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Determining the spatial distribution of rare fungal species is critical to understanding the environmental factors
that affect them. Maximum entropy (MaxEnt) spatial distribution modeling solves this problem by allowing infer-
ences about species distribution and ecological resistance from occurrence data. Using this method, we mapped
the current and potential geographic distribution of the rare species G. melanocephalum. To establish the regu-
larities in the geographical distribution of the studied species in Siberia, we created its distribution models using
Wordclim bioclimatic variables and the MaxEnt software. We modelled the species’ habitat suitability under cur-
rent conditions (~1950-2000 AD) and in a future climate (2100 AD) based on 11 records of the species’ spatial
distribution. Most localities of G. melanocephalum in Siberia are 200-500 meters above sea level. The optimal
climatic conditions for G. melanocephalum in Siberia are typical of the habitats represented in the Kazakh forest-
steppe, South Siberian forest-steppe, and hemiboreal forests of Western Siberia, in the zone of contact between the
plains and foothills.
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INTRODUCTION

Fungal, plant, and other species distribution is
undergoing rapid changes in the face of habitat modi-
fication and climate change. It leads to concerns about
the conservation of declining species and raises eco-
logical questions about the processes that govern spe-
cies ranges and niches. Consequently, the predictive
distribution models, which match species records to
patterns in abiotic environmental variables, have be-
come an established tool in ecology and conservation
(Segurado, Araujo, 2004; Guisan, Thuiller, 2005; Chap-
man, Purse, 2011).

Species distribution models (SDMs) constitute
the most common class of ecology and biodiversity
conservation models. The new software packages and
the increasing availability of digital GIS have greatly
facilitated the use of SDMs (Zurell et al., 2020). SDMs
are empirical models connecting field observations to
environmental predictor variables based on statisti-
cally or theoretically derived response surfaces (Gui-
san, Zimmermann, 2000).
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MaxEnt is one of the most commonly used meth-
ods for inferring species distributions and environ-
mental tolerances from occurrence data (Phillips,
Dudik, 2008). MaxEnt uses the principle of maximum
entropy based on presence-only data to estimate a set
of functions that connect environmental variables and
habitat suitability to approximate species niche and
potential geographic distribution (Phillips et al., 2006).
MaxEnt modeling has recently become an actively
used tool for fungi. For example, it is used to identify
the spatial distribution of economically significant
fungal species to understand the environmental fac-
tors that affect them and as well as for a rare species,
for their conservation management (Yuan et al., 2015;
Guo et al., 2017; Pietras et al., 2018).

In Russia, modeling of the potential distribution
of fungi by the MaxEnt method has not been previ-
ously carried out, while works on plants are widely
represented (Sandanov, Naidanov, 2015; Sandanov,
Pisarenko, 2018).

The gasteroid fungus of Geastrum melanoce-
phalum (Czern.) V.J. Stanék is relatively rare in Russia.
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It is included in the Red Book of the Altai Territory, as
well as in some regional Red Books of the European
part of Russia (Voronezh, Kursk, Lipetsk, Penza, Tver
and Tula Regions) and the Crimean Peninsula as a rare
species or as a species with an uncertain status. The
general distribution of the species is limited to Eurasia.
There are about 800 records in the world, most of
which are in Europe. Therefore G. melanocephalum is
not included in the IUCN Red List. The northern bor-
der of species distribution passes through Estonia,
Norway, and Sweden. In Russia, it is known mainly in
the European part - in the Belgorod, Volgograd, Vo-
ronezh, Kursk, Lipetsk, Moscow, Penza, Rostov, Sara-
tov, Tver and Tula Regions, the Stavropol Territory, as
well as in the Caucasus (Sosin, 1973; Rebriev, 2007).

Siberian records of G. melanocephalum came
from Altai Territory, Kemerovo Region, Novosibirsk
Region, and Krasnoyarsk Krai (Rebriev et al., 2020). In
Asia, G. melanocephalum has been recorded in Trans-
caucasia, Kazakhstan, Kyrgyzstan, Uzbekistan, and
Western China. The northernmost previously known
locations in Asia are the Tien Shan mountain systems,
up to 2000 m above sea level (Schvartzman, Filimono-
va, 1970).

