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Abstract: The ribbon-like pine forests of North Kazakhstan represent the principal territorial in-
trazonal and azonal biotopes. Integrated bio-geographic studies of the pine forests’ status were
performed in the Beskaragai and Chaldai Nature Reserves in the Pri-Irtysh River basin within, at
present, the climate–change most susceptible transitional parkland-steppe zone of Central Asia,
adjoining the West Siberian Lowland. The investigations followed the regional topographic gradient
with a series of mapped sites characterizing the spatial relief patterns of the pristine forest distribution
and the associated phytocenoses. The results revealed marked natural arboreal cover restoration
differences between the geographically close upland and lowland forest ecosystems. The regional
tree growth dynamics show the varying intensity of the pine seedlings’ succession, the tree stands’
biomass productivity and the environmental stability, weakened by the extreme continentality and
progressing aridification along with adverse anthropogenic ecological impacts. The specific geomor-
phic, soil and hydrological conditions are the principal determining factors. The more vital plain and
lowland pine forests host the floristically richer fescue-dominated communities compared to the more
fragile and precipitation-poorer upland pine settings. The latter forest ecosystems display a higher
vulnerability to the current climate change, generating tree drying, forest fires, and to modern human
activities such as logging, herding and recreation. The research conclusions provide new insights
on the natural ribbon-like pine forests’ sustainability and adaptation to the ongoing continental
warming triggering fundamental environmental transformations in Central Asia’s parklands.

Keywords: Kazakhstan; parkland-steppes; ribbon-like pine forests; arboreal cover; degradation;
climate change; aridification; environmental conservation; biodiversity; sustainability

1. Introduction

The Republic of Kazakhstan is one of the least-forested countries. The present forest
cover amounts to <5% [1]. The main arboreal resources are located in the northeastern and
southeastern parts of the country. These areas include mountain/alpine forests of the Altai
and the Tien Shan ranges, floodplain forests, haloxylon deserts, as well as forests growing
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in the forest-steppe and the steppe zone of the northern, sandy plains of the Irtysh River
basin [2–4]. The plain forests and forests of the Central Kazakhstan Hills (Mel’kosopochnik)
are located in several vegetation zones. The pine forests are represented by small island
arrays and outliers among vast treeless spaces, the natural ribbon pine forests and artificial
plantings that grow along isolated hills in deserts and on floodplains [5,6]. In the northern
and northeastern regions, the Scots Pine (Pinus sylvestris L.) forests got preserved as
Pleistocene ecosystem relics; locally, these forests constitute the principal arboreal cover.
The Last Glacial forest-steppe landscapes stretched more extensively along the northern
periglacial zone of western Siberia from the Urals in the West to the Altai foothills in the
East [7,8]. The present steppe forests are intrazonal and azonal vegetation types [9].

Pine forests provide an important source of information about the past (centuries-long)
natural dynamics in Northern Kazakhstan. Currently, the local arboreal cover fulfills the
most important environmental and regional climate stabilizing function contributing to
the sustainment of hydrological conditions of the territory, including a seasonal surface
runoff, supplying the arid-zone riverine network and steppe lake systems [10]. The broader
regional environmental transformations encompassing the Kazakh–Russian border zone
(Figure 1A) have not, until now, been sufficiently investigated and remained limited to just
a few pilot studies [11–17], in contrast to the eastern mountain areas [18,19]. In addition,
ribbon-like pine forests growing on sandy soils are of a great soil-protective significance,
reducing sediment transfer and slowing down progressing aeolian erosion. Finally, the local
parkland forest ecosystems contribute to the microclimate and sustainability of animals as
well as humans.

The degradation of the forest ecosystems is a well discussed global environmental
issue as well as a political issue. There are many definitions of forest degradation [20,21],
but none of them take into account all factors. The arboreal cover reduction has been
described using the regionally specific variables such as changes in the tree crowns and the
undergrowth, as well as in the richness of plant and animal species and/or the total carbon
stocks from the baseline, i.e., from the presumed intact pristine natural conditions [22–24].
The ongoing forests degradation around the world shows various trajectories in terms of
time, space and scale [25,26]. In northern Kazakhstan and the adjacent part of SW Siberia,
a certain influence of the present climatic factors on the Scotch pine tree growth based on
tree ring studies is presumed [27,28].

At present, most of the forests on the territory of Kazakhstan are subjected to a differ-
ent degree of environmental threat because of excessive human activities (deforestation,
herding, burning), progressing aridification and wildfires [29]. Due to these long-term
negative ecological trends accentuated by the most dynamic warming increase in the March
and August months [30], preservation of the remaining forest cover in the country is of
utmost importance. This requires research and monitoring of the main environmental
factors affecting the state of the forest biotopes over the extensive, yet discontinuously
wooded eastern parklands extending northwards into the Siberian mixed taiga belt by up to
350–400 km. As the process of deforestation and the mean annual air temperature (MAAT)
rise over the territory intensifies [31], new problems of sustainability and biodiversity
conservation of pine forests arise. Complex studies of the regularities of the vegetation
dynamics, the identification of its anthropogenic degradation and the planning of measures
for rational use and protection are needed. The research implications are relevant to other
regions with similar ecological (climatic, geomorphic, biotic and anthropogenic) condi-
tions [32,33]. The forest cover preservation, rehabilitation and protection in Kazakhstan are
the state’s environmental policy priorities [34].

