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Current climate change, habitat degradation, pastoralism, shoot and bulb harvesting pose serious threats to the
rare Caucasian endemic Fritillaria latifolia throughout its range. Knowledge of the limiting factors, species
range dynamics in relation to climate change and the role of Protected Areas in species distribution are neces-
sary to develop an effective conservation system at present and in the future. This was aimed (1) to determine
the most suitable set of abiotic predictors for modelling Fritillaria latifolia localisation, (2) to formalise en-
vironmental and anthropogenic factors in species distribution models, (3) to predict the possible changes in
the species range in relation to climatic changes, (4) to identify refugia with a consistently high probability of
the species occurrence despite climatic changes. We applied Maxent software for species habitat modelling to
build current and climatic models of the Fritillaria latifolia distribution, considering the abiotic variables and
anthropogenic predictors such as the distance to Protected Areas and grasslands. Distances to anthropogenic
infrastructure were calculated with the Path Distance measure considering the horizontal straight-line distance,
surface distance and vertical factor. We also formalised the area accessibility (movement factor) through the
distance to optimal sites (plots with 0.8 threshold of habitat suitability), where the probability of species occur-
rence was higher than 0.5. The most important abiotic variables in the species distribution were the Emberger’s
pluviothermic quotient, with optimal values corresponding to humid and perhumid climates, and the terrain
roughness index, with optimal values ranging from nearly level (8§81-116) to intermediately rugged (162-239)
slopes. Distance to Protected Areas (0—1 km) was the third important predictor of the Fritillaria latifolia current
distribution, while the distance to grasslands contributed less to the model. The distance of suitable areas from
optimal habitats (area accessibility) was 15 km. The species current core ranges are localised in the Western
and Central Caucasus, Western and Central Transcaucasia, and the northwestern ridges of the Lesser Caucasus
within a network of Protected Areas covering most of the highlands. The optimistic socio-economic pathway
SSP1-2.6 predicted a 1.6-fold decrease in the area of species optimal habitats from 2021 to 2100. The pessimistic
SSP5-8.5 scenario predicted 122-fold habitat area reduction. According to SSP1-2.6 climatic models, by 2100
the refugia area would be 172.4 km? in the highlands of the western and central parts of the Greater Caucasus,
including the Caucasus State Nature Reserve and Teberda National Park. These areas should be prioritised for
the conservation of Fritillaria latifolia populations.
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Introduction

Current climate change poses a serious
threat to the global biodiversity (Banag et al.,
2015; Mazangi et al., 2016) and reduces the ef-
fectiveness of local and regional conservation
and management strategies (Van Dyke, 2008).
Climate change is a pressing issue for the Cau-
casus Mountains, where the average annual air
temperature increased by 0.2-0.4°C between
the 1960s and 2010 (Atayev & Bratkov, 2014).
Biodiversity of mountain ecosystems is partic-
ularly sensitive to climate change (Guerrina et
al., 2016). Endemic species, with their localised
populations and low dispersal rates, are consid-
ered among the most vulnerable components of
the mountain flora (Van Dyke, 2008; Banag et
al., 2015; Guerrina et al., 2016; Christmas et
al., 2016). One of the rare Caucasian endemics

is Fritillaria latifolia Willd. It is native to the
mountain meadow ecosystems of the ecoregion.
Despite a number of population-based studies
(e.g. Thazaplizheva & Chadaeva, 2012; Tania
& Abramova, 2013; Yamalov et al., 2014; Pshe-
gusov et al., 2019), the current knowledge about
the factors limiting Fritillaria latifolia distribu-
tion remains extremely scarce. Information on
the species range dynamics in relation to climate
change and the role of Protected Areas in its pre-
dicted distribution is also still lacking. However,
knowledge of the distribution predictors and lo-
cation of refugia is necessary to develop an ef-
fective conservation system for Fritillaria lati-
folia at present and in the future.

The issue can be addressed through Species
Distribution Models (SDMs). Based on the sta-
tistical processing of geographic species records
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and layers of topographic and climate informa-
tion, SDM 1is considered an efficient method
for studying the species potential distribution
(Elith et al., 2006; Peterson et al., 2011; Duarte
et al., 2019; Bowen & Stevens, 2020; Sillero et
al., 2021). This is particularly useful in moun-
tainous areas with complex, inaccessible basin-
and-range terrain. Within «bioclimate envelope»
modelling, SDMs typically include only abiotic
environmental predictors of the species distribu-
tion. At the same time, interspecific interactions,
as well as the widespread impact of human activ-
ity, represent integral components of species eco-
logical niches and influence species distribution.
Accounting for biotic and anthropogenic factors
in the models remains a relevant methodological
challenge in SDM. Our study therefore is focused
on the Biotic-Abiotic-Movement (BAM) con-
cept, which integrates three key sets of factors
(namely B-factors (biotic predictors including
anthropogenic factors in this study), A-factors
(abiotic environmental variables), and M-factors
(movement, dispersal capability or area acces-
sibility)) into single-species models (Soberon &
Peterson, 2005; Peterson, 2006; Peterson et al.,
2011; Peterson & Soberon, 2012). This concept
allows an analysis of the «occupied distribution-
al area», which corresponds most closely to the
actual species distribution (Soberén & Peterson,
2005; Peterson & Soberon, 2012).

In this context, this study was aimed to in-
vestigate the abiotic and anthropogenic factors,
and area accessibility, which could affect the dis-
tribution of Fritillaria latifolia in the Caucasus.
This knowledge is important, as it can form the
basis for an effective system of species preserva-
tion. The research objectives were (1) determin-
ing the most suitable set of abiotic predictors for
modelling the species localisation, (2) formalis-
ing environmental and anthropogenic factors in
SDMs, (3) predicting the possible changes in
the species range in relation to climatic changes,
and (4) identifying refugia with a consistently
high probability of the species occurrence de-
spite climatic changes. We hypothesised that the
distance to Protected Areas is one of the key fac-
tors in the species distribution at present and in
the future.

