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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

The conservation and sustainable use of biological diversity is one of the key environmental challenges of the
modern world. Biodiversity creates the conditions necessary for the biosphere to function and thus serves as a life-
supporting basis for humans and the economy. Healthy biodiversity also ensures the environment's capacity to resist
negative environmental impacts from human economic activity. At present, high rates of biodiversity loss persist
worldwide, which is a significant barrier to sustainable development (Beishov et al., 2019, 2021; Bugubaeva et al.,
2023b; Makenova et al., 2023; Simanchuk & Sultangazina, 2023, 2024; Sultangazina et al., 2024).

Forest fires have long functioned as a fundamental disturbance shaping the structure, composition and carbon
balance of the world's forest biomes, and they continue to do so under contemporary climate change (Brown &
Davis, 1973; Cwynar, 1978; Furyaev & Kireev, 1979; Sannikov, 1983; Senande-Rivera et al., 2022). Over the past
two decades, satellite-based inventories indicate a roughly 40% global increase in the spatial extent of forest fires
and an approximately two-fold increase in the intensity of extreme fires, with these changes being predominantly
concentrated in extratropical and high-latitude ecosystems (Kelley et al., 2025). During the March 2023 — February
2024 fire season alone, 3.9 million km? burned globally, releasing approximately 2.4 Pg C, which is about 16%
above the preceding multi-year average, driven largely by record emissions (>9x the historical mean) in Canadian
boreal forests and by extreme events in the western Amazon, Greece, Chile and Hawai'i (Jones et al., 2024).
Analyses of burned area across 1900-2015 confirm that, while global trends in mean fire frequency have been
statistically weak, increases in burned area of >50% have been documented in several extratropical forest
ecoregions, including the Pacific United States and high-latitude forests, in parallel with a pervasive rise in fire-
favourable weather (Jones et al., 2022, 2024). Fire size, in turn, has been shown to amplify post-fire land-surface
warming, establishing a positive feedback between climate change and fire-driven terrestrial warming (Zhao et al.,
2024). Boreal and temperate forests are particularly exposed to this feedback because their carbon stocks are large
and their post-fire recovery is comparatively slow (Eckdahl et al., 2024; Jones et al., 2024; Kelley et al., 2025).

Within this global picture, contemporary wildfire ecology has reframed post-fire dynamics around three
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interlinked concepts: pyrogenic succession, post-fire soil recovery, and pyrodiversity-driven biodiversity
restoration. Pyrogenic succession is now understood not as a deterministic return to pre-fire composition but as a
joint outcome of fire severity, fire history, drought, residual biotic legacies and the species pool of adjacent
unburned stands (Clements, 1916, 1928; Dawe et al., 2022; Day et al., 2023). In dry boreal forests of northwestern
North America, trajectories of tree regeneration, understory cover and species diversity continued to change for at
least five years after an unusually severe 2014 fire season, with substantial species turnover in every stand type and
only partial convergence in species evenness (Dawe et al., 2022). In jack-pine-dominated chronosequences, soil
bacteria returned to a shared core community (~95-97% of sequences) by crown closure, whereas fungi (64—77%
shared) and arthropods (68—69% shared) supported stage-specific communities at each successional age, implying
that all successional stages are required to maintain the full suite of soil biodiversity (Porter et al., 2023). In Western
Alpine Scots pine stands, elevation, aspect and distance from seed sources jointly determined short-term post-fire
recovery, leading to the conclusion that ecosystem-specific, site-precise restoration strategies outperform uniform
active interventions (Mantero et al., 2024).

Post-fire soil recovery has likewise been shown to depend strongly on burn severity and on the parent substrate.
Surface and crown fires of medium intensity commonly form a new pyrogenic horizon that differs from its natural
analogues in pH (often shifted toward neutral), in humus and nitrogen reserves and in the distribution of ash
elements; in pine forests on sandy substrates, the concentration of heavy metals in surface horizons may increase
several-fold through combustion of litter and subsequent vertical migration, representing a long-term ecological
hazard (Buts et al., 2022, 2023; Maksimova & Abakumov, 2023; Nureev, 2025). Conversely, 30-year afforestation
trials using Pinus sylvestris, Larix decidua, Betula pendula and Quercus robur on post-fire sandy substrates
demonstrate that active reforestation can re-establish near-natural soil-forming processes, producing Podzols with
humus horizons comparable in thickness to those of primary-successional post-mining sites (Jozefowska et al.,
2023). Recent work on post-fire biodiversity now centres on the pyrodiversity hypothesis — the idea that spatial and
temporal heterogeneity of fire regimes underpins biodiversity — and on the need to align restoration frameworks
with the specific pyrogenic context of each biome (Kelly et al., 2023). Globally, integrated frameworks for post-fire
forest restoration now propose six to seven criteria with ~30 indicators, integrating environmental, economic, social,
cultural and infrastructural objectives, and stress that excluding post-fire logging and supporting ecosystem-
appropriate regeneration are often the single most decisive interventions (Alayan et al., 2022; Lindenmayer et al.,
2022; Souza-Alonso et al., 2022).

Within Central Asia, these global and regional processes are particularly relevant to the relict island pine (Pinus
sylvestris L.) forests of the Turgai depression in Northern Kazakhstan — the Amankaragai, Borovskoy, Arakaragai
and Kazanbasy massifs — which grow on ancient eolian sands within a sharply continental, semi-arid climate at the
southern margin of the species' range (Pugachev, 1994). Radiocarbon evidence places their origin in the mid-
Holocene (approximately 6.000—4.500 years ago), and their flora is exceptionally rich (426 species in 238 genera
across 68 families), with a large relict component not represented in the surrounding dry steppe (Pugachev, 1994;
Kremenetski et al., 1997). These island pine forests develop under sharply continental and semi-arid climatic
conditions with an average annual precipitation of approximately 310 mm, where water availability constitutes an
important limiting factor for forest regeneration (Reference and Information Portal "Weather and Climate, 2022).
In addition to climatic constraints, long-term agricultural development, intensive logging and repeated wildfires
have substantially altered the hydrological regime and biodiversity of these forests (Ministry of Environment and
Water Resources of the Republic of Kazakhstan, 2014). Because total forest cover in Kazakhstan is only 4.7%
and protective forests account for 96% of the national forest fund, with 86% of the country's biological diversity
concentrated in these landscapes, any disturbance to coniferous stands, which together occupy roughly 9.5% of
the forest fund, has disproportionately large ecological consequences (United Nations Development Programme,
2018; Danchenko & Kabanova, 2020). The September 2022 fires alone affected 33824.3 ha of forest-covered
land and 42,927.8 ha of non-forest land in Kostanay Region, following 5183.7 ha of forest-land burned in 2021
(Ministry of Ecology, Geology and Natural Resources of the Republic of Kazakhstan, 2021; Ministry of Ecology
and Natural Resources of the Republic of Kazakhstan, 2023). During 2022-2025, comprehensive ecological
monitoring of the burned Amankaragai pine forest involved assessments of vegetation recovery, soil properties
and remote-sensing observations, providing the basis for the present integrated field investigation (Nugmanov et
al., 2022; Bugubaeva et al., 2023a, 2023b; Simanchuk & Sultangazina, 2024; Sultangazina et al., 2024; Zarubin et
al., 2025). Recent Kazakhstan-focused studies have begun to quantify post-fire heavy-metal redistribution, post-fire
vegetation regeneration via remote-sensing indices and the wider consequences of fire for biodiversity, air quality
and the hydrological regime of sandy massifs (Atantayeva et al., 2024; Zhanbossinova et al., 2024; Lyavdanskaya et
al., 2025; Ozgeldinova et al., 2025; Zhanguzhina et al., 2025). Nevertheless, three explicitly identified research gaps
remain.
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First, although the global literature on pyrogenic succession has expanded rapidly, there are still very few
studies that quantify the very early (1-2 year) post-fire stages in island pine forests growing on eolian sands in a
dry-steppe climate, where pyrophyte survival, root-rhizome resprouting, and the encroachment of meadow-steppe
species interact in a particularly distinctive way (Vlasenko & Rybashlykova, 2024; Lyavdanskaya et al., 2025;
Skrobala et al., 2025; Khapugin & Ruchin, 2025). Second, although post-fire soil chemistry in pine forests has
been widely investigated elsewhere (Buts et al., 2022, 2023; Nureev, 2025), integrated assessments combining soil
morphological change, mobile and total element forms, agrochemical indicators and gamma-radionuclide activity
in island pine soils remain absent. Third, while restoration frameworks tailored to boreal, Mediterranean and
temperate forests are now available (Alayan et al., 2022; Souza-Alonso et al., 2022; Lindenmayer et al., 2022;
Mantero et al., 2023), no such framework has been calibrated for the arid-steppe island pine forests of Northern
Kazakhstan, where water-limited conditions, sandy substrates, and extreme summer temperatures impose
constraints on natural regeneration that have no direct analogue in temperate Europe (Atantayeva et al., 2024;
Lyavdanskaya et al., 2025).

The present study was designed to address these knowledge gaps through an integrated ecological and soil-
based assessment. Unlike previous investigations conducted in Kazakhstan, which have primarily focused on
remote sensing of post-fire regeneration (Zhanguzhina et al., 2025), heavy-metal contamination (Ozgeldinova et al.,
2025), or the broader conservation status of pine forests (Atantayeva et al., 2024; Zhanbossinova et al., 2024) and
international studies that have largely examined boreal or Mediterranean pine forest ecosystems (Dawe et al., 2022;
Day et al., 2023; Mantero et al., 2024; Buts et al., 2023; Nureev, 2025), this study provides the first comprehensive
field-based evaluation of post-fire ecological recovery in the Amankaragai island pine forest. Specifically, it (i)
quantifies species activity during the early stages of pyrogenic succession using paired burned and unburned
(control) plots, (ii) compares post-fire vegetation dynamics under burned-only and cleared-and-logged management
regimes, (iii) characterizes the morphological properties of the upper soil horizons, (iv) determines both mobile and
total concentrations of potentially toxic elements together with major rock-forming oxides, and (v) evaluates
gamma-radionuclide activity in forest soils. By integrating vegetation and soil quality indicators within a unified
comparative framework and employing replicated sampling across the Kalininskoye and Novonezhinskoye forest
districts of the Semiozernoye Forestry Institution, this study establishes the first quantitative multi-indicator
baseline for assessing post-fire ecosystem recovery and evaluating the effectiveness of future restoration strategies
in the Amankaragai pine forest.

The aim of the present study was to investigate post-fire changes in vegetation succession and plant community
development following the September 2022 combined fire in the Amankaragai island pine forest and to evaluate the
physical, chemical, and radiological characteristics of soils in both burned and unburned (control) sites. We
hypothesized that the September 2022 combined fire significantly modified early vegetation succession and upper
soil-horizon properties in the Amankaragai island pine forest by promoting the establishment and expansion of
pyrophytic and meadow-steppe species, increasing the synanthropization of herbaceous vegetation, and reducing
the natural regeneration potential of Pinus sylvestris, while maintaining concentrations of potentially toxic elements
and gamma-radionuclide activity within internationally accepted permissible limits.

To test this hypothesis, the study pursued the following objectives:

1. To quantify species activity during the initial stages of pyrogenic succession in the Amankaragai island pine
forest, Auliekol District, Kostanay Region, Kazakhstan.

2. To evaluate the survival, abundance, and ecological activity of pyrophytic species following the September
2022 fire.

3. To investigate the development and succession of meadow-steppe plant communities in post-fire habitats.

4. To characterize the floristic composition and community structure of unburned (control) forest stands.

5. To assess the morphological characteristics of the upper soil horizons across unburned, burned, and post-fire
managed forest sites.

6. To determine the agrochemical properties of soils together with the mobile and total concentrations of major
and potentially toxic elements in the investigated forest plots.

7. To evaluate gamma-radionuclide activity in soil samples as an indicator of post-fire radiological conditions.

2. MATERIALS AND METHODS
2.1. Objects of Research

The study was conducted in the Amankaragai pine forest, located in Auliekol District, Kostanay Region,
northern Kazakhstan (Fig. 1). The Amankaragai forest is one of the relict island Scots pine (Pinus sylvestris L.)

forests of the Turgai Depression and occurs within a sharply continental, semi-arid dry-steppe zone. The study area
is situated approximately between 52.409° and 52.506° N latitude and 64.069° and 64.209° E longitude.

