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Differentiation of ecological niches of the forest-forming
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Abstract. Adaptations of Abies nordmanniana, Picea orientalis, Pinus sylvestris, Fagus orientalis,
and Carpinus betulus to the abiotic environmental conditions of the study area largely determined
their predicted distribution in the Caucasus. The ecological niches of the species mostly coincided in
two analyzed complex environmental factors (characteristics of water regime and topographic
parameters). The complex humidity factor was the main factor determining the potential distribution
the forest-forming species in the Caucasus (65% of the contribution in the Maxent models).
Topographic ENVIREM predictors were also significant in the species distribution (20% of the
contribution in the models). Abies nordmanniana and Fagus orientalis were the most sensitive to
the humidity factor, while Pinus sylvestris depended largely on the topographic factors. The
similarity of the distribution potential of the studied species in the Caucasus was explained largely
by a high degree of overlap of ecological niches (Schoener's D = 0.55-0.79) and their visual overlap
in the orthogonal space of the analyzed ecological factors. The largest Schoener's D indexes were
observed for the pairs Pinus sylvestris — Picea orientalis, Abies nordmanniana — Picea orientalis,
Fagus orientalis — Picea orientalis, and Fagus orientalis — Carpinus betulus. Carpinus betulus,
Fagus orientalis and Pinus sylvestris had the widest ecological niches.

1 Introduction differentiation for sympatric species within the single
range. Effective quantitative indicators of the width and
Identification of the main factors affecting the overlap degree of ecological niches are Levins’ B and
distribution of forest-forming tree species is important Schoener's D, respectively [11, 12]. Such studies are
for understanding the general patterns of their spatial relevant for the main forest-forming species of the
distribution, identification and protection of the most Caucasus, which are Abies nordmanniana (Steven)
vulnerable areas, forest management and rational use of Spach, Picea orientalis (L.) Peterm. u Pinus sylvestris
forest resources. Significant progress in this direction L., Fagus orientalis Lipsky, and Carpinus betulus L.
was closely related to the methods of modeling the These dominant species largely determine the structure,
potential suitability of habitats, such as Ecological niche species composition, and dynamic of the mountain forest
modeling (ENM). ENM methods are the most effective ecosystems in the Caucasus. They are also of great
for estimating the species spatial and temporal economic importance and high conservation value for
distribution [1, 2]. These methods aim to identify the the region. We studied monodominant highly productive
abiotic and biotic components of the species ecological forest stands of Abies nordmanniana, Picea orientalis,
niches, thereby determining the spatial distribution of Pinus sylvestris, Fagus orientalis, and Carpinus betulus,
suitable habitats for the species [3, 4]. as the most stable plant communities existing under
In ENM, methods that use data on the presence of optimal environmental conditions for the species. Using
species (presence points) are more preferable then such plant communities as species occurrence data in the
methods that also use data on the absence of species in ENM increases the probability of species being found in
the study area [4-6]. An effective method for ecological the predicted area.
niche modeling only by presence points is Maxent Therefore, the aim of this study was to identify the
(Maxent software for species habitat modeling), which abiotic components of ecological niches of the main
constructs accurate predictive models [5, 7-10]. Maxent forest-forming species in the Caucasus and to assess the
estimates the distribution of probabilities of species differentiation of ecological niches by their width and
occurrences by distributions of environmental variable degree of overlap. We assume that the similarity or
values similar to the habitat sites in which the species differences in the spatial distribution of the studied
were found. The habitats identified with the highest species in the Caucasus are largely due to the similarity
probability of species occurrence are considered the or difference in the abiotic components and the
most suitable. quantitative parameters of their ecological niches.

The developing field of ENM is the quantitative
comparison of ecological niches and assessment of their
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2 Materials and methods

2.1. Study area

The field of research covered the Caucasian mountain
country (between 39°-47° N and 35°-50° E) in the
following physical and geographical boundaries: in the
east, along the coast of the Caspian Sea; in the north,
from the Caspian Sea along the Kumo-Manych
Depression and further along the northern border of
Krasnodar Krai to the Black Sea; in the west, along the
Black Sea coast; and in the south, by the borders of
Georgia, Armenia, and Azerbaijan with Turkey and Iran
(Figure 1). The total area of the analyzed territory
amounted to thous. km? Within the Russian Caucasus
the territory of the Kabardino-Balkar Republic,
Krasnodar Krai, the Republic of Adygea, Stavropol Krai,
the Republic of Dagestan, the Chechen Republic, the
Republic of Ingushetia, the Karachay-Cherkess
Republic, the Republic of North Ossetia-Alania, and the
Republic of Abkhazia were studied.

