the laboratory, the samples were dried and stored in a designated room. Each sample was assigned an identification code. It should be noted that the soil sampling points practically corresponded to the locations where the floristic analysis was carried out. The coordinates of the soil sampling points are given in Appendix 1, Table 1.
During the laboratory assessment of qualitative and toxicological indicators of soils and ground materials, regulatory documents and scientific recommendations were followed (Committee for Standardization and Metrology of the USSR 1991a,b; Committee for Technical Regulation and Metrology of the Ministry of Investment and Development of the Republic of Kazakhstan 2015; Committee for Technical Regulation and Metrology of the Ministry of Trade and Integration of the Republic of Kazakhstan 2013; Federal Agency for Technical Regulation and Metrology 2016a,b, 2021; State Committee of the USSR for Standards 1985a,b,c,d,e, 1986). For analytical work, all soil and ground samples were dried at a temperature of 110–120°C and preliminarily crushed to break up lumpy, agglomerated forms. To homogenize the samples, they were ground to a grain size of no more than 2–3 mm using an SBM 200 Siebtechnik disc mill manufactured in Germany. The prepared soil and ground samples were then sent for analytical studies.
The pH of the soil environment was assessed by extracting water-soluble salts from the soil with distilled water at a soil-to-water ratio of 1:5 and determining the specific electrical conductivity of the aqueous extract using a pH meter according to GOST 26423-85.
Organic matter, or humus, in the soil was determined by photometric and gravimetric methods according to GOST 26213-91. These methods are based on the oxidation of organic matter with a potassium dichromate solution in sulfuric acid and the subsequent determination of trivalent chromium equivalent to the organic matter content.
Nitrate content was determined according to GOST 26951-86. Mobile phosphorus and potassium compounds were determined according to GOST 26205-91. The method is based on the extraction of mobile phosphorus and potassium compounds from soil using an ammonium carbonate solution, followed by the determination of phosphorus as a blue phosphomolybdenum complex on a spectrophotometer and potassium on a flame photometer. A UV-1900i Shimadzu double-beam spectrophotometer manufactured in Japan was used.
Mobile sulfur, including the total content of sulfates and hydrosulfates, was determined according to GOST 26490-85. The method consists in extracting and precipitating mobile sulfur from the soil in the form of sulfates using barium chloride, followed by turbidimetric determination.
The content of chloride anions was assessed by titrating chloride ions in an aqueous suspension with a silver nitrate solution according to GOST 26425-85. The content of carbonate and bicarbonate ions was determined by titrating an aqueous extract containing carbonate and bicarbonate ions with sulfuric acid according to GOST 26424-85. Mobile calcium content was determined according to GOST 26487-85.
Most indicators of mobile forms of metals were determined using atomic absorption control methods and appropriate sample preparation. Depending on the method used to extract elements from the sample, the analysis results are expressed either as the total content of the corresponding element, the content of acid-soluble forms, or the content of mobile forms.
When assessing the content of heavy elements and metals in total and mobile forms, the recommendations of the national standard ST RK 2.377-2015 were applied. This standard is intended for measuring the mass fraction of vanadium, cadmium, cobalt, manganese, copper, arsenic, nickel, mercury, lead, chromium, and zinc in soil and ground samples using atomic absorption spectroscopy.
The main sample preparation procedure consisted of drying and crushing the soil samples, followed by treatment with an ammonium acetate buffer solution. This solution is required for extracting mobile forms of metals and subsequently stabilizing metals in the solution. It should be noted that the most optimal method for stabilizing mobile forms of metals in extracts of aqueous soil solutions is the use of an ammonium acetate buffer solution with pH = 4.8. This buffer is recommended for extraction by a number of regulatory documents.
A ContrAA® 800 G high-resolution atomic absorption spectrometer with a continuous spectrum source and electrothermal atomization, manufactured in Germany by Analytik Jena, was used as the main atomic absorption spectroanalyzer. The analyzer makes it possible to determine the content of all major metals in active solutions, including zinc, copper, chromium, nickel, cobalt, potassium, manganese, iron, lead, and cadmium. Where necessary, alternative methods for controlling indicator content were also used, taking into account the accuracy of the methods.
For rapid and at the same time accurate assessment of the chemical content of total and major rock-forming forms of elements in soil and ground samples, an energy-dispersive X-ray fluorescence spectral analysis method was used in accordance with GOST 33850-2016 “Soils. Determination of chemical composition by X-ray fluorescence spectrometry” and ST RK 2.273-2013 “X-ray spectral measurement procedures. General requirements” (Makhanova et al. 2022; Zarubin et al. 2025). The method provides high analytical efficiency and determination accuracy corresponding to regulatory requirements. The quality and accuracy of the chemical indicator measurements complied with metrological requirements.
Sample preparation for X-ray fluorescence spectral analysis included drying the samples to a dry state at 105–110°C, grinding the samples to a grain size of no more than 2 mm using an SBM 200 Siebtechnik disc mill manufactured in Germany, pulverizing the ground samples into powder with a grain size within 0.05–0.063 mm using a PARATUS mill M102 vibratory grinding mill manufactured in Russia, and placing the powder into special cuvettes designed for X-ray fluorescence analysis with a bottom made of Mylar film 3–5 microns thick.
During X-ray fluorescence spectral analysis, Olympus VANTA C equipment manufactured in the United States and a Shimadzu EDX 7000P analyzer manufactured in Japan were used.
During laboratory control, calibration of analytical equipment and control methods was carried out using standard reference samples of the properties and composition of soil materials and rocks with known chemical component contents.

2.4. Study of Radionuclide Activity Indicators
Soil and ground samples collected for the control of physicochemical indicators were simultaneously analyzed for gamma-radionuclide activity. Separate samples were taken for measurement with consideration of the soil horizon or layer.
To assess gamma-radionuclide activity, an RKG-AT1320C gamma radiometer was used. This instrument is designed to measure the volumetric activity and specific activity of gamma-emitting radionuclides, including ¹³¹I, ¹³⁴Cs, ¹³⁷Cs, ⁴⁰K, ²²⁶Ra, and ²³²Th, in water, food products, feed, soil, construction materials, industrial raw materials, and other environmental objects. The RKG-AT1320C gamma radiometer provides automatic identification of the radionuclide composition of a sample and selection from among specified compositions for subsequent activity calculation. The instrument was manufactured in Belarus by Atomtech.
During data processing and statistical analysis of measurement results, the recommendations of interstate standards were followed (Federal Agency for Technical Regulation and Metrology 2011, 2019).