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

221


https://doi.org/10.47278/journal.abr/2026.059

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Forest study area

s2524 €
.,’I’- ‘-_\‘\
52,50 o o .,
. ,

s2.48 4/ B2

Kostanay Region

M)

52.46

Latitude {

Amankaragal Forest
52.44

s242
c1

ST

52.40 ' had " el

81

64050 64075 54100 B4125 64150 64175 64300 643275
Longitude (*E)

Coordinates are shown in the WGS 84 geographic coordinate system.

&  Control sites W Ceared bumed wte
& Bured stes  —B- Soil sampling location

Fig. 1: Geographic location of the Amankaragai pine forest and study sites in northern Kazakhstan. A, location of Kostanay Region within
Kazakhstan; B, location of the Amankaragai forest within Kostanay Region; C, principal vegetation-monitoring sites and soil-sampling locations.
Coordinates are shown in the WGS 84 geographic coordinate system.

Field investigations were conducted within the Kalininskoye and Novonezhinskoye forest districts of the
Semiozernoye Forestry Institution. Five principal vegetation-monitoring sites were included: two unburned control
sites, two burned sites where the fire-damaged tree stands remained in place, and one cleared burned site from
which the burned trees had been removed in spring 2023. The locations and coordinates of the principal monitoring
sites were as follows:

e Control-1: 52.410100° N, 64.205383° E;

Burned Area-1: 52.409356° N, 64.208874° E;

Control-2: 52.505632° N, 64.069678° E;

Burned Area-2: 52.471740° N, 64.096280° E;

Cleared Burned Area: 52.475540° N, 64.089670° E.

Soil sampling was performed at nine georeferenced locations within the same study area, comprising three
locations in Novonezhinskoye Forestry and six locations in Kalininskoye Forestry. Four horizon-specific samples
were obtained from each location, resulting in 36 soil samples. The complete coordinates of the soil-sampling
locations and the corresponding genetic horizons are presented in Appendix 1.

According to Makhanova et al. (2022), the total forest-covered area of the Amankaragai forest was 33,370.5 ha,
including 13,235.55 ha of sparse forest and 20134.95 ha of dense forest. Over a 28-year period, the forest-covered
area decreased by 5506.5 ha, and more than 11210 ha were affected by logging and fires between 1993 and 2023.
Despite substantial anthropogenic disturbance, the forest ecosystem has been characterized as a relatively stable
geosystem with a capacity for recovery. According to N. Makhanova et al. (2022), the total forest-covered area was
33370.5 ha, including 13235.55 ha of sparse forest and 20134.95 ha of dense forest. Over 28 years, the forest-
covered area decreased by 5506.5 ha. From 1993 to 2023, more than 11210 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.

The study was conducted using a comparative field-monitoring design in the Amankaragai pine forest during
the 2023 and 2024 growing seasons, corresponding to the first and second years following the September 2022
wildfire. Five permanent monitoring plots representing the principal post-fire ecosystem conditions were
established within the Kalininskoye and Novonezhinskoye forest districts of the Semiozernoye Forestry Institution.
These included two unburned control plots (Control-1 and Control-2), two burned forest plots with standing dead
trees (Burned Area-1 and Burned Area-2) and one burned plot that had undergone salvage logging and removal of
burned timber (Cleared Burned Area).

For each monitoring plot, ten independent geobotanical relevés were completed using standard geobotanical
methods. Forest vegetation was surveyed on 625 m? plots, whereas herbaceous vegetation was assessed on 100 m?
plots. Soil sampling was conducted at the same monitoring sites to enable direct comparison between vegetation
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recovery and soil characteristics. Samples were collected from the major genetic soil horizons for morphological,
agrochemical, toxicological, and radionuclide analyses. Monitoring plots were selected purposively to represent the
major post-fire management and disturbance conditions within the study area; therefore, random allocation of
sampling sites was not applied (Fig. 2).

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

STUDY AREA

Selection of monitoring plots

v v il Pugachev (1994), who emphasized the floristic
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Control Plots (n=2) (n=2) Area (n=2) floristic richness: 426 species and 238 genera from
l 68 families, with a large number of species

belonging to the relict complex. To study the nature

Vegetati )
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* Species composition established within the territory of the Semiozernoye
* Projective cover Forestry Institution (Fig. 1).
« Species activity . . e ..
The following sites within the Kalininskoye and
l Novonezhinskoye forest districts were selected as
Soil sampling monitoring plots:

1. An area unaffected by fire (controls 1 and 2);

" Genetic soil horizons 2. An area affected by fire with the burned tree stand

* Morphology L
« Agrochemical analysis remaining in place (burned areas 1 and 2);
* Heavy metals 3. An area where the forest was cut down and
* Gamma-radionuclides removed in spring 2023 (cleared burned area).
l The initial stages of pyrogenic successions were
Statistical analysis studied in 2023-2024. Geobotanical descriptions were
carried out according to standard methods (Lavrenko,
* Descriptive statistics 1938; Korchagin, 1964). In forested areas, the

* Normality testing
* Correlation analysis

description plot area was 625 m2 In plots with
herbaceous cover, the sample plot area was 100 m?2.
For each wvariant, 10 standard geobotanical
Fig. 2: Experimental design and sampling workflow of the study.  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 (Savinov &
Nikitin, 2017; Kuprijanov et al., 2018).

Species activity was calculated in the IBIS system (Zverev 2007) using formula (1):

(1)

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;

A; is the projective cover of the taxon in the i-th sample plot;

As is the sum of the projective covers of the taxon across all sample plots.

The synanthropization coefficient was calculated using the formula proposed by Prokopyev et al., (2007).
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Nq Nq Np
KS=ZaiX100+(Zai+Zbi) (2)
i=1 i=1 i=1

Where

K is the synanthropization coefficient;

ai is the occurrence of synanthropic species;
N, is the number of synanthropic species;
biis the occurrence of hemerophobic species;
Ny is the number of hemerophobic species.

Under anthropogenic and technogenic loads, herbaceous vegetation responds first. 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 60.0% 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 (Durasov, 1958, 1959; Malanyin & Smetana, 1989; Baisholanov, 2017).

Soil samples were collected from the studied plots with consideration of soil layer or horizon depth and with
recording of geographic coordinates (Appendix 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.
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Laboratory analyses of soil quality and toxicological properties were conducted in accordance with
internationally recognized national standards and regulatory guidelines for soil sampling, preparation, and analytical
procedures (Committee for Standardization and Metrology of the USSR, 1991a, 1991b; 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, 2016b, 2021; State Committee
of the USSR for Standards, 1985a, 1985b, 1985¢c, 1985d, 1985e, 1986). Prior to analysis, all soil and ground
samples were oven-dried at 110—120°C and gently crushed to disaggregate soil aggregates. The dried samples were
subsequently homogenized by grinding with an SBM 200 Siebtechnik disc mill (Siebtechnik GmbH, Germany) to
obtain a particle size of <2-3 mm. The homogenized samples were then processed for physicochemical, elemental,
and radiological analyses.

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 these 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 of 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 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
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 aqueous 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 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
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cuvettes designed for X-ray fluorescence analysis with a bottom made of Mylar film 3—5 pm 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.

2.4. Quality Assurance and Analytical Quality Control

Instrument calibration was performed before analytical measurements using certified reference materials
(CRMs) for soils and geological materials with known concentrations of the target analytes in accordance with the
corresponding GOST and ST RK analytical standards. Calibration performance was periodically verified
throughout the analytical sequence. Internal quality-control procedures included routine calibration verification,
analysis of certified reference materials, duplicate measurements of selected samples, and continuous monitoring of
instrumental stability. Sample preparation, storage, and analytical procedures followed the requirements of ISO/IEC
17025 and the relevant national analytical standards. The analytical methods were applied within the validated
working ranges specified in the corresponding analytical standards. Results below the analytical detection limit
were considered non-detectable and were excluded from subsequent statistical analyses. Analytical precision and
repeatability complied with the metrological performance requirements established for the applied analytical
methods.

2.5. 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 31, 134Cs, 1¥7Cs, “°K, 2*Ra, and #*2Th, 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. Atomtech manufactured the instrument in Belarus. 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).

2.6. Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statistics version 32.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics were calculated for all vegetation, soil, and radionuclide variables. Continuous variables are
reported as the mean + standard deviation (SD), median, minimum, and maximum values, as appropriate, whereas
categorical variables are presented as frequencies and percentages. We assessed data normality using the Shapiro—
Wilk test, complemented by visual examination of histograms and normal Q—Q plots. As several variables deviated
from a normal distribution, associations among soil physicochemical properties, mobile and total elemental
concentrations, sampling depth and gamma-radionuclide activity were evaluated using Spearman’s rank correlation
coefficient (p), a non-parametric measure of association. All statistical tests were two-tailed, and differences were
considered statistically significant at p<0.05. Correlation coefficients were interpreted according to their strength
and direction. Missing data were excluded only from the respective analyses in which they occurred. Because the
primary objective of this study was to characterize early post-fire vegetation succession and associated soil
properties rather than to classify observations or develop predictive models, multivariate statistical analyses were
not performed.

3. RESULTS

3.1. Studies of Control Plots: Characteristics of Plant Community Formation

3.1.1. Control-1: Control-1 represented an undisturbed Pinus sylvestris forest (stand formula 10P, stand density 0.4,
age 60—80 years) with vegetation typical of steppe pine forests on sandy soils (Fig. 3). The herbaceous layer was
dominated by Calamagrostis epigeios, Festuca valesiaca, Carex supina, and Artemisia austriaca. Species richness
increased from 24 species in 2023 to 33 species in 2024 (Table 1), whereas total projective cover remained
relatively stable (40-50%). Despite the increase in species richness, the floristic composition and overall
community structure remained largely unchanged throughout the study period. Characteristic steppe pine forest
species persisted at low abundance, whereas dominant species maintained high constancy. Anthropogenic
disturbance remained low (digression stage 1V), with only 10-15% disturbance of the herbaceous layer. The
synanthropization coefficient remained very low (3.4%), while total species activity increased only slightly from
171.7% in 2023 to 177.2% in 2024 (Table 2), indicating a stable and well-preserved plant community.
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3.1.2. Burned Area-1 (Semiozernoye Forestry
Institution, Kalininskoye Forestry, compartment 121;
52.409356, 64.208874): Burned Area-1 exhibited
pronounced post-fire vegetation changes. Total
projective cover increased from 16% in 2023 to 50% in
2024, while species richness increased from 29 to 35
species (Fig. 4). During the first post-fire growing
season, vegetation was composed primarily of species
regenerating from protected belowground organs,
whereas most species exhibited low constancy. By the
second year, the community was dominated by
Calamagrostis epigeios, Carex supina, and Chenopodium
album, accompanied by a substantial expansion of
ruderal and synanthropic species (Table 3). Total species
activity increased approximately 1.5-fold, primarily
reflecting the rapid establishment and spread of weed
Fig. 3: Semiozernoye Forestry Institution, Kalininskoye Forestry, Species. The number of weed species increased from five

compartment 12I, subcompartment 24, Control-1. A — 2023; B — to nine, while the synanthropization coefficient nearly
2024. doubled from 13.3% to 25.7% (Table 2). The site
Table 1: Floristic indicators of the pine forest in Control-1, remam,ed at ant};rop,()gemc digression stage V, with
Semiozernoye Forestry Institution, Kalininskoye Forestry (n = 10) approximately 70% disturbance of the herbaceous layer,
Plant species P¥ v¥ A* cc*  indicating that vegetation recovery was still dominated
2023 S by early-successional opportunistic species.