The paper presents results of the spatial analysis of abiotic and biotic factors related to
the pristine pine forest dynamics and the arboreal cover preservation in the Beskaragai and
Chaldai nature protection areas. It discusses the main environmental aspects affecting the
forest growth in the Irtysh basin following investigations between 2015–2021. For the first
time, an integral geo-contextual and botany study of the coniferous ecosystems of North
Kazakhstan was carried out. The goal was to provide a close assessment of the present
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forest growth and the floristic structure of the surrounding parkland-steppes exposed to
different impacts (natural vs. anthropogenic), and their effective regional preservation
under ongoing climate change leading to the more pronounced continentality and the
territorial landscape dryness.
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2. Materials and Methods
2.1. Study Area

The ribbon-like pines in NE Kazakhstan (Figure 1A) and the adjoining West Siberia
occupy narrow geomorphic depressions of the former (Late Pleistocene) glacial runoff
storage basins [35]. These forests are more large-scale phenomena in the adjoining SW
Siberia (the Kulunda Steppe and the Altai Plains), forming narrow NE–SW oriented strips
of forests (mostly of Pinus sibirica Du Tour) growing on glacio-fluvial sands of the last
glaciation [36,37]. The studied ribbon-like pine forests are located in the southeastern and
northern parts of the Pavlodar Region and the Semipalatinsk Region, respectively, of the
Irtysh (Pri-Irtysh) sandy plain area (Figure 1B). The natural arboreal cover is characterized
by light-colored conifers distributed in the geographically W–E extended parkland forest-
steppe and steppe belts. Due to the interaction of the fluvial and aeolian landscape-
forming processes, the top surface of the aquatic runoff troughs acquired a dune-like hilly
(hummocky) relief blanketed by early Holocene wind-blown sands. These loose deposits
create a natural basement of the pine forests separated by patches of grasslands. Pine (Pinus
sylvestris L.) constitutes 70–90% of the regional arboreal cover. The present distribution
of the conifers extends from the SW to the NE for ~550 km with a width of 5–40 km by
intersecting several bioclimatic subzones: dry steppe, arid steppe, moderately arid steppe,
southern and middle forest-steppe [38,39].

The pristine ribbon-like pine forests began to be intensively cut following the initial
industrialization (mining and construction) in the early 18th century during the expansion
of the Russian Empire. In the 19th century, uncontrolled logging took place, the scale of
which became reduced during the 20th century. This was in part due to the creation of
several protected natural areas in North Kazakhstan during the Soviet times, including two
state forest reserves and the Bayanaul National Park. Despite this, excessive (partly illegal)
logging along with vegetation burning, mining of sand for construction, and increasing
recreational pressure are causing a progressive deterioration of the forested lands, including
those under state protection. These anthropogenic risks along with the impacts of present
climate warming adversely affect the natural regeneration functions of the regional pine
forests, and lead to transformation and degradation of the forested landscape replaced by
zonal (parkland) steppes and semi-desert grasslands [40,41].

The intra-continental semi-arid forest ecosystems of the Irtysh basin geographically
encompass the sandy-base forests of the Semey–Orman Nature Reserve (Site 1–Beskaragai)
and the Hertis–Orman Nature Reserve (Site 2–Chaldai) of the Pavlodar Region (Figure 2).
These steppe pine forests are situated on sandy alluvial plains around the confluence of
the Ob and Irtysh Rivers forming the principal territorial discharge network of SW Siberia.
The plains are geologically structured by quartz-dominated sandy-gravels blanketed by
silty-clayey overbank deposits. The adjoining elevated relief (250–600 m asl) is built by
the chains of weathered granitic and limestone hills interspersed by flat to undulating
plains and small geomorphic depressions. The present climate is strongly continental
with pronounced daily temperature fluctuations. Arid springs and hot summers (with
temperatures of up to +45 ◦C) contrast with relatively wet falls and cold, dry winters (with
temperatures down to −45 ◦C). The average annual rainfall amounts to 250–300 mm.

The investigated territory of the ribbon pine forest nature reserves is located in the sub-
zone of the feather-fescue steppes in the Irtysh–Ob pine- and birch-dominated parklands.
The zonal soils developed under the forest cover have a predominantly light mechanical
sandy silt structure underlain by compact and poorly percolating saline tertiary clays.
Luvisolic soils occur in the seasonally watered/waterlogged low-elevation depressions.
Meadow chestnut soils are occasionally found in otherwise arid plains with a high evapo-
ration rate.
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and Chaldai (B) Nature Reserves.

2.2. Geo-Ecological Landscape Profiles

The research aim was to document and assess the state of the NE Kazakhstan pine
forests in the transitional and environmentally susceptible parkland-steppe zone in relation
to the natural habitats under the current aridification. The complex study included the
determinant taxonomic bio-geographic characteristics, floristic composition and evaluation
of the pine stocks’ restoration potential with an estimation of the future forest degradation.
Investigation of the particular forest-parkland vegetation communities under the regionally
specific conditions followed two principal geo-ecological profiles in the Semey–Orman and
the Hertis–Orman Nature Reserves (the Beskaragai–Site 1 and Chaldai–Site 2, respectively).
The geo-ecological profile (transect) represents a linear land strip cutting the area with
changing site complexes, characterized by the specific biotic and abiotic factors. The
transected landscape is defined by the relief (altitude, geo-forms, bedrock), hydrology, soil
cover, forest type and its agro-physical characteristics.
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2.3. Fieldwork and Data Analyses

The fieldwork included arboreal and geobotanical studies with standard mapping of
the forest ecosystems [42–44]. At the two principal loci (Beskaragai and Chaldai), 500 trees
per site/test plot (TP) were documented at the typical geomorphic and hydrological
settings. The TPs were set up to form linear transects across the sites, each defined by the
specific environmental characteristics. For each mapped TP, 50 trees were selected using
the PSQ (point centered quarter) method [43]. The vegetation structure was determined by
the floristic phytocenosis and a herbarium collection with an on-site and a closer laboratory
taxonomic identification [45].