Material and Methods
Target species and study area
Fritillaria latifolia is a striking, well rec-
ognised bulbous geophyte species distributed
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in mountain grasslands of the Ciscaucasia, the
North Caucasus, Western and Eastern Transcau-
casia (Tania & Abramova, 2013; Batsatsashvili
et al., 2017; Pshegusov et al., 2019). The spe-
cies belongs to the psychrophytes, which pre-
fer cold and wet habitats (Red Data Book of
the Chechen Republic, 2020). As a hydrophilic
species (Yamalov et al., 2014; Batsatsashvili et
al., 2017), it occurs mainly on gentle river ter-
races (Tania & Abramova, 2013) and couloirs
with long-lasting snow cover (Pshegusov et al.,
2019) in subalpine and alpine wet and marshy
meadows, often on peaty soils (Yamalov et
al., 2014; Batsatsashvili et al., 2017). The de-
cline in populations of this Caucasian endemic
throughout its range is caused by pastoralism,
habitat degradation, and shoot and bulb harvest-
ing (Tania & Abramova, 2013; Pshegusov et al.,
2019). This species has been classified as «Rare
species» in the Red Data Book of the Republic
of Kabardino-Balkaria (2018) and the Red Data
Book of the Chechen Republic (2020).

The Caucasus ecoregion (about 390 000 km?
between 38—47° N and 36-50° E) was consid-
ered the study area. It comprises several climate-
orographic parts, namely the Ciscaucasia, the
North Caucasus and Transcaucasia (parts of the
Greater Caucasus), the Colchis and Kura-Araks
Lowlands, the Lesser Caucasus, and the Trans-
caucasian Highland (Fig. 1a).

The Caucasus ecoregion includes the territo-
ries of the Russian Federation, Azerbaijan, Geor-
gia, and Armenia. The Ciscaucasia is dominated
by a warm continental climate (Dfa according
to the Koppen-Geiger classification) (Fig. 1b).
The prevailing climate of the Greater Caucasus
1s warm summer continental (Dfb) in the middle
mountains and cool summer continental (Dfc) or
alpine (ET) in the highlands. The North-West-
ern Caucasus and Western Transcaucasia have
a predominantly humid subtropical (Cfa) and
oceanic (Cfb) climate. Aridity of the climate
increases towards the southeast of the Greater
Caucasus. A humid subtropical and oceanic cli-
mate also prevails in the Colchis Lowland and
the northwestern part of the Kura-Araks Low-
land. In the southeastern part of the Kura-Araks
Lowland, the climate is cold semi-arid (BSk).
The mountainous areas of the Lesser Caucasus
and Transcaucasian Highland have a warm sum-
mer continental climate with increasing aridity
towards the southeast. In the southern part of
the Transcaucasian Highland, a cold semi-arid
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climate prevails. The main tree species in the
foothills and middle mountains of the Caucasus
are Fagus orientalis Lipsky, Carpinus betulus L.
and Quercus spp. Pinus sylvestris L. and Betula
spp. are widespread in the middle mountains and
highlands. Picea orientalis (L.) Peterm. and Ab-
ies nordmanniana (Steven) Spach occur in the
North-Western Caucasus and Western Transcau-
casia, while Juniperus spp. are common mainly
in the Transcaucasian Highland and Lesser Cau-
casus. The plains, foothills and lowlands of the
Caucasus ecoregion are mainly used for agricul-
ture. Subalpine and alpine grasslands historical-
ly serve as grasslands.
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Fig. 1. The geographic location, orography (a) and climate
classification scheme (b) of the study area. The climate clas-
sification scheme was built based on monthly mean tempera-
ture and precipitation data from WorldClim2 using the Saga
Gis v. 7.8.2 algorithm of Conrad et al. (2015). Koppen-Gei-
ger climate classification and colour scheme were sourced
from Peel et al. (2007). Designations: 1 — Western Cauca-
sus, 2 — Central Caucasus, 3 — Eastern Caucasus (parts of
the North Caucasus), 4 — Western Transcaucasia, 5 — Central
Transcaucasia, 6 — Eastern Transcaucasia; BSk — cold semi-
arid climate, Cfa — humid subtropical climate, Cfb — oceanic
climate, Csa — Mediterranean hot summer climate, Csb —
Mediterranean warm or cool summer climate, Dfa, Dfb and
Dfc — hot, warm and cool summer continental climate re-
spectively, Dsa, Dsb and Dsc — hot, warm and cool dry sum-
mer continental climate respectively, ET — alpine climate.
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Geographic records and environmental variables

The study design, including assessment and
manipulation of spatial data (presence points, en-
vironmental layers), model development and eval-
uation, was summarised in Electronic Supplement
1. We used 57 geographic records of Fritillaria
latifolia from the 2013-2022 expedition surveys
and 82 occurrence data from the Global Biodi-
versity Information Facility (GBIF.org, 2023). To
address the problem of spatial clustering of pres-
ence points, we applied spatial thinning as one of
the popular correction methods (Petrosyan et al.,
2020) (Electronic Supplement 1). Based on the re-
moval of geographic records, spatial thinning pro-
duces an occurrence dataset, from which efficient
SDM models are constructed (Kramer-Schadt et
al., 2013; Syfert et al., 2013; Aiello-Lammens et
al., 2015; Sillero et al., 2021). Accordingly, geo-
graphic records were checked for duplicates and
sparse to one data per 1 km? grid cell. As a re-
sult, 122 presence points remained after the spatial
thinning. Then, the dataset was tested for spatial
clustering using the Average Nearest Neighbour
Index (Clark & Evans, 1954), which revealed a
clustered distribution of 122 presence points (Elec-
tronic Supplement 2: Table S1, Fig. S1). When re-
thinning over a distance of 14 km, 113 randomly
distributed presence points remained (Electronic
Supplement 2: Table S1, Fig. S1). The R packag-
es (R Core Team, 2023) used for spatial thinning
and testing for spatial clustering were specified in
Electronic Supplement 3.