Rebriev et al. (2020) suggested that modern re-
cords may also indicate the expansion of the range of
G. melanocephalum to the north, and global warming
can be considered the probable cause of the pheno-
menon. The latter may explain the change in the rang-
es of other plant and fungal species (Shiryaev, Moro-
zova, 2018; Shiryaev et al., 2019). However, new Asian
records of the studied species may be associated with
an increase in mycological research rather than cli-
mate change. Rebriev et al. (2020) also noted that the
identified localities are located in the immediate vicin-
ity or within the boundaries of nemoral flora refugium
preserved from the Tertiary period: Northern Altai,

Salair, Yenisei, Gornaya Shoria. These territories are
characterized by milder climatic conditions compared
to the surrounding areas: high humidity, reduced con-
tinentality, well-developed snow cover in winter, non-
freezing soils.

All assumptions about the features of the geo-
graphical distribution of the species are hypothetical,
based on subjective data, and a small number of re-
cords for a rare species in Asia do not allow drawing
objective conclusions and identifying patterns that af-
fect it. However, the species is not limited in distribu-
tion by proximity to Siberia’s refugium of nemoral
flora. G. melanocephalum may have always been found
in Siberia from localities with climatically close habi-
tats to those in Europe. Perhaps, we are dealing with
boundary changes in species’ range and the expansion
of its distribution in Siberia in an adaptation to the
new habitats due to climate change.To address these
issues and establish geographic patterns of the studied
species distribution in Siberia based on objective data,
we modeled its potential distribution using bioclimat-
ic data (Bioclim) and the MaxEnt software to simu-
late the suitability of the species’ habitat in the current
(~1950-2000 AD) and in the future climates
(2100 AD).

MATERIAL AND METHODS

Object of study (Taxa)

Geastrum melanocephalum is a fungus from the
Geastraceae family, growing on soil (Fig. 1).

Biodiversity data overview and study area

This research includes materials collected during
our expeditions in the Altai Territory in 2007. E.A. Da-
vydov provided one sample from a 2018 collection
from the buffer zone of the Tigireksky Reserve. Vouch-
er specimens of the studied species are stored in the

Fig. 1. a - fruiting bodies of Geastrum melanocephalum on soil, b — a typical habitat of species in the Altai Territory.

Puc. 1. a - ropossie Tena Geastrum melanocephalum ua mouse, b — Tunu4HOE MecTOOOUTaHME BIIa B ANITAlICKOM Kpae.
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MG Popov Herbarium (NSK), Novosibirsk, Russia. We
obtained the species locations from our previous paper
(Rebriev et al., 2020).

We used records supported by specific geographic
coordinates only. In total, we included 11 locations of
Geastrum melanocephalum in Siberia (Fig. 2): Novosi-
birsk Region: Loc. 1 (N54.8667°, E83.05°), Loc. 2
(N54.8605°, E83.0515°); Altai Territory Loc. 3
(N'53.2833°, E83.7167°); Loc. 4 (N51.15°, E83.0167°);
Kemerovo Region: Loc. 5 (N53.6355°, E86.8272°),
Loc. 6 (N53.65° E86.8167°), Loc. 7 (N54.419°,
E85.6886°), Loc. 8 (N54.4651°, E86.9141°), Loc. 9
(N55.3167°, E86.0667°), Loc. 10 (N55.3551°,
E86.0868°); Krasnoyarsk Territory Loc. 11 (N53.1333°,
E92.8833°).

SDM algorithms, predictor type,
software and data used

We used the computer program DIVA-GIS (Hij-
mans et al., 2012) for mapping and geographic data
analysis (internet source 1). We downloaded data on
the relief and the heights of the studied locations, as
well as global data on current (~1950-2000 years) and
future (2xCO, climate conditions, CCM; model,
2100 AD) climates (internet source 2 and 3), source
Worldclim, version 1.3. We obtained the global coun-
try boundaries WGS84 (internet source 4). All the
19 environmental layers of Bioclim (BIO1-BIO19)
constructed using the DIVA-GIS with 2.5-minute res-
olution (30 arc seconds square) encompassed most of
the Asian subcontinent (Hijmans et al., 2005). We
downloaded data on the Biomes, terrestrial ecoregions
of the World (Olson et al,, 2001), from internet
source 5 and 6. Biome boundaries are clarified by in-
ternet source 7.