Calamagrostis epigeios (L.) Roth 158 100 397 V 3.1.3. Control-2 (Semiozernoye Forestry Institution,
Festuca valesiaca Gaud. 465 70 18 IV N, hinsk F. 20
Carex supina Willd. ex Wahlenb. Is 60 30 I ovonezhinskoye orestry,  compartment b
Artemisia austriaca Jacq. 285 60 13.1 1Nl subcompartment 1; 52.505632, 64.069678): Control-2
Stipa pennata L. 3.1 50 124 1 represented an undisturbed pine forest (stand formula
'gzgimgus pallasii Miscz. 025 50 35 M 9P1As, stand density 0.4-0.5, age 60-90 years) with a
Calamagrostis epigeios (L) Roth 1055 100 325 V well-pregerved vegetation structure characteristic of
Carex supina Willd. ex Wahlenb. 95 100 308 V steppe pine ecosystems (Fig. 5). The herbaceous layer
Festuca valesiaca Gaud. 9.1 100 302 V was dominated by Calamagrostis epigeios, Carex
Medicago falcata L. l.65 90 122V supina, Festuca valesiaca, and Glycyrrhiza uralensis.
Poa pratensis L. 155 70 104 IV

Species richness remained nearly constant between
Table 2: Main indicators at the monitoring site in the Semiozernoye ~ Y€4IS (29 species in 2023 and 30 species in 2024),

Forestry Institution, Kalininskoye Forestry although total projective cover decreased from 61.0% to
Indicators Control Burnedarea ~ 44.5%. Only minor temporal variation in phytocoenosis
2023 2024 2023 2024 structure was observed during the study period (Table
Density of pine stands, score 0.4 0.4 0 0 TS . .
TPC% 50 40 66 50 4), indicating a stable vegetation community.
Number of species, pcs. 24 33 29 135 Anthropogenic disturbance remained low (digression
Including weed species, pcs. 3 3 5 9 stage IV), with 10-15% disturbance of the herbaceous
Synanthropization coefficient,% 9 34 133 257 layer. Although the synanthropization coefficient
Total species activity, % 1717 1772 706 2285 ipireased from 5.7% to 13.3%, total species activity
Including weed species 7.5 2.6 38 456 . . o) : o/ :
Share of weed species activity,% 4.4 2.0 5.4 20.0 remained relatlvely stable (205 % 1n 2023 and 189% in

2024; Table 5), suggesting that the overall community
structure was maintained.

3.1.4. Burned Area-2 (Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 72,
subcompartment 22; 52.47174, 64.09628): Burned Area-2 was affected by a combined fire. Total projective cover
increased from 17% in 2023 to more than 60% in 2024, while species richness increased from 27 to 38 species (Fig.
6). During the first post-fire growing season, the vegetation was dominated by Calamagrostis epigeios, whereas
most other species occurred with low constancy (Table 5). In the second year, Calamagrostis epigeios and
Chamerion angustifolium, a characteristic post-fire colonizer, became the dominant species, accompanied by a
marked increase in ruderal taxa, including Lactuca serriola, Conyza canadensis, and Chenopodium album. The
number of weed species more than doubled (from four to nine), the synanthropization coefficient increased from
12.9% to 22.5%, and the proportion of weed species activity increased from 11.6 to 18.3% (Table 7). The site
remained at anthropogenic digression stage V, with approximately 70% disturbance of the herbaceous layer,
indicating that vegetation development was still in the early stages of post-fire succession.
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Table 3: Floristic indicators of the pine forest in the burned Nl WEE 5 7,3%
area, Semiozernoye Forestry Institution, Kalininskoye i o i s
Forestry (n = 10)

Plant species P VvV A CC

2023

Calamagrostis epigeios (L.) Roth 5 30 12211

Galium verum L 1.35 30 64 |l

2024

Calamagrostis epigeios (L.) Roth 59 100 243 V

Carex supina Willd. ex Wahlenb. 60 100 775 V

Chenopodium album L. 675 90 246 V

Festuca valesiaca Gaud. 38 80 174 IV

Conyza canadensis (L.) Cronquist. 12 70 92 IV

Table 4: Floristic indicators of the pine forest in Control-2,
Semiozernoye Forestry Institution, Novonezhinskoye

Forestry (n = 10) Fig. 4: Semiozernoye Forestry Institution, Kalininskoye Forestry,
Plant species P V A CC  compartment 121, subcompartment 24, Burned Area-I.
2023

Calamagrostis epigeios (L.) Roth 13.5 100 36.7 V

Carex supina Willd. ex Wahlenb. 13 80 322 V

Festuca valesiaca Gaud. 5 70 187 IV

Allium lineare L. 0.7 50 59 1

Cerasus besseyi L.H. Bailey 3.1 50 124 11

Cotoneaster melanocarpus Fisch. ex Blytt. 6.1 50 17.5 |lI

2024

Calamagrostis epigeios (L.) Roth 13.5 100 36.74 V

Carex supina Willd. ex Wahlenb. 13 80 3225V

Festuca valesiaca Gaud. 5 70 18711V

Cotoneaster melanocarpus Fisch. ex Blytt. 6.1 50 17.46 IlI

Cerasus besseyi L.H. Bailey 3.1 50 124511

Allium lineare L. 0.7 50 5.92 1

Table 5: Floristic indicators of the pine forest in Burned

Area-2, . Semiozernoye Forestry Institution, Fig. 5: Semiozernoye Forestry Institution, Novonezhinskoye
Novonezhinskoye Forestry (n = 10) Forestry, compartment 20, subcompartment |, control.
Plant species P V A CC

2023

Calamagrostis epigeios (L.) Roth 13990 354V

Melilotus albus Medik. 04560 52 1l

Carex supina Willd. ex Wahlenb. 09540 6.2 |1l

2024

Calamagrostis epigeios (L.) Roth 43 100 65.6 V

Chamerion angustifolium (L.) Holub 245100 15.7 V

Lactuca serriola L. 1.9580 1251V

Conyza canadensis (L.) Cronquist. 1.6 80 1131V

Phragmites australis (Cav.) Trin. ex Steud. 1.3 60 8.8 Il

Chenopodium album L. 05560 57 1

Carex supina Willd. ex Wahlenb. 2.1550 10410

Seseli libanotis (L.) W. D. J. Koch 0.7 50 59 1

Silene nutans L. 03550 42 1

Fig. 6: Semiozernoye Forestry Institution, Novonezhinskoye
Forestry, compartment 72, subcompartment 22, Burned Area-2.

3.1.5. Cleared Burned Area (Semiozernoye Forestry Institution, Novonezhinskoye Forestry, compartment 42;
52.47554, 64.08967): The Cleared Burned Area underwent post-fire logging during May—June 2023, resulting in a
vegetation recovery trajectory distinct from that observed in the uncleared burned sites. Total projective cover
increased from 29.0% in 2023 to 60.6% in 2024 (Fig. 7), whereas species richness declined from 55 to 40 species.
The first post-fire year was characterized by high floristic richness, including numerous psammophytic steppe
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species together with synanthropic taxa (Table 6). By 2024, the community had shifted toward the dominance of
steppe species, particularly Agropyron cristatum and Gypsophila paniculata, while ruderal species such as Lactuca
serriola, Conyza canadensis, and Chenopodium album remained abundant. Total species activity remained
relatively stable (198.0-206.7%), whereas the synanthropization coefficient increased markedly from 14.5% to
29.7%, indicating continued anthropogenic transformation of the vegetation. The site remained at anthropogenic
digression stage V, with approximately 60% disturbance of the herbaceous layer.

Table 6: Floristic indicators of the pine forest in the cleared burned area, Semiozernoye Forestry Institution, Novonezhinskoye Forestry (n = 10)

Plant species P \ A Kn
2023
Calamagrostis epigeios (L.) Roth 345 90 17.6 \
Chenopodium album L. 88 90 28.1 \
Achillea millefolium L. 1.35 60 9 1}
Astragalus scoparius Schrenk 0.45 60 5.2 1]
Cerasus besseyi L.H. Bailey 2.7 60 12.7 1
2024
Agropyron cristatum (L.) Beauv. 27.5 100 52.4 \
Gypsophila paniculata L. 4.7 90 20.6 \
Chenopodium album L. 2.55 70 13.4 v
Festuca valesiaca Gaud. 5.8 60 18.7 1
Stipa pennata L. 37 60 14.9 1
Galium verum L 1.55 60 9.6 11l
Berteroa incana (L.) DC. 04 60 49 1
Glycyrrhiza uralensis Fisch. 0.35 60 4.6 1
Chenopodium glaucum L. 1.35 50 8.2 1l
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,% 6l 445 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 I
Synanthropization coefficient, % 5.7 13.3 12.9 22.5 14.5 29.7
Total species activity,% 205 189 68.1 1934 198.0 206.7
Including weed species 24 49 79 354 46.5 44.3
Share of weed species activity,% 1.1 2.6 11.6 18.3 23.5 21.5
4 ? - T— Fig. 7:  Semiozernoye  Forestry Institution,
9 ,.'f f Novonezhinskoye Forestry, cleared burned area,
e \ compartment 42: A — 2023; B — 2024.
\
i

3.1.6. Characteristics of Plant Community Formation Across All Studied Plots: Across all burned sites, post-fire
vegetation recovery followed two principal successional pathways. The first involved the persistence and regeneration
of fire-tolerant (pyrophytic) perennial species, including Calamagrostis epigeios, Carex supina, Festuca valesiaca,
Artemisia austriaca, and Stipa pennata, which survived the fire through protected belowground organs. The second
pathway was characterized by rapid colonization of disturbed habitats by opportunistic (explerent) species, primarily
synanthropic taxa such as Chenopodium album, Conyza canadensis, Lactuca serriola, and Taraxacum officinale.
Vegetation recovery differed substantially between burned forest stands and cleared burned areas. Burned forest plots
exhibited relatively gradual recovery dominated by pyrophytic species, whereas cleared sites experienced rapid
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colonization by synanthropic and meadow-steppe species following post-fire logging. Consequently, cleared areas
maintained higher species richness during the initial post-fire year but exhibited a more pronounced increase in
synanthropization during the second year, reflecting stronger anthropogenic influence on vegetation succession.

3.2. Study of Soil Quality Indicators
3.2.1. Morphological Characteristics of Soils in the Studied Plots of Kalininskoye Forestry: The morphological
characteristics of soils in the study plots of Kalininskoye Forestry were evaluated based on detailed field

observations. Soil profile descriptions and diagnostic morphological features are presented in Tables 8 and 9.

Table 8: Structure of the upper soil layers in forest plots unaffected by fire

Horizon Soil sample numbers
(layer) | 2 3
Ao 0-3 cm; litter of needles, twigs, and cones 0-2 cmy; litter of needles, twigs, 0-2 cmy; litter of needles, twigs, and cones
cones, decomposed from below
Al 3—6 cm; weakly humified, dark-gray layer 2-7 cm; humified, dark-brown 2-10 cm; humified, dark-brown layer,
penetrated by plant roots transitional layer penetrated by plant turning grayish when drying, penetrated by
roots plant roots
A-B 7—10 cm; slightly moist, dark-gray, compacted, 7-12 cm; dry, dark-gray, sandy loam 1020 cm; dry, dark-gray, compacted
with inclusions of dark spots from Al
B 10-20 cmy; light-gray sand with thin brown 12-25 cmy; light-gray sand with a 20-30 cm; light-gray sand with thin brown
interlayers darkish tint interlayers
C Deeper than 20 cm; yellowish-gray sand Deeper than 25 cm; yellowish-gray ~ Deeper than 30 cm; yellowish-gray sand
sand

Table 9: Structure of the upper soil layers in burned forest plots. Cleared burned area

Horizon Soil sample numbers

(layer) | 2 3

Ao 0-1.0 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown
needles and burned twigs needles and burned twigs needles and burned twigs

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

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

orange spots
C Deeper than 20 cm; yellowish-gray sand with Deeper than |0 cm; yellowish-gray sand
dark streaks with dark streaks

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

3.2.2. Morphological Characteristics of Soils in the Studied Plots of Novonezhinskoye Forestry: The
morphological characteristics of soils in the study plots of Novonezhinskoye Forestry were similarly assessed
through field investigations. The corresponding soil profile descriptions and morphological characteristics are
presented in Tables 10—12. Soil samples were collected from representative soil horizons across all study plots to
determine the concentrations of mobile and total forms of selected soil quality indicators (Appendices 1-4). Overall,
the investigated soils were alkaline and generally characterized by low concentrations of humus, nitrate nitrogen,
available phosphorus, and exchangeable potassium. Humus content in the upper and subsurface horizons
corresponded to the low-humus category according to standard agrochemical classification criteria. Nitrate nitrogen
concentrations were generally below 10 mg kg™', whereas available phosphorus and exchangeable potassium were
predominantly below 50 mg kg™'.