3. COURSE OF THE STUDY. RESULTS AND DISCUSSION
3.1. Studies of Control Plots. Features of Plant Community Formation
3.1.1. The Control Plot “Control-1” (Semiozernoye Forestry Institution, Kalininskoye Forestry, compartment 121, subcompartment 24, coordinates 52.4101, 64.205383) is represented by a pine forest. The stand formula is 10P, stand density is 0.4, and the age is 60–80 years.
The first layer is formed by Pinus sylvestris L.; the undergrowth is formed by Spiraea hypericifolia L. and Salix rosmarinifolia L. The total projective cover (TPC, %) of the herbaceous layer is 40–50% (Fig. 2). The ground cover is formed by Calamagrostis epigeios, Carex supina, Artemisia austriaca, and Festuca valesiaca. In total, 24 species were recorded in monitoring plot (MP)-1 in 2023, and 33 species in 2024. 
In the control plot in 2023, Calamagrostis epigeios was recorded with CC V; Festuca valesiaca with CC IV; and Carex supina, Artemisia austriaca, Stipa pennata, and Asparagus pallasii with CC III. Four species were recorded with CC II and 14 species with CC I (Table 1).
In 2024, four species were recorded with CC V: Calamagrostis epigeios, Carex supina, Festuca valesiaca, and Medicago falcata. Poa pratensis was recorded with CC IV; five species with CC III; three species with CC II; and 20 species with CC I.
Plants typical of steppe pine forests occurred with low abundance: Achillea micrantha Bieb., Hieracium umbellatum L., Limonium gmelinii (Willd.) O. Kuntze, Phleum phleoides (L.) Karst., Potentilla argentea L., Spiraea hypericifolia L., Stipa pennata L.
As expected, the community structure in the control plot did not undergo significant changes over the two years, and the floristic composition was characteristic of steppe pine forests on sandy soils (Kazanskaya et al. 1977; Malinovskikh 2002; Sultangazina and Kuprijanov 2017; Valendik 1996).
The stage of anthropogenic digression of the herbaceous cover was IV: disturbances were minor and associated with partial shading and anthropogenic load; the degree of disturbance of the grass stand was 10–15%. The synanthropization coefficient was low and amounted to 3.4%. The total activity of species in the control community was approximately the same: 171.7% in 2023 and 177.2% in 2024 (Table 3).
3.1.2. The Control Plot “Burned Area-1” (Semiozernoye Forestry Institution, Kalininskoye Forestry, compartment 121, coordinates 52.409356, 64.208874). Before the fire, the stand formula was 10P, stand density was 0.5, and the age was 60–80 years. The total projective cover (TPC, %) of the herbaceous layer was 16% in 2023 and 50% in 2024. The number of species was 29 in 2023 and 35 in 2024 (Fig. 3).
In the burned area in 2023, the plant community was represented by plants whose renewal buds were located below the burned layer. Calamagrostis epigeios and Galium verum were recorded with CC II, while the remaining 27 species had the lowest constancy class, CC I (Table 2). Among them, the appearance of weed species should be noted: Chenopodium album L., Ch. hybridum L., Conyza canadensis (L.) Cronquist, and Corispermum hyssopifolium L.
In 2024, three species were recorded with CC V: Calamagrostis epigeios, Carex supina, and Chenopodium album. Festuca valesiaca and Conyza canadensis were recorded with CC IV; four species with CC III; seven species with CC II; and 19 species with CC I.
In the second year, species activity in the community increased by approximately one and a half times due to the expansion of weed species. In 2024, the highest activity was shown by Carex supina (77.5%), Chenopodium album (24.6%), and Calamagrostis epigeios (24.3%).
The number of weed species increased from 5 in 2023 to 9 in 2024. The synanthropization coefficient was 13.3% in 2023 and 25.7% in 2024 (Table 3).
The stage of anthropogenic digression of the herbaceous cover was V: the litter was completely destroyed, and soil turfing by synanthropic species was taking place; the degree of disturbance of the grass stand reached up to 70%.
3.1.3. The Control Plot “Control-2” (Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 20, subcompartment 1, coordinates 52.505632, 64.069678). The plot is represented by pine forest. The stand formula is 9P1As, stand density is 0.4–0.5, and the age is 60–90 years.
The first layer is formed by Pinus sylvestris and Populus tremula L. The undergrowth is formed by Spiraea hypericifolia and Rosa majalis Herrm., Cerasus besseyi L.H. Bailey, and Cotoneaster melanocarpus Fisch. ex Blytt. The total projective cover (TPC, %) of the herbaceous layer was 61% in 2023 and 44.5% in 2024 (Fig. 4). The ground cover is formed by Calamagrostis epigeios, Carex supina, Festuca valesiaca, and Glycyrrhiza uralensis. In total, 29 plant species were recorded in the control plot in 2023 and 30 species in 2024.
In the control plot in 2023, Calamagrostis epigeios and Carex supina were recorded with CC V; Festuca valesiaca with CC IV; and Allium lineare, Cerasus besseyi, and Cotoneaster melanocarpus with CC III (Table 4). Eight species were recorded with CC II and 15 species with constancy class I.
In 2024, the structure of the phytocoenosis was preserved (Table 4).
The stage of anthropogenic digression of the herbaceous cover was IV: disturbances were minor and associated with partial shading and anthropogenic load; the degree of disturbance of the grass stand was 10–15%. The synanthropization coefficient was 5.7% in 2023 and 13.3% in 2024. The total species activity was 205% in 2023 and 189% in 2024 (Table 5).
3.1.4. The Control Plot “Burned Area-2” (Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 72, subcompartment 22, coordinates 52.47174, 64.09628). The area was affected by a combined fire. Before the fire, the stand formula was 10P, the stand density was 0.5, and the age was 50–60 years. The total projective cover (TPC, %) of the herbaceous layer was 17% in 2023 and more than 60% in 2024 (Fig. 5). The number of species was 27 in 2023 and 38 in 2024. 
In the burned area in 2023, one species, Calamagrostis epigeios, was recorded with CC V; its rhizomes are located deeper than 15 cm and remain undamaged by fire (Table 5). One species, Melilotus albus, was recorded with CC III, and Carex supina with constancy class II. The remaining 24 species had CC I; these were mainly species typical of the control plots that began to regrow.
In 2024, two species were recorded with CC V: Calamagrostis epigeios and Chamerion angustifolium, one of the most widespread species after fire succession (Braun-Blanquet 1964). Lactuca serriola and Conyza canadensis, common annual synanthropic species, were recorded with CC IV. Four species were recorded with CC III, among which the long-rhizomatous Phragmites australis and the ruderal species Chenopodium album L. should be noted; ten species had CC II and 22 species had CC I.
The dynamics of weed species are noteworthy: there were 4 weed species in 2023 and 9 in 2024, including Lactuca serriola, Conyza canadensis, Melilotus albus, Taraxacum officinale Wigg., Capsella bursa-pastoris (L.) Medik., and others.
The stage of anthropogenic digression of the herbaceous cover was V: the litter was completely destroyed, and soil turfing by synanthropic species was taking place; the degree of disturbance of the grass stand reached up to 70%. The synanthropization coefficient was 12.9% in 2023 and 22.5% in 2024. The share of total weed species activity was 11.6% in 2023 and 18.3% in 2024 (Table 7).
3.1.5. The Control Plot “Cleared Burned Area” in May–June 2023 (Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 42, coordinates 52.47554, 64.08967). The total projective cover (TPC, %) of the herbaceous layer was 29% in 2023 and 60.6% in 2024 (Fig. 6). The number of species was 55 in 2023 and 40 in 2024.
After the fires of 2022, starting from the winter period, part of the burned area began to be logged, and by spring 2023 large areas of burned forest had been cut down and removed. As a result, the ecological conditions for the overgrowth of the newly formed wastelands changed.
In the cleared burned area in 2023, two species were recorded with CC V: Calamagrostis epigeios and Chenopodium album. Meadow-steppe species were recorded with CC III: Achillea millefolium, Astragalus scoparius, and Cerasus besseyi (Table 6). Twelve species were recorded with CC II and 38 species with CC I. It should be noted that in the cleared burned area, mainly species characteristic of psammophytic steppes were restored: Adenophora lilifolia (L.) A. DC., Allium lineare L., Artemisia macrantha Ledeb., Asparagus officinalis L., Fragaria viridis Duch., Glycyrrhiza uralensis Fisch., Gypsophila altissima L., Scorzonera ensifolia M. Bieb., Sedum telephium L., and others.
In 2024, two steppe species were recorded with CC V: Agropyron cristatum and Gypsophila paniculata. Lactuca serriola and Conyza canadensis, common annual synanthropic species, were recorded with CC IV. Chenopodium album was also recorded with CC IV. Six species were recorded with CC III, among which the steppe species Festuca valesiaca, Stipa pennata, Galium verum, Glycyrrhiza uralensis, and others should be noted. Six species were recorded with CC II and 23 species with CC I (Table 6).
The stage of anthropogenic digression of the herbaceous cover was V: the litter was completely destroyed, and soil turfing by synanthropic species was taking place; the degree of disturbance of the grass stand was 60%. The synanthropization coefficient was 14.5% in 2023 and 29.7% in 2024.
In the cleared burned area, projective cover doubled, increasing from 29% to 60.6%. The number of species decreased by one and a half times. The synanthropization coefficient increased from 14.5% to 29.7%. The total species activity remained at approximately the same level: 198.0–206.7 points (Table 7).
A specific feature of pyrogenic successions is that they do not begin from a “blank slate,” as occurs on mining industry dumps (Ishutin and Kuprijanov 1999). Even after severe fires, a certain number of living renewal buds remain preserved below the zone of thermal burn. There is also the possibility of seed dispersal from surrounding areas not affected by fire. Usually, when this issue is studied, plots of different ages with pyrogenic succession are examined, after which conclusions are drawn about the rate and direction of the process. However, many details are often not analyzed, such as fire zoning, fire type, relief features, and so on.
During a stable surface fire spreading along the soil surface, the ground herbaceous, moss, and lichen cover burns, as well as forest litter, branches, twigs, and fallen deadwood lying on the surface. The flame height reaches 0.5–1 m, sometimes more. The combustion temperature of the ground herbaceous-moss cover reaches 400°C, while that of dry woody residues, or debris, reaches 900°C. The speed of fire movement with the wind is 0.25–1 km/h, and less often up to 3–5 km/h.
During crown fires, not only the ground cover burns, but also the tree crowns, including needles, leaves, and branches. The speed of fire movement during crown fires, depending on wind strength, reaches 5.25 km/h. The fire front moves through the crowns ahead of the surface fire. The flame temperature reaches 900°C (Valendik 1996).
The most destructive type is a combined fire, since the crown, skeletal branches, and litter burn out. The highest temperature occurs when old large trees burn. In the southern part of the ribbon pine forests, the habitus of the Kulunda pine contributes to an increase in temperature during fire. The crown branches descend to the ground, eliminating the gap between a fast-moving crown fire and a fast-moving surface fire. As a result, the highest temperature occurs along the perimeter of the crown. In this zone, as a rule, the maximum amount of dry dead twigs, cones, and needles accumulates. After a fire, the ash layer reaches 10–14 cm. Not only the layer of dead plant material is burned, but also the upper strongly humified soil layer. During a severe fire, all seeds located within the thermal damage zone die. However high the temperature may be in the near-ground layer, it decreases sharply with depth in the soil. When the temperature on the surface of the litter reaches 306.7–367.7°C, at a soil depth of 2.5 cm it rises only to 36–48.4°C (Remezov and Pogrebnyak 1965). Usually, the soil cools completely within 2–3 hours after a fire.
3.1.6. Features of Plant Community Formation in All Studied Plots
All plant species in burned areas can be conditionally divided into two groups:
1. Plant species that survived the fire — pyrophytes (Furyaev and Kireev 1979; Rodin 1981; Sannikov 1983).
2. Plant species that settled in the burned areas after the fire — explerents (Ramensky 1971).
It should be noted that, in terms of its relation to fire and combustion processes, the Amankaragai pine forest belongs to fire-phobic forests of the first fire-hazard category.
Numerous researchers of pine forests and ribbon pine forests have demonstrated the considerable susceptibility of Pinus sylvestris to fire and the evolutionary role of fires in pine forests. This problem was studied in detail by S.N. Sannikov (1983). However, not only Pinus sylvestris has adapted to the fire cycle; the entire complex of edificators and dominants of the ground cover of ribbon pine forests has adapted together with it. These are the so-called pyrophytes: plants whose renewal buds are located deeper than 5 cm (Kuprijanov 1989) or that survive fire in the form of fruits, seeds, and other diaspores (Rodin 1981). In the pine forests of the Amankaragai pine forest, pyrophytes include Artemisia austriaca Jacq., Artemisia marschalliana Spreng., Calamagrostis epigeios, Carex supina, Festuca valesiaca, Pilosella echioides (Lumn.) F. Schulz et Sch. Bip., Spiraea hypericifolia L., Stipa pennata L., and others.
The second group of species, explerents, includes plants that settle in burned areas, usually penetrating into them from outside. These are primarily true forest species destroyed by fire, such as Otites wolgensis (Hornem.) Bess. ex Spreng., Poa angustifolia L., Scorzonera austriaca Willd., Veronica spicata L., and some others, as well as synanthropic species that rapidly colonize open spaces: Chenopodium album L., Ch. glaucum L., Ch. hybridum L., Conyza canadensis (L.) Cronquist, Corispermum hyssopifolium L., Lactuca serriola L., Polygonum aviculare L., Taraxacum officinale Wigg., and some others.
A completely different scenario of burned-area overgrowth is observed in cleared plots devoid of trees. Already in the first year, a large number of plants, 50 species, were recorded. Among them, many synanthropic species were present, including Chenopodium album L., Convolvulus arvensis L., Fallopia convolvulus (L.) A. Löve, Oenothera biennis L., Sorghum technicum (Koern.) Trab., and Taraxacum officinale Wigg. At the same time, a large number of meadow-steppe species not characteristic of pine forest settled there, rather than regenerated, including Achillea millefolium L., Artemisia armeniaca Lam., Astragalus scoparius Schrenk, Centaurea adpressa Ledeb., Filipendula vulgaris Moench, Fragaria viridis Duch., Glycyrrhiza uralensis Fisch., Nonea rossica Stev., and Thymus marschallianus Willd. In the second year after the fire, turf is formed, which will subsequently significantly weaken the processes of natural forest regeneration.