We used MaxEnt (Phillips, Dudik, 2008) to con-
duct species habitat suitability modeling. Spatial distri-
bution pattern for G. melanocephalum using the maxi-
mum entropy method (MaxEnt) based on a 11-distri-
bution records dataset. We used DIVA-GIS and
MaxEnt programs in accordance with the recommen-
dations from the manual on spatial analysis of plant
diversity and distribution (Scheldeman, Zonneveld,
2010). The methodology of work is most fully de-
scribed in our recent publication (Vlasenko et al,,
2021).

The MaxEnt model for current climate we ob-
tained have high Area Under Receiver Operating
Characteristic Curve (AUC) value: 0.965. To evaluate
the model, we used a test sample that included 25 % of
all distribution records. The AUC value for the test
data was 0.989. Both AUC values fall within the range
of 0.9-1, thus corresponding to the excellent discrimi-
nation (Scheldeman, Zonneveld, 2010). In analysis,
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we used the 10-percentile training threshold for the
presence, found in the table of thresholds generated by
MaxEnt. The threshold value for species is 0.091.

The MaxEnt model for future climate we obtained
have high Area Under Receiver Operating Character-
istic Curve (AUC) value: 0.964. To evaluate the model,
we used a test sample that included 25 % of all points
of presence. The AUC value for the test data was 0.985.
Both AUC values fall within the range of 0.9-1, thus
corresponding to the excellent discrimination (Schel-
deman, Zonneveld, 2010).

In analysis, we used the 10-percentile training
threshold for the presence, found in the table of
thresholds generated by MaxEnt. The threshold value
for species is 0.071.

RESULTS AND DISCUSSION

Distribution modeling for Geastrum
melanocephalum in relation to the relief elevation

In Siberia, G. melanocephalum is distributed be-
tween the 51st parallel in the South and the 56th paral-
lel in the North. Locations of G. melanocephalum in
Siberia are spread from west to east from the extreme
point in the Altai Territory up to Krasnoyarsk Terri-
tory. Figure 2 shows areas of G. melanocephalum based
on a relief.

Locations of G. melanocephalum in Siberia are in
the lowlands (two localities in Novosibirsk Region and
two localities in Kemerovo Region), uplands (one lo-
cality in Altai Territory and four localities in Kemero-
vo Region), and low mountains (one locality in Altai
Territory, near the Tigirek).

The analysis shows that the species is absent in the
most flatland areas of Siberia at altitudes up to 200 me-
ters. At the same time, the identified distribution re-
cords of species at heights up to 200 meters, are located
in the immediate border with relief elements, which
we characterized as uplands.

The transitional border is somewhat conditional.
Suppose we rely on the geomorphology and types of
plant communities represented here. In that case, the
distribution records of species identified here are lo-
cated in the zone of contact with the plain of previ-
ously existing hills, which are the extension of off-
shoots of the South Siberian mountain ranges — Altai,
Salair, Kuznetsk Alatau, and Western Sayan.

In the middle altitude mountains, the species was
recorded at one extreme point of the Siberian range in
the foothills at the foot of the Tigirek Range on the
lower border of the mountain forest-steppe. Literature
data indicate that the species can be found at altitudes
up to 2000 meters. Nevertheless, it is not found in the
mountains in Siberia.
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Fig. 2. Locations of Geastrum melanocephalum in Siberia.

a - localities on the scale of Asia, b - localities within the area of distribution in Asia. The colors corresponds to the height above
sea level (decoding in the legend). The legend shows a scale of heights, from min to max in meters above sea level. Gradation of
heights: 0-200 m - lowland, 200-500 m - upland, 500-800 m - low mountains, 800-2000 m - middle mountains, more than
2000 m - highlands.

Puc. 2. Mecronaxoxpaenne Geastrum melanocephalum B Cubupn.

a — MeCTOHAXOX/IeHIs B MacIuTabax Asun, b — MeCTOHaXOXeHNs B IIpefenax ob/acTi pacpocTpaHenus B Asun. IIBeta cooT-
BETCTBYIOT BBICOTe Hafl ypoBHeM Mopsi (pacumidpoBKa B lereHzie). B merense mokasaHa IKaa BICOT OT MIHMMAJIbHOI O MaK-
CUMAJIbHOIL B MeTpax HaJj ypoBHeM Mops. [paganusa BeicoT: 0-200 M — HU3MEHHOCTb, 200-500 M — BO3BBILIEHHOCTD, 500-800 M —

HU3KOropbe, 800-2000 M — cpeHeropbe, 6omee 2000 M — BBICOKOTOpbE.