To determine the most suitable abiotic predic-
tors for modelling Fritillaria latifolia localisations
(Electronic Supplement 1), we used two sets of envi-
ronmental variables for comparative predictor anal-
ysis: 1) WorldClim2 bioclimatic parameters (Fick
& Hijmans, 2017; WorldClim2, 2023) and GM-
TED2010 topographic data (Danielson & Gesch,
2011; GMTED2010, 2023); 2) ENVIREM (EN-
VIronmental Rasters for Ecological Modeling) cli-
matic and topographic variables (Title & Bemmels,
2018; ENVIREM, 2023). To select uncorrelated
environmental layers, we applied the VIF (Variance
Inflation Factor) test in R (VIF threshold < 3) (Elec-
tronic Supplement 1). As a result, five ENVIREM
variables and eight WorldClim2+GMTED2010
predictors were involved in the analysis (Electronic
Supplement 2: Table S3).

To check, whether sampling bias is a problem
(Kramer-Schadt et al., 2013; Merow et al., 2013;
Sillero et al., 2021), we compared the distribu-
tion of predictor values for both ENVIREM and
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WorldClim2+GMTED2010 datasets (Electronic
Supplement 1). According to Mann-Whitney U-
test for two independent samples, the distribu-
tions of predictor values were similar only in the
pair of presence points and background points
for the ENVIREM set, indicating the absence of
bias (Electronic Supplement 2: Table S2). High
similarity was also identified when comparing
biased and unbiased ENVIREM A-models using
the agreement coefficient (Ji & Gallo, 2006; Rie-
mann et al., 2010) and Pearson correlation co-
efficient r (Electronic Supplement 2). Thus, no
sampling bias problem was revealed when us-
ing 113 occurrence points (obtained after spatial
thinning), background biased points and ENVI-
REM dataset. Therefore, already at this stage of
the study, the ENVIREM A-model was priori-
tised for further analysis.

In this study, we considered anthropogenic
factors as a part of the biotic predictors of the spe-
cies distribution. Given the susceptibility of Fritil-
laria latifolia populations to overgrazing and di-
rect human destruction, we used the distances to
grasslands and Protected Areas as the main anthro-
pogenic factors. Estimating distances from target
species to anthropogenic infrastructure is a com-
mon method of accounting for human activity in
SDMs (Ortiz-Urbina et al., 2020; Vignali et al.,
2021; Sharma et al., 2023). However, Euclidean
distance, as the most popular tool in this process,
is obviously not suitable for studying mountainous
areas, as it does not consider the altitude gradi-
ent. Therefore, we used the Path Distance measure
(path_landuse and path PAs) calculated with hori-
zontal straight-line distance, surface distance and
vertical factor (McCoy et al., 2001). Path Distance
was estimated for each grid cell as the distance to
the nearest object, considering altitude gradient
(McCoy et al., 2001). The input data were repre-
sented by a spatial feature class from the NextGIS
vector map sets (NextGIS, 2023) and the digital al-
titude model GMTED2010 (Amatulli et al., 2018).

The area accessibility (movement factor) is
an important concept in SDM, irrespective of
the algorithm used (Soberén & Osorio-Olvera,
2023). Our approach to formalising the move-
ment factor was to represent area accessibility
through the distance to optimal sites (plots with
0.8 threshold of habitat suitability), on which
the probability of species occurrence was higher
than 0.5 (Pshegusov et al., 2022).

BAM concept allows the effects of the three
factors to be studied separately by building A-,
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BA- and BAM-models. In the A-models, we used
the abiotic variables selected by the VIF test. In
the BA-models, we considered the abiotic vari-
ables and anthropogenic predictors (VIF < 3)
such as the distance to grasslands (path landuse)
and Protected Areas (path_PAs). The raster of dis-
tances to optimal areas (sites with 0.8—1.0 prob-
ability of species occurrence), where the proba-
bility of Fritillaria latifolia occurrence remained
above 0.5, was used as a movement-layer in the
BAM-model. The resolution of the resulting lay-
ers was 1 km per pixel.

Model development and evaluation

The modelling procedures were described in
ODMAP protocol (Electronic Supplement 4). The
R packages used for model development and eval-
uation were specified in Electronic Supplement 3.

In this study, we applied Maxent v. 3.4.3 (Phil-
lips et al., 2017) for species habitat modelling. It
is considered one of the most robust and efficient
modelling methods based on presence-only data
(Elith et al., 2006; Phillips & Dudik, 2008), espe-
cially when rare species with a small sample size
are involved (Elith et al., 2011; Qin et al., 2017,
Vignali et al., 2021). Identification of the opti-
mal set of Maxent model parameters was shown
in Overview/SDM algorithms/Model complexity
of the ODMAP protocol (Electronic Supplement
4). Selection of optimal model settings was also
shown in Overview/SDM algorithms/Selection of
optimal models in the ODMAP protocol (Elec-
tronic Supplement 4).