3.2. Study of Soil Quality Indicators
3.2.1. Morphological Characteristics of Soils in the Studied Plots of Kalininskoye Forestry
Based on the results of field studies, the morphological features of soils in various plots of Kalininskoye Forestry were assessed (Tables 8 and 9).
3.2.2. Morphological Characteristics of Soils in the Studied Plots of Novonezhinskoye Forestry
Based on the results of field studies, the morphological features of soils in various plots of Novonezhinskoye Forestry were assessed (Tables 10–12).
Soil samples were collected from the studied plots with consideration of the depth of the layer or horizon and with recording of geographic coordinates (Appendix 1, Table 1). Appendix 2, Table 1 presents the values of the content or concentrations of mobile forms of soil quality indicators. In general, the content of such important indicators of potential soil fertility as humus, nitrogen, and phosphorus is sufficient for the formation of productive vegetation cover. The soils have, on average, an alkaline reaction. In terms of organic matter, or humus, content, soil samples from the upper and middle layers or horizons belong to groups with low humus content (Ministry of Agriculture of the Russian Federation, Central Institute of Agrochemical Services to Agriculture (TsINAO) 1992). The average nitrate nitrogen content is low, generally less than 10 mg/kg. According to the Kirsanov and Chirikov methods, the content of mobile phosphorus compounds is low, less than 50 mg/kg. According to the Machigin method, the content of mobile potassium compounds in the soil samples is low (Ministry of Agriculture of the Russian Federation, Central Institute of Agrochemical Services to Agriculture (TsINAO) 1992).
The content of mobile forms of lead, chromium, nickel, copper, manganese, cadmium, and zinc in the soil samples does not exceed the maximum permissible concentrations established by environmental standards and recommendations (Federal Service for Surveillance on Consumer Rights Protection and Human Wellbeing 2006, 2009; Ministry of Agriculture of the Russian Federation, Central Institute of Agrochemical Services to Agriculture (TsINAO) 1992; Ministry of Health of the Republic of Kazakhstan 2021). Appendix 4, Table 1 presents the correlation coefficients between the contents of mobile forms of soil quality indicators. Elements not included in Appendix 4, Table 1 practically did not form high correlation coefficients with other elements according to the study results. According to the correlation analysis of the content or concentrations of mobile forms of quality indicators, stable negative correlations were observed between sampling depth and the concentrations of indicators such as moisture, cadmium, manganese, zinc, and lead, with relatively low values ranging from -0.48 to -0.93. On the other hand, rather high positive correlations should be noted between humus content and elements such as potassium, cadmium, nitrates, and lead. Mobile potassium had high correlations with elements such as phosphorus, cadmium, manganese, zinc, and nitrates. According to the correlation analysis of the concentrations of mobile forms of elements, high correlation coefficients were found between cadmium and manganese, chromium and manganese, and zinc and manganese.
Appendix 2, Table 2 presents data on the total content of elements. The mineral basis of the soils is represented by a matrix of silicon, aluminum, titanium, iron, and calcium oxides. The content of heavy elements and potentially toxic elements in total soil forms does not exceed the maximum permissible concentrations established by environmental standards (Federal Service for Surveillance on Consumer Rights Protection and Human Wellbeing 2006, 2009; Ministry of Agriculture of the Russian Federation, Central Institute of Agrochemical Services to Agriculture (TsINAO) 1992; Ministry of Health of the Republic of Kazakhstan 2021). The content of elements forming the mineral basis of the ground materials corresponds to Clarke values (Shcherbina 1973; Taylor 1964; Wikipedia, the free encyclopedia n.d.). According to the correlation analysis of the content or concentrations of total forms of elements, high correlation coefficients were observed between silicon and niobium, silicon and potassium, potassium and aluminum, potassium and titanium, manganese and iron, iron and zinc, iron and lead, zinc and manganese, zinc and nickel, strontium and calcium, lead and iron, lead and manganese, and lead and zinc (Appendix 4, Table 2).
It should be noted that the presence of high positive correlation values significantly increases the stability of the system as a whole and the stability of the system under external influence. It may also be assumed that elements and components of mobile forms with medium and high correlation values ensure the formation of the main elemental matrix of mobile forms of soil quality indicators.

3.3. Studies of Gamma-Radionuclide Activity in Ground Sample Specimens
Appendix 3, Table 1 presents the values of gamma-radionuclide activity indicators in soil sample specimens. The radionuclide activity values do not exceed the regulatory maximum permissible concentrations (Chief State Sanitary Doctor of the Russian Federation 2009; Ministry of Health of the Republic of Kazakhstan 2022). Empty cells indicate that radionuclide activity was not detected or was close to zero. A stable presence of gamma-radionuclides ⁴⁰K and ¹³⁷Cs was observed in almost all samples. In individual samples, the presence of the technogenic radionuclide ¹³⁴Cs was recorded. A reliable correlation coefficient can be noted between the activity of ⁴⁰K and ¹³⁷Cs isotopes. According to Table 13, it should be noted that with increasing layer depth (layer according to Appendix 1, Table 1) and layer density, the activity of the specified gamma-radionuclides decreases. It should also be noted that the maximum content of the gamma-radionuclide ¹³⁷Cs was recorded in the upper soil layers (Appendix 3, Table 1).