Distribution modeling
for Geastrum melanocephalum in boundaries
of the terrestrial ecoregions

An analysis of the distribution of G. melanoceph-
alum within the boundaries of the terrestrial ecore-
gions of the World in Siberia shows an association
with biomes of temperate grasslands, savannahs, and
shrubs, as well as temperate broadleaf and mixed for-
ests (Fig. 3).

The western distribution records is located within
the Kazakh steppe (a point on the plain area near the
city of Barnaul) on the border with the Kazakh forest
steppe; while the habitat is located in the forest com-
munity within the pine forest and is not related to the
steppe biome. The Kazakh forest-steppe also includes
a point in the Altai Territory in the foothills of Ti-
giretsky Range near Tigirek village, on the steppe slope
of the hill. Three points in the Kemerovo Region, and
one in the Krasnoyarsk Territory, lay in the central and
eastern parts of the species range and are located with-
in the South Siberian forest steppe.

Distribution records in the Novosibirsk Region
and three locations in the Kemerovo Region are in the
Western Siberian hemiboreal forests belonging to the
temperate broadleaf and mixed forests biome. Note
that it is difficult to determine the point-to-biome re-
lationship due to the vague biome boundaries in the

BOTAHUYECKASA FEEONPA®UA / BOTANICAL GEOGRAPHY

used GIS resources. All our points are on the border in
the contact zone between the Western Siberian hemi-
boreal forests, the Kazakh forest steppe within the No-
vosibirsk Region, and the South Siberian forest steppe
within the Kemerovo Region.

The analysis showed that the species is associated
with forest steppe and hemiboreal forests in the con-
tact zone between the plains and foothills in Siberia.

Potential distribution modeling
for Geastrum melanocephalum
in current climate
The assessment of the contribution of variables
using MaxEnt showed that for the species, the vari-
ables BIO 15 (47.5), BIO 8 (28.4), BIO 9 (15.5), BIO 2
(5.7) in percentage terms have the highest value in di-
rect assessment of the contribution; BIO 8 (37.9),
BIO 15 (19.2), BIO 9 (16.7), BIO 10 (16.3), BIO 2 (7.9)
under permutation. The remaining variables made a
small contribution (less than 2 %), or did not have it at
all. Figure 4 shows a map of the potential distribution
of the species, the probability of presence is shown in
color.
Most of the territory of Siberia is unsuitable for
G. melanocephalum presence. However, in some areas,
the probability species presence in taiga flatlands of
Western Siberia of the Tomsk Region can reach from
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Fig. 3. The distribution of Geastrum melanocephalum within ecoregion boundaries. Numbers 1-11 - are distribution records.
HF - Western Siberian hemiboreal forests (part of biome Temperate broadleaf and mixed forests). KS - Kazakh steppe;
KFS - Kazakh forest steppe; SSES - South Siberian forest steppe (parts of biome Temperate grasslands, savannas, and
shrublands). AMFFS - Altai montane forest and forest steppe; CF — Sayan montane conifer forests (parts of biome Temperate
Coniferous Forest). EST - East Siberian taiga (part of biome Boreal forests/Taiga). AAM - Altai alpine meadow and tundra;
SAM - Sayan Alpine meadows and tundra (parts of biome Montane grasslands and shrublands). The height of the relief is
similar to Fig. 2. Blackline — ecoregion boundaries.