The study area included the Kubanskiy variant of
vertical zonation of the Western North Caucasus zonality
type (Western Caucasus), as well as the Elbrusskiy and
Terskiy variants of the vertical zonation of the Eastern
North Caucasus zonality type (most of the Central
Caucasus and Eastern Caucasus, respectively) [13]. The
gradient belt of the Western North Caucasus zonality
type is a barrier-sectoral variation of the steppe belt type,
influenced by the littoral foothills of the Caspian basin.
The increased humidification of the region is caused due
to the influence of the Black Sea-Mediterranean
cyclones and the proximity of the Atlantic Ocean. Thus,
a humid subtropical climate characterizes the southern
macroscline of the Western Caucasus. The average
annual temperature here is +14.5°C, and the average
annual precipitation is 1350 mm and more. The northern
macroslope of the Western Caucasus is characterized by

a humid climate with an average annual precipitation of
500-900 mm.

The Greater Caucasus mountain range blocks the
influence of wet Black Sea-Mediterranean cyclones
within the Elbrusskiy variant of vertical zonation. Dry
winds of the Caspian lowland and the glaciation of the
Central Caucasus highlands cause dryness and
continentality of the climate, xerophytization of
landscapes, the wide steppification of the subalpine and
alpine belts, as well as the loss of the dark coniferous
forest belt and broad-leaved forest belt in the Elbrusskiy
variant of vertical zonation.

Increasing heights of the front Caucasian mountain
ridges strengthens their barrier role on the way of the dry
winds from the Caspian Sea within the boundaries of the
Terskiy variant of vertical zonation. Broad-leaved forests
are widely distributed here, as in the Kubanskiy variant
of vertical zonation, but they are arider. Just as in the
Elbrusskiy variant of vertical zonation, in the Eastern
Caucasus there is no belt of dark coniferous forests. On
more arid slopes, there are local stands of pine forests.

The climate of the Central and Eastern Caucasus is
relatively hot, dry continental in the plains, and relatively
cold, humid continental in the mountainous regions.

2.2. Studied species

Abies nordmanniana is a decorative species widely used
in Europe for the production of "Christmas trees", which
are sold annually in the amount of about 42 million trees
[14]. Accordingly, a significant part of Abies
nordmanniana studies is aimed at reproduction of the
species and preservation of decorative effect of trees in
culture [14, 15-18]. The literature resources present few
data on the species in the natural conditions of the native
range limited to the territory of the Russian Caucasus,
Georgia and the north-eastern regions of Turkey [19].
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Fig. 1. Location and schematic map of the study area. Presence points of the studied species
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In Turkey, where fir forests occupy about 2.62% of
the country's forested arca (584.87 ha) [20], an analysis
of their species richness and spatial structure was carried
out [20-22]. Studies of Caucasian populations of Abies
nordmanniana are concentrated in the Western
Caucasus, where the main fir forests are located. The
main territories are the basins of the Pshekh, Belaya,
Laba rivers on the northern macroslope of the Greater
Caucasus and the upper reaches of the Mzymta, Psou,
Bzych, Rioni rivers on the southern macroslope [23, 24].
The researchers noted the vulnerability of the Caucasus
fir forests as a result of the negative anthropogenic
(deforestation), climatic and biotic (mass bacterial
discases) impacts [24, 25]. At the same time, the main
research fields of the last two decades were
dendrochronology [26], the climate-driven changes in
the altitude boundaries of the species [24], forest
restoration [27], mapping of dark coniferous forests with
Abies nordmanniana 28, 29].

The natural range of Picea orientalis is also mainly
limited to the territory of the Russian Caucasus, Georgia,
and the Eastern Black Sea region of Turkey [23, 30]. In
the mountainous regions of Turkey, the distribution of
spruce forests is positively correlated with the altitude,
the slope steepness and the distance to the sea [31]. In
the Western Caucasus, Picea orientalis forests occupy
no more than 5% of the forested area, mainly in the
eastern regions, where they spread along the lower parts
of the slopes and river terraces up to 1500-1700 m above
sea level [23]. Current studies of the Turkish populations
of the species aimed at their genetic diversity [32, 33],
the structure of forest stands [34], and modeling of
spatial distribution [35].