4. CONCLUSION
The main types of field and desk work were carried out during 2023–2024.
It should be noted that, in terms of its relation to fire and combustion processes, the Amankaragai pine forest belongs to fire-phobic forests of the first fire-hazard category. The restoration of vegetation cover after crown and combined fires follows the general patterns of secondary pyrophytic successions. A specific feature is the regeneration of a large number of pyrophytes that survived the fire. Another feature is the intensive development of long-rhizomatous grasses, primarily Calamagrostis epigeios, which is one of the dominants in the control plots.
Logging in burned areas leads to the settlement of a large number of meadow-steppe species, which results in the formation of steppe communities and hinders the natural regeneration of pine. Cleared plots with felled forest are characterized by significant disturbance of the soil cover, which creates conditions for the settlement and reproduction of herbaceous plants, including weeds. Shrubs that previously formed part of the canopy of pine stands begin to regrow, including Spiraea hypericifolia, Rosa majalis, and Cerasus besseyi.
Based on the results of field studies, the morphological features of soils in various plots were assessed. The structure of the upper soil layers is typical of the pine forests of the Turgai depression. They are represented by sod-podzolic cohesive sandy varieties. In the burned areas, the A0 and A1 horizons were almost completely burned out. The litter and upper A1 layers were completely burned, forming a layer of charcoal particles and semi-burned remains of cones and branches. Burned inclusions were found in the A–B horizon.
The content of such important indicators of potential soil fertility as humus, nitrogen, and phosphorus is sufficient for the formation of productive vegetation cover. The soils have, on average, an alkaline reaction. In terms of organic matter, or humus, content, soil samples from the upper and middle layers or horizons belong to groups with high humus content. The average nitrate nitrogen content is low, generally less than 40 mg/kg. The content of mobile phosphorus compounds is low, less than 50 mg/kg. The content of mobile potassium compounds is low. The content of mobile forms of lead, chromium, nickel, copper, manganese, cadmium, and zinc in the soil samples does not exceed the maximum permissible concentrations established by environmental standards.
According to the correlation analysis of the content or concentrations of mobile forms of quality indicators, stable negative correlations were observed between sampling depth and the concentrations of indicators such as moisture, cadmium, manganese, zinc, and lead, with relatively low values ranging from -0.48 to -0.93. On the other hand, rather high positive correlations should be noted between humus content and elements such as potassium, cadmium, nitrates, and lead. Mobile potassium had high correlations with elements such as phosphorus, cadmium, manganese, zinc, and nitrates. According to the correlation analysis of the concentrations of mobile forms of elements, high correlation coefficients were found between cadmium and manganese, chromium and manganese, and zinc and manganese.
The mineral basis of the soils is represented by a matrix of silicon, aluminum, titanium, iron, and calcium oxides. The content of heavy elements and potentially toxic elements in total soil forms does not exceed the maximum permissible concentrations established by environmental standards. The content of elements forming the mineral basis of the ground materials corresponds to Clarke values.
According to the correlation analysis of the content or concentrations of total forms of elements, high correlation coefficients were observed between silicon and niobium, silicon and potassium, potassium and aluminum, potassium and titanium, manganese and iron, iron and zinc, iron and lead, zinc and manganese, zinc and nickel, strontium and calcium, lead and iron, lead and manganese, and lead and zinc.
It should be noted that the presence of high positive correlation values significantly increases the stability of the system as a whole and the stability of the system under external influence. It may also be assumed that elements and components of mobile forms with medium and high correlation values ensure the formation of the main elemental matrix of mobile forms of soil quality indicators.
The values of gamma-radionuclide activity indicators in the soil samples do not exceed the regulatory maximum permissible concentrations. A stable presence of gamma-radionuclides ⁴⁰K and ¹³⁷Cs was observed in almost all samples. In individual samples, the presence of the technogenic radionuclide ¹³⁴Cs was recorded. A reliable correlation coefficient can be noted between the activity of ⁴⁰K and ¹³⁷Cs isotopes. It should be noted that the maximum content of the gamma-radionuclide ¹³⁷Cs was recorded in the upper soil layers.
The obtained research materials are undoubtedly of practical significance for carrying out measures aimed at assessing and restoring the plant communities of the pine forest.
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Table 1: Floristic indicators of the pine forest in Control-1, Semiozernoye Forestry Institution, Kalininskoye Forestry (n = 10)
	Plant species
	P*
	V*
	A*
	CC*

	2023

	Calamagrostis epigeios (L.) Roth
	15,8
	100
	39,7
	V

	Festuca valesiaca Gaud.
	4,65
	70
	18
	IV

	Carex supina Willd. ex Wahlenb.
	15
	60
	30
	III

	Artemisia austriaca Jacq.
	2,85
	60
	13,1
	III

	Stipa pennata L.
	3,1
	50
	12,4
	III

	Asparagus pallasii Miscz.
	0,25
	50
	3,5
	III

	2024

	Calamagrostis epigeios (L.) Roth
	10,55
	100
	32,5
	V

	Carex supina Willd. ex Wahlenb.
	9,5
	100
	30,8
	V

	Festuca valesiaca Gaud.
	9,1
	100
	30,2
	V

	Medicago falcata L. 
	1,65
	90
	12,2
	V

	Poa pratensis L.
	1,55
	70
	10,4
	IV



Table 2: Floristic indicators of the pine forest in the burned area, Semiozernoye Forestry Institution, Kalininskoye Forestry (n = 10)
	Plant species
	P
	V
	A
	CC

	2023

	Calamagrostis epigeios (L.) Roth
	5
	30
	12,2
	II

	Galium verum L
	1,35
	30
	6,4
	II

	2024

	Calamagrostis epigeios (L.) Roth
	5,9
	100
	24,3
	V

	Carex supina Willd. ex Wahlenb.
	60
	100
	77,5
	V

	Chenopodium album L.
	6,75
	90
	24,6
	V

	Festuca valesiaca Gaud.
	3,8
	80
	17,4
	IV

	Conyza canadensis (L.) Cronquist.
	1,2
	70
	9,2
	IV



Table 3: Main indicators at the monitoring site in the Semiozernoye Forestry Institution, Kalininskoye Forestry
	[bookmark: _Hlk172312455]Indicators
	Control
	Burned area

	
	2023
	2024
	2023
	2024

	Density of pine stands, score
	0,4
	0,4
	0
	0

	TPC, %
	50
	40
	16,6
	50

	Number of species, pcs.
	24
	33
	29
	35

	Including weed species, pcs.
	3
	3
	5
	9

	Synanthropization coefficient, %
	9
	3,4
	13,3
	25,7

	Total species activity, %
	171,7
	177,2
	70,6
	228,5

	Including weed species
	7,5
	2,6
	3,8
	45,6

	Share of weed species activity, %
	4,4
	2,0
	5,4
	20,0



Table 4: Floristic indicators of the pine forest in Control-2, Semiozernoye Forestry Institution, Novonezhinskoye Forestry (n = 10)
	Plant species
	P
	V
	A
	CC

	2023

	Calamagrostis epigeios (L.) Roth
	13,5
	100
	36,7
	V

	Carex supina Willd. ex Wahlenb.
	13
	80
	32,2
	V

	Festuca valesiaca Gaud.
	5
	70
	18,7
	IV

	Allium lineare L. 
	0,7
	50
	5,9
	III

	Cerasus besseyi L.H. Bailey
	3,1
	50
	12,4
	III

	Cotoneaster melanocarpus Fisch. ex Blytt. 
	6,1
	50
	17,5
	III

	2024

	Calamagrostis epigeios (L.) Roth
	13,5
	100
	36,74
	V

	Carex supina Willd. ex Wahlenb.
	13
	80
	32,25
	V

	Festuca valesiaca Gaud.
	5
	70
	18,71
	IV

	Cotoneaster melanocarpus Fisch. ex Blytt. 
	6,1
	50
	17,46
	III

	Cerasus besseyi L.H. Bailey
	3,1
	50
	12,45
	III

	Allium lineare L. 
	0,7
	50
	5,92
	III



Table 5: Floristic indicators of the pine forest in Burned Area-2, Semiozernoye Forestry Institution, Novonezhinskoye Forestry (n = 10)
	Plant species
	P
	V
	A
	CC

	2023

	Calamagrostis epigeios (L.) Roth
	13,9
	90
	35,4
	V

	Melilotus albus Medik.
	0,45
	60
	5,2
	III

	Carex supina Willd. ex Wahlenb.
	0,95
	40
	6,2
	II

	2024

	Calamagrostis epigeios (L.) Roth
	43
	100
	65,6
	V

	Chamerion angustifolium (L.) Holub
	2,45
	100
	15,7
	V

	Lactuca serriola L. 
	1,95
	80
	12,5
	IV

	Conyza canadensis (L.) Cronquist.
	1,6
	80
	11,3
	IV

	Phragmites australis (Cav.) Trin. ex Steud.
	1,3
	60
	8,8
	III

	Chenopodium album L.
	0,55
	60
	5,7
	III

	Carex supina Willd. ex Wahlenb.
	2,15
	50
	10,4
	III

	Seseli libanotis (L.) W. D. J. Koch
	0,7
	50
	5,9
	III

	Silene nutans L.
	0,35
	50
	4,2
	III



Table 6: Floristic indicators of the pine forest in the cleared burned area, Semiozernoye Forestry Institution, Novonezhinskoye Forestry (n = 10)
	Plant species
	P
	V
	A
	КП

	2023

	Calamagrostis epigeios (L.) Roth
	3,45
	90
	17,6
	V

	Chenopodium album L.
	8,8
	90
	28,1
	V

	Achillea millefolium L.
	1,35
	60
	9
	III

	Astragalus scoparius Schrenk
	0,45
	60
	5,2
	III

	Cerasus besseyi L.H. Bailey
	2,7
	60
	12,7
	III

	2024

	Agropyron cristatum (L.) Beauv.
	27,5
	100
	52,4
	V

	Gypsophila paniculata L. 
	4,7
	90
	20,6
	V

	Chenopodium album L.
	2,55
	70
	13,4
	IV

	Festuca valesiaca Gaud.
	5,8
	60
	18,7
	III

	Stipa pennata L. 
	3,7
	60
	14,9
	III

	Galium verum L
	1,55
	60
	9,6
	III

	Berteroa incana (L.) DC. 
	0,4
	60
	4,9
	III

	Glycyrrhiza uralensis Fisch. 
	0,35
	60
	4,6
	III

	Chenopodium glaucum L. 
	1,35
	50
	8,2
	III



Table 7: Main indicators at the monitoring site of the Semiozernoye Forestry Institution, Novonezhinskoye Forestry
	Indicators
	Control
	Burned area
	Cleared Burned Area