We calculated the percentage contribution of
predictors (Phillips et al., 2017) to assess their im-
portance in Maxent models. The optimal variable
values were obtained from the response curves by
cutting off at a threshold of 0.8. Different thresh-
olds are used to convert continuous probabilities
calculated in Maxent into discrete presence/ab-
sence predictions (Liu et al., 2013), and there is no
uniform method for defining the habitat suitabil-
ity threshold (Glover-Kapfer, 2015). To reduce the
risk of misidentification, it is advisable to choose
a high threshold for habitats with a high degree
of suitability (Pearson et al., 2004). In this study
we used a fixed high threshold of 0.8 for optimal
habitats. Such a threshold reduces the possibility
of false-positives (Buhl-Mortensen et al., 2019).
For potentially suitable habitats, we used a fixed
threshold of 0.5 (Elith et al., 2010; Kramer-Schadt
et al., 2013). The complementary log-log (cloglog)
transform was used to build the models as the best
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fit for estimating the occurrence probability (Phil-
lips et al., 2017). Distribution maps were generated
with a scale of species occurrence probability from
0 to 1 in the Maxent palette colour gradations.

The climatogenic distribution dynamics of
Fritillaria latifolia was considered in four time
periods, namely 2021-2040, 2041-2060, 2061—
2080, 2081-2100. We used the UKESM1-0-LL
(UK Earth System Model) developed in the United
Kingdom at the CMIP6 project (Sellar et al., 2019).
This is the second highest priority model in the
ISIMIP3b modelling protocol (Lange & Biichner,
2020). For this model, we considered two general
socio-economic pathways (SSP), in particular the
optimistic scenario SSP1-2.6 and the worst-case
scenario SSP5-8.5. The calculation of ENVIREM
layers for these scenarios were shown in Data/Pre-
dictor variables/Data processing of the ODMAP
protocol (Electronic Supplement 4). In total, we
built eight climatic BA-models of Fritillaria lati-
folia future distribution under two scenarios in four
time periods. The anthropogenic and orographic
predictors were assumed constant.

The localisation of Fritillaria latifolia refugia
with a consistently high probability of the species
occurrence despite climatic changes was deter-
mined in several steps. First, we converted into
points the optimal sites of the species occurrence
at present. Second, at these points we extracted
values of the species occurrence probability in fu-
ture time periods. Third, on the raster layers of
the climatic BA-models, we cut off points with
the occurrence probability below 0.8. Finally, we
mapped areas where the probability of Fritillaria
latifolia occurrence exceeded 0.8 throughout the
prediction period.

Results
Selection of the most suitable set of environ-
mental variables. A-models
The performance statistics of the resulting
WorldClim2+GMTED2010 and ENVIREM A-
models indicated their high predictive accuracy

(Electronic Supplement 2: Table S4). According
to the first A-model, the current Fritillaria latifo-
lia distribution was influenced by climatic factors
such as maximum mean temperature in February,
precipitation in November, and by altitude (Table
1). Predicted altitude values (0.8 threshold) corre-
sponded to the altitude values in Fritillaria latifolia
habitats, reported previously, namely 1600-2300
m a.s.l. in Abkhazia (Tania & Abramova, 2013),
1700-2500 m a.s.l. in Armenia (Batsatsashvili et
al., 2017), 21002500 m a.s.I. in the Central Cau-
casus (Pshegusov et al., 2019).

As reported in the Red Data Book of the
Chechen Republic (2020), Fritillaria latifolia oc-
curs at altitudes up to 3000 m a.s.l. in the Eastern
Caucasus. The main processes of underground
morphogenesis and growth of the species occur in
late winter, while the main processes of aboveg-
round vegetation (sprouting, shoot growth, flow-
ering) take place in spring (Thazaplizheva &
Chadaeva, 2012). This probably explains the im-
portance of maximum mean temperature in Feb-
ruary in the F. latifolia distribution. A suitable
temperature range during this critical vegetation
period is typical for the mountainous regions of
the Western Caucasus and Western Transcauca-
sia. Accordingly, the model predicted the F. /ati-
folia core range in these areas (Fig. 2a), which
is consistent with field observations (Pshegusov
et al., 2019). At the same time, an interpretation
of the November precipitation influence, i.e. pre-
cipitation during the species dormancy period,
was difficult.

According to the ENVIREM A-model, the
most important variable in the species distribution
was Emberger’s pluviothermic quotient, with opti-
mal values corresponding to humid and perhumid
climates (Daget et al., 1988) (Table 1). The model
predicted the core ranges of this hydrophilic spe-
cies in the Western Caucasus, Western and Central
Transcaucasia, and the western ridges of the Lesser
Caucasus (Fig. 2b), i.e. in areas with humid sub-
tropical and oceanic climate (Fig. 1b).

Table 1. Contribution of the main abiotic variables (percentage contribution of more than 10%) to the WorldClim2+GMTED2010
and ENVIREM A-models of Fritillaria latifolia ecological niche

WorldClim2+GMTED2010 ENVIREM
Variable PC, % Optimal values Variable PC, % Optimal values
tmax2, °C 31.6 from -4 to +0 embergerQ 54.7 150-190
precll, mm 29.5 135-155 TRI 20.8 75-250
Alt, m a.s.l. 11.4 1800-2100 PETColdestQuarter, mm/month 14 7-14

Note: Predictor abbreviations: tmax2 — maximum mean temperature in February, precl1 — precipitation in November, Alt — altitude, embergerQ — Emberg-
er’s pluviothermic quotient, TRI — terrain roughness index, PETColdestQuarter — mean monthly potential evapotranspiration of the coldest quarter. Variable
importance is represented as a percentage contribution (PC, %) in the Maxent models. Optimal values of variables were sourced from the response curves

by cutting off at the threshold of 0.8.
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Fig. 2. Predictive maps of the Fritillaria latifolia distribution in
the Caucasus by A-models based on WorldClim2+GMTED2010
(a) and ENVIREM (b) sets of environmental variables. Designa-
tions: 0—1 scale indicates the probability of species occurrence.