Zonality in the forest phytocenoses was determined according to the present life
forms. The floristic communities were separately described in four vegetation layers:
woody, shrub, grass-and-shrub and moss-and-lichen. The formula of the growing local
stock composition was determined using the percentages or equity participation of the
specific arboreal species. The individual forest site capacity was evaluated according to
the average height and the age of the stand. The tree crown size and density were visually
assessed. The age of mature trees was determined by the dendrochronological method
using the Presler drill. The width of the growth rings was measured with the accuracy of
“+/−” 0.01 mm on the LINTAB-6.0 semi-automatic installation [46]. The value of the width
of the growth rings was fixed by the computer program TSAP-Win. The age of the conifer
seedlings and undergrowth was estimated by one-year whorl (verticil). The height of the
trees was measured by a hypsometer, altimeter, or assessed visually at the less accessible
places. The diameter of the tree trunks was determined by a measuring fork at a height
of 1.3 m. Forest densities were calculated, with the basal area defined as the total of all
stems per land unit [47]. The cover (%) of each plant species was determined visually and
classified in terms of the taxonomical group and ecological vitality; the concentration of
plants and herbs was measured as a percentage of the total TP area:

Basal area = A× Density
ha × 1m2

10.000cm , where A is the basal area of tree [cm2]. A = πd2/4,
where d is the diameter of tree trunk [cm].

Forest density =∑ Gd
∑ Gh

, where Gd is the basal area of tree stands [cm2], and Gh is the
basal area of standard tables [cm2] [48].

Crown cover determines the amount of light able to penetrate to the forest floor and it
is expressed in tenths of one (0.9; 0.8; 0.7; 0.6, etc.). The regeneration number was taken into
account at the sites of 100 m2 (TP of 10 × 10 m). A calculation of shoots and undergrowth
of the Scotch pine was carried out systematically at the monitored sites. Trees with less
than half of the height of an adult (grown-up) tree were considered juvenile [49]. For
the study of the interacting relationship of the regional vegetation communities and the
specific environmental conditions, the regional vegetation cover variability and edaphic
elements along the biogeomorphic profile (spatial transect) were used. Statistical field data
processing was carried out by the Statistica 7.0 software (2019) and MS Excel.

The spatial vegetation cover assessment was performed using the free global satellite
imagery data [50,51] and the civil spacecraft images and the geospatial contents of the
Digital Globe, GeoEye-1 (4-Band 30 m resolution data) and Earthstar (2021). Remote sensing
data (RSD) provided an important source of information about the natural environment for
specific thematic layers of GIS [52]. Decoded archival and modern images of medium (10 m)
resolution for the period between 2017–2019 of the “Sentinel-2” (EU) and “Landsat-8” (USA)
satellite database were used for the RSD thematic processing on the investigated territory
(the Beskaragai, Shcherbaktinsky and Bayanaul Districts). The landscape structure and the
vegetation cover composition were modeled by vector data of the forested areas [53,54].
Digitization of boundaries of forest resources was carried out in the ArcGIS program using
the standard analytical tools [55,56] (Figure 2A,B).
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3. Results
3.1. Pine Forest Habitat Types

The field studies at the Beskaragai–Site 1 and Chaldai–Site 2 transects conducted at 11
test plots (TP) each, characterized by the specific geomorphologic, geological, hydrological
and vegetation conditions, show a certain variability of forest habitats with a differential
degree of resilience to environmental stress and degradation of the pine phytocenoses
(Table 1).

Table 1. Characteristics of the test plots of the regional geo-environmental transect.

Plots Geographical Location Elevation
(m asl) Relief Forest Type Soil Cover

Soil
Moisture
Regime

Beskaragai

TP 1 50◦48′57′′ N 79◦50′53′′ E 267 High hill Dry forest Thin sandy
regosols Very dry

TP 2 50◦46′05′′ N 79◦49′04′′ E 252 Gently
rolling hill Dry forest Thin sandy

regosols Very dry

TP 3 50◦44′11′′ N 79◦43′00′′ E 225 Upland
plateau Dry forest Thin sandy

regosols Very dry

TP 4 50◦44′19′′ N 79◦42′47′′ E 201 Lowland
depression

Semi-arid
forest

Sandy
brunisol Dry

TP 5 50◦40′21′′ N 79◦40′06′′ E 270 High hill Semi-arid
forest

Sandy
brunisol Dry

TP 6 50◦48′26′′ N 79◦31′52′′ E 123 Rolling plain Semi-arid
forest

Sandy
brunisol

Dry/semi-
dry

Chaldai

TP 1 51◦53′26′′ N 78◦44′18′′ E 162 Rolling plain Plain pine
forest

Sandy
brunisol Dry

TP 2 51◦53′35′′ N 78◦43′57′′ E 166 Flat plain Plain pine
forest

Sandy
brunisol Semi-arid

TP 3 52◦01′39′′ N 78◦57′46′′ E 173 Flat plain Plain pine
forest

Sandy
brunisol Semi-humid

TP 4 51◦58′27′′ N 78◦40′44′′ E 220 Flat plain Plain pine
forest

Sandy
brunisol Semi-arid

TP 5 51◦55′40′′ N 78◦49′47′′ E 157 Flat plain Plain pine
forest

Sandy
brunisol Semi-arid

3.1.1. Beskaragai Nature Reserve

The Beskaragai area transect cutting through the Beskaragai ribbon-like pine forest
nature protection area extends 20 km in the SW direction at elevation 200–270 m asl
(Figure 3). The bio-geographic profile displays a change in the local relief following the
sequence: elevated hills—gentle hills—undulating plains with a gradual decrease in tree
heights (Figure 4A–C). Each element of the geo-relief corresponds to a certain type of
forest: dry forest on the highlands, dry forest of the gently rolling hills, dry forest of
the hilly western area and lowland forest in the river valleys. The geo-ecological profile
of the Beskaragai site is characterized by marked soil-type changes. Depending on the
location of the test plot (TP) area, the following pedogenetic types were encountered: loose
regosolic sandy soils, poorly developed sandy brunisols, low-podzolized soils [57]. The
agro-physical properties of the pedogenic horizons were assessed by the degree of top
ground moisture corresponding to the extremely dry to dry soils.
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Figure 3. The geomorphic profiles of the investigated areas: the Beskaragai and Chaldai NR.