Despite the relatively low nutrient status, the concentrations of mobile forms of potentially toxic elements,
including Pb, Cr, Ni, Cu, Mn, Cd, and Zn, remained below the established environmental guideline values. Likewise,
the total concentrations of heavy metals and other potentially hazardous elements did not exceed the corresponding
maximum permissible concentrations, indicating the absence of significant soil contamination. Spearman's rank
correlation analysis identified several significant relationships among soil quality indicators. Sampling depth
exhibited strong negative correlations with soil moisture content and the mobile concentrations of Cd, Mn, Zn, and
Pb (p =—0.48 to —0.93), indicating a progressive decline in these variables with increasing soil depth. Humus content
was positively correlated with exchangeable potassium, nitrate nitrogen, cadmium, and lead, suggesting the important
role of soil organic matter in nutrient retention and trace element accumulation. Exchangeable potassium also showed
positive correlations with available phosphorus, nitrate nitrogen, Cd, Mn, and Zn. Among the trace elements,
particularly strong positive associations were observed between Cd and Mn, Cr and Mn, and Zn and Mn, reflecting
their similar geochemical behavior within the soil matrix. Analysis of the total elemental composition demonstrated
that the mineral fraction of the soils was dominated by silicon, aluminum, titanium, iron, and calcium oxides. Strong
positive correlations were identified among several major and trace elements, including Si—Nb, Si—K, K—-Al, K-Ti,
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Mn—Fe, Fe—Zn, Fe-Pb, Zn-Ni, and Sr—Ca (Appendix 4), indicating common mineralogical associations and
geochemical processes governing elemental distribution in the studied soils.

Table 10: Structure of the upper soil layers in forest plots unaffected by fire

Horizon Soil sample numbers

(layer) [ 2 3
Ao 0-2 cm; litter of needles, twigs, and cones 0-6 cm; thick litter of needles, twigs, 0—4 cm; litter of needles, twigs, and
and cones, decomposed from below cones
Al 2-5 cm; weakly humified, dark-brown layer, turning  6—10 cm; humified, dark-brown layer, 4—-10 cm; humified, dark-brown
grayish when drying, penetrated by plant roots turning grayish when drying, penetrated layer, turning grayish when drying,
by plant roots penetrated by plant roots
A-B 5-15 cm; slightly moist, dark-gray, compacted, with ~ 10—17 cm; dry, dark-gray, compacted 10-20 cm; dry, dark-gray,
inclusions of dark spots from Al compacted
B 15-20 cm; light-gray sand with thin brown interlayers 17-25 cm; light-gray sand with a darkish 20-30 cm; light-gray sand with thin
tint 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 |1 1: Structure of the upper soil layers in burned forest plots. Cleared burned area.

Horizon Soil sample numbers

(layer) | 2 3

Ao 0-0.5 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown
needles and burned twigs needles and burned twigs needles and burned twigs

Al 1-2 cm; black layer of charcoal particles 0-1 cm; dark layer of charcoal particles 0-2 c¢m; completely burned out

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

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

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

Table 12: Structure of the upper soil layers in burned forest plots cleared of burned wood. Cleared burned area.

Horizon Soil sample numbers

(layer) | 2 3

Ao 0-0.5 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown 0-0.5 cm; freshly fallen litter of brown
needles and burned twigs needles and burned twigs needles and burned twigs

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

of charcoal particles of charcoal particles of charcoal particles
B 10-20 c¢m; 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 3,3, Studies of Gamma-Radionuclide Activity in Ground
and layer depth Sample Specimens
Csl37 40K . . .
20K 053 Appendix 3 presents the values of gamma-radionuclide
Layer 077 2045 activity indicators in soil sample specimens. Activities of all
detected radionuclides remained below the maximum
permissible levels established by Russian and Kazakh
regulations (Chief State Sanitary Doctor of the Russian Federation, 2009; Ministry of Health of the Republic of
Kazakhstan, 2022). Among the analysed radionuclides, “°K and '*’Cs were consistently detected in almost all
samples, whereas the technogenic radionuclide **Cs occurred only sporadically. The highest '*’Cs activity was
recorded in the upper soil horizons, and the activities of both “°K and *’Cs decreased with increasing soil depth and
layer density (Table 13; Appendix 3). A significant positive correlation was observed between the activities of *°K
and “7Cs, indicating similar patterns of vertical distribution within the soil profile. Overall, the radionuclide data
indicate a stable radiological status of the study sites, with radionuclide activities remaining within regulatory limits
and exhibiting the expected concentration in surface soil layers.

4. DISCUSSION
4.1. Mechanisms Driving Post-fire Vegetation Changes in the Amankaragai Island Pine Forest

Two findings dominate the post-fire vegetation recovery documented in Sections 3.1.2, 3.1.4 and 3.1.5. First,
Calamagrostis epigeios Roth, already present as a co-dominant in both Control-1 (projective cover 15.8% in 2023)
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and Control-2 (projective cover 13.5% in 2023) (Table 1 and 4), became the dominant species in every burned plot,
reaching 24.3% cover in Burned Area-1, 65.6% in Burned Area-2, and contributing substantially to recovery in the
cleared site (Tables 3, 5 and 6). Second, the burned and cleared burned plots accumulated ruderal and meadow-
steppe species at the expense of typical forest-floor forbs: weed-species number increased from 5 to 9, from 4 to 9,
and from 8 to 11 (cleared burned area), with the synanthropization coefficient following the same direction (13.3 —
25.7%, 12.9 — 22.5%, 14.5 — 29.7%) (Table 2 and 7). These two lines of evidence are biologically coherent. C.
epigeios is a long-rhizomatous, high-morphological-plasticity grass whose renewal buds lie at 6—10 cm depth,
well below the soil thermal front of typical surface and crown fires, which explains both its recurring dominance
in the island pine forests and its rapid post-fire takeover at all our sites (Sultangazina et al., 2025). The same life-
history trait has been documented in temperate European meadows, where C. epigeios generates a "particularly
dense and thick litter that prevents the germination of other species" and produces "long-lasting stable grassland
communities, stopping the course of succession" (Pruchniewicz & Zotierz, 2017). This mechanism is
particularly concerning in our case because Pinus sylvestris is an obligate seeder that requires a mineral,
competition-free seedbed; dense C. epigeios litter can therefore suppress pine regeneration for decades — a
parallel to the well-described inhibition of white spruce (Picea glauca) by the closely related Calamagrostis
canadensis in post-fire boreal stands of North America (Lieffers et al., 1993; Cater & Chapin, 2000).

A second non-trivial observation concerns the divergence between uncleared burned stands and the cleared
burned area. In Burned Area-2, floristic richness rose from 27 to 38 species and projective cover from 17% to
60.5%, with C. epigeios + Chamerion angustifolium + Lactuca serriola dominating (Table 5). In the cleared burned
plot, floristic richness declined from 55 to 40 species in the second year, projective cover rose from 29% to 60.6%,
and the community shifted to Agropyron cristatum—Gypsophila paniculata—Festuca valesiaca steppe grassland with
persistent Chenopodium album, Lactuca serriola and Conyza canadensis synanthropes (Table 6). The
synanthropization coefficient reached 29.7% in the cleared plot, which is almost double the value in the uncleared
burned area, and the share of weed-species activity remained above 20% throughout (Table 7). The ecological
significance of this divergence is twofold. First, it confirms the strong negative effect of post-fire salvage logging
on natural pine regeneration that has been reported in dry Scots pine stands elsewhere, where only 16 years after a
stand-replacing fire and salvage-logging combination is natural Pinus sylvestris regeneration still insufficient
(Mantero et al., 2023). Second, it provides empirical support from the southern margin of the Scots pine range for
the general Siberian finding that "dry pine stands and repeatedly disturbed forests were the most vulnerable to
experience a biome shift during regeneration toward steppe vegetation" (Blumroeder et al., 2022). None of the
burned plots in the present study contained a single P. sylvestris seedling of any height class, an outcome consistent
with the regional assessment that natural pine regeneration requires not only the absence of dense C. epigeios cover
but also active silvicultural treatment (Lyavdanskaya et al., 2025; Sultangazina et al., 2025).

The co-occurrence in our burned plots of typical forest species (re-sprouting from belowground organs, e.g.,
Carex supina, Festuca valesiaca, Stipa pennata) with ruderal explerents (Chenopodium album, Conyza canadensis,
Lactuca serriola, Taraxacum officinale) is the signature pattern described for secondary pyrogenic successions over
the past century and remains broadly consistent with recent boreal and temperate case studies, where stand age, fire
severity, residual seedbank and post-fire climate jointly shape trajectories (Clements, 1916, 1928; Dawe et al.,
2022; Day et al., 2023).

4.2. Fire-induced Changes in Soil Morphology and Chemistry and the Soil's Role as a Recovery Substrate

The morphological data summarized in Table 8—12 show that the A0 and Al horizons, typically 5-10 cm
thick in undisturbed stands, were reduced to charcoal layers of 0.5-3 cm or completely burned out in the burned
plots. This loss is the principal mechanism by which wildfire modifies the early-stage ecosystem in our sandy
soils: the organic-rich surface layer that drives cation exchange, water retention and seedling anchoring is
replaced by a thin, hydrophobic ash—charcoal veneer. The dichotomy between cleared and uncleared burned plots
is also striking at the horizon level: cleared sites contain an "unstructured" 10—15 cm A1-A-B horizon of mixed
charcoal, burnt organic matter, and re-deposited mineral soil—a marked mechanical disturbance that further
reduces seedbed suitability.

The chemical profile of the upper horizons nevertheless remained within functional limits. The humus content
(0.19-1.95%) corresponds to the "low-humus" category used by the Russian TSINAO classification; nitrate nitrogen
was mostly <40 mg/kg, mobile phosphorus <50 mg/kg, and mobile potassium low; extractable lead, chromium,
nickel, copper, manganese, cadmium, zinc, cobalt and arsenic were below their respective MPCs/APC values in
every sample. These findings align directly with current international evidence showing that, in forest settings,
mature sandy soils mineral substrates can buffer the chemical impact of fire on the rooting zone, while the organic-
rich AO/AT1 is the horizon most vulnerable to loss (Buts et al., 2022; Nureev, 2025).
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The correlation analyses (Appendices 4.1 and 4.2) refine this interpretation. The strong negative correlations of
sampling depth with Cd, Mn, Zn and Pb (r = —0.48 to —0.93) and the positive correlations among humus, potassium,
nitrates and trace elements indicate that biological activity and trace-element retention are concentrated in the upper
few centimeters — exactly the horizon most affected by fire. The strong mutual correlations among major oxides
(Si-Nb, K-Al, K-Ti, Mn—Fe, Fe—Zn, Fe—Pb, Zn—Ni, Sr—Ca) indicate that the mineral matrix of these sandy soils is
inherited and fire-stable: the loss of organic matter does not translate into a major perturbation of the underlying
geochemistry. This decoupling of organic from mineral horizons is an important point for restoration planning: it
implies that any active restoration effort on these sites should target the top few centimetres first, primarily by
rebuilding a humus-retaining organic cover and by suppressing the meadow-steppe grass layer that we have shown
effectively colonizes these surfaces (Alayan et al., 2022; Lindenmayer et al., 2022).

The interpretation of these findings in a 2020-2025 context harmonises with recent work in Mediterranean and
temperate pine stands showing that moderate-to-severe P. sylvestris fires typically reduce OC and N in the surface
horizon but rarely push bulk soil trace elements above regulatory limits; that site-precise rather than uniform
restoration is most effective; and that, even 30 years after post-fire afforestation, near-natural podzol morphology
with humus horizons comparable to primary-succession post-mining sites can be re-established (Jozefowska et al.,
2023; Mantero et al., 2024).

4.3. Nutrient Cycling in the Upper Horizons of Post-fire Island Pine Soils

The agrochemical profile of the Amankaragai soils reflects the nutrient-poor character of sandy island pine
ecosystems while revealing characteristic post-fire redistribution processes. Low humus content, low nitrate
nitrogen, low mobile phosphorus and potassium, alkaline reaction, and concentrations of mobile trace elements
below regulatory limits indicate that wildfire altered nutrient availability without causing long-term soil
contamination. The strongest depth-related correlations suggest a clear separation between the organic and mineral
components of the soil profile. Mobile nutrients and trace elements accumulated mainly within the upper few
centimetres, whereas the deeper sandy substrate contributed relatively little to nutrient retention. Similar post-fire
redistribution of nutrients has been widely reported, where ash deposition increases the availability of exchangeable
cations and mineral nutrients within surface horizons (Agbeshie et al., 2022).

The observed relationship between low nitrate concentrations and relatively higher phosphorus availability also
resembles the fire-induced N:P imbalance described in other post-fire forest ecosystems (Eckdahl et al., 2024; Shen
et al., 2024). Although nutrient enrichment in Amankaragai was considerably weaker because of the coarse sandy
substrate and semi-arid climate, the direction of post-fire nutrient redistribution was consistent with these
international observations. Finally, the strong correlations among the major rock-forming oxides confirm that the
geochemical composition of the mineral substrate remained essentially unchanged after fire, supporting previous
findings for post-fire Scots pine ecosystems (Wos$ et al., 2025).

