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Abstract 

Treeline birches (Betula spp.) represent a structurally and functionally important 

component of subalpine forests in the Caucasus, providing critical ecosystem services while 

facing increasing vulnerability under ongoing climate change. This dissertation applies 

ecological niche modeling using the Maximum Entropy (MaxEnt) approach to reconstruct 

and project habitat dynamics of subalpine birch forests across multiple temporal horizons, 

including the Last Glacial Maximum (LGM), the Mid-Holocene (MH), present climatic 

conditions and future projections for 2100 under three Shared Socioeconomic Pathways 

(SSP126, SSP370, SSP585), based on MIROC and CMCC-ESM2 climate models. Model 

performance was high (Area Under the Curve (AUC) > 0.97), indicating strong predictive 

capacity. Seasonal thermal variables such as the mean temperature of the warmest quarter 

(BIO10) and coldest quarter (BIO11) emerged as the dominant climatic controls, 

supplemented by precipitation of the warmest and coldest quarters (BIO18 and BIO19). 

Paleoclimatic reconstructions indicate confinement of birch habitats to refugial zones in 

Colchis and Hyrcania during the LGM, followed by expansion under wetter Mid-Holocene 

conditions. Present climatic suitability reflects a regional ecological optimum, characterized 

by relatively continuous treeline belts along the Greater Caucasus and fragmented 

distributions in the Lesser Caucasus. Future projections reveal pronounced emission-

dependent vulnerability: relative stability is maintained under SSP126, whereas SSP370 and 

SSP585 project severe habitat shrinkage exceeding 80 – 95%, with persistence restricted to 

isolated high-elevation refugia. These results support a long-term refugia – recolonization–

optimum – shrinkage trajectory and identify the Caucasus as both a historical refugial 

system and a climate-sensitive hotspot. The findings underline that warming may lead not 

to uniform upslope advance but to contraction and fragmentation of treeline ecosystems. 

Effective conservation and management strategies should therefore prioritize climatically 

stable refugial strongholds, maintain ecological connectivity and integrate climate-adaptive 

planning into high-mountain forest governance. 
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აბსტრაქტი 

ტყის ზედა საზღვრის არყნარები (Betula spp.) კავკასიის სუბალპური ტყეების 

სტრუქტურულად და ფუნქციურად მნიშვნელოვან კომპონენტს წარმოადგენენ. 