The dry pine forests bound to the hill lands underlain by loose-sandy, poorly devel-
oped regosols are most widely distributed. Single-tier stands together with Scotch pine
(Pinus sylvetstris L.) prevail. The tree regeneration is 966 pcs/ha of young growth and
766 pcs/ha of seedlings. Mixed Graminae and Cyperaceae vegetation non-arboreal commu-
nities (Stipa pennata L., Carex supine Willd. ex Wahlenb.) characterize this pine forest type.
The protective grass cover amounts to ~60%; the average height of plants is 30 cm; the
communities are mainly two-layer type. The phenological state is represented by plants at
the stage of fruit ripening seeds. The soil moisture regime is extremely dry.

The second category, the dry pine forest growth is represented by pine forests on
gentle hills and slopes underlain by thin sandy semi-arid brunisols. The vegetation cover
encompassing ~65% is richer in the floral composition with admixed wild cereals; the
average height of herbaceous plants is 30 cm; the communities are mainly single-layer type.
The moisture regime slightly exceeds the dry pine forest on the high hills. Finally, on the
topographically lowest places—the undulating plains—the plain forests are distributed,
bound to barren lands with sandy, weakly podzolic and medium-dry soils formed under a
semi-arid moisture regime.

3.1.2. Chaldai Nature Reserve

The Chaldai transect of the Chaldai Nature Reserve ribbon-like pine forest stretches
across a rolling plain relief for 22.5 km in the SW direction at an elevation of 157–220 m asl
(Figure 3). The particular lowland pine forest types correspond to the particular geomor-
phic positions (Figure 4D–F) pegodenically associated with the mature parkland-steppe
chernozems. The degree of soil moisture balance is dry to semi-dry with the latter contribut-
ing to the formation of kashtanozems. The distribution patterns of the Chaldai vegetation
communities depend on the varying natural factors established along with the mapped
bio-geographic profile.

Three different types of relief define the area—high sandy hills, low hilly deflated
surfaces and undulating plains. Under the loci-specific forest-growing conditions of the
monitored forest ecosystems, there are apparent differences in the floristic composition of
phytocenoses and the agro-physical characteristics of the soil cover (Table 1).
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Figure 4. Diversity of the pine forest cover at the Bayanaul NP (A), the Beskaragai (B,C) and the
Chaldai (D–F) NR sites in respect to geomorphic setting. At both sites, the relief predetermines
the particular parkland pine forest type showing the tree stands’ density increase, the pine forest
regeneration enhance and an overall positive forest vitality trend as a function of rising annual
precipitation and ground-water availability. (A) Mountain forest (Bayanaul NP); (B) dry forest hill
(TP 1); (C) upland plateau forest (TP 3); (D) semi-arid plain forest (TP 5); (E) semi-humid flat plain
forest (TP 3); (F) sandy plain forest on sandy dunes above the Irtysh River floodplain. Photographs
by the authors.

The pine phytocenosis consists of three arboreal layers dominated by Scotch pine
(Pinus sylvestris L.), aspen (Populus tremula, L.) and snow spiraea (Spiraea crenata L.), respec-
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tively. The average regeneration of young pine growth is 2112 pcs/ha; young seedlings
800 pcs/ha. The Chaldai vegetation communities are represented by the steppe fescue-
grass associations (Festuca pseudovina-Koeleria glauca-Medicago falcata). The grass cover
amounts to ca. 85% of the vegetated area with the average height of the herbaceous plants
being 55 cm. The phenological grassland state is represented by phases from flowering to
fruiting. The plain bottom occupies a large part of the uniformly forested space with the
absence of dry forests of the hilly locations as well as more humid wetland forests.

3.2. Forest Habitat Species Composition

The geo-botanical study of the particular plant communities included a detailed
analysis of the pine phytocoenosis. The dominant plant elements were used as the main
indicators reflecting the forest floristic structure and the species composition along with
the pinetum (the community of pine trees) description and characteristics of forest stands
according to the growth class, crown closure and density, number of regenerations, the
canopy structure and the arboreal taxonomy. The pinetums of the Beskaragai ribbon-like
pine forest (Site 1–Beskaragai, 6 TP) and the Chaldai ribbon-like pine forest (Site 2–Chaldai,
5 TP) were documented in detail. The test plots were established for the pine phytoceonosis
growing in pristine natural habitats with a minor influence of anthropogenic factors (at a
distance of >25 km from the rural settlement communities).

The forest pinetums characteristic of the studied places are summarized in Table 2.
The Beskaragai forest average crowns closure was 0.5, growth class III–V, the total number
of trees (minimum density of tree plantations) 183–440 t/ha. The vitality of trees, on
average, on a five-point scale was 3 points. The Chaldai forest average crowns closure was
0.8, growth class III, total biomass 596–1400 t/ha. The vitality of trees, on average, was
3.4 points. The layering and pine forest species composition (Table 3) reflect the natural
factors on the structure of the forest plant communities. The increased proportion of
broadleaved species in the composition of the forest stands has a positive effect on the
stability of the artificial arboreal plantations.