4.4. Organic Matter Recovery, Ash Dynamics and the Soil Surface as a Driver of Succession

The disappearance of the AO/A1l horizon and its replacement by a thin charcoal layer represent the most
important pedological consequence of the 2022 wildfire. Under the dry climatic conditions of Northern Kazakhstan,
this loss is particularly significant because the organic surface horizon functions as the principal reservoir for water
retention, cation exchange, and seedling establishment. International studies consistently indicate that recovery of
this horizon requires many years or even decades. Mediterranean pine forests generally require 2—3 years before
measurable recovery of microbial activity and soil organic matter begins (Rodriguez et al., 2018), whereas semi-
arid Pinus halepensis ecosystems require approximately 15-21 years for substantial restoration of plant—soil
interactions (Moya et al., 2019). In temperate Scots pine forests, recovery of soil organic carbon may require around
30 years (Wos et al., 2025), while complete redevelopment of humus horizons on sandy substrates may continue for
nearly a century (Gus-Stolarczyk & Drewnik, 2017). Similar long-term recovery of Podzol development after post-
fire afforestation has also been demonstrated by Jozefowska et al. (2023). These studies indicate that restoration of
the Amankaragai pine forest should primarily focus on accelerating recovery of the organic surface layer rather than
attempting rapid nutrient supplementation, while simultaneously limiting competition from dense Calamagrostis
epigeios stands that may delay tree regeneration.

4.5. Post-fire Soil Development and the Long-term Pedogenic Trajectory of Amankaragai

Taken together, the vegetation, morphological and agrochemical results indicate that post-fire ecosystem
recovery in the Amankaragai pine forest is controlled primarily by restoration of the upper organic horizon rather
than by changes in the mineral substrate. The deeper sandy profile retained its characteristic geochemical
composition, whereas the A0/A1 horizon preserved the principal signature of fire disturbance, corresponding to the
concept of "pedological memory" proposed by Phillips & Marion (2003). Accordingly, successful restoration
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should prioritize rebuilding the litter and humus horizons, reducing competition from Calamagrostis epigeios, and
avoiding intensive post-fire salvage logging that further disturbs the already degraded surface layer. Such an
approach is consistent with current international recommendations emphasizing ecosystem-specific restoration
strategies for post-fire pine forests (Alayan et al., 2022; Lindenmayer et al., 2022; Mantero et al., 2023).

4.6. Restoration, Climate-change and Management Implications

The combined vegetation and soil evidence has three direct implications for restoration of the Amankaragai
pine forest. First, retention of burned stands appears more favourable for natural recovery than post-fire salvage
logging, because surviving belowground organs and residual organic horizons provide a better substrate for
regeneration (Lindenmayer et al., 2022; Sultangazina et al., 2025). Second, active restoration measures should
reduce competition from dense Calamagrostis epigeios cover by creating mineral-soil microsites suitable for pine
establishment, consistent with recommendations developed for other Calamagrostis-dominated pine systems
(Lieffers et al., 1993; Mantero et al., 2024). Third, the radionuclide data indicate a stable radiological background,
with activities below MPC values and radionuclides concentrated mainly in the organic-rich upper horizons,
suggesting that recent fire did not cause substantial downward migration of radiocaesium.

These management implications should be considered within the broader context of increasing wildfire activity
under climate change. Boreal and high-latitude forest fires during the 2023-2024 season released emissions
approximately 16% above the multi-year average, with some regions exceeding historical means by more than
ninefold (Jones et al., 2024) and larger fires have been shown to intensify post-fire land-surface warming (Zhao et
al., 2024). The September 2022 fires that affected 33,824 ha of forest land in Kostanay Region form part of this
wider trend of increasing fire activity (Jones et al., 2022; Senande-Rivera et al., 2022). Without site-specific
restoration measures that maintain surviving pyrophytes and limit competitive grass dominance, dry island pine
forests of Northern Kazakhstan may remain vulnerable to long-term conversion toward steppe vegetation, as
documented for disturbed pine ecosystems of southern Siberia (Blumroeder et al., 2022).

4.7. Ecological Significance of the Gamma-radionuclide Activity Recorded in the Upper Soil Layers of the
Amankaragai Pine Forest

The gamma-spectrometric data indicate that the radiological status of the Amankaragai island pine forest
remained stable one year after the September 2022 fires. Activities of natural radionuclides (“°K, #?°Ra and #*2Th)
and technogenic *’Cs remained below the regulatory maximum permissible concentrations adopted by Kazakhstan
and the Russian Federation (Chief State Sanitary Doctor of the Russian Federation, 2009; Ministry of Health of the
Republic of Kazakhstan, 2022).

The main ecological signal is the strong concentration of '*’Cs in the organic-enriched upper horizons and its
marked decline with depth. The negative relationship between *’Cs activity and soil-layer depth (r = —0.77)
indicates that most mobile radiocaesium remains within the first few centimetres of these sandy soils, while the
positive correlation with “°K activity (r = 0.53) suggests a common retention mechanism associated with the surface
organic horizon. The detection of short-lived '**Cs in only a few deeper subsurface samples is consistent with the
long-term burial of the original Chernobyl-derived fallout signal beneath accumulating litter, a pattern previously
documented in mature Scots pine forests of the Chernobyl region (Dolgushin et al., 2020; Dolgushin & Korobova,
2021; Ramzaev et al., 2023).

4.8. Comparison with Previous Forest Radionuclide Studies

The depth-concentrated distribution of *’Cs observed in the Amankaragai pine forest closely matches patterns
described for Pinus sylvestris stands in the Chernobyl Exclusion Zone and adjacent regions, where radionuclides
remain largely retained within the upper soil profile despite gradual downward redistribution through bioturbation
and illuviation (Holiaka et al., 2020). Long-term monitoring of Belarusian pine forests similarly demonstrates a
progressive decline in external y-radiation dose rates as short-lived radionuclides decay and *’Cs is redistributed
within surface horizons (Perevolotskaya, 2025). The Amankaragai values are substantially lower than those
reported from contaminated Chernobyl sites, yet the same conceptual model applies: a mature forest with several
decades of litter accumulation develops a strongly surface-concentrated '*’Cs signal while short-lived '**Cs becomes
rare (Dolgushin & Korobova, 2021; Ramzaev et al., 2023). Experimental studies from Fukushima and the
Chornobyl Exclusion Zone further show that wildfire can enhance retention of particulate '*’Cs in surface soils
rather than promote rapid leaching to deeper horizons (Igarashi et al., 2024; 2026). Our observations are consistent
with this interpretation, as the post-fire radiocaesium signal remained concentrated within the shallow ash—charcoal
layer and did not indicate substantial downward mobilization. Similar conclusions have been reported from
Ukrainian post-fire forest studies, where radionuclide activities remained below regulatory concern despite burning
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(Popovych et al., 2022).

4.9. Implications for Long-term Environmental Monitoring

The radionuclide dataset provides a practical baseline for long-term monitoring of the Amankaragai massif
and other island pine forests of the Turgai depression. Because all measured activities remained below MPC
values, the present soils can serve as a reference background against which any future accidental or chronic
deposition can be evaluated (Holiaka et al., 2020; Dolgushin & Korobova, 2021). The combined depth
dependence of *’Cs and its positive relationship with “°K support the use of a normalized '*’Cs/*°K activity ratio
as a diagnostic indicator for future monitoring, following approaches applied in long-term European radiological
programmes (Stoulos & Loannidou, 2025). Re-sampling of the existing 36-point grid at five-year intervals,
together with additional sampling after future prescribed burns or wildfires, would provide a robust framework
for detecting changes in radiological status. Overall, the evidence indicates that wildfires in these currently
uncontaminated island pine forests do not constitute a significant radiological hazard. The post-fire soil profile
retained the typical surface-concentrated '*’Cs signature, while both mobile and total forms of potentially toxic
elements remained below MPC/APC values (Dolgushin et al., 2020; Holiaka et al., 2020; Ramzaev et al., 2023).
Continued observation of the few plots in which '**Cs was detected would nevertheless provide a useful
opportunity to verify the long-term decay and redistribution dynamics of this remaining Chernobyl-derived tracer
under the dry-steppe conditions of Northern Kazakhstan.

4.10. Limitations of Two-year Monitoring

This study should be interpreted in light of several constraints inherent in its two-year (2023-2024) post-fire
design following the September 2022 Amankaragai burns. The observation window captures only the earliest stage
of pyrogenic succession and cannot resolve longer-term trajectories — for example, whether the near-dominance of
Calamagrostis epigeios will persist or wane over decades, whether natural regeneration of Pinus sylvestris will
eventually succeed through the suppression of this competitive rhizomatous grass layer, or whether the A0/Al
horizon will reconstitute on the centennial timescales reported for sandy post-fire substrates elsewhere. Because the
campaign examines a single fire event at a single point in time, with no chronosequence of differently-aged burns,
statements about recovery rates rest on international chronosequence analogues rather than on on-site temporal
replication. The sampling design is confined to the AO, A1 and upper mineral layers (2nd and 3rd genetic horizons)
within the 36-point grid, so deeper mineral-profile dynamics and broader spatial generalisability remain
unconstrained. Activities of 22°Ra, 2*2Th and **Cs were detected in only a few samples, and the two-year window
cannot yet resolve the longer-term vertical migration kinetics of radiocaesium in these sandy substrates. Equally, the
two geobotanical snapshots do not yet permit separation of inter-annual weather variability from the true post-fire
recovery trajectory, particularly under the sharply continental, semi-arid climate of the Turgai depression, where
~310 mm of annual precipitation imposes a strong hydrological constraint on vegetation. Finally, the proposed 5-
year and 3-5-year restoration timeframes and the recommended five-yearly re-inventory cycle explicitly
acknowledge that the present dataset cannot validate them, and are framed as future monitoring actions whose
efficacy must be tested by repeated observation; together, these limitations define the current applicability of the
findings and underscore the need for sustained, long-term post-fire monitoring at the Amankaragai site.

5. CONCLUSION

This study provides the first plot-based, multi-indicator assessment of post-fire pyrogenic succession and
upper-horizon soil quality in the Amankaragai island pine forest of Northern Kazakhstan. Where previous
investigations in the country have addressed only a single component — remote-sensing regeneration, short-term
heavy-metal redistribution, or the conservation status of individual pine massifs — the present design links, within
the same control/burned/cleared comparison, vegetation activity, pyrophyte survival, meadow-steppe formation,
A0/A1-horizon morphology, agrochemical status, total forms of potentially toxic elements, and y-radionuclide
activity. This combination creates the quantitative baseline against which both future fires and active restoration
actions in the Amankaragai forest can now be evaluated. Three practical implications follow directly from the
findings. First, leaving burned stands intact is preferable to post-fire salvage logging, because clearing the burned
site converted the pine community into a steppe community and raised the synanthropization coefficient to 29.7%,
in agreement with field evidence that, sixteen years after a fire-plus-salvage combination in dry Pinus sylvestris
forests elsewhere, natural pine regeneration remains insufficient. Second, the dominant barrier to natural Pinus
sylvestris recovery in the short term is a single species — Calamagrostis epigeios — whose dense rhizome system
suppresses seedlings, a finding consistent with European evidence that this species "stops the course of succession",
and with boreal recommendations to create competition-free seedbeds in Calamagrostis-dominated post-fire sites.
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Third, all soil-quality and radiological indicators remained below their respective maximum permissible
concentrations in every sample, including the strongly affected upper horizons, so the Amankaragai soils can serve
as a stable in-situ reference ("pedological memory") for future monitoring programmes. Five mutually reinforcing
restoration actions are recommended for the massif: prohibition of post-fire salvage logging in first-category fire-
hazard stands for 3—5 years after fire; targeted suppression of C. epigeios combined with competition-free mineral-
soil scalps of > 1 m? before natural seedfall; active rebuilding of the A0/A1 horizon by mulching with needle litter
collected from adjacent unburned stands; re-planting of Pinus sylvestris on mineral scalps in years 2—3 after fire
combined with shelter-underplanting using Picea obovata and Betula pendula following dry-pine protocols
elsewhere; and repeat inventory of the same plot grid at five-year intervals, with the *’Cs/*°K ratio adopted as a
diagnostic index against any future deposition event. Together these actions constitute an arid-steppe-specific
operationalisation of the global post-fire restoration frameworks now available and place the Amankaragai forest in
the dual role of a pilot restoration site and a permanent monitoring reference for the relic island pine stands of the
Turgai depression. Against a backdrop of accelerating climate-driven fire activity, restoration of these forests
should be treated as a strategic national priority.