ისინი უზრუნველყოფენ კრიტიკულად პრიორიტეტულ ეკოსისტემურ სერვისებს 

და, ამავდროულად, კლიმატის მიმდინარე გლობალური ცვლილების პირობებში 

მზარდი მოწყვლადობით ხასიათდებიან. წინამდებარე სადისერტაციო ნაშრომში 

გამოყენებულია ეკოლოგიური ნიშის მოდელირება (MaxEnt) ალგორითმის 

საფუძველზე სხვადასხვა დროით ჰორიზონტში სუბალპური არყნარების 

ჰაბიტატის დინამიკის რეკონსტრუქციისა და პროექცირების მიზნით. კვლევა 

მოიცავს უკანასკნელი გამყინვარების მაქსიმუმს (LGM), შუა ჰოლოცენს (MH), 

თანამედროვე კლიმატურ პირობებსა და 2100 წლის საპროგნოზო სცენარებს სამი 

სოციო-ეკონომიკური პროგნოზის (SSP126, SSP370, SSP585) მიხედვით, MIROC და 

CMCC-ESM2 კლიმატური მოდელების გამოყენებით. მოდელის ეფექტიანობის 

მაჩვენებელი მაღალია (AUC > 0.97), რაც მის ძლიერ პროგნოზირებად უნარზე 

მიუთითებს. წამყვან კლიმატურ ფაქტორებად გამოიკვეთა სეზონური თერმული 

ცვლადები: ყველაზე თბილი (BIO10) და ყველაზე ცივი (BIO11) კვარტლების 

საშუალო ტემპერატურები, რასაც ავსებს ყველაზე თბილი და ცივი კვარტლების 

ნალექების მონაცემები (BIO18 და BIO19). პალეოკლიმატური რეკონსტრუქციები 

ცხადყოფს, რომ LGM-ის პერიოდში არყის ჰაბიტატები შემოფარგლული იყო 

კოლხეთისა და ჰირკანის რეფუგიალური ზონებით, რასაც მოჰყვა მათი ექსპანსია 

შუა ჰოლოცენის შედარებით თბილ და ნოტიო პირობებში. თანამედროვე 

კლიმატური შესაფერისობა ასახავს რეგიონულ ეკოლოგიურ ოპტიმუმს, რაც 

ხასიათდება ტყის ზედა საზღვრის უწყვეტი სარტყლებით დიდი კავკასიონის 

გასწვრივ და ფრაგმენტული გავრცელებით მცირე კავკასიონზე. სამომავლო 
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პროექციები ავლენს მკვეთრ, ემისიებზე დამოკიდებულ მოწყვლადობას: 

შედარებითი სტაბილურობა ნარჩუნდება მხოლოდ SSP126 სცენარით, მაშინ 

როდესაც SSP370 და SSP585 სცენარების პირობებში მოსალოდნელია ჰაბიტატის 

მკვეთრი შემცირება (80–95%-ით), სადაც სახეობის გადარჩენა მხოლოდ 

იზოლირებული მაღალმთიანი რეფუგიუმებით შემოიფარგლება. მიღებული 

შედეგები ამყარებს „რეფუგიუმი – რეკოლონიზაცია – ოპტიმუმი – შეკუმშვის“ 

ტრაექტორიას, რაც მიგვანიშნებს კავკასიის რეფუგიალურ მემკვიდრეობაზე და 

წარმოაჩენს, რომ რეგიონი, როგორც ბიომრავალფეროვნების ცხელი წერტილი, 

კვლიმატის ცვლილებების მიმართ მოწყვლადია. კვლევის მიგნებები ცხადყოფს, 

რომ დათბობამ შესაძლოა გამოიწვიოს არა ტყის საზღვრის ერთგვაროვანი აღმავალი 

გადანაცვლება, არამედ ტყის ზედა საზღვრის ეკოსისტემების შეკუმშვა და 

ფრაგმენტაცია. შესაბამისად, კონსერვაციისა და მართვის ეფექტურმა სტრატეგიებმა 

პრიორიტეტი უნდა მიანიჭოს კლიმატურად სტაბილურ რეფუგიალურ ზონებს, 

ეკოლოგიური კავშირების შენარჩუნებას და კლიმატთან ადაპტირებული 

დაგეგმარების ინტეგრირებას სუბალპური ტყეების მართვის პოლიტიკაში. 

ძირითადი საძიებო სიტყვები: ტყის ზედა საზღვრის სარტყელი, არყნარები, Betula 

spp., ეკოლოგიური ნიშის მოდელირება, MaxEnt, მთის ეკოსისტემები, კლიმატის 

ცვლილება, კლიმატური რეფუგიუმი, კავკასიის ეკორეგიონი. 
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Introduction  

In the Caucasus, the treeline belt is predominantly formed by subalpine birch forests (Betula 

spp.), which represent a distinctive ecological formation within the transitional zone 

between subalpine (treeline) forests and alpine grassland ecosystems (Dolukhanov 2010; 

Nakhutsrishvili 2000; 2013). These forests represent a structurally and functionally 

important component of high-mountain ecosystems, where climatic constraints strongly 

limit tree growth, regeneration and long-term persistence (Körner 2012). Subalpine birch 

forests play a crucial role in slope stabilization, regulation of hydrological processes, 

protection of freshwater resources and maintenance of biodiversity in upper hypsometric 

zones (Bebi, Kienast, and Schönenberger 2001; Fagre 2009; Price et al. 2011; Mina et al. 

2017). By creating habitat mosaics for alpine and subalpine species, they contribute 

significantly to maintaining the ecological integrity of mountain landscapes (Körner 2008; 

Smith et al. 2009). 