Table 2. Characteristics of pinetum of the Beskaragai and Chaldai Nature Reserves’ Forests.

Test Plot
Average

Age
(year)

Average
Height

(m)

Average
Trunk

Diameter
(At 1.3 m)

Basal
Area

(m2/ha)

Forest
Density

(pcs/ha ×
1000)

Crown
Closure

Density
tree/ha Bonitet

Growth
Cond’s

(pts 1–5)

Site 1–Beskaragai

TP 1 59.0 10.79 5 0.86 0.03 0.3 440 III 2

TP 2 60.6 14.28 8 1.22 0.04 0.3 243 IV 2

TP 3 71.0 17.30 26 13.37 0.4 0.6 252 III 4

TP 4 80.46 16.40 35 26.44 0.8 0.6 275 III 3

TP 5 69.85 21.25 32 19.29 0.5 0.6 240 II 4

TP 6 94.0 19.20 33 15.64 0.4 0.6 183 III 3

Av. 72.4 ±
13.1 16.7 ± 3.7 23.1 ±

13.3
12.80 ±

10.1 0.4 0.5 272 ± 80 3

Site 2–Chaldai

TP 1 41 11.4 18 35.6 1.3 0.7 1400 III 3

TP 2 106 16.25 26 79.59 2.5 0.8 1500 III 4

TP 3 44.57 9.19 17 13.52 0.6 0.8 596 II 4

TP 4 58.78 19.55 26 68.98 2 0.7 1300 III 3

TP 5 49.33 15.5 20 22.73 0.7 0.8 724 III 3

Av. 59.9 ±
26.6 14.4 ± 4.1 21.4 ± 4.3 44.1 ±

28.9 1.42 0.76 1104 3.4



Forests 2022, 13, 2 11 of 21

Table 3. Layered structure and species composition of forest stands (PS–Pinus sylvestris, PT–Populus
tremula, BP–Betula pendula).

No Species
Composition

Canopy
Structure

Dominant
Species No Species

Composition
Canopy

Structure
Dominant

Species

Site1–Beskaragai Site2–Chaldai

TP 1 10 PS 1 Pinus
sylvestris L. TP 1 10 PS 1 Pinus

sylvestris L.

TP 2 10 PS 1 Pinus
sylvestris L. TP 2 10 PS + PT 3

Pinus
sylvestris L.,

Populus
tremula, L.,

Rosa laxa Retz

TP 3 8 PS 2 PT 2

Pinus
sylvestris L.,

Populus
tremula L.

TP 3 9 PS 1 PT 3

Pinus
sylvestris L.,

Populus
tremula L.,

Spiraea
crenata L.

TP 4 10 PS 1 Pinus
sylvestris L. TP 4 10 PS 1 Pinus

sylvestris L.

TP 5 9 PS 1 PT 2

Pinus
sylvestris L.

(Populus
tremula L.)

TP 5 10 PS 2

Pinus
sylvestris L.

Spiraea
crenata L.,

Ribesnigrum
L.

TP 6 10 PS 1 Pinus
sylvestris L.

The prevailing composition formula for the forest stands in the Beskaragai and Chaldai
ribbon-like pine forests is 10. The indexes PS + PT document the dominance of the common
pine (Pinus sylvestris L.) with a rather minor presence (<1%) of aspen (Populus tremula L.).
The layering of the studied plant communities is represented by a range of variations.
Whereas in the Beskaragai forest, single-layered stands prevail, the Chaldai forest shows
the three-layered stands of common pine, aspen and snow spiraea (Spiraea crenata L.).
Measurable data of the plantations and the biological and physical characteristics of the
forest structure allow for their quantitative and qualitative assessment, including the state
of the pine forests.

The average age for the Beskaragai and Chaldai ribbon-like pine forests is 72 years
(max. 94 years) and 59 years (max. 106 years), respectively. The corresponding average
pine tree height at the Beskaragai is 16.69 m with a trunk diameter of 23.16 cm; at the
Chaldai site it is 14.3 m with a trunk diameter of 21.4 cm. At both locations, the average
height and average diameter gradually increase with the higher tree age. However, at the
sites of different growing conditions, an unequal average height and diameter of the trees’
trunk of the same age trees were observed. At the forestage of ca. 60 years, the stand in the
Beskaragai forest has a height of 14.28 m, and 19.55 m in the Chaldai pine forest. In the
Chaldai forests and the forests in the Irtysh Lowland area, tree density is higher because
of the better natural conditions and the biomass productivity compared to the dry hilly
landscape of the Beskaragai NR area.

3.3. Ecological Type of Vegetation

In the context of the on-site studies, the soil moisture balance together with the total
amount of mean annual precipitation (MAP) proved to be the key factors predetermining
the ecological structure of the arboreal biotopes in the Beskaragai and Chaldai pine forest
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reserves (Figure 5A). In the Beskaragai pine forests, both on the hilly and plain settings, xero-
mesophytes and xerophytes predominate, indicating overall arid conditions (Figure 5B).
The Chaldai pine forests show a higher number of xero-mesophytes and mesophytes, as
well as the presence of hydro-mesophytes due to the better wetted soils with a moderate
year-round air humidity (Figure 5C).
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Chaldai plain pine forest (C).

The results show that the particular ecological conditions at each of the investi-
gated sites predispose the growth status and the taxonomic variety of flowering and
non-flowering plants. At all the investigated sites, the xero-mesophytes predominate, with
the highest representation in the Beskaragai hilly upland pine forest due to the progressing
regional aridity and a tendency to landscape desertification.