Declarations

Funding: The scientific research presented in this study was conducted within the framework of grant funding for
research projects BR24992785, “Organization and Implementation of Comprehensive Research to Ensure the
Sustainable Development of the Agro-Industrial Complex of the Kostanay Region through the Establishment of a
Research and Technological Center,” and IRN AP19680147, “Impact of Fires and Analysis of Methods for
Restoring the Forest Ecosystem of the Amankaragai Pine Forest in the Northern Region of the Republic of
Kazakhstan” (funded by the Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan).

Conflict of Interest: The authors declare no conflicts of interest.
Data Availability: All the data is available in the article.

Ethics Statement: This study involved field observations of vegetation and laboratory analyses of soil samples and
did not involve human participants or experimental animals. Therefore, ethical approval was not applicable.

Author’s Contribution: SK, VF and BZ: Conceptualization, Formal analysis, Methodology, Writing — review &
editing. AN, ZZ and AY: Data curation, Formal analysis, Writing — review & editing. AK and OK: Investigation,
Writing- review and editing. SD, PL and KK: Supervision, Writing — original draft, Writing — review & editing.
AN, YS and ZS: Funding acquisition, Project administration, Supervision, Writing — review & editing

Generative Al Statement: The authors declare that no Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’s Note: All claims stated in this article are exclusively those of the authors and do not necessarily
represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated/assessed in this article or claimed by its manufacturer is not guaranteed or endorsed by the
publisher/editors.

Attachments: Appendix 1-4

REFERENCES

Agbeshie, A. A, Abugre, S., Atta-Darkwa, T., & Awuah, R. T. (2022). A review of the effects of forest fire on soil properties.
Journal of Forestry Research, 33(5), 1419-1441. https://doi.org/10.1007/s11676-022-01475-4

Alayan, R, Rotich, B., & Lakner, Z. (2022). A comprehensive framework for forest restoration after forest fires in theory and
practice: A systematic review. Forests, 13(9), Article 1354. https://doi.org/10.3390/f13091354

Atantayeva, B., Zhanbossinova, A., Abdyrakhmanov, T., Kulshanova, A., Akhmetova, R., & Abenova, G. (2024). Issues of
ecosystem conservation and safety (Using the example of the “Semey Ormany” of the Republic of Kazakhstan). E3S Web
of Conferences, 524, Article 02015. https://doi.org/10.105 I/e3sconf/202452402015

Baisholanov, S. S. (2017). Agroclimatic resources of Kostanay Region: Scientific and applied reference book. Astana,
Kazakhstan.

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

236


https://doi.org/10.47278/journal.abr/2026.059
https://agrobiologicalrecords.com/articles/ABR-26-265-Appendices.pdf
https://doi.org/10.1007/s11676-022-01475-4
https://doi.org/10.3390/f13091354
https://doi.org/10.1051/e3sconf/202452402015

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Beishov, R. S., Sultangazina, G., Beishova, I. S., Ulyanov, V. A,, & Beltyukova, N. N. (2019). Assessment of the state of gene
pools of North Kazakhstan populations of Adonis wolgensis Stev. based on polymorphism of ISSR markers. Annals of Agri
Bio Research, 24(2), 160—164.

Beishov, R. S, Sultangazina, G., Beishova, I. S., Ulyanov, V. A., & Beltyukova, N. N. (2021). Genetic state of Pulsatilla patens (L.)
Mill. coenopopulations based on DNA labeling. OnLine Journal of Biological Sciences, 2I(l), 161-17I.
https://doi.org/10.3844/0ojbsci.2021.161.171

Blumroeder, J. S., Schmidt, F., Gordon, A., Grosse, S., & Ibisch, P. L. (2022). Ecosystemic resilience of a temperate post-fire
forest under extreme weather conditions. Frontiers in Forests and Global Change, 5, Article 1070958.
https://doi.org/10.3389/ffgc.2022.1070958

Braun-Blanquet, J. (1964). Pflanzensoziologie: Grundziige der Vegetationskunde (3rd Ed). Springer.

Brown, J. W., & Davis, K. P. (1973). Forest fire: Control and use. McGraw-Hill.

Bugubaeva, A., Chashkov, V., Mamikhin, S., Kuprijanov, A., Kuanyshbaey, S., Nugmanov, A., Bulaev, A., Shcheglov, A., Manakhov,
D. V., Zharlygasov, Z., Isakaev, Y., Uxikbayeva, M., Badawy, W. M., & Joldassov, A. (2023a). Assessment of the state of
vegetation cover of recultivated dumps of uranium deposits in Northern Kazakhstan. Brazilian Journal of Biology, 83,
€279616. https://doi.org/10.1590/1519-6984.279616

Bugubaeva, A., Kuprijanov, A., Chashkov, V., Kuanyshbaev, S., Valiev, K., Mamikhin, S., Shcheglov, A., Nugmanov, A, Bulaev, A,
Sultangazina, G., Kunanbayev, K., Chernyavskaya, O., Baubekova, G., Ruchkina, G., Safronova, O., Uxikbayeva, M., &
Sokhareyv, Y. (2023b). Productivity assessment of various plant communities at uranium mine sites in Central Kazakhstan.
SABRAO Journal of Breeding and Genetics, 55(3), 864—876. https://doi.org/10.54910/sabrac2023.55.3.2|

Buts, Y., Kraynyuk, O. V., & Senchykhin, Y. (2023). Heavy metals in soils of pine forests after pyrogenic influence. Natural
Sciences, |, 5-9. https://doi.org/10.32782/naturalspu/2023.1.1

Buts, Y., Kraynyuk, O. V., Lotsman, P. ., & Senchykhin, Y. (2022). Post-pyrogenic transformation of biogeochemical properties
of grey forest soils under technological load. Visnyk of V. N. Karazin Kharkiv National University Series Ecology, 27, 63—
71. https://doi.org/10.26565/1992-4259-2022-27-05

Cater, T. C., & Chapin, F. S, lll. (2000). Differential effects of competition or microenvironment on boreal tree seedling
establishment after fire. Ecology, 81(4), 1086—1099. https://doi.org/10.1890/0012-
9658(2000)081[1086:DEOCOM]2.0.CO;2

Chief State Sanitary Doctor of the Russian Federation. (2009). Resolution No. 47 of July 7, 2009, on approval of SanPiN
2.6.1.2523-09 “Radiation Safety Standards (NRB-99/2009)”. Rossiyskaya Gazeta.

Clements, F. E. (1916). Plant succession: An analysis of the development of vegetation. Carnegie Institution of Washington.

Clements, F. E. (1928). Plant succession and indicators. H. W. Wilson.

Committee for Standardization and Metrology of the USSR (1991a). GOST 26205-91. Soils. Determination of mobile
compounds of phosphorus and potassium by the Machigin method modified by CINAO. lzdatel'stvo Standartov.

Committee for Standardization and Metrology of the USSR (1991b). GOST 26213-91. Soils. Methods for determination of
organic matter. lzdatel'stvo Standartov.

Committee for Technical Regulation and Metrology of the Ministry of Investment and Development of the Republic of
Kazakhstan (2015). ST RK 2.377-2015. Measurement procedure for the mass fraction of vanadium, cadmium, cobalt,
manganese, copper, arsenic, nickel, mercury, lead, chromium, and zinc in soil, ground, and bottom sediment samples by
atomic absorption spectroscopy. https://prg.kz/document/?doc_id=38518904

Committee for Technical Regulation and Metrology of the Ministry of Trade and Integration of the Republic of Kazakhstan
(2013). ST RK  2.273-2013.  X-ray  spectral  measurement  procedures:  General requirements.
https://prg.kz/document/?doc_id=37408024

Cwynar, L. C. (1978). Recent history of fire and vegetation from laminated sediments of Greenleaf Lake, Algonquin Park,
Ontario. Canadian Journal of Botany, 56(1), 10-21. https://doi.org/10.1139/b78-002

Danchenko, M. A, & Kabanova, S. A. (2020). Problems of conservation of biological diversity of forest resources in the
Republic of Kazakhstan. In N. M. Semenova (Ed.), Nature management and conservation: Protection of natural
monuments, biological and landscape diversity of the Tomsk Ob region and other regions of Russia: Proceedings of the IX
Scientific and Practical Conference, Tomsk, Russia, April 21-23, 2020 (pp. 22-26). National Research Tomsk State
University.

Dawe, D. A, Parisien, M.-A,, Van Dongen, A., & Whitman, E. (2022). Initial succession after wildfire in dry boreal forests of
northwestern North America. Plant Ecology, 223(7), 789-809. https://doi.org/10.1007/s11258-022-01237-6

Day, N. |, Johnstone, J. F,, Reid, K. A, Cumming, S. G., Mack, M. C,, Turetsky, M. R,, Walker, X. J., & Baltzer, . L. (2023).
Material legacies and environmental constraints underlie fire resilience of a dominant boreal forest type. Ecosystems,
26(3), 473-490. https://doi.org/10.1007/s10021-022-00772-7

Dolgushin, D., & Korobova, E. (2021). New data on the character of '3’Cs lateral and vertical migration in soil-litter—moss
cover within undisturbed elementary landscape geochemical systems on the test site in the Chernobyl abandoned zone,
Russia. In EGU General Assembly 2021, Conference Abstracts (EGU21-7691). https://doi.org/10.5194/egusphere-egu2 |-
7691

Dolgushin, D., Korobova, E., Baranchukov, V., & Dogadkin, N. (2020, May). Detailed study of '*’Cs distribution in soil-litter—
moss cover within the undisturbed woodland test site in the Chernobyl abandoned zone, Russia. In EGU General
Assembly 2020, Conference Abstracts (EGU2020-339). https://doi.org/10.5194/egusphere-egu2020-339

Durasov, A. M. (1958). Soils of Northern Kazakhstan. Alma-Ata.

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

237


https://doi.org/10.47278/journal.abr/2026.059
https://doi.org/10.3844/ojbsci.2021.161.171
https://doi.org/10.3389/ffgc.2022.1070958
https://doi.org/10.1590/1519-6984.279616
https://doi.org/10.54910/sabrao2023.55.3.21
https://doi.org/10.32782/naturalspu/2023.1.1
https://doi.org/10.26565/1992-4259-2022-27-05
https://doi.org/10.1890/0012-9658(2000)081%5b1086:DEOCOM%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5b1086:DEOCOM%5d2.0.CO;2
https://prg.kz/document/?doc_id=38518904
https://prg.kz/document/?doc_id=37408024
https://doi.org/10.1139/b78-002
https://doi.org/10.1007/s11258-022-01237-6
https://doi.org/10.1007/s10021-022-00772-7
https://doi.org/10.5194/egusphere-egu21-7691
https://doi.org/10.5194/egusphere-egu21-7691
https://doi.org/10.5194/egusphere-egu2020-339

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Durasov, A. M. (1959). Meadow-chernozem soils of Kazakhstan. Pochvovedenie (Soil Science), | I, 19-25.

Eckdahl, J. A, Kristensen, J. A., & Metcalfe, D. B. (2024). Restricted plant diversity limits carbon recapture after wildfire in
warming boreal forests. Communications Earth & Environment, 5(1), Article 186. https://doi.org/10.1038/s43247-024-
01333-7

Federal Agency for Technical Regulation and Metrology (201 1). GOST R 8.736-201 |. State system for ensuring the uniformity
of measurements: Multiple direct measurements. Methods of processing measurement results. General provisions.
Standartinform.

Federal Agency for Technical Regulation and Metrology (2016a). GOST 23740-2016. Soils. Methods for laboratory
determination of organic composition. Standartinform.

Federal Agency for Technical Regulation and Metrology (2016b). GOST 33850-2016. Soils. Determination of chemical
composition by X-ray fluorescence spectrometry. Standartinform.

Federal Agency for Technical Regulation and Metrology (2019). GOST R ISO 3534-1-2019. Statistical methods—Vocabulary
and symbols—Part |: General statistical terms and terms used in probability (ISO 3534-1:2006, IDT). Standartinform.
Federal Agency for Technical Regulation and Metrology (2021). GOST 26213-2021. Interstate standard. Soils. Methods for

determination of organic matter. Standartinform.

Furyaev, V. V., & Kireev, D. M. (1979). Study of post-fire forest dynamics on a landscape basis. Nauka.