Puc. 3. Pactpocrpanenne Geastrum melanocephalum B rpanniax skopernoros. Hudpst 1-11 - Touku npucyrcrsus. HF -
reMubopeanbHble neca 3anagHoi Cubyupu (4acTb 610Ma MMPOKOIMUCTBEHHbBIX U CMELIaHHBIX JIECOB YMEPEHHOTO 1105Ca).
KS - xasaxckas crenb; KFS — kazaxckas necocrenb; SSFS — 10)xHO-cnbupckas necocrens (4acTu 6110Ma yMepeHHBIX JIyTOB,
caBaHH U KycTapHukoB). AMFEFS - anraiickue ropHble neca u necocreny; CF — ropHble xBoiiHble eca CasaH (dacty 6uoma
XBOJIHBIE /leca yMmepeHHOro nosica). EST - BocTouHO-cubupckas Taitra (4acts 61oMa 6opeanbHble neca/rarira). AAM -
a/lTalicKue anbIUiICKue Tyra u TyHfpa; SAM — casiHCKMe ajIbIMICKMe Jyra i TyHApa (4acTu 610Ma TOPHBIX TYTOB U
KyCTapHUKOB). BoicoTa penbeda aHanmornyna puc. 2. YepHas TMHNUA — TPaHNUIIBI SKOPETVIOHOB.

50-60 to 60-70 %, and in Eastern Siberian taiga in the  south. The species cannot be found in tundra, forest-
Krasnoyarsk Territory up to 70-80 %. tundra, and taiga. The probability of its presence here

The probability of the presence of the species in  is from 0-10 % to 10-50 % or 10-50 % in most parts of
the territory of western Siberia increases from north to  the taiga zone.

I 0-0.091
B 0.091-05
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. No Data

Fig. 4. Potential distribution of Geastrum melanocephalum in current climate (~1950-2000 years). MaxEnt results are given
in logistic format (values in the legend from 0 to 1). 1-1 - observed presence points.

Puc. 4. IlotennnanbHoe pacupocrpanenne Geastrum melanocephalum B coBpemennoMm kaumare (~1950-2000 rr.).
Pesynbrarsl MaxEnt npefcraBieHs! B 1ornctudeckom ¢popmare (3HadeHust B iereHze ot 0 1o 1). 1-1 - HabmogaeMble TOYKI
HIPYUCYTCTBIUA.
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The constructed MaxEnt Model showed that all
presence points in Asia are in areas with a relatively
favorable climate for the species. The identified points
of species presence in Siberia are in the zone with 50—
60 % probability (these are all points in Novosibirsk,
near the Tigirek village, and all points in the Kemerovo
Region). A point in the Krasnoyarsk Territory is in the
zone with a 60-70 % probability of presence. A point
near Barnaul is in the zone with a 70-80 % probability
of presence.

In the southeast of Western Siberia, the probabil-
ity of species presence gradually increases in the for-
est-steppe and steppe zones in the sub-taiga. At the
same time, this increase is by no means connected to
specific biomes. It occurs from northwest to southeast
as it approaches mountain systems (Altai, Salair).

The Kemerovo Region, the central part and the
entire eastern part of the Novosibirsk Region, the
whole territory of the Altai Territory (except for the
territories where the spurs of the ridges of the North-
western Altai enter) are in the zone of the most favor-
able climate for the studied species in Siberia. The
presence probability for the species here reaches 50-
90 %. The area with the best climate for the species
with an 80-90 % presence probability is in the Altai
Territory. It includes territories at the junction of the
flatlands on the northwestern Altai border, including
foothills area.

In foothills, the probability of species presence
decreases from a maximum of 80-90 % to 70-80 %
and 60-70 %, up to 50-60 % as the altitude rises, and
is less than 50 % at the border with mountains.

Mountain areas — Altai, Kuznetsk Alatau, and
Western Sayan - are unfavorable for the species. The
probability of its presence here is only up to 50 %.
Salair area is an exception, as it includes hemiboreal
and taiga parts located in the foothills and low moun-
tains zone. At the same time, the probability species
presence is 60-70 % in the zone of hemiboreal forests
and decreases to 50-60 % in the zone of taiga forests as
the altitude increases.

A similar pattern of increasing the probability of
species presence is observed in the southwestern part
of Western Siberia, in the forest-steppe and steppe
zones, at the foot of the Ural Mountains, and to the
east from them. The southern part of the Ural Range,
like the Salair in the southeast, is favorable for the de-
velopment of the species; the probability of the pres-
ence of the species here is 50-80 %, increasing to the
south, reaching 80-90 % in the forest-steppe and
steppe zones.