Mapping of spruce forests using GIS technologies
was also carried out in the North-Western Caucasus [28,
29]. Researchers have established the degradation of
spruce forests throughout the entire range of Picea
orientalis, one of the main reasons for which are
outbreaks of beetles Ips typographus (Linnaeus 1758)
and Dendroctonus micans (Kugelann 1794) against the
background of climatic changes and the general
weakening of mainly single-aged forest stands [34, 36-
38].

Pinus sylvestris is a widespread species in Eurasia.
Ecological plasticity, genetic variability, and the great
economic importance of this species determine the
variety of directions in the study of its biology and
ecology. Previously, several two-coniferous species of
the genus Pinus L. were identified for the Caucasus, but
subsequent studies of their genetic differentiation from
Eastern European populations of Pinus sylvestris [39]
their belonging to Pinus sylvestris system (with the
exception of Pinus eldarica Medw. in Georgia and Pinus
pityusa Steven on the Black Sea coast). A wide
ecological range of Caucasian light coniferous forests by
ecological gradients and underlying rocks determines a
high typological diversity of pine forests [40], but in the
central part of the Caucasus, Pinus sylvestris forms
mainly monodominant forest stands. Morphological
variability of the species pollen [41], reproductive
phenological isolation and genetic variability of Pinus

sylvestris populations were studied for the Central
Caucasus [42, 43]. The mapping of pine forests of
certain regions was also carried out here [43].

Broad-leaved forests of Fagus orientalis Lipsky
covers the Greater and Lesser Caucasus, Crimea,
Turkey, Northern Iran, Bulgaria, Greece, and Syria up to
2100 m above sea level [44, 45]. The refuge for Fagus
orientalis during the Last Glacial Maximum was
Northern Turkey and the Western Caucasus, as well as
Northern Iran [46]. A drier climate and higher
temperatures against the background of climate change
will probably limit the spread of this species in the future
[46].

Small-medium deciduous tree species Carpinus
betulus L. covers Asia Minor, the Iranian plateau,
mainland Europe, the Caucasus, and Transcaucasia. The
most suitable habitats for Carpinus betulus within the
boundaries of the modern territory of Anatolia and its
surroundings in the Last glacial Maximum were the
Black Sea region and Western Anatolia according to the
modeling of the potential distribution of the species [47].
In the future, the range of Carpinus betulus may shift to
the north [47], where the Black Sea coast of the
Caucasus is located.

2.3 Species occurrence data and environmental
variables

Species occurrence data were sourced from the
expedition research in 2012-2020 and the Global
Biodiversity Information Facility (GBIF). A total of 520
species occurrence records were used in the analysis
(Table 1). We used the set of climatic and topographic
environmental variables from the ENVIREM dataset
[48]. Many of ENVIREM variables are directly related
to the ecological or physiological processes of plant
species [49].

Table 1. Species occurrence data used in the study

Species DOI from GBIF records/ |Expedition
P the GBIF after filtering | records
Abies 1 5468/d1.v2ff6] 497/52 17
nordmanniana
Carpinus 10.15468/dl.adyhh3 | 1967/114 23
betulus
Fagus 10.15468/dl.zvhjhs | 3009/105 42
orientalis
Picea 10.15468/dl.dkaz3a 194/32 12
orientalis
Pinus 10.15468/dlL.ymbrx9 | 147/108 15
sylvestris