3.4. Pine Phytocenosis Floristic Composition

The floristic composition of the pine forests phytocenosis in the Beskaragai and Chal-
dai nature reserves’ sites mirrors the natural factors affecting the plant communities of the
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NE Kazakhstan pine forests with some significant differences recorded at the investigated
loci in terms of natural and invasive plant species (Figures 6 and 7).
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The Beskaragai forests are characterized by the predominance of grasses and sedges.
Based on the particular geomorphic relief, two types of the arboreal cover (i.e., the semi-
dry upland forests and more humid plain forests) were identified, with the increased
species diversity in the latter. The undergrowth cover of the upland pine forest largely
encompasses species of 7 plant families—Poaceae (25%), Asteraceae (25%) and Caryophyllaceae
(17%), with the remaining taxa of Ranunculaceae, Cyperaceae, Scrophulariaceae, Euphorbiaceae
less represented (14% in total) (Figure 6A). The richer spectrum found in the plain forests
accounts 24 species of 14 families—Poaceae (13.8%), Asteraceae (13.8%), and Equisetaceae,
Brassicaceae, Caryophyllaceae, Scrophulariaceae (altogether 27.6%). For the herbaceous plants,
the following characteristics were revealed: 60% projective cover degree, the average height
30 cm, a two-layered (grasses-sedges) community structure. The phenological state of
herbaceous plants is in the phase of fruit and seed ripening.

In the Chaldai ribbon-like pine forest, 24 species of 13 families were identified. Rosaceae
(16.6%), Fabaceae (12.5%), Poaceae (12.5%), Chenopodiaceae, Caryophyllaceae, Brassicaceae,
Asteraceae (33.2% in total) are dominant (Figure 6B). For the herbaceous plants, the projective
grass cover was 85%, and the average height of plants was 55 cm. The growth indicators
exceeding those at the Beskaragai site point to more favorable environmental conditions.

3.5. Natural Regeneration Dynamics of Pine Forests

The dynamics of the natural regeneration of the Pri–Irtysh pine forests points to a
certain restoration of forest ecosystems after anthropogenic damage (long-term logging,
burning). The availability and quality of young seedlings and the young growth can
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be used to judge the intensity and restoration potential of the regional forest resources
naturally, with several regenerations/successions identified promoting the pine forests’
persistence. At the Beskaragai site, all the relief-determined forest types (from the high hills
to the plains) show a certain natural vitality. Due to the site-specific growing conditions,
there are variations in the number of young seedlings and the young pine forest growth
(Figure 8A).
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In the Beskaragai ribbon-like pine forest, the young growth restoration index is
966 units/ha and 766 units/ha of young seedlings. The young growth shows the highest
concentrations in the plain forests due to the moisture-retaining gley soils and shallower
groundwater. The number of young seedlings is, on the contrary, smaller, because of the
high cover of herbaceous plants and the presence of aspen thickets impeding the spread of
the pine seedlings. In the semi-dry pine forests, the intensity of the young pine growth is
smallest due to dry, loose sandy permeable soils incapable of retaining ground moisture.
The young pines are grouped closer to the seed trees, mainly on the western rain-receiving
hill slopes and uplands.

The Chaldai pine forest regeneration process (Figure 8B) shows a significantly higher
density of young pine seedlings and growth in comparison with the Beskaragai pine
forest amounting to 2.112 units/ha of young growth and 800 units/ha of young seedlings.
This indicates a rather positive restoration dynamic of the forest ecosystems. At more
favorable growing conditions, the amount of self-sowing reaches 1.700 pcs per ha [58]. At
the Chaldai forest’s TP3 and TP5 transect loci, the absence of young seedlings reflects the
high projective cover rate of the herbaceous plants and spiraea young growth preventing
the natural arboreal cover restoration along with forest-adverse anthropogenic actions
(cattle grazing). Spring season climatic conditions (ground humidity and temperature) are
seen as the primary factors determining the variations in seedlings’ growth and the pine
tree biomass increase [59].

4. Discussion
4.1. Pine Forest Distribution and Dynamics

The investigations in the Irtysh region of NE Kazakhstan based on the geo-environmental
profiling revealed distinctly different types and growth dynamics of the local pine forest cover
reflecting the presently changing climate conditions and the regional hydrology regime.

1. The varied forest vitality displays specific natural conditions. The more ecologically
fragile semi-arid pine cover on the sandy hills and the granitic bedrock uplands
(200–270 m asl) transgressing into the lower elevation plain and lowland plain pine
forests (120–220 m asl.) are distributed in the arid and geomorphologically more
profiled Beskaragai area (Figure 4A–C). The plain pine forests (157–220 m asl) are char-
acteristic of the lowland Chaldai area (Figure 4D–F). Despite having about the same
annual precipitation rate (262/270 mm), the latter region shows a better vitality of the
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arboreal growth as well as the richer phytoceonosis due to the better hydrogeology
conditions with balanced groundwater availability and bedrock permeability.

2. The average age of the Beskaragai nature reserve forest stands is 72 years, with an
average height of 16.7 m, and a trunk diameter of 23 cm. In the Chaldai NR, the
average forest age is 59 years, height 14.3 m, and a trunk diameter of 21.4 cm. The
pinetums in the Beskaragai and Chaldai forests have average tree crown closures
of 0.5 and 0.8, respectively. Single- and two-layered forest stands prevail at both
locations. The projective herbaceous cover amounts to 60–85%, the average height of
plants is 30–55 cm. Two-layered plant communities are common.

3. The floristic composition differs markedly between the two areas. The Beskargai forests
have a poorer phytocenosis structure with a predominance of grass-sedge (Stipa
joannis Cel., Carex supine Willd.) associations. The more productive Chaldai forests
show successful vegetation restoration and a richer floristic composition dominated
by the forbs-fescue communities (Festuca pseudovina Hack., Koeleria glauca, Medicago
faclata L.).