	
	2023
	2024
	2023
	2024
	2023
	2024

	Density of pine stands, score
	04-05
	04-05
	
	
	
	

	TPC, %
	61
	44,5
	17
	60,5
	29
	60,6

	Number of species, pcs.
	29
	30
	27
	38
	55
	40

	Including weed species, pcs.
	2
	4
	4
	9
	8
	11

	Synanthropization coefficient, %
	5,7
	13,3
	12,9
	22,5
	14,5
	29,7

	Total species activity, %
	205
	189
	68,1
	193,4
	198,0
	206,7

	Including weed species
	2,4
	4,9
	7,9
	35,4
	46,5
	44,3

	Share of weed species activity, %
	1,1
	2,6
	11,6
	18,3
	23,5
	21,5



Table 8: Structure of the upper soil layers in forest plots unaffected by fire
	[bookmark: _Hlk231212712]Horizon (layer)
	Soil sample numbers

	
	1
	2
	3

	A0
	0–3 cm; litter of needles, twigs, and cones
	0–2 cm; litter of needles, twigs, cones, decomposed from below
	0–2 cm; litter of needles, twigs, and cones

	A1
	3–6 cm; weakly humified, dark-gray layer penetrated by plant roots
	2–7 cm; humified, dark-brown transitional layer penetrated by plant roots
	2–10 cm; humified, dark-brown layer, turning grayish when drying, penetrated by plant roots

	A–B
	7–10 cm; slightly moist, dark-gray, compacted, with inclusions of dark spots from A1
	7–12 cm; dry, dark-gray, sandy loam
	10–20 cm; dry, dark-gray, compacted

	B
	10–20 cm; light-gray sand with thin brown interlayers
	12–25 cm; light-gray sand with a darkish tint
	20–30 cm; light-gray sand with thin brown interlayers

	C
	Deeper than 20 cm; yellowish-gray sand
	Deeper than 25 cm; yellowish-gray sand
	Deeper than 30 cm; yellowish-gray sand



Table 9: Structure of the upper soil layers in burned forest plots. Cleared burned area. 
	Horizon (layer)
	Soil sample numbers

	
	1
	2
	3

	A0
	0–1.0 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs

	A1
	1–2 cm; black layer of charcoal particles
	0–2 cm; dark layer of charcoal particles
	0–3 cm; completely burned out

	A–B
	2–6 cm; yellow-orange spots of burned organic matter with dark-gray soil spots
	2–5 cm; dark-brown layer with yellow-orange spots of burned organic matter
	3–6 cm; yellow-orange spots of burned organic matter with dark-gray soil spots

	B
	7–20 cm; very dark layer with black and orange spots
	6–10 cm; black, locally dark-gray sand
	7–12 cm; black, locally dark-gray sand

	C
	Deeper than 20 cm; yellowish-gray sand with dark streaks
	Deeper than 10 cm; yellowish-gray sand with dark streaks
	Deeper than 12 cm; yellowish-gray sand with dark streaks



Table 10: Structure of the upper soil layers in forest plots unaffected by fire 
	Horizon (layer)
	Soil sample numbers

	
	1
	2
	3

	A0
	0–2 cm; litter of needles, twigs, and cones
	0–6 cm; thick litter of needles, twigs, and cones, decomposed from below
	0–4 cm; litter of needles, twigs, and cones

	A1
	2–5 cm; weakly humified, dark-brown layer, turning grayish when drying, penetrated by plant roots
	6–10 cm; humified, dark-brown layer, turning grayish when drying, penetrated by plant roots
	4–10 cm; humified, dark-brown layer, turning grayish when drying, penetrated by plant roots

	A–B
	5–15 cm; slightly moist, dark-gray, compacted, with inclusions of dark spots from A1
	10–17 cm; dry, dark-gray, compacted
	10–20 cm; dry, dark-gray, compacted

	B
	15–20 cm; light-gray sand with thin brown interlayers
	17–25 cm; light-gray sand with a darkish tint
	20–30 cm; light-gray sand with thin brown interlayers

	C
	Deeper than 20 cm; yellowish-gray sand
	Deeper than 25 cm; yellowish-gray sand
	Deeper than 30 cm; yellowish-gray sand



Table 11: Structure of the upper soil layers in burned forest plots. Cleared burned area. 
	Horizon (layer)
	Soil sample numbers

	
	1
	2
	3

	A0
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs

	A1
	1–2 cm; black layer of charcoal particles
	0–1 cm; dark layer of charcoal particles
	0–2 cm; completely burned out

	A–B
	2–6 cm; yellow-orange spots of burned organic matter with dark-gray soil spots
	1–4 cm; yellow-orange spots of burned organic matter with dark-gray soil spots
	2–10 cm; yellow-orange spots of burned organic matter with dark-gray soil spots

	B
	6–20 cm; very dark layer with black and orange spots
	4–8 cm; black, locally dark-gray sand
	10–20 cm; black, locally dark-gray sand

	C
	Deeper than 20 cm; yellowish-gray sand with dark streaks
	Deeper than 8 cm; yellowish-gray sand with dark streaks
	Deeper than 20 cm; yellowish-gray sand with dark streaks



Table 12: Structure of the upper soil layers in burned forest plots cleared of burned wood. Cleared burned area. 
	Horizon (layer)
	Soil sample numbers

	
	1
	2
	3

	A0
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs
	0–0.5 cm; freshly fallen litter of brown needles and burned twigs

	A1–A–B
	0–10 cm; unstructured horizon with yellow-orange spots of burned-out organic matter, mixed with dark-gray soil during forest clearing and logging, with inclusions of charcoal particles
	0–10 cm; unstructured horizon with yellow-orange spots of burned-out organic matter, mixed with dark-gray soil during forest clearing and logging, with inclusions of charcoal particles
	0–15 cm; unstructured horizon with yellow-orange spots of burned-out organic matter, mixed with dark-gray soil during forest clearing and logging, with inclusions of charcoal particles

	B
	10–20 cm; dark-gray sand
	10–20 cm; dark-gray sand
	15–30 cm; dark-gray sand

	C
	Deeper than 20 cm; yellowish-gray sand
	Deeper than 20 cm; yellowish-gray sand
	Deeper than 30 cm; yellowish-gray sand



Table 13: Correlations between gamma-radionuclide activity and layer depth. 
	
	Cs137
	40K

	40K
	0,53
	

	Layer
	-0,77
	-0,45
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Fig. 1: Location of the Amankaragai pine forest [36]; RI — research area
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Fig. 2: Semiozernoye Forestry Institution, Kalininskoye Forestry, compartment 121, subcompartment 24, Control-1. A — 2023; B — 2024.
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Fig. 3: Semiozernoye Forestry Institution, Kalininskoye Forestry, compartment 121, subcompartment 24, Burned Area-1
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Fig. 4: Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 20, subcompartment 1, control
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Fig. 5: Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 72, subcompartment 22, Burned Area-2
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Fig. 6: Semiozernoye Forestry Institution, Novonezhinskoye Forestry, cleared burned area, compartment 42: A — 2023; B — 2024

Appendix 1
Coordinates of soil sampling points/sites

Table 1: Coordinates of soil sampling points
	No.
	Serial number
	Forestry. Main research site
	Sampling point coordinates
	Layer (horizon)
	Layer (horizon) designation

