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Abstract
SHEVCHENKO, N., BRASLAVSKAYA, T., GERASKINA, A., 2026. Geospatial modelling of widely distributed
oriental-beech forests syntaxa in the Northwestern Caucasus. Folia Oecologica, 53 (3): 241-252.

For the first time in the Northwestern Caucasus, we applied the maximum entropy method (MaxEnt) to
estimate the potential distribution of widespread oriental-beech forest syntaxa belonging to the alliance
Mpyosotido dissitiflorae—Fagion orientalis Shevchenko et al. 2026. The models demonstrated good per-
formance (AUC = 0.85-0.95) with variables characterizing precipitation, temperature, and altitude. Maps
were constructed, and potential distribution areas of oriental-beech forests in the region were identified.
The most significant bioclimatic predictors in the models of all studied syntaxa were found to be precipita-
tion seasonality and annual precipitation. The potential distribution area of oriental-beech forest syntaxa
was found to encompass the foothill, mid-mountain, and high-mountain zones of the central and eastern
parts of the Northwestern Caucasus, with the exception of the western part of the region and the Black
Sea coast, where these syntaxa are found only locally in well-watered mesorelief conditions. Geospatial
modelling revealed significant similarities between oriental-beech and hornbeam forests in terms of their
growing conditions in the Northwestern Caucasus. Therefore, the oriental-beech and hornbeam forests of
the Northwestern Caucasus can be considered as mosaic elements within the oligo- or polydominant stands
of broadleaf forests in the region. The resulting models of the potential distribution of oriental-beech forests
can be used in geobotanical mapping, forest vegetation inventories, and clarification of syntaxa distribution
boundaries in the Northwestern Caucasus and Northwestern Transcaucasia. The obtained results are essen-
tial for informed conservation planning and sustainable use of the region’s unique oriental-beech forests,
rich in endemic animal and plant species, under conditions of modern anthropogenic impact.
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almost completely lack Euxine and Mediterranean species,
which brings these forests closer to the oriental-beech for-

Oriental-beech forests of the Northwestern Caucasus are
unique highly productive communities with a high diversi-
ty of endemics and relics of forest flora which perform im-
portant environment-regulating functions (ORLOV, 1953;
GROSSGEYM, 1948). They occupy about 1/4 of the forested
area and 1/3 of the area of the broadleaf forests of the re-
gion (KovaL et al., 1995). A regional feature of the orien-
tal-beech forests in the Northwestern Caucasus is that they
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ests of the Central Georgia. And at the same time they dif-
fer from communities on the Black Sea coast and in the
mountains of the Eastern Bulgaria, Northern Turkey, and
Colchis (QUEZEL et al., 1980; PASSARGE, 1981; WILLNER et
al., 2017). According to Braun-Blanquet (ecological-flo-
ristic) classification of vegetation, oriental-beech forests
belong to order (ord.) Rhododendro pontici—Fagetalia
orientalis Passarge 1981 within class (cl.) Carpino-Fage-
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tea sylvaticae Jakucs ex Passarge 1968. Most of the stud-
ies on syntaxonomic analysis of oriental-beech forests of
the Northwestern Caucasus were performed in a limited
area and are based on a small number of vegetation rele-
vés (KoroTkov and BELONOVSKAYA, 1987; FRANTSUZOV,
2006; SokoLOvA, 2022). A recent new analysis of these
forests (SHEVCHENKO et al., 2026) using 178 relevés made
it possible to identify 4 new associations (one of them with
2 subassociations) and a new North-Caucasian alliance
(all.) of oriental-beech forests, that is Myosotido dissitiflo-
rae—Fagion orientalis Shevchenko et al. 2026. Mapping
and geospatial modelling of oriental-beech forest syntaxa
of this region, as well as assessment of the contribution
of various environmental factors to their spatial distribu-
tion, are necessary for well-grounded planning of forest
protection and rational use in the setting of their continued
extensive exploitation.

Scientific foundations of sustainable forest manage-
ment increasingly include methods of regression analysis
that make it possible to create models of correlation be-
tween environmental factors (predictors) and forest eco-
systems, analyse predictors, test biological hypotheses,
and use these data to predict the future development dy-
namics of forests and their biotic components. In most cas-
es, the tasks of mapping various characteristics of forest
ecosystems are solved using geospatial modelling methods
(SHIT et al., 2021). The maximum entropy method (Max-
Ent) has become very popular among machine learning
methods for building regression models (PHILLIPS et al.,
2017). Applying spatial distribution extrapolation based
on the maximum entropy method, MaxEnt estimates the
environmental suitability threshold of the studied objects
in various geographical locations, analysing presence-only
data for these objects in some locations with known val-
ues of environmental factors together with information on
the geospatial distribution of all values of the same factors
(ELiTH et al., 2011).

The most significant methodological limitations of
using the MaxEnt program (PHILLIPS et al., 2017) in mod-
elling potential ranges include sampling bias, overfitting,
multicollinearity of predictors, ignoring biotic interac-
tions, spatial heterogeneity of field data, and uncertainty
arising from extrapolation to new environmental condi-
tions. Therefore, MaxEnt results should be considered as
an assessment of the potential ecological suitability of an
area, rather than an exact prediction of the actual distribu-
tion of a species, and, whenever possible, confirmed by
independent field observations and additional models.