High-mountain subalpine birch forests, as treeline ecosystems, are particularly sensitive and 

vulnerable to both anthropogenic pressures and climate change due to their borderline 

position at the climatic limit of tree growth (Körner 2008; Larcher 2003; Nakhutsrishvili 

2013; Smith et al. 2009). During the 20th century, extensive logging and intensive grazing 

severely disrupted the structure and spatial continuity of subalpine birch forests across 

much of the Caucasus (Wiesmair et al. 2016; Rizayeva et al. 2025). As a result, their natural 

distribution area declined and in many regions, the upper forest limit was artificially 

lowered (Dolukhanov 1978). The legacy of historical land use remains visible today in 

fragmented forest belts, structurally impoverished stands and extensive secondary 

grasslands that were formerly forested. 

At the same time, an opposite trend has emerged in recent decades, namely, birch forests 

are expanding upward and colonizing higher elevations (Gottfried et al. 2012; Pauli et al. 

2012; Togonidze and Akhalkatsi 2015; Hansen et al. 2018). This process is often interpreted 

as a climate-driven advance of the treeline (Arekhi et al. 2018), consistent with the 

hypothesis that global warming shifts subalpine and alpine species upward along altitudinal 
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gradients (Gottfried et al. 2012; Pauli et al. 2012). Studies conducted in the Kazbegi region 

of the Central Caucasus also indicate ongoing natural reforestation in subalpine zones 

(Togonidze and Akhalkatsi 2015). 

Post-Soviet socio-economic transformations led to a decline in livestock numbers and 

abandonment of many high-mountain pastures, substantially reducing grazing pressure and 

initiating forest regeneration processes (Akhalkatsi et al. 2006; Hughes et al. 2009). 

Consequently, the upward expansion of birch forests reflects the combined effects of 

climate change and land-use transformation. Disentangling these drivers based solely on 

short-term observations is difficult, as the present pattern represents only a small segment 

of a long-term ecological trajectory characterized by repeated cycles of shrinkage and 

expansion driven by both natural climatic oscillations and human activity. Therefore, 

contemporary changes must be interpreted within a broader historical and ecological 

framework to properly assess the future dynamics and conservation needs of subalpine 

ecosystems. 

During the Pleistocene and Holocene, climatic fluctuations repeatedly reshaped the 

distribution of mountain forests in the Caucasus (Shatilova et al. 2011). Due to its complex 

topography, steep altitudinal gradients and proximity to the Black and Caspian Seas, the 

Caucasus is widely recognized as one of the principal glacial refugia for temperate 

vegetation (Tarkhnishvili, Gavashelishvili, and Mumladze 2012; Connor and Kvavadze 

2009). These conditions enabled forest taxa to persist locally during cold phases, while large 

parts of northern Eurasia remained unsuitable for forest development. As a result, the 

region today harbors both relict lineages and postglacial migrants, making it a natural 

laboratory for studying long-term vegetation responses to climatic oscillations. Subalpine 

birch forests represent an important component of this refugial system and likely 

experienced repeated cycles of contraction into climatically favorable microsites during 

cold phases and expansion during interglacials (Connor et al. 2004; Connor and Kvavadze 

2009). Thus, their present distribution reflects not only current climatic conditions but also 

historical range dynamics shaped by glacial–interglacial cycles. 
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From a theoretical perspective, the treeline represents an ecotonal system formed through 

the interaction of physiological limits, demographic processes and landscape-scale 

constraints. Classical theory emphasizes temperature as the principal control of tissue 

formation and rapid tree growth (Körner 2008; 2012). However, contemporary research 

highlights that treeline position and dynamics cannot be explained by temperature alone 

but rather result from the combined effects of climatic control, recruitment limitations, 

disturbance regimes, and biotic interactions (Myers-Smith et al. 2020; Shrestha, Gautam, 

and Bawa 2012; Andrus et al. 2021; Sigdel et al. 2024). Seedling establishment often depends 

on protective microhabitats that buffer against frost, wind and desiccation, while adult tree 

persistence depends on long-term carbon balance and resistance to hydraulic stress. 