	1
	N.T-7.1
	Novonezhinskoye
	52.506031, 64.070035
	1st layer
	А0;А1

	2
	N.T-7.2
	
	
	2nd layer
	A

	3
	N.T-7.3
	
	
	3rd layer
	B

	4
	N.T-7.4
	
	
	4th layer 
	С

	5
	N.T-8.1
	
	52.505632, 64.069678
	1st layer
	А0;А1

	6
	N.T-8.2
	
	
	2nd layer
	А

	7
	N.T-8.3
	
	
	3rd layer
	Б

	8
	N.T-8.4
	
	
	4th layer 
	С

	9
	N.T-9.1
	
	52.50559, 64.069405
	1st layer
	А0;А1

	10
	N.T-9.2
	
	
	2nd layer
	А

	11
	N.T-9.3
	
	
	3rd layer
	Б

	12
	N.T-9.4
	
	
	4th layer 
	С

	13
	K.T-4.1
	Kalininskoye
	52.410227, 64.205437
	1st layer
	А0;А1

	14
	K.T-4.2
	
	
	2nd layer
	А

	15
	K.T-4.3
	
	
	3rd layer
	Б

	16
	K.T-4.4
	
	
	4th layer 
	С

	17
	K.T-5.1
	
	52.4101, 64.205383
	1st layer
	А0;А1

	18
	K.T-5.2
	
	
	2nd layer
	А

	19
	K.T-5.3
	
	
	3rd layer
	Б

	20
	K.T-5.4
	
	
	4th layer 
	С

	21
	K.T-6.1
	
	52.409959, 64.205692
	1st layer
	А0;А1

	22
	K.T-6.2
	
	
	2nd layer
	А

	23
	K.T-6.3
	
	
	3rd layer
	Б

	24
	K.T-6.4
	
	
	4th layer 
	С

	25
	K.T-1.1
	
	52.409356, 64.208874
	1st layer
	А0;А1

	26
	K.T-1.2
	
	
	2nd layer
	А

	27
	K.T-1.3
	
	
	3rd layer
	Б

	28
	K.T-1.4
	
	
	4th layer 
	С

	29
	K.T-2.1
	
	52.409355, 64.209018
	1st layer
	А0;А1

	30
	K.T-2.2
	
	
	2nd layer
	А

	31
	K.T-2.3
	
	
	3rd layer
	Б

	32
	K.T-2.4
	
	
	4th layer 
	С

	33
	K.T-3.1
	
	52.409356, 64.208874
	1st layer
	А0;А1

	34
	K.T-3.2
	
	
	2nd layer
	А

	35
	K.T-3.3
	
	
	3rd layer
	Б

	36
	K.T-3.4
	
	
	4th layer 
	С
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Appendix 2
Indicators of agrochemical composition quality and total forms of elements in soils
Notes. D — density of the dry form of the soil sample. No. — according to Appendix 1, Table 1. pH — pH value of the aqueous extract. Humus value includes the content of all organic forms, including fallen decomposing plant material. Empty cells mean that measurements were not carried out or that the values were close to zero and insignificant for the study.

Table 1: Mobile forms of the main agrochemical quality indicators
	[bookmark: _Hlk231217021]No.
	D
	Moisture
	рН 
	Humus
	Potassium
	Nitrates
	Phosphorus
	Sulfates
	Chlorides
	Bicarbonates
	Calcium
	Cadmium
	Lead
	Chromium
	Manganese
	Copper
	Zinc
	Iron

	
	g/L
	%
	
	%
	mg/kg
	mmol per 100 g
	µg/kg
	mg/kg
	µg/kg
	mg/kg

	1
	248
	47,47
	7,38
	1,34
	66,00
	4,30
	4,00
	11,05
	0,50
	0,10
	13,50
	127,90
	1,11
	77,92
	9,88
	1,02
	0,10
	61,40

	2
	983
	11,79
	7,60
	1,37
	87,00
	25,10
	16,00
	10,73
	0,45
	0,08
	7,75
	
	0,11
	
	6,56
	
	
	57,80

	3
	1 184
	6,03
	7,88
	1,52
	118,00
	29,50
	10,00
	36,43
	0,525
	0,08
	8,25
	
	
	
	
	
	
	

	4
	1 267
	5,44
	7,44
	
	
	
	
	11,24
	0,425
	0,1
	12,75
	14,52
	0,07
	90,20
	4,87
	0,81
	0,10
	50,26

	5
	176
	53,97
	6,42
	1,06
	48,00
	6,80
	3,00
	12,55
	0,5
	0,09
	9,625
	109,90
	0,49
	73,20
	43,72
	0,99
	1,19
	42,28

	6
	527
	10,54
	6,73
	0,99
	44,00
	9,60
	6,00
	20,587
	0,475
	0,09
	2,75
	
	0,17
	
	5,99
	
	
	

	7
	971
	7,68
	6,88
	0,78
	37,00
	10,20
	5,00
	19,19
	0,48
	0,09
	5,88
	
	
	
	
	
	
	20,90

	8
	1 048
	4,42
	6,92
	
	
	
	
	17,12
	0,43
	0,08
	3,88
	12,17
	0,06
	37,80
	4,02
	0,61
	0,28
	36,52

	9
	206
	28,17
	5,73
	1,95
	304,00
	16,20
	22,00
	17,76
	0,55
	0,23
	27,00
	114,90
	0,46
	93,89
	67,80
	1,56
	5,55
	32,50

	10
	920
	10,75
	7,43
	1,36
	288,00
	47,90
	11,00
	47,92
	0,50
	0,11
	3,13
	
	0,13
	
	27,10
	
	
	34,30

	11
	1 040
	7,28
	7,02
	1,21
	165,00
	7,60
	4,00
	33,40
	0,50
	0,09
	7,88
	
	
	
	
	
	
	32,50

	12
	1 152
	4,37
	6,47
	
	
	
	
	26,63
	0,48
	0,01
	9,75
	15,10
	0,07
	54,05
	8,89
	0,72
	0,20
	19,30

	13
	826
	5,71
	5,34
	0,63
	71,00
	4,70
	7,00
	13,58
	1,00
	0,05
	8,13
	68,00
	0,20
	50,76
	7,63
	0,71
	3,00
	73,70

	14
	1 024
	3,24
	6,10
	0,95
	68,00
	4,90
	6,00
	13,43
	1,25
	0,11
	12,63
	
	0,05
	
	3,41
	
	
	79,90

	15
	1 024
	3,01
	5,60
	0,55
	41,00
	10,00
	2,00
	18,66
	1,15
	0,10
	6,75
	
	
	
	
	
	
	71,70

	16
	1 265
	2,17
	6,20
	
	
	
	
	6,21
	0,75
	0,10
	7,50
	9,90
	0,05
	59,41
	2,94
	0,54
	0,23
	86,00

	17
	581
	5,86
	6,45
	0,63
	71,00
	4,70
	7,00
	21,06
	0,45
	0,10
	8,25
	86,23
	0,24
	90,54
	15,50
	2,55
	1,53
	95,20

	18
	1 058
	2,03
	6,90
	0,95
	68,00
	4,90
	6,00
	24,29
	0,46
	0,40
	13,38
	
	0,11
	
	16,53
	
	
	78,10

	19
	1 403
	3,19
	7,24
	0,55
	41,00
	10,00
	2,00
	24,94
	0,40
	0,43
	7,75
	
	
	
	
	
	
	21,30

	20
	1 414
	1,52
	7,12
	
	
	
	
	26,41
	0,45
	0,50
	10,88
	30,30
	0,11
	232,2
	29,07
	1,32
	0,16
	40,03

	21
	694
	8,41
	7,39
	0,87
	94,00
	13,50
	9,00
	22,45
	0,58
	0,18
	5,88
	82,40
	0,20
	57,62
	24,77
	0,59
	0,87
	43,95

	22
	1 093
	6,88
	8,91
	0,20
	99,00
	2,80
	10,00
	25,69
	0,53
	0,80
	7,38
	
	0,13
	
	33,62
	
	
	17,50

	23
	1 283
	5,41
	7,86
	0,55
	96,00
	10,00
	14,00
	23,93
	0,48
	1,15
	11,00
	
	
	
	
	
	
	

	24
	1 398
	3,23
	8,21
	
	
	
	
	34,79
	0,48
	0,45
	6,25
	31,42
	0,18
	90,54
	37,64
	0,25
	0,25
	15,30

	25
	692
	9,78
	7,50
	0,693
	78,1
	5,17
	7,7
	20,99
	0,50
	0,53
	4,38
	92,23
	0,16
	90,50
	44,89
	0,37
	5,67
	52,75

	26
	1 157
	3,60
	7,36
	1,045
	74,8
	5,39
	6,6
	21,64
	0,45
	0,15
	9,13
	
	0,08
	
	16,66
	
	
	45,53

	27
	1 297
	3,12
	7,58
	0,605
	45,1
	11
	2,2
	26,80
	0,65
	0,15
	12,00
	
	
	
	
	
	
	31,50

	28
	1 293
	1,65
	7,48
	
	
	
	
	27,10
	0,38
	0,14
	14,38
	13,11
	0,06
	54,09
	7,42
	0,85
	0,38
	33,30

	29
	978
	14,95
	7,46
	0,8265
	89,3
	12,82
	8,55
	25,30
	0,73
	0,60
	8,00
	76,38
	0,20
	232,2
	65,72
	0,27
	4,01
	92,77

	30
	1 024
	3,39
	7,58
	0,19
	94,05
	2,66
	9,5
	18,83
	0,58
	0,16
	13,00
	
	0,06
	
	19,47
	
	
	73,00

	31
	1 024
	7,21
	7,20
	0,5225
	91,2
	9,5
	13,3
	23,37
	0,60
	0,25
	14,25
	
	
	
	
	
	
	63,20

	32
	1 451
	3,51
	7,08
	
	
	
	
	26,65
	0,58
	0,03
	14,75
	16,40
	0,06
	57,62
	9,81
	0,33
	0,31
	54,16

	33
	813
	14,37
	8,52
	0,6615
	74,55
	4,935
	7,35
	24,96
	0,80
	0,55
	1,38
	134,20
	0,17
	120,1
	58,00
	0,45
	8,59
	62,59