2.4 Modeling and model evaluation

The data of environmental variables of the study area
were extracted using raster package in R. The matrix of
extracted values was analyzed by the factor analysis
(principal component method, PCA) using the
FactoMineR package in R [50]. The obtained
eigenvalues of the main axes (factors) of the PCA
combined the ENVIREM variables selected on the basis
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of non-collinearity and contribution to the construction of days), maxTempWarmestMonth (the maximum
of the model. These axes (complex factors) were temperature of the warmest month),
visualized in the R using the ggplot2 package in R. With monthCountByTemp10 (the number of months during
the KDE (Kernel density estimation) method, the which the average air temperature exceeds 10°C), and
ecological niches of species were mapped as thermInd (the index of compensated thermality,
agglomerations of points in the orthogonal space of pairs depending on the sum of the average annual temperature
of PCA axes. This method allowed us to visually range, minimum and maximum temperatures of the
compare the ecological niches of the studied species in coldest month). Two highly correlated variables of the
the Caucasus. first axis  were  potential  evapotranspiration
The eigenvalues of the factors (the first three characteristics, indicating the maximum amount of
orthogonal axes of PCA) were used as layers in Maxent moisture evaporated by plants from the unit of reference
modeling. The analysis of replicated Maxent models (the surface in the absence of moisture deficiency. They were
ENMtools package in R [51]) was used for quantitative annualPET  (the average annual  protentional
comparison and evaluation of the species ecological evapotranspiration) and PETColdestQuarter (the average
niches differentiation by their width (Levins’ B) and the monthly protentional evapotranspiration for the coldest
overlap (Schoener's D) [11, 12]. quarter). Evapotranspiration depends on solar radiation,
The quality of the models was evaluated by the air temperature, and wind speed, as well as on the
values of the AUC (Area under the curve). AUC frequency of precipitation in the region [11].
indicates the results of statistical analysis of the The main variables of the second PCA axis
coincidence of models constructed from test and training characterized the water regime of the study area. They
data (evaluation of the model accuracy). The optimal were ariditylndexThornthwaite (the Thornthwaite aridity
AUC values for reliable models should be close to 1 or index of climate), climaticMoisturelndex (the index of
at least should be higher than 0.5 (50% threshold of relative humidity and aridity of the climate), embergerQ
habitat suitability). (the Emberger's pluviothermic quotient associated with

the annual potential evapotranspiration and extreme
annual thermal amplitude). Continentality of the climate,

3 Results in addition to the annual temperature range, also
characterizes the amount of precipitation in the region.

3.1 Ecological niche modeling The indicator increases with the increasing dryness of
the climate.

PCA revealed three main components with cumulative The third PCA axis combined topographic

variation of 91.1% (Table 2). parameters. They were Terrain roughness index TRI (the

index of terrain roughness, which quantifies local
vertical topographic heterogeneity by calculating the
average elevation difference between a particular site

Table 2. Results of factor analysis (PCA, Varimax normalized)
of environmental variables of the study area

. PCA factors and its eight neighbor sites [53]) and topoWet (the

Variables Factor 1[Factor 2 Factor 3 topographic humidity index used to study the moisture

annualPET, mm/year 0.80 0.48 0.22 level of substrates in different parts of the slopes in the

ariditylndexThornthwaite 0.37 | -0.82 | 0.36 mountains [54]).

climaticMoisturelndex -0.26 | 091 | -0.25 We assessed the contribution of PCA factors to the

continentality, °C 0.00 | -0.77 | 0.57 Maxent models of the species distribution. Based on

embergerQ 0.03 | 0.96 | -0.14 AUC values, all Maxent models had adequate values: the

growingDegDays0 0.87 | 0.17 | 0.42 AUCs showed good values for the training and test

growingDegDays5 088 | 0.14 | 040 models, and AUCDIfT (difference between training and

mngempColdestMonth, °Cx10| 0.95 -0.05 0.22 test AUC data) were low (Table 3).
minTempWarmestMonth, °C x 10|  0.67 0.34 0.64
monthCountByTemp10, months 0.72 026 | 0.57 Table 3. Evaluation of Maxent models of the studied species
PETColdestQuarter, mm/month 0.96 0.04 -0.12 distribution in the Caucasus
thermlnd, °C 0.80 0.32 0.50
topoWet 0.22 0.41 0.85 Species models |AUCTrain = SD |AUCTest + SD| AUCDiff

TRI 030 | -037 | -0.73 Abies nordmanniand  0.94+0.005 0.92+0.016 0.02
Eigenvalue 13.71 4.04 2.01 Carpinus betulus 0.89+0.006 0.87+0.026 0.02
Explalned variance, % 65.25 20.12 5.77 Fagus orientalis 0.87+0.010 0.86+0.044 0.01
Marked loadings are > 0.7; the names and units of Picea orientalis 0.93+0.006 0.92+0.029 0.01
measurement of the ENVIREM variables are given by Title Pinus sylvestris 0.88+0.003 0.86+0.011 0.02

and Bemmels [49].
In terms of percentage contribution and permutation

The first main axis (about 65% of variables variance) importance, the largest percentage contribution to the
was mainly formed by seven predictors. Five predictors Maxent models of Abies nordmanniana, Picea
were the temperature variables: growingDegDays0 and orientalis, Fagus orientalis, and Carpinus betulus
growingDegDays5 (the sum of the average monthly distribution was made by Factor 2 (Table 4). As shown
temperature for the months with an average temperature above, it combined Thornthwaite aridity index and the

above 0 and 5°C, respectively, multiplied by the number
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climate continentality with negative factor loads, as well
as the index of relative humidity and Emberger's
pluviothermic quotient with positive factor loads.