The most favorable area with a 90-100 % proba-
bility of the species presence is in the sub-latitudinal
zone to the south of the spurs of the Ural Range -
Mount Mugodzhary in the Aktobe region in Kazakh-
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stan. The second zone with a high probability of the
presence of the species in Kazakhstan is located at a
considerable distance, to the southwest, in the Caspian
region, in the Caspian lowland desert zone. To the
south, the Central Asian deserts are unfavorable for
the species. The probability of its presence there is less
than 50 %, while most of the territory is in the zone
beyond the threshold value.

In the Krasnoyarsk Territory, the region with the
highest probability of species presence is at the border
between the South Siberian forest steppe with the Say-
an montane conifer forests and the East Siberian taiga.
Still, it does not exceed 60-70 %.

The Inner Asian area, covering most of Mongolia,
is unfavorable for the species. For half of its territory,
the probability of the species presence does not exceed
10 %, and no more than 50 % for another half.

Potential distribution modeling
for Geastrum melanocephalum in future climate

The assessment of the contribution of variables
using MaxEnt showed that for the species, the vari-
ables BIO 15 (52.6), BIO 8 (15.8), BIO 9 (8.6), BIO 2
(4.8) in percentage terms have the highest value in di-
rect assessment of the contribution; BIO 5 (36.7),
BIO 10 (33.9), BIO 9 (15.9), BIO 15 (9.7) under per-
mutation. The remaining variables made a small con-
tribution (less than 4 %), or did not have it at all. Fig-
ures 9 and 10 show a map of the potential distribution
of the species, the probability of presence is shown in
color.

We modelled the future distributions of G. mela-
nocephalum in 2100 AD (Fig. 5). Modeling has shown
that under this scenario, the areas with marginal habi-
tats in Siberia and Asia will increase in size. Areas of
suitable habitats will change in size and be subject to
displacement. In some places, areas of suitable habitats
will grow larger. Before 2100, the areas with the species
presence probability of less than 50 % will increase,
both in Siberia and in Asia in general.

Until 2100, the area with a probability of the pres-
ence of the species less than 50 % will increase, both in
Siberia and in Asia as a whole.

On the flatland taiga territory in Western Siberia,
the areas with a 50-80 % presence probability will be
reduced, while areas with a maximum presence prob-
ability will be fragmented. Since the species has never
been found in the taiga, these changes will not affect its
distribution in any way.

The most interesting forecast is obtained for the
territory of the modern range of the species in south-
ern Siberia (Fig. 6).

The area with a favorable climate for the species
will reduce. It will somewhat compress from the north,
but the probability will increase from northwest to
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Fig. 5. Potential distribution of Geastrum melanocephalum in future climate (2100 AD). MaxEnt results are given in logistic
format (values in the legend from 0 to 1). 1-1 - observed presence points.

Puc. 5. [TotennuanbHoe paciipoctpanenue Geastrum melanocephalum B 6ypyiem xinmate (2100 1. H.9.). Pesynprarer Max-
Ent npepcrasieHs! B roructudeckom ¢popmare (3HadeHus B seresse ot 0 1o 1). 1-1 — Hab/rofaeMble TOYKI IIPUCY TCTBUS.

southeast as it approaches the mountain systems (Al-
tai, Salair), as in the current climate. The probability of
the species presence in the forest steppe will reach
50-60 % only in some areas in the Novosibirsk region.
The points the species presence near Novosibirsk will
be in the areas with a less than 50 % probability. The
territories of the Altai Territory will become more fa-
vorable for the development of the species, especially
the steppe zone with an 80-90 % presence probability.
The southern areas of the Altai Territory, in the zone of
contact between the flatlands and Fasa Altai, and espe-
cially in the zone of foothills up to the Tigirek village,

will become more favorable for the studied species.
The probability of the species presence in the steppe
areas of the mountains will increase from 60-70 to
70-80 %.

Area with a 90-100 % probability of the species
presence will appear south of the Russian border in the
Altai Territory and Kazakhstan, at the Kazakh steppe
and Kazakh semi-desert junction. Territories of moun-
tain systems will remain unsuitable for the species. In
the north and northwest of Altai, the situation will not
change much in the future climate. The area with the
probability of the species presence below the threshold
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Fig. 6. Potential distribution of Geastrum melanocephalum in current climate (~1950-2000 years) and future climate
(2100 AD) in the south of Siberia and adjacent parts of Inner Asia.

a - current climate, b - future climate. MaxEnt results are given in logistic format (values in the legend from 0 to 1). 1-1 - observed
presence points. Black line - boundaries of ecoregions. White line — borders of countries.