	34
	1 269
	5,55
	7,87
	0,9975
	71,4
	5,145
	6,3
	18,81
	0,88
	0,05
	10,00
	
	0,05
	
	22,55
	
	
	66,50

	35
	1 245
	7,25
	6,50
	0,5775
	43,05
	10,5
	2,1
	23,95
	0,90
	0,05
	13,38
	
	
	
	
	
	
	43,60

	36
	1 282
	3,74
	6,99
	
	
	
	
	24,72
	0,85
	0,08
	13,75
	22,51
	0,06
	63,79
	13,02
	0,29
	0,48
	37,30



Table 2: Content of gross forms of the main elements in soil samples
	No
	SiO2
	Al2O3
	TiO2
	Fe 
	Ca 
	Mg
	K 
	Mn 
	P2O5
	S 
	Cr 
	Co 
	Ni 
	Cu 
	Zn 
	As 
	Rb 
	Sr 
	Y 
	Zr 
	Mo 
	Cd 
	Nb 
	Pb 

	 
	%
	%
	%
	%
	%
	%
	%
	%
	%
	%
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg
	mg/kg

	1
	28,81
	2,98
	0,20
	0,93
	0,65
	0,19
	0,24
	0,12
	0,57
	0,13
	 
	13,55
	6,25
	6,32
	36,94
	4,76
	19,81
	69,83
	4,80
	77,05
	0,64
	25,67
	4,07
	17,51

	2
	78,41
	2,94
	0,30
	0,56
	0,34
	 
	0,34
	0,04
	0,58
	0,04
	 
	13,07
	 
	 
	 
	 
	21,43
	48,74
	5,36
	174,80
	0,73
	 
	4,07
	8,58

	4
	83,02
	2,58
	0,29
	0,49
	0,21
	0,22
	0,34
	0,03
	0,56
	0,03
	 
	16,20
	 
	 
	 
	4,17
	20,94
	44,19
	5,08
	206,88
	 
	 
	5,60
	 

	5
	27,57
	2,08
	0,16
	0,65
	0,88
	0,09
	0,21
	0,06
	0,51
	0,15
	 
	21,29
	8,33
	 
	 
	3,57
	16,07
	82,38
	3,81
	78,70
	0,46
	26,96
	3,05
	13,39

	6
	68,19
	2,81
	0,27
	0,71
	0,66
	 
	0,32
	0,05
	0,59
	0,06
	 
	18,60
	8,63
	 
	 
	2,98
	24,84
	82,93
	6,35
	180,34
	 
	 
	4,58
	9,27

	8
	69,92
	4,33
	0,41
	0,60
	0,74
	0,11
	0,40
	0,04
	0,62
	0,04
	32,47
	4,96
	6,55
	7,08
	 
	2,98
	24,35
	76,38
	5,50
	209,57
	 
	 
	4,58
	6,70

	9
	48,68
	2,76
	0,23
	0,85
	0,99
	0,08
	0,27
	0,07
	0,57
	0,09
	 
	24,04
	7,14
	 
	 
	4,56
	21,10
	82,93
	5,64
	116,33
	0,73
	 
	4,07
	13,73

	10
	77,49
	3,18
	0,32
	0,62
	0,42
	 
	0,35
	0,04
	0,58
	0,03
	 
	8,37
	 
	7,84
	 
	 
	23,86
	63,29
	6,35
	209,57
	0,55
	 
	4,07
	9,79

	12
	79,56
	3,77
	0,37
	0,60
	0,39
	0,14
	0,43
	0,03
	0,59
	0,02
	22,87
	5,60
	 
	 
	 
	 
	25,32
	60,56
	6,77
	231,16
	0,64
	 
	4,58
	6,70

	13
	77,91
	3,07
	0,26
	0,59
	0,32
	0,37
	0,41
	0,03
	0,54
	0,04
	 
	14,50
	 
	 
	 
	 
	25,33
	60,02
	6,21
	145,43
	0,73
	 
	5,09
	9,96

	14
	74,35
	4,35
	0,38
	0,39
	0,28
	 
	0,50
	0,02
	0,58
	0,03
	0,00
	4,75
	 
	 
	 
	 
	23,38
	50,19
	5,08
	165,05
	1,10
	 
	 
	6,18

	16
	72,33
	3,98
	0,43
	0,35
	0,24
	0,39
	0,50
	0,02
	0,60
	0,02
	0,01
	3,53
	 
	 
	 
	 
	23,38
	49,65
	4,23
	186,64
	0,55
	 
	 
	7,21

	17
	72,87
	3,43
	0,24
	0,70
	0,45
	0,31
	0,39
	0,04
	0,58
	0,04
	 
	12,96
	 
	 
	 
	 
	24,35
	77,47
	5,50
	97,59
	0,73
	 
	 
	14,94

	18
	74,56
	3,72
	0,28
	0,59
	0,92
	 
	0,50
	0,04
	0,59
	0,04
	 
	6,69
	5,06
	 
	12,36
	 
	26,30
	139,67
	5,92
	132,67
	0,92
	 
	4,58
	6,70

	20
	61,31
	3,45
	0,43
	0,37
	1,31
	0,11
	0,37
	0,03
	0,63
	0,02
	 
	 
	 
	 
	11,37
	 
	20,78
	119,66
	3,81
	137,02
	0,55
	 
	4,07
	8,24

	21
	70,90
	3,12
	0,24
	0,71
	0,63
	0,09
	0,40
	0,04
	0,60
	0,04
	 
	11,06
	4,76
	 
	15,34
	 
	25,81
	106,93
	5,50
	115,13
	0,64
	 
	4,58
	12,36

	22
	78,36
	2,68
	0,24
	0,53
	0,89
	 
	0,40
	0,04
	0,58
	0,02
	 
	13,46
	5,65
	 
	 
	 
	25,32
	156,58
	4,23
	144,36
	1,01
	 
	4,58
	8,24

	24
	62,95
	3,03
	0,35
	0,27
	1,51
	0,08
	0,41
	0,02
	0,56
	0,02
	23,17
	0,00
	4,17
	 
	9,38
	 
	18,02
	135,85
	3,81
	129,97
	0,64
	 
	 
	 

	25
	77,79
	3,03
	0,22
	0,76
	0,54
	0,15
	0,34
	0,05
	0,67
	0,03
	 
	11,40
	5,95
	8,60
	23,02
	 
	20,94
	49,10
	4,23
	122,78
	0,83
	 
	 
	13,91

	26
	81,48
	3,48
	0,24
	0,69
	0,28
	 
	0,39
	0,03
	0,60
	0,02
	0,00
	11,91
	 
	 
	 
	 
	21,92
	39,83
	5,50
	130,87
	0,73
	 
	6,11
	9,27

	28
	71,69
	4,96
	0,45
	0,58
	0,20
	0,18
	0,48
	0,02
	0,59
	0,02
	 
	4,88
	 
	7,08
	 
	 
	20,94
	38,19
	4,66
	146,16
	 
	 
	5,09
	6,18

	29
	77,88
	3,64
	0,20
	0,88
	0,95
	0,14
	0,36
	0,09
	0,71
	0,03
	 
	10,31
	7,14
	 
	37,08
	 
	22,40
	61,10
	5,92
	107,04
	0,92
	 
	4,58
	17,00

	30
	73,50
	4,74
	0,33
	0,69
	0,33
	 
	0,55
	0,04
	0,63
	0,02
	 
	5,30
	5,65
	9,10
	13,64
	 
	26,30
	45,83
	3,81
	108,83
	0,55
	 
	 
	7,21

	32
	86,72
	2,86
	0,23
	0,52
	0,18
	0,16
	0,38
	0,02
	0,62
	0,02
	0,00
	14,18
	7,14
	 
	 
	 
	19,48
	38,19
	5,08
	129,97
	0,69
	 
	5,09
	7,21

	33
	71,78
	3,54
	0,26
	0,94
	1,11
	0,09
	0,36
	0,20
	0,69
	0,03
	 
	9,63
	7,14
	0,00
	47,31
	 
	25,81
	82,38
	7,19
	129,52
	0,78
	 
	4,58
	17,51

	34
	82,56
	2,81
	0,24
	0,56
	0,36
	 
	0,37
	0,06
	0,62
	0,02
	 
	7,53
	 
	 
	 
	 
	19,97
	44,74
	5,08
	125,47
	0,60
	 
	6,11
	 

	36
	86,56
	2,60
	0,22
	0,53
	0,20
	0,12
	0,35
	0,03
	0,65
	0,02
	 
	14,93
	 
	 
	 
	 
	18,51
	38,19
	4,66
	137,62
	0,69
	 
	5,09
	 





Appendix 3
Gamma-radionuclide activity in soil layers
Notes. D — density of the dry form of the soil sample. No. — according to Appendix 1, Table 1. Empty cells mean that measurements were not carried out or that the values were close to zero and insignificant for the study.