Less suitable habitat conditions were predicted
in the humid Central Caucasus, while unsuitable
habitats were expected in the arid areas of the Cis-
caucasia, the eastern part of the Greater and Lesser
Caucasus, the Transcaucasian Highland and the
Kura-Araks Lowland. The second most important
predictor of Fritillaria latifolia distribution was the
terrain roughness index, with optimal values rang-
ing from nearly level (81-116) to intermediately
rugged (162-239) slopes (Riley et al., 1999). This
is in line with field studies showing that the spe-
cies is mainly distributed in relatively gentle terrain
(Tania & Abramova, 2013; Pshegusov et al., 2019).

As a result, in both A-models
(WorldClim2+GMTED2010 and ENVIREM) the
contribution and optimal values of environmen-
tal predictors were largely consistent with the
ecological features of Fritillaria latifolia, and
the predictive distribution maps were in line with
the actual localisation of species populations. In
both A-models, the three most important predic-
tors were temperature, humidity and orographic
parameters. Despite similar results, we conclud-
ed that the ENVIREM cartographic model was
more consistent with the actual distribution of
Fritillaria latifolia in the Caucasus. Compared to
the more «stricty WorldClim2+GMTED2010 A-
model, it predicted large suitable areas in Trans-
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caucasia, which is in agreement with literature
data on Fritillaria latifolia occurrence in north-
ern parts of Abkhazia and Georgia and in north-
western part of Armenia (Tania & Abramova,
2013; Batsatsashvili et al., 2017). Furthermore,
ENVIREM predictors are not difficult to inter-
pret from available scales, and they have a direct
link to physiological and ecological processes
in vegetation cover (Title & Bemmels, 2018).
Emberger’s pluviothermic quotient and terrain
roughness index combine highly correlated vari-
ables in mountainous areas (altitude and slope
steepness, temperature and evapotranspiration).
In our view, their use contributes to addressing
the high collinearity of environmental variables
that have coherent variability on the altitude gra-
dient in mountains. In addition, as shown above,
no sampling bias problems have been identified
for ENVIREM A-model only. Accordingly, we
used the set of ENVIREM variables to build the
models of Fritillaria latifolia distribution (Elec-
tronic Supplement 1).

BA- and BAM-models of Fritillaria latifo-
lia distribution

High values of AUCtest, CBItest and TSSt-
est were obtained for the models (Table 2). These
values indicated high predictive accuracy of the
resulting models (good balance between model ac-
curacy and complexity, and model sensitivity and
specificity in discriminating occurrence data from
random data).

As shown in Table 1, the main abiotic predic-
tors in the A-model of Fritillaria latifolia distribu-
tion were embergerQ and TRI, which determine the
location of optimal habitats on near-level and in-
termediately rugged slopes in humid and perhumid
climate. These climatic and orographic parameters
also contributed most to the BA-model (Table 2).
Accordingly, the differences in areas of suitable and
optimum habitats predicted by the A-model and
BA-model were only 0.44% and 0.02% of the study
area (1700 km? and 80 km?), respectively (Table 3).

In terms of the percentage contribution to the
BA-model, the distance to Protected Areas was the
third important factor with optimal values of 0-1
km. This probably explains the increase in the spe-
cies optimal habitats according to the BA-model
(Table 3, Fig. 3a). The grazing factor, formalised
through the distance to grasslands, contributed less
to the model. Fritillaria latifolia populations could
be found both within grasslands and 40 km away
from grasslands (Table 2).
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Table 2. Model performance and contribution of the main variables to the Maxent models of Fritillaria latifolia distribu-

tion in the Caucasus

. . A-model BA-model BAM-model
Environmental variables - - -
PC, % Optimal values PC, % Optimal values PC, % Optimal values

embergerQ 54.7 150-190 48.7 160-180 28.1 160-180
TRI 20.8 75-250 19.8 80-250 15.9 80-250
PETColdestQuarter, mm/month 14.0 7-14 8.7 5-14 2.6 5-14
path_PAs, km — — 14.7 0-1 5.3 0-1
path_landuse, km — — 1.5 0-40 0.3 0-20
Movement factor, km - - - - 44.5 0-15
AUCtest = SD 0.95+0.02 0.97 £ 0.01 0.97+£0.01
CBltest 0.93 0.96 0.93
TSStest 0.82 0.85 0.86

Note: Predictor abbreviations: embergerQ — Emberger’s pluviothermic quotient, TRI — terrain roughness index, PETColdestQuarter — mean monthly po-
tential evapotranspiration of the coldest quarter, path_Pas — distance to Protected Areas, path_landuse — distance to grasslands. Model performance was as-
sessed by AUCtest (area under the curve from validation datasets) values averaged over five replications, CBItest (continuous Boyce index from validation

datasets), and TSStest (true skill statistics from validation datasets).

Table 3. Areas of suitable and optimal habitats of Fritillaria latifolia based on the Maxent models

Suitable areas, percentage of the study area

Optimal areas, percentage of the study area

A-model BA-model BAM-model

A-model BA-model BAM-model

2.04 1.60 1.85

0.71 0.73 0.94
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Fig. 3. Predictive maps of Fritillaria latifolia distribution in
the Caucasus based on BA-model (a) and BAM-model (b).

According to the BAM-model, an important pre-
dictor of Fritillaria latifolia distribution was the move-
ment factor (area accessibility) with a percentage con-
tribution equal to the combined contribution of abiotic
variables (Table 2). The distance of suitable areas to
optimal habitats was 15 km, and the area of suitable
and optimal areas increased by 0.25% and 0.21% of
the study area (980 km? and 830 km?), respectively,
compared to the BA-model (Table 3, Fig. 3b).
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Climatogenic dynamics of the Fritillaria
latifolia range

Optimistic SSP1-2.6 models predicted a 1.6-fold
decrease in the area of suitable and optimal habitats
of Fritillaria latifolia from 2021 to 2100. The pes-
simistic (worst-case) SSP5-8.5 models predicted a
103-fold reduction in suitable habitat areas and a 122-
fold reduction in optimal habitat areas (Table 4).