Gus-Stolarczyk, M., & Drewnik, M. (2017). Evolution of sandy soils within deflation hollows in shifting areas of sand: A case
study from the Btedow Desert (Poland). Soil and Water Research, 12(3), 161—-169. https://doi.org/10.17221/36/2016-SWR

Holiaka, D., Levchuk, S., Kashparov, V., Holiaka, M. A., Yoschenko, L. V., Otreshko, L., Kosarchuk, O. V., & Lazarev, N. M.
(2020). Vertical distribution of °°Sr in soil profiles and its uptake by Scots pine (Pinus sylvestris L.) growing within the
Chernobyl exclusion zone. Nuclear Physics and Atomic Energy, 21(2), 157—-165. https://doi.org/10.15407/jnpae2020.02.157

Igarashi, Y., Hayashi, S., Ito, S., Tamaoki, M., Niizato, T., Sasaki, Y., Ito, S., Nomura, N., & Arai, H. (2026). Wildfires oppositely
modify radiocesium mobility in forest litter and soils: Evidence from radiologically contaminated areas in Fukushima.
Environmental Science & Technology, 60(7), 5688-5698. https://doi.org/10.1021/acs.est.5c10144

Igarashi, Y., Protsak, V., Laptev, G., Maloshtan, |. M., Samoilov, D., Kirieiev, S., Onda, Y., & Konoplev, A. (2024). Effects of large-
scale wildfires on the redistribution of radionuclides in the Chornobyl River system. Environmental Science & Technology,
58(46), 206302064 1. https://doi.org/10.102 |/acs.est.4c07019

International Organization for Standardization (2017). ISO/IEC 17025:2017. General requirements for the competence of
testing and calibration laboratories. https://www.iso.org/standard/66912.html

Jones, M. W., Abatzoglou, J. T., Veraverbeke, S., Andela, N., Lasslop, G., Forkel, M., Smith, A. J. P, Burton, C,, Betts, R. A,, van
der Werf, G. R, Sitch, S., Canadell, J. G., Santin, C., Kolden, C. A, Doerr, S. H., & Le Quéré, C. (2022). Global and
regional trends and drivers of fire under climate change. Reviews of Geophysics, 60(3), e2020RG000726.
https://doi.org/10.1029/2020RG000726

Jones, M. W,, Kelley, D. I, Burton, C. A, Di Giuseppe, F., Barbosa, M. L. F., Brambleby, E., Hartley, A. J., Lombardi, A., Mataveli,
G, McNorton, . R, Spuler, F. R.,, Wessel, J. B., Abatzoglou, J. T., Anderson, L. O., Andela, N., Archibald, S., Armenteras,
D., Burke, E., Carmenta, R, ... & Xanthopoulos, G. (2024). (2024). State of wildfires 2023-2024. Earth System Science
Data, 16(8), 3601-3685. https://doi.org/10.5194/essd-16-3601-2024

Jézefowska, A., Ogar, W., Héng, V. T. T., Wanic, T., Wo$, B., & Pietrzykowski, M. (2023). Soil-forming processes visible 30
years after primary and secondary forest succession in post-mining and post-fire areas. In EGU General Assembly 2023,
Conference Abstracts (EGU23-13700). https://doi.org/10.5194/egusphere-egu23-13700

Kazanskaya, N. S., Lanina, V. V., & Marfenin, N. N. (1977). Recreational forests. Lesnaya Promyshlennost.

Kelley, D. I, Burton, C., Di Giuseppe, F., Jones, M. W, Barbosa, M. L. F., Brambleby, E., McNorton, |, Liu, Z., Bradley, A. S,,
Blackford, K., Burke, E., Ciavarella, A., Di Tomaso, E., Eden, ., Ferreira, I. J. M., Fiedler, L., Hartley, A. |., Keeping, T. R,,
Lampe, S., . . . Kolden, C. A. (2025). State of wildfires 2024-2025. Earth System Science Data, 17(10), 5377-5488.
https://doi.org/10.5194/essd-17-5377-2025

Kelly, L. T., Fletcher, M. S., Oliveras Menor, ., Pellegrini, A. F. A., Plumanns-Pouton, E. S, Pons, P., Willamson, G. |, &
Bowman, D. M. J. S. (2023). Understanding fire regimes for a better Anthropocene. Annual Review of Environment and
Resources, 48, 207-235. https://doi.org/10.1146/annurev-environ-120220-055357

Khapugin, A. A., & Ruchin, A. B. (2025). A note on post-fire vegetation in pine forests of the Mordovia State Nature Reserve,
Russia. Nature Conservation Research, 10(2), 98—102. https://doi.org/10.24189/ncr.2025.012

Korchagin, A. A. (1964). Species, or floristic, composition of plant communities and methods of its study. In E. M. Lavrenko &
A. A. Korchagin (Eds.), Field geobotany (Vol. 3, pp. 39-62). Nauka.

Kremenetski, C., Tarasov, P., & Cherkinsky, A. (1997). Postglacial development of Kazakhstan pine forests. Géographie
Physique et Quaternaire, 51(3), 391-404. https://doi.org/10.7202/033 | 38ar

Kuprijanov, A. N., Kazmina, S. S., & Zverev, A. A. (2018). Changes in the floristic composition of plant communities of the
Karakan Ridge near coal open-pit mines. Tomsk State University Journal of Biology, 43, 66-88.
https://doi.org/10.17223/19988591/43/4

Lavrenko, E. M. (1938). Methodology of geobotanical studies of steppes. In Methodology of field geobotanical studies (pp. 43—
55). Publishing House of the USSR Academy of Sciences.

Lieffers, V. J., Macdonald, S. E., & Hogg, E. H. (1993). Ecology of and control strategies for Calamagrostis canadensis in boreal
forest sites. Canadian Journal of Forest Research, 23(10), 2070-2077. https://doi.org/10.1139/x93-258

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

238


https://doi.org/10.47278/journal.abr/2026.059
https://doi.org/10.1038/s43247-024-01333-7
https://doi.org/10.1038/s43247-024-01333-7
https://doi.org/10.17221/36/2016-SWR
https://doi.org/10.15407/jnpae2020.02.157
https://doi.org/10.1021/acs.est.5c10144
https://doi.org/10.1021/acs.est.4c07019
https://www.iso.org/standard/66912.html
https://doi.org/10.1029/2020RG000726
https://doi.org/10.5194/essd-16-3601-2024
https://doi.org/10.5194/egusphere-egu23-13700
https://doi.org/10.5194/essd-17-5377-2025
https://doi.org/10.1146/annurev-environ-120220-055357
https://doi.org/10.24189/ncr.2025.012
https://doi.org/10.7202/033138ar
https://doi.org/10.17223/19988591/43/4
https://doi.org/10.1139/x93-258

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Lindenmayer, D. B., Bowd, E., & Gibbons, P. (2023). Forest restoration in a time of fire: Perspectives from tall, wet eucalypt
forests subject to stand-replacing wildfires. Philosophical Transactions of the Royal Society B: Biological Sciences,
378(1867), Article 20210082. https://doi.org/10.1098/rstb.2021.0082

Lyavdanskaya, O., Bastayeva, G., Kubasov, A., Nesvat, A. P., & Suleymenova, R. (2025). Evaluation of natural regeneration of
Pinus sylvestris L. on burned areas under arid steppe climatic conditions. BIO Web of Conferences, 18I, Article 02020.
https://doi.org/10.105 | /bioconf/2025 18102020

Makenova, M., Nauanova, A., Aidarkhanova, G., Ospanova, S., Bostubayeva, M., Sultangazina, G., & Turgut, B. (2023). Effects of
organic and biofertilizers on the rhizosphere microbiome and spring barley productivity in northern Kazakhstan. SABRAO
Journal of Breeding and Genetics, 55(3), 972-983. https://doi.org/10.549 10/sabrac2023.55.3.31

Makhanova, N., Berdenov, Z., Sansyzbayeva, A., & Sagynbayeva, A. (2022). Assessment of the structural dynamics of the
Amankaragai pine forest using remote-sensing data. Journal of Geography and Environmental Management, 66(3), 17-27.
https://doi.org/10.26577/|GEM.2022.v66.i3.02

Maksimova, E., & Abakumov, E. (2023). Estimation of heavy metal contents and patterns of their migration within a soil profile
during pyrogenic soil formation in a Scots pine forest in Togliatti City. Folia Oecologica, 50(2), 159-164.
https://doi.org/10.2478/foecol-2023-0014

Malanyin, A. N., & Smetana, N. G. (1989). Island pine forests of Northern Kazakhstan: Soils and forest-growing conditions.
Nauka KazSSR.

Mantero, G., Anselmetto, N., Morresi, D., Meloni, F., Bolzon, P., Lingua, E., Garbarino, M., & Marzano, R. (2024). Modeling
post-fire regeneration patterns under different restoration scenarios to improve forest recovery in degraded ecosystems.
Forest Ecology and Management, 551, Article 121520. https://doi.org/10.1016/j.foreco.2023.121520

Mantero, G., Morresi, D., Negri, S., Anselmetto, N., Lingua, E., Bonifacio, E., Garbarino, M., & Marzano, R. (2023). Short-term
drivers of post-fire forest regeneration in the Western Alps. Fire Ecology, 19, Article 23. https://doi.org/10.1186/s42408-
023-00182-7

Ministry of Agriculture and Food of the Russian Federation (1994). Methodological guidelines for conducting comprehensive
agrochemical surveys of agricultural soils. Central Research Institute of Agrochemical Services to Agriculture.

Ministry of Agriculture of the Republic of Kazakhstan (2015). Order No. 4-1/147 of February 27, 2015, on approval of the rules
for conducting agrochemical soil surveys. https://adilet.zan.kz/rus/docs/V1500010686

Ministry of Ecology and Natural Resources of the Republic of Kazakhstan (2023). National report on the state of the
environment and the wuse of natural resources of the Republic of Kazakhstan for 2022: Draft.
https://www.gov.kz/memleket/entities/ecogeo/documents/details/5 1 8069?lang=ru

Ministry of Ecology, Geology and Natural Resources of the Republic of Kazakhstan (2021). National report on the state of the
environment and the wuse of natural resources of the Republic of Kazakhstan for 202I.
https://www.gov.kz/uploads/2022/12/12/aa2ec8308c | cb3f93b6bc49defd0c49 1 _original.8661795.pdf

Ministry of Environment and Water Resources of the Republic of Kazakhstan (2014). Fifth national report of the Republic of
Kazakhstan on biological diversity. https://www.cbd.int/doc/world/kz/kz-nr-05-ru.pdf

Ministry of Health of the Republic of Kazakhstan (2022). Order No. KP ACM-71 of August 2, 2022, on approval of hygienic
standards for ensuring radiation safety. https://adilet.zan.kz/rus/docs/V2200029012

Moya, D., Gonzilez-De Vega, S., Lozano, E., Garcia-Orenes, F., Mataix-Solera, J., Lucas-Borja, M. E., & de las Heras, J. (2019).
Temporal characterization of soil—plant natural recovery related to fire severity in burned Pinus halepensis Mill. forests.
Journal of Environmental Management, 239, 147—154. https://doi.org/10.1016/j.jenvman.2019.01.029

Nugmanov, A. B., Mamikhin, S., Valiev, K. K., Bugubaeva, A. U., Tokusheva, A. S., Tulkubaeva, S. A., & Bulaev, A. (2022).
Polyspecies phytocenoses for ecosystem restoration of degraded soil covers. Online Journal of Biological Sciences, 22(3),
268-278. https://doi.org/10.3844/0ojbsci.2022.268.278

Nureev, N. (2025). Morphological features of soils in post-pyrogenic forest plantations. Agriculture, (1), 14-23.
https://doi.org/10.7256/2453-8809.2025.1.73469

Ozgeldinova, Z., Mukayev, Z., Zhanguzhina, A., Ulykpanova, M., & Aidarkhanova, G. (2025). Impact of forest fire on the heavy
metal content in the soil cover of the Amankaragay pine forest, Kostanay Region. Journal of Ecological Engineering, 26(3),
350-364. https://doi.org/10.12911/22998993/199472

Perevolotskaya, T. V. (2025). Dynamics of the external y-radiation dose in pine stands in the Belarusian sector of the 30-km
zone surrounding the Chernobyl Nuclear Power Plant. Radiation Biology. Radioecology, 65(1), 102.
https://doi.org/10.7868/s3034589825010097

Phillips, J. D., & Marion, D. A. (2003). Pedological memory in forest soil development. Forest Ecology and Management, 188(1—
3), 363-380. https://doi.org/10.1016/j.foreco.2003.08.007

Popovych, V., Henyk, Y. V., Gapalo, A., Bosak, P., & Popovych, N. (2022). Specific activity of radionuclides in soils disturbed by
forest fires. Journal of Ecological Engineering, 23(6), 265-270. https://doi.org/10.12911/22998993/148191