Table 4. Contribution of PCA factors to the distribution of the
studied species in the Caucasus

Contribution of PCA factors

(Figure 2). The range of values of these variables was
more similar for Fagus orientalis and Carpinus betulus,
Pinus sylvestris and Picea orientalis, and Fagus
orientalis and Abies nordmanniana.

Table 5. Values of ecological niche overlap index Schoener's
D for the studied species in the Caucasus

Species Factor 1 Factor 2 Factor 3 Speci Abies Picea Pinus Fagus |Carpinus
PC, %P1, %PC, %P1, % PC, %|Pl, % PeCles | ordman. | orientalis sylvestris |orientalis| betulus
Ubies nordmanniana | 9.7 | 6.5 | 652 | 75 | 19.1 | 115 bies
\Picea orientalis 16.2 [30.6| 42.5 [349| 33 28 nordman. ! 0.79 0.68 0.72 0-35
\Pinus sylvestris 139 [19.5] 274 |25.8] 39.8 |32.7 Picea
Fagus orientalis 7.1 6.6 563 |379] 324 |50.7 orientalis ) ! 0.79 0.79 0.63
Carpinus betulus 174 [16.2| 41.9 [20.5] 29.6 | 43.6 \Pinus ) ) 1 074 0.64
PC: percent contribution — the contribution of the PCA factor sylvestris i i
to the construction of the Maxent model; PI: permutation \Fagus ) ) ) 1 0.78
impotance — permutation coefficient. orientalis ]
Carpinus 1
As shown above, it combined Thornthwaite aridity betulus ) ) ) )

index and the climate continentality with negative factor
loads, as well as the index of relative humidity and
Emberger's pluviothermic quotient with positive factor
loads. Accordingly, Factor 2 can be characterized as a
factor of the moisture availability of the species habitats
in the Caucasus. Abies nordmanniana and Fagus
orientalis were the most sensitive to the humidity factor,
while Pinus sylvestris depended on the moisture
availability of habitats to the least degree.

The second most important PCA Factor 3 was the
complex topographic factor, which included the Terrain
roughness index and the topographic humidity index.
The first indicator, which increases with increasing the
slope steepness, was characterized by a negative factor
loading, while the second indicator positively correlated
with Factor 3. Accordingly, the most suitable habitats for
Pinus sylvestris, Picea orientalis, Fagus orientalis, and
Carpinus betulus with Factor 3 contribution of 30-40%
in Maxent models are non-steep slopes with moist soils.
Temperature Factor 1, despite explaining most of the
environmental variability of the study area, was of the
least importance in the species distribution.

3.2 Differentiation of ecological niches

Visualization of the species ecological niches using the
KDE method showed their weak differentiation along
the second and third main axes of PCA (humidity Factor
2 and topographic Factor 3) (Figure 2). The confirmation
was the high (according to Rodder and Engler [55])
values of Schoener's D index indicating the degree of
overlap of ecological niches (Table 5). At the same time,
ecological niches overlap to the greatest extent in the
humidity factor for the pairs Fagus orientalis — Carpinus
betulus, Abies nordmanniana — Picea orientalis, and
Pinus sylvestris — Picea orientalis. In the topographic
factor, the most significant overlap of ecological niches
for the pairs Abies nordmanniana — Picea orientalis,
Fagus orientalis — Carpinus betulus, and Fagus
orientalis — Abies nordmanniana. A significant overlap
of the ecological niches of the studied species in the
Caucasus was also observed along the first axis of the
PCA, which mainly combined the temperature variables

In general, the largest overlaps of ecological niches
according to the Schoener's D index were observed for
the pairs Pinus sylvestris — Picea orientalis, Abies
nordmanniana — Picea orientalis, Fagus orientalis —
Picea orientalis, and Fagus orientalis — Carpinus
betulus. Thas the ecological niche of Picea orientalis
significantly overlapped with the ecological niches of
other studied species with the exception of Carpinus
betulus. Carpinus betulus was the most ecologically
isolated tree species from other forest-forming species
with the exception of Fagus orientalis.In accordance
with the Levins' B index the broad-leaved species
Carpinus betulus and Fagus orientalis, as well as the
light coniferous species Pinus sylvestris had the widest
ecological niches (the average value of Levins' B were
0.42, 0.38 and 0.38, respectively) (Figure 3). The dark
coniferous tree species Abies nordmanniana and Picea
orientalis had a much smaller ecological range of
suitable habitat conditions (the average value of Levins'
B were 0.23 and 0.28, respectively). Fagus orientalis
and Pinus sylvestris were the most similar to each other
in the average values of Levins' B.