Treeline ecotones are also characterized by temporal lags in response to climate change. 

Temperature thresholds are frequently incorporated into statistical models simulating 

treeline responses to climate warming (Xie et al. 2024). However, observed upward shifts 

in treeline elevation often lag behind the rate of climate warming by at least 50 years 

(Körner 2012; Rees et al. 2020; Hansson et al. 2023; Kullman 2022). Consequently, current 

treeline positionality may reflect historical climatic conditions more strongly than present 

climatic optima. This decoupling between climatic forcing and vegetation response suggests 

that treeline shifts should not be interpreted solely as direct indicators of ongoing climate 

change but rather evaluated within a long-term ecological context. Ecological niche 

modeling provides an effective analytical framework for addressing this complexity, as it 

allows the climatic component to be separated from non-climatic constraints and examined 

across multiple temporal horizons. 

Forest recovery following disturbance depends on several interacting factors. When 

anthropogenic pressure declines, agricultural lands are abandoned, grazing intensity 

decreases and climatic conditions shift, forests gain opportunities for natural regeneration 

(Satake et al. 2007). Evidence from Scandinavian countries shows that, under reduced 

grazing and logging pressure combined with contemporary climate change, birch forests 

expand gradually (Sonesson and Hoogesteger 1983; Kullman 2000, 2002). Improved climatic 

conditions have also been associated with faster birch growth and more developed crown 



4 

structures. Overall, birch forest structure and development are shaped by the combined 

influences of climate, human activity, grazing pressure and insect dynamics (Holtmeier 

2002; Oksanen et al. 1995). 

Similar regenerative processes have been observed in Georgia. In recent decades, birch 

regeneration on former pastures and hayfields has gradually led to the reforestation of 

mountain slopes. In some areas, regeneration have already reached heights of 3-4 meters 

(Nakhutsrishvili et al. 2004a,b; Nakhutsrishvili et al. 2006; Akhalkatsi et al. 2006; Hughes 

et al. 2009). This expansion is interpreted as natural regeneration driven by reduced grazing 

intensity (Körner et al. 2006) and global climate change (Nakhutsrishvili et al. 2004a,b; 

Akhalkatsi et al. 2006), or by the combined effects of both. 

Despite the ecological and biogeographical significance of subalpine birch forests, there is 

currently no integrated regional assessment that combines paleoclimatic reconstructions, 

present-day distributions and future climate projections within a unified analytical 

framework. Most existing studies are spatially localized and focus either on contemporary 

vegetation structure or short-term dynamics (Abdaladze et al. 2005; Akhalkatsi et al. 2018; 

Akhalkatsi et al. 2004, 2006; Hansen et al. 2018; Hughes et al. 2009; Nakhutsrishvili et al. 

2004a,b). This knowledge gap limits the ability to assess long-term niche dynamics, identify 

climatically stable refugial areas and predict large-scale shifts of birch forest belts. 

The aim of this dissertation is to reconstruct and project the spatial distribution and 

ecological niche dynamics of subalpine birch forests (Betula spp.) in the Caucasus from the 

Last Glacial Maximum to the end of the 21st century, in the context of ongoing global 

climate change. 

By integrating paleoclimatic reconstructions, present-day distribution data and future 

climate scenarios within an ecological niche modeling framework, this research seeks to: 

(1) Identify long-term climatic constraints shaping birch forest distribution; (2) Quantify 

temporal shifts in suitable habitat across glacial, interglacial, and projected future 

conditions; (3) Assess regional differentiation in ecological responses; and (4) Provide a 
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scientific basis for adaptive management and conservation planning in high-mountain 

ecosystems. 

Drawing on ecological niche theory, paleoclimatic reconstructions, and contemporary 

bioclimatic analyses, this dissertation advances the following hypotheses:  

H1. Projected climate change, particularly shifts in temperature regimes and moisture 

availability, will significantly alter the ecological niche and potential spatial 

distribution of subalpine birch forests in the Caucasus. 