The scientific novelty of the research lies in map-
ping syntaxa and identifying predictors that determine
the modern distribution of oriental-beech forests in the
Northwestern Caucasus using open datasets and our own
geobotanical descriptions of forest communities. Only
recently have studies on geospatial modelling of vege-
tation in Western and Eastern Europe (unions, orders in
the Braun-Blanquet classification, and sometimes associa-
tions) or habitat types based on remote sensing predictors
begun to appear in vegetation science (FISCHER et al., 2019;
KozHEVNIKOVA, 2019; PERRIN, 2023; GAFUROV, 2024). In
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general, the analysis of the influence of climate change at
the plant community level is very rare (HADINEJAD et al.,
2025), despite the fact that the impact of climate change on
the ranges of individual plant species is widely modeled,
including using the MaxEnt algorithm (DAD and RASHID,
2025). Community-level analysis has been performed, for
example, for deciduous forests in the Central Highlands
of Vietnam (TuaN et al., 2026). For the Caucasus, simi-
lar studies using this approach have only been carried out
by the authors of the article for hornbeam forests of the
Northwestern Caucasus (SHEVCHENKO et al., 2025).

The purpose of the study is to use geospatial modelling
methods in order to determine the limits and area of poten-
tial range of oriental-beech forest syntaxa belonging to the
alliance (all.) Myosotido dissitiflorae—Fagion orientalis in
the Northwestern Caucasus and to evaluate the influence of
various bioclimatic factors on their distribution.

The following hypotheses were used in the study: 1.
Will the potential range of the oriental-beech forests in
the region occupy most of the foothill and mountain areas
of the central and eastern parts of the forest belt of the
Northwestern Caucasus? 2. Will the potential ranges of the
hornbeam and oriental-beech forests in the region coin-
cide completely? 3. Will precipitation-related predictors
outweigh temperature predictors?

Materials and methods
Study area

In the Northwestern Caucasus, the main massifs of orien-
tal-beech forests grow predominantly in the mid-mountain
zone, stretching from the basin of the Pshekha River in
the west to the basin of the Zelenchuk River in the east.
They form a wide reach of woodland covering the northern
slopes of the Peredovoy Range and the slopes of the low
mountains that occupy the northern depression between the
Skalisty and Peredovoy Ranges. Fragments of beech for-
ests are also found in the high-mountain part of the Main
Range and in the foothills occupied by hornbeam-oak
forests. The most highly productive beech forests in the
Northwestern Caucasus are widespread at altitudes from
700 to 1,300 m asl, where they occupy the largest area and
predominate over other forest formations (OrRLOV, 1953;
KHUTORTSOV, 1967).

The study area (Fig. 1) includes mountainous and
foothill territories in the south of the Krasnodar Krai and
in the Republics of Adygea and Karachay-Cherkessia
(west of Mount Elbrus) between 43.5° and 44.8° N (ap-
proximately 120 km long) and between 38.5° and 41.5° E
(approximately 450 km). In the floristic zoning systems of
the Caucasus, the north-western part of the northern mac-
ro-slope of the Greater Caucasus is assigned to the prov-
ince of the Transkuban region (KuzNETsov, 1909), later to
the Kuban region (GROSSGEYM, 1948), whereas the central
part of the southern macro-slope is assigned to the Iberian
province (KuznETsov, 1909) or to the Kartalinsky district
(GROSSGEYM, 1948). On the eastern boundary of the study



Fig. 1. Map of vegetation relevé points of oriental-beech forests belonging to all. MF in the Northwestern Caucasus. All. — al-

liance; MF — Myosotido dissiflorae—Fagion orientalis.

Detailed description of Fig. 1: A map of the studied area with the countries: Russia and Georgia, the cities: Krasnodar, Maikop,
Sochi, Cherkessk, rivers: Kuban River, Laba River; and also the Black Sea. The vegetation description points are located in the

forest belt of the Northwestern Caucasus in Russia.

area, complex mountain structures belonging to the area of
the Alpine orogeny (GVOZDETSKIY, 1963) have altitudes up
to0 4,047 m asl (Dombay-Ulgen mountain). By true altitudes,
the territory is divided into the following altitudinal zones
(Safarov, Olisaev, 1990): below 200 m asl — foothill, 200—
600 m asl — low-mountain, 600-1,400 m asl — mid-moun-
tain, 1,400-2,000 m asl - high-mountain, 2,000-2,400 m asl
— subalpine, above 2,400 m asl. — alpine.

The climate in the potential range of beech forests of
the Northwestern Caucasus is temperate, with mild win-
ters and humid summers. Mean annual temperature is 8—9
°C, mean temperature of warmest month (July—August)
is 1819 °C, and that of coldest month (January) is 2—-3
°C below zero. The duration of the active growing season
(with a daily maximum temperature of 10 °C or higher) is
170-175 days. Annual precipitation on this territory rang-
es from 930 mm in the western regions to 750 mm in the
eastern regions (GVOZDETSKIY, 1963).