4 Discussion

4.1 Ecological niche modeling

The purpose of this study was to assess the
differentiation of ecological niches of the main forest-
forming species of the Caucasus by their abiotic
components. We revealed a significant effect of the
humidity and topographic complex factors on the
distribution of Abies nordmanniana, Picea orientalis,
Fagus orientalis, Carpinus betulus and Pinus sylvestris,
Fagus orientalis, Picea orientalis, Carpinus betulus,
respectively.

These results are in line with Shevchenko and
Geraskina [29], who observed that the amount of
precipitation in the driest month and the altitude above
sea level made the largest contribution in the distribution
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models of Abies nordmanniana and Picea orientalis in
the North-Western Caucasus. The authors also showed
that the amount of precipitation in the driest month (as

well as the temperature seasonality) affected the current
distribution of Fagus orientalis in the region.
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Fig. 2. Visualization of ecological niches of the studied species in orthogonal space of pairs of factors (axes of PCA)
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Fig. 3. Values of ecological niche width index Levins’ B for
the studied species in the Caucasus. On the OX axis — the
Levins’ B value, OY axis — the density

Shevchenko and Geraskina [56] concluded that the
main limiting factors for the Carpinus betulus
distribution were the precipitation in the driest month
and temperature seasonality. Previous research revealed
high sensitivity of Abies nordmanniana [23, 26] and
Picea orientalis [56] to the humidity of habitats in the
West Caucasus and in Turkey, respectively. According
to Akatov et al. [24], the range of suitable ecological
conditions  for  Abies  nordmanniana  includes
precipitation from 700 to 2500 mm and air moisture in
the range of 70-80%. According to the modeling of
Fagus orientalis range in Turkey [46], a drier climate
and higher temperatures were limited for the species
distribution. Modeling the potential distribution of
Carpinus betulus in Anatolia and its surroundings using
the Worldclim dataset also showed that the potential
distribution of the species was strongly influenced by
humidity-related variable (BIO18, Precipitation of
Warmest Quarter) [47].

In our studies, Pinus sylvestris was least dependent
on air humidity. Like Fagus orientalis, Picea orientalis,
Carpinus betulus, this species mainly depended on the
topographical factor, preferring non-steep slopes with
moist soils. Usta and Yilmaz [31] also found that slope
steepness and altitude above sea level negatively
correlated with the distribution of Pinus sylvestris and
Carpinus orientalis on the Karadag Mass, Turkey. At the
same time, the researchers [31] concluded that slope
steepness and altitude positively correlated with the
distribution of Fagus orientalis and Picea orientalis,
which may be due to climatic differences in the studied
territories. They also reported about drought resistance
of Pinus sylvestris [31].

Rakhmatullina et al. [57] used the Maxent models to
analyze the contribution of environmental factors to the
distribution of Pinus sylvestris monodominant forest on
one of the uplands of the Republic of Bashkortostan,
Southern Ural, Russia. They revealed a significant
influence of the maximum temperature of the warmest
month (suitable values of 25-26.5°C) on the Pinus
sylvestris distribution in the region, which also may be
due to climatic differences between the Southern Ural
uplands and the Caucasus Mountains. At the same time,
the second significant factor that made a great
contribution to the Maxent models of Pinus sylvestris
distribution was, as in our study, the topographic
humidity index [57]. This confirms the importance of the
topographic factor in the distribution of the species.
Isaev et al. [58] also emphasized the significant
contribution of temperature factors to the formation of
the Pinus sylvestris area in the lowlands on the example
of the Republic of Sakha (Yakutia).