According to both scenarios, the reduction
in habitat area was particularly pronounced in
the western part of the current species range with
the most humid (subtropical and oceanic) climate
(Electronic Supplement 2: Fig. S2). The climatic
models predicted less habitat reduction in the Cen-
tral Caucasus with a humid continental climate. In
the pessimistic scenario, only a small core range
of Fritillaria latifolia would remain here by 2080
and 2100. The optimistic models predicted that the
species core ranges would remain in the highlands
of the Western and Central Caucasus (Electronic
Supplement 2: Fig. S2).

Given the species dependence on the climatic pa-
rameters (Table 2), the predicted reduction in its range
is explained by a decrease in embergerQ and annual
precipitation with a simultaneous increase in mean
annual temperature (Fig. 4). By 2060 and 2100, the
worst-case SSP5-8.5 scenario predicted an increase
in average annual temperature of 6°C and 9°C and
a decrease in annual precipitation of 30 mm and 40
mm, respectively. The SSP5-8.5 scenario predicted
only 7 km? (0.002% of the study area) of Fritillaria
latifolia refugia by 2060 and no consistently optimal
areas by 2080 (Electronic Supplement 2: Table S5).
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Table 4. Habitat areas of Fritillaria latifolia according to the climatic models based on the optimistic (SSP1-2.6) and the
worst-case (SSP5-8.5) socio-economic pathways during 2021-2100

SSP1-2.6 SSP5-8.5
Climatic models
20212040 | 20412060 | 2061-2080 | 20812100 | 2021-2040 | 2041-2060 | 20612080 | 2081-2100
Suitable areas, percentage of the study area 1.20 0.84 0.85 0.76 1.06 0.26 0.06 0.01
Optimal areas, percentage of the study area 0.37 0.22 0.27 0.23 0.31 0.05 0.01 0.002
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Fig. 4. Dynamics of embergerQ, average annual temperature and average annual precipitation in the Caucasus according to the
climate change scenarios (socio-economic pathways) SSP1-2.6 and SSP5-8.5.

According to the optimistic SSP1-2.6 mod-
el, by 2100 the refugia area would be 172.4 km?
(0.05% of the study area) (Electronic Supplement
2: Table S5), and three main refugia of Fritillaria
latifolia will remain in the highlands of the West-
ern and Central Caucasus (Fig. 5). The refugia will
be partly located within Protected Areas.

Discussion

Previous studies covered various aspects of
Fritillaria latifolia ecology, such as orographic
and climatic requirements for habitats (Tania
& Abramova, 2013; Yamalov et al., 2014; Bat-
satsashvili et al., 2017; Pshegusov et al., 2019),
seasonal vegetation (Thazaplizheva & Chadae-
va, 2012), the actual localisation of the spe-
cies in the Caucasus (Zernov, 2006; Zernov &
Onipchenko, 2011; Tania & Abramova, 2013;
Pshegusov et al., 2019), its population biol-
ogy (Thazaplizheva & Chadaeva, 2012; Tania
& Abramova, 2013; Pshegusov et al., 2019).
Although most of these surveys were carried
out using field observations, our study can be
seen in the context of previous investigations.
We assessed the potential distribution of Fritil-
laria latifolia in relation to abiotic and anthro-
pogenic factors, area accessibility and climate
changes. This provided new insights into the
importance of Protected Areas as the species
refugia in the Caucasus.

Current distribution of Fritillaria latifolia

According to the A-, BA- and BAM-models,
the optimal habitats of Fritillaria latifolia in the
Caucasus were located on relatively gentle, wet
slopes (Table 2), which is consistent with field ob-
servations (Tania & Abramova, 2013; Yamalov et
al., 2014; Batsatsashvili et al., 2017; Pshegusov et
al., 2019). The occurrence of this hydrophilic spe-
cies was predicted mainly in areas with humid sub-
tropical and oceanic climate, such as the Western
Caucasus, Western and Central Transcaucasia, and
the western ridges of the Lesser Caucasus (Fig. 2,
Fig. 3). The lack of suitable sites in the Colchis
Lowland with a humid climate was probably due
to the species preference for highlands (Tania &
Abramova, 2013; Yamalov et al., 2014; Pshegusov
et al., 2019; Batsatsashvili et al., 2017).

The optimal habitats of Fritillaria latifolia pre-
dicted within 0—1 km of the Protected Areas (Table
2). Actually, the main reported habitats of this spe-
cies in Abkhazia were concentrated within the Ritsa
Relict National Park (Tania & Abramova, 2013),
while species populations in northwestern Arme-
nia were localised in the Lake Arpi National Park
(Batsatsashvili et al., 2017). In the North Caucasus,
Fritillaria latifolia was also mainly found with-
in a network of Protected Areas covering most of
the highlands. There are the Sochi National Park
and Teberda National Park (Zernov, 2006; Zernov
& Onipchenko, 2011), Prielbrusye National Park
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(Pshegusov et al., 2019), Erzi State Nature Reserve,
and Argun State Museum-Reserve (Red Data Book
of the Chechen Republic, 2020). Suitable species
habitats in northern Georgia, particularly in Racha-
Lechkhumi Region, Svaneti Region and Mtiuleti
Region (Batsatsashvili et al., 2017), were mostly
located outside Protected Areas. This probably ex-
plains the considerable reduction in the species opti-
mal habitats in this area according to the BA-model
(Fig. 3a), although in the total area of optimal habi-
tats it is increased based on the A-model (Table 3).