Target syntaxa

Oriental-beech forests in the Caucasus are represented
by two ecological-floristic types: on the northern mac-
ro-slope, it is the North Caucasian type without evergreen
understory species and with the constant participation of
nemoral herblike species widespread in Europe; on the
southern macro-slope, the Iberian type, again without ev-
ergreen species in the understory and at the same time with
some boreal species in the ground cover (SOCHAvVA, 1949).
Broadleaf and dark coniferous-broadleaf forests of the
North Caucasian type (mesophytic, hygro- and xeromeso-
phytic) with Fagus orientalis dominating in the tree layer
(SHEVCHENKO et al., 2026) and mesophilous species com-
mon to cl. Carpino-Fagetea sylvaticae Jakucs ex Passarge

1968 dominating in the grass layer are assigned to ord.
Rhododendro pontici—-Fagetalia orientalis Passarge 1981
(Mucina et al., 2016). Communities of the order are com-
mon in the South-Eastern Europe and in the Asia Minor:
in the Balkan and Turkish Black Sea regions (So0, 1964;
HoRrvar et al., 1974; QUEZEL et al., 1980, 1992; TZONEV et
al., 2006; KavGaci et al., 2012, 2023), in the Caucasus and
Transcaucasia (SO0, 1964; PASSARGE, 1981; FRANTSUZOV,
2006; GHOLIZADEH et al., 2020; ERMAKOV et al., 2023), as
well as in the Mountainous Crimea (MuciNa et al., 2016;
Dusmva et al., 2019).

Data collection and optimized MaxEnt modelling

Field studies of forest vegetation were conducted by the
authors in 2014-2018 together with a systematic traversing
of the least fragmented forests of the Northwestern Cauca-
sus occupying the maximum areas in river valleys. During
these studies, 191 vegetation relevés of oriental-beech for-
ests were performed. The geographical coordinates of the
relevés (decimal, up to the fifth digit after the dot) were
recorded using a Garmin 67 GPS navigator.

As a result of the conducted analysis of the relevés
(SHEVCHENKO et al., 2026), oriental-beech forest syntaxa
of the Northwestern Caucasus were identified as part of
all. Myosotido dissitiflorae—Fagion orientalis Shevchen-
ko et al. 2026. Geospatial modelling was performed for
syntaxa represented by more than 10 relevés: association
(ass.) Aro maculati—Fagetum orientalis Shevchenko et al.
2026 (50) (ass. AF), ass. Myosotido dissitiflorae—Fagetum
orientalis subass. typicum Shevchenko et al. 2026 (93)
(ass. MFt), ass. Myosotido dissitiflorae—Fagetum orienta-
lis subass. piceetosum orientalis Shevchenko et al. 2026
(26) (ass. MFp), and ass. Lonicero caprifolii-Fagetum
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orientalis Shevchenko et al. 2026 (22) (ass. LF), as well
as for the entire all. Myosotido dissitiflorae—Fagion orien-
talis (191) (all. FM).

Geospatial modelling of potential range of orien-
tal-beech forest syntaxa in modern conditions was per-
formed using the MaxEnt software, version 3.4.1, available
from the MaxEnt software website at www.cs.princeton.
edu/~schapire/maxent/, where the spatial distribution is
extrapolated using the maximum entropy method (ELITH
etal., 2011). When building the model, the default settings
were used, i.e. all classes of spatial objects were involved,
the maximum number of iterations (500) and the maxi-
mum number of background points (10,000) were used
(PHILLIPS and Dubik, 2008), the regularization multiplier
was set to 1.0, and the convergence threshold was set to
0.00001. The output format chosen was cloglog, which
provided habitat suitability values ranging from 0 to 1. The
replicated run type is crossvalidate, and the apply thresh-
old rule is 10 percentile training presence. This threshold
is one of the most common in MaxEnt modelling, as it
allows for the exclusion of a small proportion (10%) of
training points that may be due to georeferencing errors,
inaccurate location determinations, or species registration
in atypical habitats. This approach reduces the impact of
outliers and yields a more conservative and robust esti-
mate of the species' potential distribution.

To test the obtained models, 25% of the points that
initially did not participate in the training were used. Al-
though the 1.0 setting is used by default, in our case, the
training set size is several times larger than the number of
predictors. Under these conditions, default regularization
performs its primary function — preventing multicollinear-
ity and stabilizing weights without suppressing biological-
ly significant responses, as evidenced by response curves
free of artifactual peaks.

Predictors in the models were 19 bioclimatic vari-
ables (bioclim) presented in the WorldClim version 2.1
open climate database (www.worldclim.org; accessed on
18 April 2025), which allow interpolation of observed
data for the period from 1950 to 2000 (current) (HuMANS
et al., 2005) with a resolution of 30 arcseconds (~1 km?).
The projection used in this work is WGS 84 / Pseudo Mer-
cator. The following indicators were used: biol — annual

mean temperature (°C); bio2 — mean diurnal range (mean
of monthly (max temp — min temp)); bio3 isothermality
(bi02/bio7) x 100); bio4 — temperature seasonality (stan-
dard deviation for the year x 100); bio5S — max temperature
of warmest month (°C); bio6 — min temperature of coldest
month (°C); bio7 — temperature annual range (bio5—bio6)
(°C); bio8 — mean temperature of wettest quarter (°C);
bio9 — mean temperature of driest quarter (°C); biol0 —
mean temperature of warmest quarter (°C); bioll — mean
temperature of coldest quarter (°C); biol2 — annual pre-
cipitation (mm); biol3 — precipitation of wettest month
(mm); biol4 — precipitation of driest month (mm); biol5
— precipitation seasonality (coefficient of variation — CV);
biol6 — precipitation of wettest quarter (mm); biol7 — pre-
cipitation of driest quarter (mm); bio18 — precipitation of
warmest quarter (mm); biol9 — precipitation of coldest
quarter (mm), and elevation.