Puc. 6. [TorennuanbHoe pacnpoctpanenue Geastrum melanocephalum B coBpemenHOM KauMmate (~1950-2000 rr.) u B
6ynymem kmumate (2100 . H.3.) Ha Tore Cr6ypy 1 IpUIETAIOIUX YacTAX BHyTpeHHell A3un.

a — TeKyIWit KMuMar, b — 6yaymmit kmmat. PesynbraTsl MaxEnt mpeicTaB/eHbI B TOTUCTUYECKOM hopMaTe (3HAUEHA B JIeTeHe
o1 0 10 1). 1-1 — HabrOfaeMble TOYKY IPUCYTCTBYA. UepHas MUMHMA — TPaHNUIIbI SKOPEIMOHOB. Bertast MMHMA — TpaHUIBI CTPaH.
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value will increase significantly and move northward
from Mongolia, reaching the border with the Kazakh
forest steppe.

On the Salair and in the areas of hemiboreal for-
ests in Kuznetsky Alatau, the probability of the species
presence will also decrease, but only from the north. In
general, in the zone of hemiboreal forests and the
South Siberian forest steppe, the distribution pattern
of the species will not change significantly, except for a
decrease in the probability of presence from the north-
ern side. In the Krasnoyarsk Territory, at the border
between the South Siberian forest steppe and taiga bi-
ome, the probability of the species presence will in-
crease from 60-70 to 70-80 %.

Areas with a 90-100 % probability of the species
presence in the current climate, south of the Ural Mts
and in the Caspian Sea on the territory of Kazakhstan,
will be unfavorable for the species, and the probability
of its presence here will be less than 50 %. The zone in
the southern part of Ural Mts, with 50-80 % to 80-
90 % probabilities of the species presence in the sub-
latitudinal direction in the forest-steppe and steppe
zone, will remain. At the same time, it will narrow and
shift to the south, occupying only a small local area on
the Russian territory.

The territory to the west, located in Russia and
Kazakhstan, from the southern spurs of the Ural Mts,
will become entirely unfavorable for the species. At the
same time, the area of favorable climate will shift to the
southwest of Kazakh semi-deserts. The probabilities of
species presence in some places there are up to 70—
80 % and even 80-90 %.

The area favorable for the species will increase in
the vicinity of Lake Ebi-Nur in the Junggar Basin semi-
deserts in northwest China and south of the Bogdo-
Ula ridge (Eastern Tian Shan, near the city of Urumgqi)
in the Taklimakan desert.

As a result, among the bioclimatic variables, the
species is more influenced by seasonality (precipita-
tion seasonality), quarter trends (mean temperature of
wettest quarter and mean temperature of driest quar-
ter) and to a lesser extent daily trends (Mean Diurnal
Range). The contribution of bioclimatic variables re-
mains practically unchanged in the model for the fu-
ture climate.

The obtained modeling results objectively charac-
terize the ecological specificity of G. melanocephalum
in Siberia and explain the reasons for its geographical
distribution. In Siberia, the species occurs at altitudes
of 200-500 meters above sea level, which are typical
for uplands. The species is more characteristic of arid
biomes. Habitats of the species are represented in the
Kazakh forest-steppe, South Siberian forest-steppe,
and hemiboreal forests of Western Siberia, in the zone
of contact between the plains and foothills. Modeling
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the potential distribution of the species under the se-
lected climatic scenario showed the dynamics of
changes in its range. Climate change in the future in
the south of Siberia and adjacent parts of Inner Asia,
will lead to a change in the boundaries of the area of
potential distribution of the species. Modeling showed
that in the future in the south of Siberia there will be
areas with a high probability of finding the species,
which may be caused by the appearance of suitable
habitats for the species as a result of aridization and
desertification processes.
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OCOBEHHOCTU N’EOrPA®UYECKOIO PACNPOCTPAHEHUA
GEASTRUM MELANOCEPHALUM (GEASTRACEAE, BASIDIOMYCOTA) B CUBUPU
B YCNOBUAX COBPEMEHHOIO U BYAYLLEIO KITMMATA

B.A. Bnacenkol, 1. TypmyHx?, A.B. BnaceHko!