The low contribution of the grazing factor in
the tested models (Table 2) may be associated with
the resistance of Fritillaria latifolia to trampling
by animals. This resistance is probably related to
the protected underground bulbs (Yamalov et al.,
2014) and the early vegetation season before cattle
moving to summer pastures (Taniya & Abramova,
2013). Moderate grazing may also positively affect
the species population parameters (bulb and seed
reproduction, population density) by reducing veg-
etation coverage and the level of interspecific com-
petition in the plant community (Thazaplizheva &
Chadaeva, 2012; Pshegusov et al., 2019).

The species mobility (area accessibility) was
15 km to optimal habitats (Table 2). Ecologically,
the area accessibility (the vastness of suitable sub-
alpine grasslands) explains the species dispersal
capacity on a 15-km scale. Biologically, the spe-
cies distribution ability is related to seed spread-
ing by wind and water. Despite the abundance of
geographical barriers in the mountains, this species

mobility resulted in an increase in the area of suit-
able and optimal habitats of Fritillaria latifolia in
the BAM-model.

Future species distribution against the back-
ground of climate changes. Climatic refugia

Fritillaria latifolia belongs to the psychro-
phytes, which prefer cold and wet habitats (Red
Data Book of the Chechen Republic, 2020). There-
fore, an increase in climate aridity (Fig. 4) is con-
sidered a major limiting factor for the species,
which is consistent with our results. The Central
Caucasus, with its humid continental climate, is
probably more resistant to climate changes than
the Western Caucasus, Western and Central Trans-
caucasia, and the western ridges of the Lesser Cau-
casus with the most humid climate. The main fu-
ture core ranges of the species were predicted in
the Central Caucasus under both worst-case and
optimistic socio-economic pathways (Electronic
Supplement 2: Fig. S2).

Species refugia (areas with a consistently high
probability of Fritillaria latifolia occurrence de-
spite climate change) by 2100 under the SSP1-2.6
scenario were projected in the highlands of the
Western and Central Caucasus (Fig. 5). The West-
ern Caucasus refugia are partly located within the
Caucasus State Nature Reserve and Teberda Na-
tional Park. The Central Caucasus refugia are lo-
cated within the Prielbrusye National Park. These
areas should be prioritised for the conservation of
Fritillaria latifolia populations in the Caucasus.
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Conclusions

For the first time using SDM, the influence
of abiotic, anthropogenic factors and area ac-
cessibility on the current and future distribution
of Fritillaria latifolia in the Caucasus was stud-
ied, and the territories prioritised for the species
conservation were identified. ENVIREM and
WorldClim2+GMTED2010 models of the Fritil-
laria latifolia ecological niche had good perfor-
mance indicators and were largely consistent with
the ecological and biological characteristics of
the species. However, the ENVIREM model was
more in line with the actual localisation of the
species and had no sampling bias problem. Ac-
cordingly, we used the ENVIREM set of variables
to construct BAM-models.

The main abiotic predictors of Fritillaria lati-
folia distribution in the Caucasus were Emberg-
er’s pluviothermic quotient and terrain roughness
index. The importance (percentage contribution)
of these predictors was also high in the BA-mod-
el, which considered distances to Protected Areas
and grasslands, and in the BAM-model, which in-
cluded an area accessibility factor. Optimal Fritil-
laria latifolia habitats occurred on nearly level to
intermediately rugged mountain slopes in humid
and perhumid climates no more than 0—1 km to
the Protected Areas, and the area accessibility of
the species was about 15 km. At present the po-
tential area of optimal habitats for the species is
3680 km? or 0.94% of the study area. Optimistic
models predicted a 1.6-fold decrease in the area
of optimal Fritillaria latifolia habitats by 2100,
while pessimistic models predicted a 122-fold de-
crease, respectively.