Optimized MaxEnt model

For each syntaxon, a sample of points where it was regis-
tered was used to calculate pairwise Pearson correlation
coefficients between 20 predictors of the WorldClim data-
base using the ArcGIS and Excel programs (WARREN et al.,
2010). For further research, after conducting correlation
analysis, the following bioclimatic predictors were pro-
posed: for all. MF —bio5, bio8, biol2, biol5; for ass. AF—
biol, biol5, biol8; for ass. LF — biol, bio8, biol2, biol5;
for ass. MFt — bio8, bio12, biol5, bio18; ass. MFp — bio5,
biol2, biol5.

After that, strongly correlated (|r] > 0.7) predictors
were excluded from the modelling. Non-correlating pre-
dictors were used for model construction. Its reliability
was assessed using the built-in AUC (area under receiver
operating characteristic (ROC) curve) plotting function;
the curve reflects the sensitivity of the modelled object
to the predictors of the model and the object specificity.
An AUC value above 0.75 and close to 1 indicates a high
degree of reliability (ELiTH, 2002). To assess the relative
contribution of predictors to the construction of the model,
the jack-knife analysis was used.

The True Skill Statistic (TSS) metric was used to
assess the predictive ability of models built in Maxent.

Table 1. Number of occurrence records per species before and after applying spatial thinning with a minimum distance of 1 km.
The thinning procedure reduced the total number of points by 5.9%, removing spatial clusters to minimize spatial autocorrela-
tion and sampling bias, while maintaining a representative geographic coverage of the study area.

No. Syntaxon Records before Records after thinning % Reduction
thinning

1 All. MF 208 191 5.9

2 Ass. AF 56 50 10.7

3 Ass. LF 23 22 43

4 Ass. MFt 101 93 7.9

5 Ass. MFp 28 26 7.1

All. MF — alliance Myosotido disitiflorae—Fagus orientalis; Ass. AF — association Aro maculate—Fagetum orientalis; Ass. LF
— association Lonicero caprifolii-Fagetum orientalis; Ass. MFt — association Mysotido dissiflorae—Fagetum orientalis subass.
typicum; Ass. MFp — association Myosotido dissiflorae—Fagetum orientalis subass. piceetosum orientalis.
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Table 2. Contribution of bioclimatic predictors (%) to the construction of models of the potential range of oriental-beech forests
belonging to the alliance Myosotido disitiflorae-Fagus orientalis in the North Western Caucasus.

No. Syntaxon AUC TSS Prediction Contribution in

model (%)
1 All. MF 0.95 0.80 biol2 40.8
1 All. MF 0.95 0.80 biol5 27.5
1 All. MF 0.95 0.80 bio 8 16.7
1 All. Mf 0.95 0.80 bio5 15.0
2 Ass. AF 0.90 0.74 biol8 54.5
2 Ass. AF 0.90 0.74 biol5 26.8
2 Ass. AF 0.90 0.74 biol 18.4
3 Ass. LF 0.80 0.67 biol2 48.0
3 Ass. LF 0.80 0.67 biol5 27.4
3 Ass. LF 0.80 0.67 bio8 11.4
3 Ass. Lf 0.80 0.67 biol 13.2
4 Ass. MFt 0.95 0.67 biol5 459
4 Ass. MFt 0.95 0.71 biol2 21.0
4 Ass MFt 0.95 0.71 biol8 19.4
4 Ass. MFt 0.95 0.71 bio8 13.7
5 Ass. MFp 0.80 0.66 biol5 543
5 Ass. MFp 0.80 0.66 biol2 31.9
5 Ass. MFp 0.80 0.66 bio5 13.8

All. MF — alliance Myosotido disitiflorae—Fagus orientalis; Ass. AF — association Aro maculate—Fagetum orientalis; Ass. LF
— association Lonicero caprifolii-Fagetum orientalis; Ass. MFt — association Mysotido dissiflorae—Fagetum orientalis subass.
typicum; Ass. MFp — association Myosotido dissiflorae—Fagetum orientalis subass. piceetosum orientalis; AUC — area under
the receiver operating characteristic (ROC) curve; TSS — true skill statistics; biol — annual mean temperature, bio5 — max tem-
perature of warmest month (°C); bio8 — mean temperature of wettest quarter (°C); biol2 — annual precipitation (mm); biol5
— precipitation seasonality (coefficient of variation — CV); biol8 — precipitation of warmest quarter (mm).

Data processing was performed in ArcGIS 10.6.1. TSS is a
threshold-dependent criterion that accounts for both omis-
sion and false inclusion errors and is robust to species preva-
lence. Model quality was interpreted as follows: TSS values
> (.65 were considered evidence of high predictive ability.

To reduce spatial sampling error, we visually inspect-
ed the occurrence data for clustering and assessed spatial
autocorrelation. Some syntaxa exhibited clusters with sim-
ilar, identical coordinates. To address this issue, we applied
spatial thinning, setting the minimum nearest neighbor dis-
tance to 1 km. To further verify the spatial distribution of
occurrence and the absence of sampling error, we plotted
all filtered occurrence points on a map of the study area
boundary and ecological layers. These distribution maps
confirmed adequate spatial coverage and served as the basis
for subsequent niche modelling. After thinning, 191 unique,
spatially confirmed occurrence points remained; 208 oc-
currence points were used in the initial stage. Background
points were also restricted to the study area (Table 1). After
evaluating the reliability of the model and determining the
contribution of each predictor to it, a map of the most likely
(with an environmental suitability threshold above 0.5) dis-
tribution range of the syntaxon under study was built. Max-
Ent maps were visualized using the ArcGIS 10.6.1 program
(SCHELDEMAN and VAN ZONNEVELD, 2010).