4.2 Differentiation of ecological niches
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According to our study, the ecological niches of the
studied species largely overlapped. In the humidity
factor, the ecological niches of Fagus orientalis and
Carpinus betulus, Abies nordmanniana and Picea
orientalis, as well as Pinus sylvestris and Picea
orientalis overlapped to the greatest extent. In the
topographical factor, the most significant overlaps of
ecological niches were for the pairs Abies nordmanniana
— Picea orientalis, Fagus orientalis — Carpinus betulus,
as well as Fagus orientalis — Abies nordmanniana. The
largest overlaps according to the Schoener's D index
were observed for Fagus orientalis — Carpinus betulus,
Abies nordmanniana — Picea orientalis, Pinus sylvestris
— Picea orientalis, and Fagus orientalis — Picea
orientalis. Carpinus betulus, Fagus orientalis and Pinus
sylvestris had the widest ecological niches, while Abies
nordmanniana and Picea orientalis had much smaller
ecological niches.

Our results are consistent with Shevchenko and
Geraskina [29], which observed that in the North-
Western Caucasus, according to the Maxent modeling
results, the areas of Abies nordmanniana and Picea
orientalis completely coincide. The authors concluded
that the difference in the real distribution of the two
species in the region is largely due to the anthropogenic
factor (deforestation) and the higher regenerative
capacity of Abies nordmanniana.

Coban [20] noted that in the Northwest of Turkey,
fir-beech forests occurred at 1000-1400 m above sea
level, and only above 1400 m were pure fir forests
found. The author concluded that shade tolerance of both
species provided a high degree of tree spatial mixing in
fir-beech co-dominated forest [20]. Komin [26] obtained
similar results in the North-Western Caucasus. The
author showed that in the North-Western Caucasus, fir-
beech forests occurred at 800-1200 m above sea level,
while forests with a predominance of fir were found
above 1200 m above sea level. These results confirm a
significant degree of overlap of ecological niches of
Abies nordmanniana and Fagus orientalis. Komin [26]
also noted that in the subalpine belt of North-Western
Caucasus, Abies nordmanniana forms mixed forest
stands with Picea orientalis. Komarova et al. [28]
showed that in the same region, Fagus orientalis and
Picea orientalis were often found in the fir forests.
Litvinskaya and Salina [23] also emphasized the
ecological similarity of Abies nordmanniana, Picea
orientalis and Fagus orientalis in the Western Caucasus.

Our results are also in line with Jensen et al. [59],
who studied the potential distribution of Carpinus
betulus in Denmark and the competition of the species
with Fagus orientalis. The authors found a significant
negative correlation at the local distribution of Carpinus
betulus and Fagus orientalis, which confirms the
significant competition between the species and the
similarity of their ecological niches.

5 Conclusions

The analysis of the main abiotic predictors that
determined the potential distribution of the studied

species in the Caucasus showed the dependence of their
potential distribution on the humidity and topographic
factors. Humidity complex factors (the Thornthwaite
aridity index, the climate continentality, the index of
relative humidity, and the Emberger's pluviothermic
quotient) mainly affected the distribution of Abies
nordmanniana, Picea orientalis, Fagus orientalis,
Carpinus betulus. Topographic complex factor (the
index of terrain roughness, the topographic humidity
index) was the least significant for Abies nordmanniana,
but it was of great importance in the distribution of Pinus
sylvestris. The most suitable habitats for the studied
species in the Caucasus were non-steep slopes with
moist soils and humidity climate.

The ecological niches of the studied species largely
overlaped in the moisture factor (Fagus orientalis and
Carpinus betulus, Abies nordmanniana and Picea
orientalis, and Pinus sylvestris and Picea orientalis) and
in the topographic factor (4bies nordmanniana and
Picea orientalis, Fagus orientalis and Carpinus betulus,
and Fagus orientalis and Abies nordmanniana).

According to the Schoener's D index, the ecological
niche of Picea orientalis significantly overlaped with the
ecological niches of other studied species with the
exception of Carpinus betulus. The ecological niche of
Carpinus betulus overlapped relatively weakly with the
niches of other species with the exception of Fagus
orientalis. Carpinus betulus, Fagus orientalis and Pinus
sylvestris had the widest ecological niches, while Abies
nordmanniana and Picea orientalis had much smallest
ecological niches.

The studies were carried out as part of state
assignment no. 075-00347-19-00 on the topic "Patterns
of the Spatiotemporal Dynamics of Meadow and Forest
Ecosystems in Mountainous Areas (Russian Western and
Central Caucasus). "
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