Porter, T. M., Smenderovac, E., Morris, D., & Venier, L. (2023). All boreal forest successional stages are needed to maintain the
full suite of soil biodiversity, community composition, and function following wildfire. Scientific Reports, 13, Article 7978.
https://doi.org/10.1038/s41598-023-30732-7

Prokopyev, E. P., Merzlyakova, I. E., Mineeva, T. A,, & Kudryavtsev, V. A. (2007). On the development of methods for assessing
synanthropization of flora and vegetation in urbanized areas. In A. S. Pleshanov & A. V. Verkhozina (Eds.),
Synanthropization of plants and animals: Proceedings of the All-Russian Conference with International Participation,

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

239


https://doi.org/10.47278/journal.abr/2026.059
https://doi.org/10.1098/rstb.2021.0082
https://doi.org/10.1051/bioconf/202518102020
https://doi.org/10.54910/sabrao2023.55.3.31
https://doi.org/10.26577/JGEM.2022.v66.i3.02
https://doi.org/10.2478/foecol-2023-0014
https://doi.org/10.1016/j.foreco.2023.121520
https://doi.org/10.1186/s42408-023-00182-7
https://doi.org/10.1186/s42408-023-00182-7
https://adilet.zan.kz/rus/docs/V1500010686
https://www.gov.kz/memleket/entities/ecogeo/documents/details/518069?lang=ru
https://www.gov.kz/uploads/2022/12/12/aa2ec8308c1cb3f93b6bc49defd0c491_original.8661795.pdf
https://www.cbd.int/doc/world/kz/kz-nr-05-ru.pdf
https://adilet.zan.kz/rus/docs/V2200029012
https://doi.org/10.1016/j.jenvman.2019.01.029
https://doi.org/10.3844/ojbsci.2022.268.278
https://doi.org/10.7256/2453-8809.2025.1.73469
https://doi.org/10.12911/22998993/199472
https://doi.org/10.7868/s3034589825010097
https://doi.org/10.1016/j.foreco.2003.08.007
https://doi.org/10.12911/22998993/148191
https://doi.org/10.1038/s41598-023-30732-7

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Irkutsk, Russia, May 21-25, 2007 (pp. 124-127). V. B. Sochava Institute of Geography, Siberian Branch of the Russian
Academy of Sciences.

Pruchniewicz, D., & Zofnierz, L. (2017). The influence of Calamagrostis epigejos expansion on the species composition and soil
properties of mountain mesic meadows. Acta Societatis Botanicorum Poloniae, 86(1), Article 35I6.
https://doi.org/10.5586/asbp.3516

Pugachev, P. G. (1994). Pine forests of the Turgai Depression. Kustanayskiy Pechatnyy Dvor.

Ramzaeyv, V. P., Barkovsky, A. N., Varfolomeeva, K. V., & Nekrasov, V. A. (2023). Radiological situation in a young pine forest
established after the Chernobyl accident. Radiation Hygiene, 16(1), 40-51. https://doi.org/10.21514/1998-426X-2023-16-1-
40-51

Reference and Information Portal “Weather and Climate (2022). Climate of Kostanay.
http://www.pogodaiklimat.ru/climate/28952.htm

Rodriguez, J., Gonzilez-Pérez, ). A, Turmero, A, Hernandez, M., Ball, A. S., Gonzilez-Vila, F. )., & Arias, M. E. (2018).
Physicochemical and microbial perturbations of Andalusian pine forest soils following a wildfire. Science of the Total
Environment, 634, 650—-660. https://doi.org/10.1016/j.scitotenv.2018.04.028

Sannikov, S. N. (1983). Cyclic erosion-pyrogenic theory of the natural regeneration of Scots pine. Ekologiya, (1), 3-9.

Savinov, A. B., & Nikitin, Y. D. (2017). Development of ideas about plant activity, its ecological role, and methods of assessment
in ecosystems. Principles of Ecology, 6(3), 20—39. https://doi.org/10.15393/jl.art.2017.6224

Senande-Rivera, M., Insua-Costa, D., & Miguez-Macho, G. (2022). Spatial and temporal expansion of global wildland fire activity
in response to climate change. Nature Communications, |3, Article 1208. https://doi.org/10.1038/s41467-022-28835-2

Shen, H., Dai, Z., Zhang, Q., Tong, D., Su, W., Dahlgren, R. A., & Xu, J. (2024). Postfire phosphorus enrichment mitigates
nitrogen loss in  boreal forests. Environmental Science &  Technology, 58(24), 10611-10622.
https://doi.org/10.102 | /acs.est.4c01662

Simanchuk, Y., & Sultangazina, G. (2023). Natural vegetation communities on iron ore dumpsites in Northern Kazakhstan.
Biodiversitas Journal of Biological Diversity, 24(6), 3414-3423. https://doi.org/10.13057/biodiv/d240637

Simanchuk, Y., & Sultangazina, G. (2024). Floristic features of the Kostanay iron ore dump flora. BIO Web of Conferences, 128,
Article 0001 3. https://doi.org/10.105/bioconf/20241280001 3

Skrobala, V., Popovych, V., llyashevych, M., Korol, K., Renkas, A., Popovych, N., & Bojko, T. (2025). Forecasting post-fire
dynamics of vegetation recovery in natural ecosystems. Ecological Engineering & Environmental Technology, 26(8), 398—
411. https://doi.org/10.12912/27197050/208577

Souza-Alonso, P., Saiz, G., Garcia, R. A, Pauchard, A, Ferreira, A., & Merino, A. (2022). Post-fire ecological restoration in Latin
American forest ecosystems: Insights and lessons from the last two decades. Forest Ecology and Management, 509, Article
120083. https://doi.org/10.1016/j.foreco.2022.120083

State Committee of the USSR for Standards (1985a). GOST 26423-85. Soils: Methods for determining specific electrical
conductivity, pH, and solid residue of water extract. Izdatel'stvo Standartov.

State Committee of the USSR for Standards (1985b). GOST 26424-85. Soils: Method for determining carbonate and
bicarbonate ions in water extract. lzdatel'stvo Standartov.

State Committee of the USSR for Standards (1985c). GOST 26425-85. Soils: Methods for determining chloride ions in water
extract. lzdatel'stvo Standartov.

State Committee of the USSR for Standards (1985d). GOST 26487-85. Soils: Determination of exchangeable calcium and
exchangeable or mobile magnesium by TsINAO methods. Izdatel'stvo Standartov.

State Committee of the USSR for Standards (1985e). GOST 26490-85. Soils: Determination of mobile sulfur by the TsINAO
method. lzdatel'stvo Standartov.

State Committee of the USSR for Standards (1986). GOST 26951-86. Soils: Determination of nitrates by the ionometric
method. |zdatel'stvo Standartov.

State Committee of the USSR for Standards (1989). GOST 28168-89. Soils: Sampling. lzdatel'stvo Standartov.

Stoulos, S., & loannidou, A. (2025). '37Cs-to-*°K ratio and wind resuspension factor monitoring in Greece during the last 40
years. Journal of Radioanalytical and Nuclear Chemistry, 334(4), 2991-2996. https://doi.org/10.1007/s10967-025-10053-x

Sultangazina, G., Kuprijanov, A. N., Kuanyshbayev, S., Chashkov, V., Yskak, A., Nugmanov, A. H.-H., & Issayeva, D. A. (2025).
Forest conditions for the regeneration of Pinus sylvestris L. in burned areas: Island pine forests of Amankaragai and
Kazanbasy, Kostanay Region. Bulletin of L. N. Gumilyov Eurasian National University: Bioscience Series, 151(2), I11-128.
https://doi.org/10.32523/2616-7034-2025-151-2-111-128

Sultangazina, G., Utebassova, A., & Simanchuk, Y. (2024). Morphometric study of Cyclachaena xanthiifolia (Nutt.) Fresen. under
the  conditions  of  Kostanay = Region. BIO  Web of  Conferences, 128,  Article  00022.
https://doi.org/10.105 | /bioconf/202412800022

United Nations Development Programme (2018). Sixth national report of the Republic of Kazakhstan on biological diversity.
https://www.cbd.int/doc/nr/nr-06/kz-nr-06-ru.pdf

Valendik, E. N. (1996). Ecological aspects of forest fires in Siberia. Siberian Ecological Journal, 3(1), 64—69.

Vlasenko, M. V., & Rybashlykova, L. P. (2024). Pyrogenic factor and its role in the development of desert—dry steppe vegetation:
Environmental risks for pasture ecosystems. Sustainable Development of Mountain Territories, 16(3), 873-894.
https://doi.org/10.21177/1998-4502-2024- | 6-3-873-894

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological

Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

240


https://doi.org/10.47278/journal.abr/2026.059
https://doi.org/10.5586/asbp.3516
https://doi.org/10.21514/1998-426X-2023-16-1-40-51
https://doi.org/10.21514/1998-426X-2023-16-1-40-51
http://www.pogodaiklimat.ru/climate/28952.htm
https://doi.org/10.1016/j.scitotenv.2018.04.028
https://doi.org/10.15393/j1.art.2017.6224
https://doi.org/10.1038/s41467-022-28835-2
https://doi.org/10.1021/acs.est.4c01662
https://doi.org/10.13057/biodiv/d240637
https://doi.org/10.1051/bioconf/202412800013
https://doi.org/10.12912/27197050/208577
https://doi.org/10.1016/j.foreco.2022.120083
https://doi.org/10.1007/s10967-025-10053-x
https://doi.org/10.32523/2616-7034-2025-151-2-111-128
https://doi.org/10.1051/bioconf/202412800022
https://www.cbd.int/doc/nr/nr-06/kz-nr-06-ru.pdf
https://doi.org/10.21177/1998-4502-2024-16-3-873-894

RESEARCH ARTICLE AGROBIOLOGICAL RECORDS
ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

Wos, B, Likus-Cieslik, J., Kope¢, M., Jozefowska, A., & Pietrzykowski, M. (2025). Influence of pine, birch, and alder tree stands
on soil properties, organic matter recovery, and C:N:P stoichiometry after fire disturbance: A case study in a temperate
forest. Forests, 16(12), Article 1825. https://doi.org/10.3390/f16121825

Zarubin, M., Kuanyshbayev, S., Chashkov, V., Yskak, A., Nugmanov, A, Salykova, O., Bashev, A, & Nurpeisov, A. (2025).
Assessing the accuracy of 3D modeling of hydrotechnical structures using bathymetric drones: A study of the Karatomar
Reservoir. Sustainability, 17(11), Article 4858. https://doi.org/10.3390/sul 7114858

Zhanbossinova, A., Mazhitova, Z., Saktaganova, Z., Atantayeva, B., Kulshanova, A., & Akhmetova, R. (2024). Forests in
Kazakhstan: Issues of conservation and environmental safety. E3S Web of Conferences, 524, Article 02010.
https://doi.org/10.105 | /e3sconf/202452402010

Zhanguzhina, A., Ozgeldinova, Z., Mukayev, Z., Ulykpanova, M., & Zhanuzakova, P. (2025). Natural restoration of forests after a
fire in the Amankaragay Forest Massif of the Kostanay Region, Republic of Kazakhstan. Journal of the Bulgarian
Geographical Society, 52, 93—1 4. https://doi.org/10.3897/jbgs.e 144897

Zhao, J., Yue, C,, Wang, J., Hantson, S., Wang, X,, He, B, Li, G., Wang, L., Zhao, H., & Luyssaert, S. (2024). Forest fire size
amplifies postfire land surface warming. Nature, 633, 828-834. https://doi.org/10.1038/s41586-024-07918-8

Zvereyv, A. A. (2007). Information technologies in vegetation cover studies. TML-Press.

Citation: Kuanyshbayev, S, Bekmyrza, Z., Nugmanov, A, Yskak, A., Kupriyanov, A. Kuprijanov, O., Daribayeva, S,
Kazbekova, K., Lyanga, P., Nurpeisov, A., Sokharev, Y., Suimenbayeva, Z., Fominov, V., & Suimenbayeva, Z. (2026). Studies of
the initial stages of pyrogenic successions and soil characteristics in island pine forests of Northern Kazakhstan. Agrobiological
Records, 25, 219-241. https://doi.org/10.47278/journal.abr/2026.059

24|


https://doi.org/10.47278/journal.abr/2026.059
https://doi.org/10.3390/f16121825
https://doi.org/10.3390/su17114858
https://doi.org/10.1051/e3sconf/202452402010
https://doi.org/10.3897/jbgs.e144897
https://doi.org/10.1038/s41586-024-07918-8