Results

When modelling the potential range in the Northwestern
Caucasus of oriental-beech forest syntaxa belonging to all.
MF using the MaxEnt software, good performance results
of geospatial models were obtained: with AUC = 0.80-0.95;
TSS = 0.66-0.80 (Table 2). This allows us to conclude that
the constructed maps reliably characterize the features of
the potential distribution of the studied syntaxa.

In general, oriental-beech forests of all. MF (Table 18,
Fig. 2a) are found in the valleys of the rivers Kuban, Belaya,
Bolshaya Laba, Zelenchuk, Kefar, Urup, Teberda, Pshek-
ha, Gubs, Mara, Aksaut, etc. (Krasnodar Krai, Republic of
Adygea, Karachay-Cherkess Republic), from low-moun-
tain to high-mountain regions with the altitude range (244)
560—1,690 m. These forests grow in well-drained areas of
different slopes, mainly in the north-western, northern and
western exposures. The soils are loamy and clay stony, me-
dium-thick and shallow brown forest soils. Traces of se-
lective logging were noted in almost all communities; no
traces of fire were found. Total potential range (with an en-
vironmental suitability threshold above 0.5) of the forests
of this alliance is 16,848 km? The northern boundary of its
potential range corresponds to the northern boundary of the
forest distribution in the Northwestern Caucasus, descend-
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ing to 300-500 m asl, the southern one rises along the val-
leys of mountain rivers of the northern macro-slope of the
Greater Caucasus Range to an altitude of 2,000-2,500 m
asl, the western one runs along the upper reaches of the Be-
laya River, and the eastern one — along the upper reaches
of the Kuban River. The largest contribution (Table 2) to
the construction of the model (>10%) is made by the annual
precipitation (biol2); mean temperature of wettest quarter
(bio8); max temperature of warmest month (bio5) and pre-
cipitation seasonality (biol5).

Forests of ass. AF (Table 28, Fig. Sla, Fig. 2b) are
distributed mainly in mid-mountain regions (sometimes
on the upper boundary of the low-mountain zone) at al-
titudes from 540 to 1,200 (1,400) m, in the valleys of the
Bolshaya and Malaya Laba, Belaya, Gubs and Psefir rivers
(Republic of Adygea, Krasnodar Krai). Forests grow on
gentle and sloping slopes of the northern, north-western
or north-eastern exposures, on well-moistened thick loamy
and clay brown and gray forest soils. The potential range
(with an environmental suitability threshold above 0.5)
for this association is 5,412 km?. The northern boundary
of the potential range corresponds to the northern bound-
ary of forest distribution in the Republic of Adygea and
partly in the Krasnodar Krai, descending to an altitude of
350400 m asl, the southern one rises along the northern
macro-slope of the Greater Caucasus Range to an altitude
of 1,000 m asl, the western one runs along the valley of the
Belaya River, and the eastern one — along the Bolshaya
Laba River. The area most suitable (area of 1,953 km?)
for the distribution of the association (with an environ-
mental suitability threshold above 0.7) is confined to the
upper reaches of the interfluve of the Belaya and Malaya
Laba rivers. The greatest contribution (Table 2) to the con-
struction of the model (>10%) is made by precipitation of

warmest quarter (biol8), which is the predominant factor,
and by precipitation seasonality (biol5) and annual mean
temperature (biol).

Forests of ass. LF (Table 3S, Fig. S1b, Fig. 2¢) are
distributed mostly in the valleys of the Urup, Teberda, Bol-
shaya Laba, Pshekha and Gubs rivers (Karachay-Cherkess
Republic, Republic of Adygea and Krasnodar Krai), in the
mid-mountain zone at altitudes of 600—1,330 m, less often
in the low-mountain zone (370-500 m), occasionally in the
foothills (96 m) and in the high-mountain zone (1,500 m).
Forests occupy well-drained gentle and sloping (some-
times steep) slopes of the north-western and north-east-
ern, less often — southern exposure. The soils are loamy
stony brown forest soils. The area of distribution (with
an environmental suitability threshold above 0.5) of the
association is 11,157 km? The northern boundary of the
potential range of this syntaxon does not extend beyond
the northern boundary of the modern distribution of forests
in the region, in the south, the boundary in places rises
along the valleys of rivers flowing down from the northern
macro-slope of the Greater Caucasus Range to an altitude
0f2,000-2,100 m asl, in the west, the boundary runs along
the coast of the Black Sea, and in the east — along the upper
reaches of the Kuban River. The most significant contribu-
tion (Table 2) to the construction of the model was made
by the following bioclimatic predictors: annual precipita-
tion (biol2), precipitation seasonality (biol5) and mean
temperature of wettest quarter (bio8).

Typical communities of ass. MFt (Table 4S, Fig. Slc,
Fig. 2d) are found from low-mountain to high-mountain re-
gions of the valleys of the Kuban, Belaya, Bolshaya Laba,
Zelenchuk, Kefar, Urup, Teberda, Pshekha, Gubs, Mara,
Aksaut, etc. rivers, in the altitude range of (244) 560—1,690
m. These forests grow in well-drained areas of different slopes,

Fig. 2. Maps of potential ranges of the most common syntaxa of oriental-beech forests belonging to all. MF in the Northwestern
Caucasus, with an environmental suitability threshold above 0.5. All. — alliance; MF — Myosotido dissiflorae—Fagion orientalis.

Detailed description of Fig. 2: On five maps (for each syntaxon) the thresholds of ecological suitability from 0.5 to 0.9 are
indicated by color gradations. Geographical names (countries, cities, rivers, etc.) as in Figure 1.