Ulenmpanonoiil cubupckuii 6omaruueckuii cad CO PAH,
630090, Hosocubupck, yn. 3onomoodonurckast, 101, Poccus; viasenkomyces@mail.ru, anastasiamix81@mail.ru
2Hayuno-uccnedosamenvckuil uHCmumym 3auumot pacmenuii Monzonuu,
17024, Ynan-Bamop, p-1 Xan-Yyn, Xopoo, 11, Moneonus; dejidmaa.chag@gmail.com.

BrisiBrieH1Ie 0COOEHHOCTEN reorpaduueckoro pacipenesieHns peaKx BIOB IPrOOB I03BOJISIET IIOHATH, KaKye
(haKTOPBI OKPYIKAIOLIEll CPefibl OKA3BIBAIOT Ha HEro pelnaliee BausiHue. MogenupoBaHue IpOCTPaHCTBEHHOTO
pacmpepie/ieHus BUIOB, IPOBeIeHHOE METOOM MaKCUMaabHOI sHTponuu (MaxEnt), moMoraeT BBIABUTD 3TI
¢dakropsl. TakuM 06pasoM, Ha OCHOBE JaHHBIX O BCTPEYaeMOCTI PEKUX BUOB MOXKHO BBIABUTH 3aKOHOMEp-
HOCTM VX TeorpaduyecKoro pacipene/eHns B 3aBUCUMOCTY OT YC/IOBUIT OKpYy>Karolleit cpefbl. C HOMOIIIbIO Me-
tozia MaxEnt Mbl IOCTPOM/IN KapTy COBPEMEHHOTO 1 MTOTEHIVAaIbHOTO reorpaduueckoro pacpocTpaHeHus
penkoro Bupia G. melanocephalum. JInist BbLAB/IeHVS 3aKOHOMEPHOCTEI reorpaduueckoro pacpocTpaHeHNns us-
y4aemoro Bua B Cubupu Ha OCHOBe 0O'beKTUBHBIX JAHHBIX OBIIN CO3/JaHbI MOJIE/N IIOTEHIINATBHOTO PACIIPO-
CTpaHeHNs BUJA C VICIO/Ib30BaHMEeM OMOKIMMATHYeCKIX JAaHHBIX U IPOrpaMMHOro obecredenns MaxEnt s
MOJIeTMPOBaHMs IPUTOTHOCTY MECTOOOUTAHNIT BUJjA B TEKYIIUX yCI0BUAX (~1950-2000 IT.) 1 IIpy IPOTHO3U-
PyeMbIX U3MeHeHMAX 6yayuero Kaumara (2100 I. H.3.) Ha ocHOBe 11 TOYeK MPOCTPAHCTBEHHOTIO PAaCIIPOCTPaHe-
HIsI M3y4aeMoro Buzia. bonmpumacTBo MecToHaxoxaenuit G. melanocephalum B Cubupyu pacIiono>xeHsl Ha BbICO-
Tax 200-500 m Hap yp. M. [IpoBeieHHOE MOIEIMPOBaHNIe ITOKA3a/I0, YTO ONTUMA/IbHbIE KJTMMaTU4eCKIe YCTIOBUSA
st G. melanocephalum B Cubupu xapakTepHBI /151 MECTOOOUTAHMIL, IPEfCTABIEHHBIX B Ka3aXCKOIT JIECOCTEI,
I0)KHO-CUOMPCKOIT JIeCOCTENN 1 reMubopeasbHbIX ecax 3amagHoi Cubupu B 30He KOHTAKTA PAaBHIHBI I TIPei-
ropuii.

KiroueBsie croBa: modenuposaie pacnpocmparenus 6udos, Asus, peoxue uobl.

s uuruposanus: Bracenko B.A., Typmynx [I., Bracenko A.B. 2022. OcobeHHOCTH reorpaduueckoro pac-
npocrpanenus Geastrum melanocephalum (Geastraceae, Basidiomycota) B Cubupu B yc1oBusAX COBPEMEHHOTO 1
6ynymero knumara. Pacm. mup Asuamckoit Poccuu. 15(2):118-127. DOI 10.15372/RMAR20220203
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