Table 1: Gamma-radionuclide activity in soil layers
	No.
	40K
	226Ra
	232Th
	Cs137
	Cs134

	1
	245,00
	 
	 
	80,10
	 

	2
	185,00
	 
	 
	20,30
	 

	3
	196,00
	 
	 
	11,80
	 

	4
	196,00
	 
	 
	11,50
	 

	5
	251,00
	 
	 
	29,70
	 

	6
	186,00
	 
	 
	41,90
	 

	7
	209,00
	 
	 
	18,40
	 

	8
	202,00
	 
	 
	13,90
	 

	9
	256,00
	 
	 
	65,80
	 

	10
	206,00
	 
	 
	28,40
	 

	11
	200,00
	 
	 
	17,50
	 

	12
	203,00
	 
	 
	13,10
	 

	13
	237,00
	 
	 
	58,30
	 

	14
	246,00
	 
	 
	12,40
	 

	15
	204,00
	 
	 
	40,30
	 

	16
	211,00
	 
	 
	7,03
	 

	17
	202,00
	 
	 
	36,50
	 

	18
	251,00
	 
	 
	20,90
	 

	19
	190,00
	 
	 
	5,61
	 

	20
	 
	 
	 
	 
	 

	21
	217,00
	 
	 
	46,40
	 

	22
	224,00
	 
	 
	16,10
	 

	23
	198,00
	 
	 
	1,36
	2,62

	24
	167,00
	2,01
	4,88
	0,41
	 

	25
	173,00
	 
	 
	39,30
	 

	26
	181,00
	 
	 
	30,80
	 

	27
	168,00
	 
	 
	7,57
	2,89

	28
	185,00
	 
	 
	8,03
	 

	29
	189,00
	 
	 
	61,30
	 

	30
	165,00
	 
	 
	7,78
	 

	31
	167,00
	 
	 
	6,54
	 

	32
	158,00
	 
	 
	1,51
	2,58

	33
	216,00
	 
	 
	69,50
	 

	34
	166,00
	 
	 
	9,75
	 

	35
	166,00
	1,23
	5,42
	1,03
	 

	36
	186,00
	 
	 
	7,48
	 




Appendix 4
Values of correlation coefficients between the contents of soil quality components
Notes. D — density of the dry form of the soil sample. No. and Layer (horizon) — according to Appendix 1, Table 1. pH — pH value of the aqueous extract.

Table 1: Values of correlation coefficients between the contents of indicators of mobile forms of soil quality
	
	Layer
	D
	Moisture
	рН 
	Humus
	Potassium
	Nitrates
	Cadmium
	Chromium
	Manganese

	D
	0,77
	
	
	
	
	
	
	
	
	

	Moisture
	-0,53
	-0,79
	
	
	
	
	
	
	
	

	рН 
	0,04
	0,30
	-0,09
	
	
	
	
	
	
	

	Humus
	-0,21
	-0,43
	0,44
	-0,19
	
	
	
	
	
	

	Potassium
	-0,16
	-0,24
	0,12
	-0,03
	0,59
	
	
	
	
	

	Nitrates
	0,17
	0,07
	-0,02
	0,08
	0,52
	0,61
	
	
	
	

	Phosphorus
	-0,21
	-0,19
	0,03
	0,12
	0,38
	0,67
	0,37
	
	
	

	Sulfates
	0,19
	0,32
	-0,29
	0,40
	0,08
	0,48
	0,62
	
	
	

	Chlorides
	-0,13
	0,05
	-0,12
	-0,41
	-0,20
	-0,20
	-0,19
	
	
	

	Bicarbonates
	-0,12
	0,14
	-0,07
	0,50
	-0,37
	0,01
	-0,18
	
	
	

	Calcium
	0,08
	-0,04
	0,17
	-0,28
	0,30
	0,33
	-0,14
	
	
	

	Cadmium
	-0,93
	-0,87
	0,72
	0,05
	0,46
	0,18
	-0,15
	
	
	

	Lead
	-0,48
	-0,73
	0,86
	-0,10
	0,41
	0,04
	-0,10
	0,70
	
	

	Chromium
	-0,15
	0,10
	0,01
	0,28
	-0,08
	0,03
	0,31
	0,18
	
	

	Manganese
	-0,48
	-0,35
	0,37
	0,25
	0,12
	0,40
	0,07
	0,64
	0,57
	

	Copper
	-0,28
	-0,44
	0,19
	-0,42
	0,24
	0,26
	-0,07
	0,28
	0,08
	-0,03

	Zinc
	-0,64
	-0,41
	0,16
	0,14
	-0,06
	0,32
	0,06
	0,67
	0,27
	0,75

	Iron
	-0,40
	-0,19
	0,00
	-0,29
	-0,12
	-0,24
	-0,25
	0,28
	0,26
	-0,10



Table 2: Values of correlation coefficients between the contents of indicators of total forms of soil elements
	
	Layer
	D
	SiO2
	Al2O3
	TiO2
	Fe 
	Ca 
	Mg
	K 
	Mn 
	P2O5
	S 
	Cr 
	Co 
	Ni 
	Cu 
	Zn 
	Rb 

	D
	0,77
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	SiO2
	0,32
	0,69
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Al2O3
	0,24
	0,32
	0,21
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	TiO2
	0,66
	0,54
	0,17
	0,71
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Fe 
	-0,71
	-0,70
	-0,29
	-0,08
	-0,58
	
	
	
	
	
	
	
	
	
	
	
	
	

	Ca 
	-0,15
	-0,18
	-0,46
	-0,17
	-0,04
	0,08
	
	
	
	
	
	
	
	
	
	
	
	

	Mg
	0,00
	0,09
	0,24
	0,19
	0,15
	-0,21
	-0,58
	
	
	
	
	
	
	
	
	
	
	

	K 
	0,35
	0,60
	0,54
	0,78
	0,62
	-0,44
	-0,27
	0,41
	
	
	
	
	
	
	
	
	
	

	Mn 
	-0,52
	-0,45
	-0,34
	-0,12
	-0,39
	0,73
	0,38
	-0,31
	-0,43
	
	
	
	
	
	
	
	
	

	P2O5
	0,01
	0,29
	0,44
	0,29
	-0,02
	0,32
	0,08
	-0,25
	0,17
	0,39
	
	
	
	
	
	
	
	

	S 
	-0,47
	-0,84
	-0,90
	-0,39
	-0,45
	0,46
	0,21
	-0,16
	-0,69
	0,36
	-0,47
	
	
	
	
	
	
	

	Cr 
	0,53
	-0,18
	-0,54
	0,15
	0,43
	0,08
	0,67
	-0,71
	-0,30
	0,69
	-0,02
	0,45
	
	
	
	
	
	

	Co 
	-0,43
	-0,63
	-0,33
	-0,71
	-0,72
	0,45
	0,00
	-0,10
	-0,76
	0,19
	-0,25
	0,58
	-0,51
	
	
	
	
	

	Ni 
	-0,23
	-0,48
	-0,26
	-0,32
	-0,41
	0,44
	-0,21
	0,11
	-0,62
	0,32
	0,03
	0,46
	-0,42
	0,71
	
	
	
	

	Cu 
	0,28
	0,15
	0,11
	0,18
	0,21
	-0,63
	-0,82
	0,61
	0,32
	-0,91
	-0,49
	-0,10
	
	-0,23
	-0,92
	
	
	

	Zn 
	-0,67
	-0,59
	-0,18
	-0,14
	-0,65
	0,84
	-0,09
	0,39
	-0,60
	0,93
	0,56
	0,43
	
	0,63
	0,91
	-0,91
	
	

	Rb 
	-0,22
	-0,02
	0,36
	0,47
	0,22
	0,20
	-0,07
	0,32
	0,55
	0,08
	0,19
	-0,34
	0,17
	-0,26
	-0,21
	-0,27
	0,06
	

	Sr 
	-0,11
	-0,10
	-0,28
	-0,19
	-0,01
	-0,12
	0,80
	-0,42
	-0,03
	0,06
	-0,19
	0,10
	0,67
	-0,03
	-0,49
	-0,67
	-0,51
	0,21

	Y 
	-0,27
	-0,18
	0,27
	0,04
	-0,12
	0,47
	-0,09
	0,04
	-0,06
	0,41
	0,18
	-0,06
	0,22
	0,10
	0,34
	-0,78
	0,67
	0,54

	Zr 
	0,57
	0,43
	0,48
	0,21
	0,59
	-0,41
	-0,30
	0,18
	0,29
	-0,34
	-0,07
	-0,44
	0,51
	-0,29
	0,06
	0,11
	-0,42
	0,32

	Mo 
	-0,26
	0,05
	0,34
	0,20
	-0,11
	0,08
	0,04
	-0,01
	0,25
	0,04
	0,21
	-0,25
	-0,34
	-0,06
	-0,18
	-0,45
	0,39
	0,34

	Nb 
	0,30
	0,61
	0,69
	0,17
	0,04
	-0,22
	-0,57
	0,50
	0,49
	-0,22
	0,26
	-0,63
	-0,79
	-0,32
	-0,35
	-0,13
	0,13
	0,09

	Pb 
	-0,75
	-0,68
	-0,45
	-0,44
	-0,69
	0,82
	0,43
	-0,19
	-0,66
	0,76
	0,24
	0,51
	-0,36
	0,47
	0,23
	-0,59
	0,92
	-0,22
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