246



mainly in the north-western, northern and western exposures. The
soils are loamy and clay stony, medium-thick and shallow brown
forest soils. The area of distribution (with an environmental suitabil-
ity threshold above 0.5) of this syntaxon is 7,492 km? The northern
boundary of its potential area runs at the altitudes from 500 to 1,000
m asl of the forest zone of the northern macro-slope, in the south the
boundary in places rises along river valleys to an altitude of 2,500
m asl, in the west the boundary runs along the valley of the Belaya
River, and in the east — along the upper reaches of the Kuban River.
The most significant contribution (Table 2) to the construction of the
model was made by the following bioclimatic predictors: precipita-
tion seasonality (biol5), annual precipitation (bio12) and precipita-
tion of warmest quarter (biol8).

Forests of ass. MFp (Table 5S, Fig. S1d, Fig. 2e) are distrib-
uted mostly in the mid-mountain and high-mountain regions of the
Northwestern Caucasus: in the altitude range (500) 800—1,690
m, in the upper reaches of the Bolshaya Laba, Belaya,
Zelenchuk, Teberda and Urup rivers (Karachay-Cherkess
Republic, Republic of Adygea). They occupy sloping and
steep slopes mainly of the north-western, south-eastern and
south-western exposures on the above flood-plain terraces

in the valleys of mountain rivers. They grow on shallow
(less often medium-thick) loamy brown forest soils with
underlying stones, with or without signs of sheet erosion.
The area of distribution (with an environmental suitability
threshold above 0.5) of the forests of this subassociation is
4,685 km?. The northern boundary of its potential area runs
at altitudes not lower than 1,000 m asl of the forest zone,
the southern boundary runs along the upper reaches of the
rivers up to an altitude of 2,500 m asl, the western boundary
runs along the valley of the Belaya River, and the eastern
boundary is the Makhar River (in the upper reaches of the
Kuban River). The following climatic predictors made the
greatest contribution (Table 2) to the construction of a mod-
el of the potential range of this subassociation: precipitation
seasonality (biol5), annual precipitation (biol2) and max
temperature of warmest month (bio5).

Description of the bioclimatic predictors contributing
most to the construction of the model

The greatest contribution to the construction of models of

Fig. 3. Values of bioclimatic predictors contributing most to the construction of the model of oriental-beech forest syntaxa of
the alliance Myosotido dissitiflorae—Fagion orientalis in the Northwestern Caucasus: Union — alliance MF — Myosotido dissi-
florae-Fagion orientalis; association AF — Aro maculate—Fagetum orientalis; association LF — Lonicero caprifolii-Fagetum
orientalis; association MF_p — Myosotido dissiflorae—Fagetum orientalis subass. piceetosum orientalis; association MF t —
Mpysotido dissiflorae—Fagetum orientalis subass. typicum; 1 — medians, 2 — interquartile ranges, 3 — ranges between minimum
and maximum, 4 — outliers. Within each diagram, different lowercase letters indicate significant differences between syntaxa,
whereas the same lowercase letters indicate insignificant differences.

Detailed description of Fig. 3: Six boxplots of variation of bioclimatic predictors (annual mean temperature, max temperature
of warmest month, mean temperature of wettest quarter, annual precipitation, precipitation seasonality, precipitation of warm-
est quarter) are presented for each studied syntaxon of eastern beech forests.
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the potential range of oriental-beech forest syntaxa in the
Northwestern Caucasus was made by: annual mean tem-
perature (biol), max temperature of warmest month (bio5),
mean temperature of wettest quarter (bio8), annual precipi-
tation (biol2), precipitation seasonality (coefficient of vari-
ation) (biol5) and precipitation of warmest quarter (biol8).

Among the considered oriental-beech forest syntaxa,
the highest value of the annual mean temperature (biol)
(Fig. 3a) was noted for ass. AF (10.2 £ 0.5 °C), whereas
the lowest — for ass. MFp (4.4 = 1.1 °C). The remaining
considered syntaxa have intermediate comparable values
(from 7.3 £ 1.1 °C t0 8.7+ 1.7 °C).

The highest values of the max temperature of warm-
est month (bio5) (Fig. 3b) as well as the mean temperature
of wettest quarter (bio8) (Fig. 3¢) are registered for ass.
AF (31.4 £0.7 °C/17.8 £ 0.7 °C, respectively), the low-
est — for ass. MFp (18.9 = 1.2 °C / 12.1 + 1.3 °C), for
the considered syntaxa these indicators have intermediate
comparable values (from 23.0 £ 1.1 °Cto24.5+ 1.6 °C/
from 13.9 £ 1.5°C to 14.9 £ 2.5 °C).

The highest annual precipitation (biol2) (Fig. 3e)
was noted for ass. MFp (1,101.2 £25.1 mm), the lowest —
for ass. LF (821.5 £+ 38.1 mm), whereas the values for ass.
AF, ass. MFt and for the entire all. MF are intermediate
(877.8 £54.5 mm /923.5 £ 45.8 mm, respectively).

The lowest value of precipitation seasonality (biol5)
(Fig. 3d) was noted for the forests of ass. AF (14.7 £ 2.8%)
and ass. MFp (22.3 + 3.3%). In the remaining syntaxa,
biol5 values are significantly higher (from 28.5 £ 5.1% to
34.4 £ 7.3%), which is associated with a longer summer
drought period.