4. The ecological types of the local herbaceous cover encompass various combinations.
For the Beskaragai high hill pine forest and plain pine forest, the xero-mesophytes and
xerophytes prevail, indicating arid conditions for the conifers’ growth. The Chaldai
pine forest shows greater numbers of the xero-mesophytes and mesophytes, as well
as the presence of hydro-mesophytes due to the presence of wetter soils and the
moderate microclimate humidity.

5. The restoration dynamics in the Beskaragai area display a gradual increase in the
common pine (Pinus sylvestris L.) seedlings on the semi-arid high-hill positions as
well as on the lowlands, and a decrease in pine seedlings on the open plains due to
the dense grass cover. In the Beskaragai NR, the restoration (seedlings) rate is 766–966
pcs/ha. In the Chaldai NR, the conditions for the natural pine forest succession are
more favorable with the significantly more vital growth of young trees with density
of 1150–3000 pcs/ha.

6. A low and the average degree of the phytocenosis degradation is documented at the
Chaldai forest and the Beskaragai forest, respectively. The semi-arid forests at Beskara-
gai found on the topographic elevations have the lowest revitalization capability and
a higher ecological vulnerability due to the groundwater deficiency, rocky bedrock
and stronger winds, depriving the surface cover of ground moisture in combination
with increased insolation.

4.2. Territorial Pine Forest Sustainability

The assessment of the vitality of the predominantly mixed pine-birch forest ecosystems
in NE Kazakhstan displays significant variations in the floristic composition, geo-botany
as well as differences in the state and degree of degradation of the pine phytocenoses.
Our research revealed that the average degree of degradation is well expressed in the
Beskaragai NR, namely, the semi-dry pine forests in which the associated plant community
spectrum is small. Accordingly, the Beskaragai site is characterized by a poorer floristic
composition with a predominance of xerophytes on regosolic sandy soils with a low
projective vegetation cover and a limited arboreal cover restoration capability. In contrast,
the Chaldai NR forests show a reduced degree of the conifers’ degradation and a solid
natural restoration potential. The prevailing floristic composition of xero-mesophytes and
hydromesophytes reflect more favorable environmental conditions within the semi-arid
steppe climate-geographic subzone (Table 4).

By analyzing the environmental impact on the Pri–Irtysh pine forest complexes, three
degrees of degradation were identified. Minor degradation preserves the original soil and
vegetation cover in a natural or restoration stage. The average degree of degradation is not
accompanied by noticeable changes in the ecosystem despite a soil and vegetation cover
distortion, with persisting preservation of the dominant plant species. A strong degree of
degradation (of soil and vegetation) is encountered only locally and is confined to the anthro-
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pogenic factors. Despite these adverse ecological aspects, the unique feature of the investigated
pine forests lies in the rich, yet fragile biodiversity of the enclosing parkland habitats defined
by the site-specific biogeomorphic parameters (relief, soil, hydrology, phytocenoses).

Table 4. Summary characteristics of the Pri-Irtysh ribbon-like pine forests’ growth dynamics.

Area (Nature Reserve) Beskaragai Chaldai

Altitude 120–270 m asl 157–220 m asl

Annual precipitation (MAP) 262 mm 270 mm

Forest type Semi-arid highland forests
Plain and lowland pine forests Plain pine forests

Geomorphic setting Sandy hills and granite bedrock uplands The Ob River Plateau
(the Kulunda Plain)

Average age of forest stands 72 years 59 years

Average tree height 16.7 m 14.3 m

Trunk diameter 23 cm 21.4 cm

Crown cover 0.5 0.8

Plant community structure Single- and two-layered forest stands. Herbaceous plants’ projective cover 60–85%, the
herbaceous plants average height 30–55 cm. Two-layered plant communities.

Floristic composition

A poorer phytocenosis structure,
predominance of the grass-sedge

communities (Stipa joannis Cel., Carex
supine Willd.).

A richer floristic composition dominated
by the forbs-fescue communities (Festuca

pseudovina Hack., Koeleria glauca DC.,
Medicago faclata L.).

Ecological types of the local plants Xero-mesophytes and xerophytes
indicative of arid conditions

Xero-mesophytes and mesophytes,
hydro-mesophytes due to wetter soils

with moderate humidity

Restoration (seedlings) 766–966 pcs/ha 900–3000 pcs/ha

Degree of the pine tree phytocenosis
degradation Average Low

Forest dynamics Slow vegetation cover restoration; higher
environmental fragility

Higher vegetation restoration with
productive forest stands

The investigations confirmed the resistance of the Kazakhstan ribbon-line pine forests
to modern natural disruptions within certain limits and the local bio-geographic conditions.
At the same time, the results provided evidence of differences in predisposition for revital-
ization [60], with the Chaldai forests characterized by a higher regeneration potential and
ecosystem stability/sustainability. Degradation and restoration of the regional arboreal
cover thus occur at different levels of the pine forest ecosystem in reaction to the changing
environmental situation. At the plant community level, this may lead to impoverishment
or even replacement of the pristine phytocenoses and a biodiversity loss as a result of
excessive landscape disruptions [61,62]. At the level of forest types, these processes cause a
retreat of the native forests at some monitored loci (the Beskaragai hills), contrasting with
an expansion of the naturally forested area elsewhere (the Chaldai plains).