H2. The effects of climate change will be spatially heterogeneous. Birch forests in 

Colchis, the Eastern Caucasus and the southern Caucasus (Samtskhe–Javakheti and 

northern Armenia) will exhibit regionally differentiated responses due to 

contrasting climatic regimes, topographic complexity and historical land-use 

legacies. 

H3. Even within a single ecoregion, structurally and compositionally similar subalpine 

birch forest ecosystems may respond differently to climatic shifts as a consequence 

of microclimatic buffering, local moisture balance, edaphic conditions and 

demographic inertia. Therefore, future distributional changes will not follow a 

uniform upward or latitudinal shift pattern. 

To test these hypotheses, the dissertation addresses the following questions: 

1) How did the ecological niche and spatial distribution of subalpine birch forests 

change from the Last Glacial Maximum through the mid-Holocene to the present, 

and which regions functioned as long-term climatic refugia? 

2) Which temperature and moisture-related variables most strongly determined birch 

forest distribution across different time periods, and how stable were these climatic 

constraints over time? 

3) To what extent do potential distribution areas derived from ecological niche 

models correspond to field observations, and where do discrepancies indicate 

dispersal limitations, disturbance effects, or historical legacies? 
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4) How do past and projected niche shifts differ among Colchis, the Eastern Caucasus, 

and the southern Caucasus, and what explains inter-regional contrasts in response 

magnitude and direction? 

5) How might climate scenarios for the end of the 21st century alter the ecological 

niche and spatial distribution of subalpine birch forests relative to their Pleistocene 

and Holocene ranges? Which areas are most likely to function as future climatic 

refugia or long-term conservation zones? 

This dissertation examines the long-term ecological niche dynamics and spatial distribution 

of subalpine treeline birches (Betula spp.) in the Caucasus through an integrated 

paleoclimatic – present – future modelling framework. The Literature Review establishes 

the taxonomic, phylogenetic and biogeographic background of the genus Betula and 

synthesizes the ecological significance, historical development and climate sensitivity of 

subalpine birch forests within the Caucasus refugial system. It further contextualizes 

regional climate change trends and contemporary treeline theory, emphasizing 

multidimensional climatic controls and niche conservatism. The Materials and Methods 

chapter describes the study area, the compilation of 165 verified occurrence records, the 

selection of ecologically relevant bioclimatic predictors (BIO10, BIO11, BIO18, BIO19) and 

the application of the Maximum Entropy (MaxEnt) modelling approach. The modelling 

framework integrates the Last Glacial Maximum, the Mid-Holocene, present climate and 

future projections for 2100 under three Shared Socioeconomic Pathways (SSP126, SSP370, 

SSP585) using MIROC, CCSM and CMCC-ESM2 climate models, allowing reconstruction 

of spatiotemporal habitat transitions. The Results demonstrate high model performance, 

identify seasonal temperature as the dominant climatic control, reveal LGM confinement 

to Colchic and Hyrcanian refugia, Holocene expansion and present-day climatic optimum, 

and project strong scenario-dependent future shrinkage and fragmentation under higher-

emission pathways. The Discussion interprets these findings within the broader framework 

of Quaternary biogeography and treeline ecology, highlighting a refugia – recolonization – 

optimum – shrinkage trajectory and challenging assumptions of uniform upslope advance 

under warming. The concluding chapter synthesizes the ecological implications of 
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emission-dependent vulnerability and formulates conservation and management 

recommendations focused on the protection of climatically stable refugial strongholds, 

maintenance of ecological connectivity and integration of climate-adaptive strategies into 

high-mountain forest governance across the Caucasus region.  