The highest precipitation of warmest quarter (bio18)
(Fig. 3f) was recorded for ass. MFp (422.0 £ 12.3 mm),
while the values for the remaining considered syntaxa are
comparable (from 293.6 = 17.4 mm to 318.1 £+ 15.4 mm).

Discussion

Geospatial modelling of oriental-beech forest syntaxa of
all. MF (ord. Rhododendro pontici—Fagetalia orientalis) in
the Northwestern Caucasus showed (Fig. 2a) that the po-
tential range of the whole alliance covers the distribution
territory of the region’s broadleaf forests in the foothill,
mid-mountain and high-mountain zones, with the exception
of the foothill and low-mountain zones of the western part
of the region and along the Black Sea coast (Northwestern
Transcaucasia). This spatial distribution is due to the fact
that oriental-beech forest syntaxa have a strong dependence
on well-moistened soil throughout the year and do not toler-
ate well periods of prolonged drought. The territories of the
western part of the region close to the Black Sea coast are
characterized by a long period of summer drought, therefore
this territory is unsuitable for the growth of oriental-beech
forest syntaxa; alternatively, communities of oriental-beech
forests occur locally and are confined to well-moistened
meso-relief positions (such as the bottoms of gullies of for-
est rivers and the northern exposure of slopes).

The local persistence of oriental-beech forests in
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the western part of the region, despite unfavorable mac-
roclimatic conditions, demonstrates the significant role of
mesorelief in the formation of ecological refugia. Ravine
bottoms, narrow forest river valleys, and northern-facing
slopes create their own microclimate, characterized by
lower insolation, higher air and soil humidity, and reduced
evaporation. Such habitats function as unique climatic ref-
uges, allowing mesophilic forest communities to persist
beyond their optimal climatic range. Consequently, spatial
heterogeneity of the relief significantly increases the resil-
ience of eastern beech forests to regional climate change.

Interestingly, modelling showed that the bound-
aries of the potential range of oriental-beech forest ass.
AF almost completely coincided with the boundaries of
hornbeam forest ass. Aro maculati—Carpinetum betuli
(AC) belonging to all. Crataego—Carpinion caucasicae
Passarge 1981 (ord. Carpinetalia betuli Fukarek 1968,
cl. Carpino-Fagetea sylvaticae Jakucs ex Passarge 1968)
(SHEVCHENKO and BrASLAvVSKAYA, 2021). This can be due
to several reasons. Firstly, the said association of orien-
tal-beech forests can be considered as a late-successional
stage of development of foothill and low-mountain broad-
leaf (oak-hornbeam, hornbeam and oak) forests that be-
long to all. Crataego—Carpinion caucasicae of the North-
western Caucasus. Secondly, oriental-beech forests of
ass. AF and hornbeam forests ass. AC can be considered
as subcoenotic parcelles as part of oligo- or poly-domi-
nant tree stands of broadleaf forests of the region. At the
same time oriental-beech forests of both ass. AF and ass.
AC are confined to well-moistened soils on the slopes of
forest gullies, gentle and sloping slopes of the northern,
north-western or north-eastern exposures and have never
been found on the southern slopes.

Due to orographically enhanced precipitation,
high-mountain regions form habitats with the most stable
moisture levels, which contributes to the preservation of
the most mesophilic varieties of beech forests. However,
such communities have a narrow ecological amplitude and
therefore may be particularly sensitive to changes in the
regional hydrological regime.

The potential range of oriental-beech forest ass. AF
(Fig. 2b), as well as the potential range of hornbeam forest
ass. AC, covers not only the eastern part of the Northwest-
ern Caucasus, but also the foothill and low-mountain zone
of Northwestern Transcaucasia along the Black Sea coast
from Tuapse to Novorossiysk. As in the case of hornbeam
forests ass. AC, in oriental-beech forests of this part of the
Black Sea coast (ZERNOV, 2006) diagnostic species of ass.
AF (Arum maculatum L., Fagus orientalis Lipsky, Gali-
um aparine L., Pachyphragma macrophyllum (Hoffm.)
N.Busch, Symphytum caucasicum Bieb.) are widespread.
Therefore, it is reasonable to expect that in the Northwest-
ern Transcaucasia along the Black Sea coast, the commu-
nities of not only hornbeam forest ass. AC, but also of ori-
ental-beech forest ass. AF can be seen.

The distribution of ass. AF along the northwestern
Black Sea coast predicted by the models is of significant
biogeographical significance. The presence of diagnostic
species of this association in this region indicates fa-



vorable environmental conditions for the formation of
oriental-beech communities. Consequently, the modelling
results can serve as the basis for a targeted search for new
localities and a refinement of the syntaxonomic diversity
of broadleaf forests in northwestern Transcaucasia.

According to the results of geospatial modelling (Table
2), for all considered syntaxa of oriental-beech forests with-
in all. MF in the Northwestern Caucasus, as in the case of
hornbeam forest syntaxa within ord. Carpinetalia betuli, the
assessment of the bioclimatic predictors contribution to the
construction of models showed that predictors characterizing
precipitation distribution turned out to be more important than
variables characterizing temperature conditions. The contri-
bution of predictors characterizing precipitation distribution
to the construction of models ranges from 68.3 to 86.3%.
Most significant in the construction of models were the bio-
climatic predictors characterizing precipitation seasonality
(bio15) and annual precipitation (bio12), their contribution to
the model construction ranging from 45.2 to 86.2% (Table 2).
According to the results of geospatial modelling, ass. AF and
ass. MFp have the lowest values of the bioclimatic predictor
characterizing precipitation seasonality (biol5), which is as-
sociated with a relatively uniform distribution of precipitation
throughout the year in the territory of the potential range of
these syntaxa (OrRLOV, 1953; GVOZDETSKIY, 1963; et al.) as
compared to other oriental-beech forest syntaxa.