4.3. Environmental Risks to Forest Cover

The applied criteria of environmental change linked to forest degradation relate to the
main causes of forest decline, both natural and anthropogenic [63,64]. The pine forests of
the steppe zone of northern and NE Kazakhstan show various succession stages subjected
to multiple environmental risks. The current biotic shifts due to aridification are seen in the
decrease in the trees’ status vitality, the reduction of their natural restoration capability, the
loss of the pristine plant diversity with increasing proportions of xerophytes in the steppe
forests plant communities. The forests on the sandy soils undergo natural disruptions in
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the form of fires, high summer temperatures, severe winters with a low snow cover and
insufficient ground moisture, altogether contributing to landscape desertification. Apart
from natural fires, human-induced forest burning, intensified pastoralism in the rural
settlements’ environs adversely affecting especially the young forest growth, a major nega-
tive effect on the long-term health and the revitalization capacity of the NE Kazakhstan
pine forests, they may have radioactive contamination resulting from the Semipalatinsk
nuclear testing site causing presumably about a 50% reduction of the normal wood mass
increment rate and the overall poorer state of the arboreal cover over the broader terri-
tory [65]. Although the studied Beskaragai and Chaldai pine forest nature reserves are
state-protected, they are very susceptible to modern anthropogenic damage. The highland
forests are, furthermore, negatively affected by increasing recreational activities. A vital
management program of environmental protection and a forest revitalization strategy
should be implemented by taking into account the extreme continental settings of the
intra-zonal steppe forests in the Pri–Irtysh region.

Overall, North Kazakhstan’s forests suffer due to the progressing desertification in
response to the ongoing territorial warming [66,67]. The process of the northern/southern
steppe expansion/retreat during the warm/cold climate stages, respectively, is well docu-
mented in the Irtysh Basin during the Holocene [8]. Activated sands experience increasing
transfer into the present grassland and parkland-steppe belt accompanied by a northern
retreat of the coniferous taiga. The present shortening of forest resources in SW Siberia and
Northern Kazakhstan is largely due to modern industrial activities [68]. Local reduction
of the pine forest cover by the increased fire frequency in Siberia leads to an extension of
steppes [9]. In turn, the ribbon-like pine forest fires contribute to their rapid regeneration
and ameliorating forest-growth conditions [69,70].

4.4. Climate Change Feedback

Cold dry winters and semi-humid warm summers (mean temp. January −16.7 ◦C,
July +21.3 ◦C) characterize the pronounced continentality of the area (Figure 9A). The long-
term trend of the MAAT increase in NE Kazakhstan is less prominent than in the adjoining
mountain and lowland areas of Siberia [71,72], corresponding to just about +0.4 ◦C rise
over the period between 1990–2020 with the documented annual thermal maximum in
2020 (Figure 9B). Yet, this constant change promotes the apparent expansion of steppes
at the expense of birch-pine forests. This trend is less noticeable in the better-watered
Irtysh lowlands, particularly due to the late spring and summer rainfalls (Figure 9C). Mean
annual precipitation records show about 8–10 year MAP volume cyclicity over the past
thirty years, with peaks in 1992, 2000, 2009 and 2018 (Figure 9D). The colder years manifest
increased MAP volumes, whereas the drier years correspond to hot late spring-summer
seasons. This atmospheric evidence corroborates the conclusions of dendrology studies in
the Beskaragai and Chaldai NR showing increased pine growth (biomass) intensity in the
corresponding precipitation-rich years.

A positive forest-growth trend has been observed on the adjoining Altai Plains and
in the Gorno Altai mountains with a significant altitudinal ribbon-forest expansion [37],
as the joint effect of increased annual precipitation and warming [73,74]. An analogous
landscape cover evolution with the thriving Scotch pine forests over the Steppe Altai,
similar to today, was recorded during the mid-Holocene optimum [75]. The emerging
climate-bio-geographic evidence shows regional disparities between the current climate
variations and the forest growth dynamics in dependence to local natural conditions. This
is well-seen in the investigated area.

Based on the present study, the more rainfall-watered and air-moistened locations in
the low-lying depressions between the Pri-Irtysh hills provide the most favorable conditions
for sustainment and natural reproduction of the pristine arboreal communities in northern
Kazakhstan. The research results provide new insights on the pine forest dynamics in the
parkland-steppes of central Eurasia, with practical applications to the environmental risk
assessment, nature protection, forestry, agriculture and regional sustainable development.
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ten years; (C) monthly mean precipitation; (D) annual precipitation record with a minor long-term
precipitation increase over the past decades (analysis of the raw meteorological data; the Pavlodar
Meteorological Station).

5. Conclusions

The Pri–Irtysh ribbon-line pine forests are the key natural indicators of regional
environmental stability and ecosystem functioning. The complex environmental and
geo–botanical investigations performed in the two nature reserves of NE Kazakhstan,
representing a transitional zone of Central Asia’s semi-deserts most susceptible to climate
change, steppes and parklands, disclosed marked variations between the upland and the
lowland forest ecosystems. The forest growth dynamics display a differential intensity
of the pine seedling successions and stability of the arboreal cover with the lowland
ribbon-like pine forests showing a better vitality, natural restoration capability as well as
greater floristic diversity of the forests phytocenosis diagnostic of the pristine parkland
habitats. The variations in the forest cover distribution patterns, the sylvan structure and
the tree growth characteristics of the arboreal communities reflect the particular geomorphic
settings and the current atmospheric conditions predetermining the pine stands’ status.
Following the present regional aridification trend, the rocky topographic elevations, along
with the extensive highlands and uplands of northern Kazakhstan will experience a major
pine forest decline and a forest retreat into more isolated and primarily groundwater-fed
locations in the riverine lowlands. The study findings have direct bearings for the national
forestry planning in the central Eurasian parkland areas, depleted of the natural pine
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forests by modern anthropogenic activities and/or exposed to the acute environmental
transformations due to current climate change.
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