Literature Review 

Taxonomy, Phylogeny and Biogeography of the Genus Betula 

Birch species and birch forest communities (Betuleta) occur across the Arctic regions of the 

Northern Hemisphere, in high-mountain systems, subalpine forests and primary natural 

landscapes (Ashburner and McAllister 2013). Species of Betula are deciduous trees reaching 

up to 25 meters in height and only rarely exceeding 30 meters (Furlow 1990; Vakkari 2009). 

Numerous taxa are considered threatened and are included in the IUCN Red List, reflecting 

both their ecological vulnerability and ongoing taxonomic uncertainties (Ashburner and 

McAllister 2013; Shaw et al. 2014). 

The taxonomy of Betula remains complex and controversial. Since the 19th century, multiple 

classification systems have been proposed (Regel 1865; Winkler 1904; Hutchinson 1964; 

Furlow 1990; De Jong 1993; Skvortsov 2002). The number of recognized species varies 

considerably among authors, ranging from 35 to 100  (Ashburner 1980; Furlow 1990). 

Ashburner and McAllister (2013) recognize approximately 40-50 species, whereas the 

World Checklist lists 65 species (Royal Botanic Gardens Kew 2026). Additional taxa have 

been described in recent decades (Zeng et al. 2014; Zeng, Li, and Chen 2008; McAllister and 

Rushforth 2011), indicating that species delimitation remains unresolved. 

The principal causes of taxonomic complexity are frequent hybridization and pronounced 

morphological plasticity. Species boundaries are obscured by variation in growth form, bark 

coloration and leaf morphology, as well as by continuous interspecific gene flow (Williams 

and Arnold 2001; Thórsson, Salmela, and Anamthawat-Jónsson 2001; Palme et al. 2004; 

Nagamitsu, Kawahara, and Kanazashi 2006; Wang et al. 2016). Discrepancies between 

morphological and molecular classifications are largely the result of recurrent hybridization 
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occurring both within and between sections and subgenera (Dehond and Campbell 1987, 

1989; Dancik and Barnes 1972; Nagamitsu et al. 2006; Czernicka et al. 2014; Thomson et al. 

2015). 

Early classification systems differed substantially in their interpretation of infrageneric 

structure. Regel (1865) divided the genus into the subgenera Alnaster and Eubetula, 

whereas Winkler (1904) revised the system and reorganized sections and subsections. De 

Jong (1993) proposed five subgenera: Betula, Betulaster, Betulenta, Chamaebetula and 

Neurobetula. Based on North Asian material, Skvortsov (2002) recognized four subgenera 

and eight sections. The most recent revision by Ashburner and McAllister (2013) also 

recognizes four subgenera and eight sections, largely following Skvortsov’s (2002) system, 

though the rank and placement of certain groups were modified and Sinobetula was 

excluded due to insufficient evidence. 

Molecular studies of Betulaceae consistently demonstrate that Betula forms a sister clade to 

Alnus, while Carpinus, Corylus, Ostryopsis, and Ostrya constitute a separate clade 

(Bousquet, Strauss, and Li 1992; Chen, Manchester, and Sun 1999; Forest et al. 2005; Grimm 

and Renner 2013). Within Betula itself, however, phylogenetic reconstructions remain 

incomplete and are often based on limited sampling (Jarvinen et al. 2004; Li, Shoup, and 

Chen 2005; Nagamitsu, Kawahara, and Kanazashi 2006; Schenk et al. 2008). Some taxa have 

not yet been included in molecular analyses and the phylogenetic position of certain 

species, such as B. schmidtii, remains debated (Jarvinen et al. 2004; Li, Shoup, and Chen 

2005). 

Evolutionary evidence suggests that the subgenera Betulenta and Betulaster represent 

ancient lineages dating back to the Eocene (De Jong 1993). Molecular dating indicates that 

Betula diverged from other Betulaceae approximately 75 million years ago, with subsequent 

diversification during the Oligocene and Miocene (Bina et al. 2016). The subgenus Betula 

appears to be older than Neurobetula, contradicting the hypothesis proposed by Keinänen 

et al. (1999). 
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Overall, Betula represents an evolutionarily dynamic and taxonomically complex genus 

characterized by wide geographic distribution, strong ecological adaptability and reticulate 

evolution. These features make it an important model system for studying phylogeny, 

speciation processes and climate-driven distributional dynamics. 