They occupy the most humid areas with a relative-
ly uniform precipitation distribution throughout the year,
while other syntaxa are adapted to more pronounced cli-
matic seasonality. Consequently, within all. MF, there is a
pronounced gradient of hydrological specialization, which
determines the ecological differentiation of syntaxa and
their spatial distribution.

Potential ranges of the remaining oriental-beech for-
est syntaxa extend much further west, where precipitation
is significantly less in summer than in winter, and there is
a distinct prolonged period of summer drought; therefore,
the value of the predictor characterizing precipitation sea-
sonality (biol5) there is higher as compared to the forests
of ass. AF and ass. MFp. Moreover, ass. MFp also has the
highest value of the predictor characterizing annual pre-
cipitation (bio12), which is associated with its high-moun-
tain distribution, where, due to the barrier function of the
mountains, significantly more precipitation falls during the
year as compared to other oriental-beech forest syntaxa
occupying lower altitudinal zones.

The high contribution of predictors characterizing
precipitation seasonality and annual precipitation totals
over temperature indicates that the oriental-beech forests
of the Northwestern Caucasus are not simply mesophytes,
but stenohygromesophytes. Their competitive advantage
is realized only in conditions where summer moisture defi-
cits are minimized. The identified dependence on intra-an-
nual moisture distribution (rather than absolute quantity)
indicates that for these forests, it is not so much the aver-
age annual norm that is critical, but rather the ecosystem’s
buffering capacity — the ability of the soil and mesorelief to
accumulate winter-spring precipitation and maintain mois-
ture throughout the growing season.

In recent decades, there has been a persistent trend
towards increase in the value of precipitation seasonality
(bio15) in all altitudinal zones in the Northwestern Cauca-
sus (ZAURBEKOV, 2012). In the regional context, this means
an increase in the duration of the summer drought season.
If this trend continues in the near future, there is a high
probability of a reduction potentially suitable area in the
region for the growth of such oriental-beech forest syntaxa
within all. MF as ass. AF and ass. MFp, whose flora has
a high proportion of mesophilous species that are highly
vulnerable to prolonged summer droughts.

If this trend continues, we should expect a gradu-
al shift in the ecological niches of oriental-beech forests
toward more humid habitats — higher absolute altitudes,
northern-facing slopes, and areas with favorable local hy-
drological regimes. There is a high probability of a reduc-
tion in the area of potentially suitable oriental-beech forest
habitats in the foothill and low-mountain zones, where the
impact of summer droughts is most pronounced. Chang-
es in precipitation regimes may lead not only to spatial
transformations of oriental-beech forest habitats but also
to changes in their floristic composition and succession-
al development patterns. The obtained results allow us to
consider moisture regime indicators as key indicators of
the resilience of oriental-beech forests in the Northwest-
ern Caucasus to current climate change and emphasize the
need to preserve areas that serve as climatic refugia, which
in the future may become key centers for biodiversity con-
servation of the region's mesophilic broadleaf forests.

In the future, it is necessary to model changes in the
potential ranges of oriental-beech forests under various cli-
mate scenarios and mathematical models up to 2080-2100.
This will allow us to assess the scale of potential transfor-
mation of their ecological niches and identify areas most
resilient to climate change. Furthermore, it is advisable to
conduct a comparative analysis of the ecological niches of
oriental-beech forests in various biogeographic regions of
the Caucasus (Central, Eastern Caucasus, Transcaucasia)
to identify common patterns of their distribution and the
factors determining regional vegetation differentiation.

Conclusion

*  According to geospatial modelling data, the po-
tential range of oriental-beech forest syntaxa
within all. MF covers the foothill, mid-mountain
and high-mountain zones of the central and eastern
parts of the Northwestern Caucasus, with the ex-
ception of the western part of the region and the
Black Sea coast, where they can be found locally
in well-moistened meso-relief positions.

* Geospatial modelling of all. MF syntaxa showed
a strong similarity of growing conditions in the
Northwestern Caucasus between the oriental-
beech forest ass. AF and the hornbeam forest ass.
AC (all. Crataego—Carpinion caucasicae), which
is confirmed by the complete overlap of the bounda-
ries of their potential ranges, the set and contribu-
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tion of bioclimatic predictors to the geospatial
models of their ranges.

e The most significant bioclimatic predictors of the
considered oriental-beech forest syntaxa are vari
ables characterizing precipitation seasonality (biol5)
and annual precipitation (biol2), their contribu-
tion to the model construction ranging from 45.2
to 86.2%. For all. MF, such predictors are biol2,
biol5, bio8 and bio5; for ass. AF — bio18, biol5,
and biol; for ass. LF — biol2, biol5, bio8 and
biol; for ass. MFp — biol5, biol2, biol8 and
bio8; and for ass. MFt — biol5, bio12, and bio5.

¢ The resulting models of the potential distribu-
tion of oriental beech forests can be used in geo-
botanical mapping, forest vegetation inventories,
and clarification of syntaxa distribution bound
aries in the Northwestern Caucasus and North
western Transcaucasia. The results can be used in
developing biodiversity conservation measures
and planning a network of specially protected
natural areas, as well as in assessing the vulnera
bility of forest ecosystems to climate change.
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