The results also confirmed our hypothesis
that distance to Protected Areas is one of the
key factors in the current and future distribu-
tion of Fritillaria latifolia. Species core ranges
are localised in the Western and Central Cauca-
sus, Western and Central Transcaucasia, and the
northwestern ridges of the Lesser Caucasus with-
in a network of Protected Areas covering most of
the highlands. Given the extensive tourism de-
velopment in the Caucasus, strict monitoring of
the environmental regime in these territories is
required. According to the optimistic models, re-
fugia with a consistently high probability of Frit-
illaria latifolia occurrence by 2080-2100 would
remain in the highlands of the Western and Cen-
tral Caucasus, including the Caucasus State Na-
ture Reserve and Teberda National Park. These
Protected Areas are a priority for the species con-
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servation in the Caucasus, and their identification
constitutes the practical importance of the study.
Future studies should be aimed at monitoring
of the condition of Fritillaria latifolia popula-
tions, searching for new species localities in the
predicted areas, as well as adjusting forecasts to
new climate change scenarios.
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MOIEJINPOBAHUE ITPOCTPAHCTBEHHOI'O PACITPOCTPAHEHUA
KABKA3CKOI'O DHIAEMMUWKA FRITILLARIA LATIFOLIA
HA ®OHE KJIMMATUYECKWX U3MEHEHUI
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CoBpeMeHHbIE U3MEHEHNUS KJIMMaTa, JIerpajanns MeCTOOONTaHHH, ITepeBBINac CKOTa, cOOp MOOETroB 1 JIyKOBHI]
TIPE/ICTABISIIOT CEPHE3HYIO YTPO3Y /IS PEIKOTO KaBKa3CcKoro suneMuka Fritillaria latifolia. VI3ydenne mumMuTH-
pyromux (pakTopoB M IMHAMHUKH apeasa BU/a B CBA3M C M3MEHEHNEM KJIMMara U POJIM 0C000 OXPaHSIEMBIX MPHU-
POAHBIX TEPPUTOPHUI B PACIPOCTPAHEHUH HEOOXOANMO sl pa3paboTKH d(PPEKTUBHOI CHCTEMBI COXPaHEHHS
BH/Ia B HacTosiIee BpeMs 1 B OynymieM. Llenssmu nanHoro uccinenoBanust obut: (1) onpenenuts Hanboee moj-
XOSIIMH Habop aOMOTHYECKHUX TPEIUKTOPOB ISl MOACINPOBAHUS JIOKaIu3auu Fritillaria latifolia, (2) dbop-
MaJIN30BaTh a0MOTHYECKHE M aHTPOINOTeHHBIC (PaKTOPHI B MOJIEISX MPOCTPAHCTBEHHOTO pactpeneneHus, (3)
CIPOTHO3MPOBATh BO3MOXKHBIC M3MEHEHNS apeajia Buaa Ha (poHE KIMMaTHUECKUX U3MEHEHUH, (4) BBISBUTH pe-
(yruyMmsbl ¢ TOCTOSIHHO BBICOKOHM BEPOSITHOCTBIO OOHApYKEHHS BHJIa, HECMOTPS Ha KIIMMAaTHIECKUE N3MECHEHHS.
MBsI ncnionp3oBany Maxent Jutst MOJICTUPOBAHHSI COBPEMEHHOTO M KJIMMaTOreHHOTO apeainos Fritillaria latifolia
¢ y4eToM aOMOTHYECKHX TEPEMEHHBIX M aHTPONOTEHHBIX MPEIUKTOPOB (PAacCTOSHHE 10 0C000 OXpaHSIEMbIX
MIPUPOJHBIX TEPPUTOPHH M MacTOWMI). PaccTosHUS 10 aHTPONOreHHONH MH(PACTPYKTYPHl PACCUUTHIBAIINCEH C
romolnbio rnokasaresst Path Distance, yunTsIBaroiero ropu3oHTaIbHOE PACCTOSHUE 10 TIPSIMOM, pacCTOsIHUE O
TIOBEPXHOCTHU U BEPTHKAIBHBIN (hakTop. JocTymHocTs TeppuTopun (movement factor) popmannzosanu uepes
paccTosiHie OT ONTHMAJILHBIX YYacTKOB (C ITOPOrOM HPHUTofHOCTH MecTooOuTanuii 0.8), Ha KOTOPBIX BEPOST-
HOCTh nosiBIIeHKs Buaa Obita Beime 0.5. Hanbonee BaXxHBIME a0MOTHYECKUME TIEPEMEHHBIMH B pacIipe/ieIeHIN
BUIOB OBUIH ITIOBHOTEpMHUUYECKHH K03 dunneHT Imbeprepa, ONTHMAIbHbIC 3HAYCHUST KOTOPOTO COOTBETCTBY-
10T BJIQXKHOMY U NEPryMUAHOMY KIMMAaTy, 1 WHJ/IEKC IIEPOXOBATOCTH penbeda ¢ ONTHMAIbHBIMU 3HAUCHUSIMH,
BapbUPYIOMIMMH OT 1o4TH poBHBIX (81-116) mo cpenne kpyThix (162-239) ckinonos. Paccrostane 10 ocobo
OXpaHAEMbIX PUPOAHBIX TeppuTopHui (0—1 KM) OBIIIO TPETHHM 3HAYMMBIM MIPEANKTOPOM COBPEMEHHOTO pac-
npoctpanenus Fritillaria latifolia, B To BpeMs Kak pacCTOSIHUE JI0 MTACTOMII HE BHECIIO 3HAYNTEIBHOTO BKIIAAA
B MOjIeNb. PaccTossHuE MPUTOAHBIX TEPPUTOPUI OT ONTHMAIBEHBIX MECTOOOUTAHUH (JIOCTYITHOCTD TEPPUTOPUH)
coctaBmio 15 kM. LleHTpBI COBpeMEHHOTO0 apealia BH/Ia JIOKaJIM30BaHbl Ha 3amagHoM u Llentpansnom Kaskase, B
3anagHoM U L{enTpansHoM 3akaBKasbe M Ha ceBepo-3amagHbIxX xpedrax Masoro KaBkasza B mpenenax ceTa 0co-
00 OXpaHSEeMBIX MPHPOAHBIX TEPPUTOPU, OXBATHIBAIOLICH OOJBINYIO YaCTh BBICOKOTOPHH. ONTHMUCTUYHBIN
knumaruueckuil cuenapuit SSP1-2.6 npornosuposain ¢ 2021 no 2100 rr. yMeHbIlIEHHE MUIOIAAH ONTUMAIBHBIX
JUT BUJIa MecTooOuTaHmid B 1.6 pa3a, meccuMucTHYHBIN crieHapuit SSP5-8.5 — B 122 paza. ConacHo KinMa-
tudeckuM Mozensam SSP1-2.6, k 2100 r. mnowmans pedyruymMoB coctaBuT 172.4 kM* B BBICOKOTOPHBIX padioHax
3amaHol M neHTpanbHOM vacteilt bombioro KaBkasza, Bkimouast Tepputopuu KaBka3zckoro rocy/1apcTBEeHHOTO
IpUpOIHOTO OMochepHoro 3anoBegHUKA U TeGepIMHCKOr0 HAIMOHAIBHOTO Mapka. DTH TEPPUTOPUH JTOJDKHBI
CTaTh MPUOPUTETHBIMH ISl COXpAHEHHsI NPUPOAHBIX noyisiuuid Fritillaria latifolia.

KuaroueBbie cioBa: Maxent, KiimMaTuieckue crieHapuu, kKoHemus Biotic-Abiotic-Movement, oco60 oxpans-
emasi IIPUPOIHAs TEPPUTOPHSL, PePYTHyMBbI
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