Subalpine Birch Forests in the Caucasus: Ecological Significance, Historical Dynamics and 

Climate-Driven Transformations 

Birch forests (Betuleta) represent one of the most widespread formations of the subalpine 

forest belt in the Caucasus. Subalpine (upper treeline) forests develop on the humid and 

moist slopes of the Greater and Lesser Caucasus (Dolukhanov 1978; 2010; Nakhutsrishvili 

2013). Vegetation within this belt plays a crucial role in regulating natural processes, 

particularly hydrological regimes (Nakhutsrishvili 2000; 2013). Subalpine forests provide 

essential ecosystem services, including water regulation, soil protection, climate regulation, 

recreation and other important ecological functions (Körner 2008; Smith et al. 2009; Fagre 

2009; Price et al. 2011; Mina et al. 2017). 

The upper part of the subalpine belt in western Transcaucasia and the mountainous regions 

of northeastern Turkey (Rize and Artvin) are rich in relict and endemic dendrofloral 

elements. These areas are influenced by Mediterranean, Irano-Turanian, and Euro-Siberian 

floristic centers (Davis 1965; Olson and Dinerstein 2002; Eminağaoğlu and Anşin 2004; 

Eminağaoğlu et al. 2006). Of particular importance is the Colchic subalpine birch forest, 

characterized by a humid and mild climate. Endemic and relict birch species occur here, 

including Betula medwedewii and Betula megrelica (Dolukhanov 1980, 2010; Browicz 

1975; Eminagaoglu et al. 2006; Zazanashvili 1999; Nakhutsrishvili 2013; Ashburner and 

McAllister 2007, 2013; Shaw et al. 2014). The majority of tree and shrub species within the 

subalpine belt of the Caucasus are endemic to the Caucasus region and adjacent southern 

mountain systems (Dolukhanov 1980; Nakhutsrishvili 2000, 2013). Of the five birch species 

occurring in the Caucasus (Figure 1-4): Betula litwinowii Doluch., B. pendula Roth, B. 

medwediewii Regel, B. megrelica Sosn. and B. raddeana Trautv., four are regional endemics 

(Ashburner and McAllister 2013; Nakhutsrishvili 2013; Shaw et al. 2014). Betula megrelica 
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is a narrow local endemic of the southwestern (North Colchic) Caucasus, while B. 

medwedewii and B. raddeana are included in the Red List of Georgia; B. megrelca is 

classified as Endangered (EN) in the IUCN Red List. 

 
Figure 1. Betula litwinowii Doluch. in the subalpine belt of Kazbegi region, Georgia. Photograph by 
the author (2023). 
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Figure 2. Betula pendula Roth. in the subalpine belt of the  
Svaneti region, Georgia. Photograph by the author (2019). 

 
Figure 3. Betula medwediewii Regel. in the subalpine belt of Gubazeuli Valley, Bakhmaro, Georgia. 
Photograph by the author (2019). 
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Figure 4. Betula megrelica Sosn. in the subalpine belt of Egrisi ridge, Migaria, Georgia. Photograph 
by the author (2025). 

Regarding the origin of birch forests, Grossheim (1936, 1948) proposed that the 

“Mediterranean–Turgai flora,” which formed during the Arcto-Tertiary period, served as 

the foundation for many modern species considered Tertiary relicts, including Betula 

medwedewii. The presence of conservative relict taxa adapted to high-mountain conditions 

within the subalpine dendroflora suggests an ancient origin for subalpine birch forests 

(Dolukhanov 1980). Within the Caucasus ecoregion, the southern distribution limit of birch 

forests extends into northern Iran, including small fragmented areas within the Hyrcanian 

forests (Bina et al. 2018). Betula pendula was previously recorded in the local flora (Browicz 

1971, 1982) and is considered an ancient species in Iran, with ancestral origins linked to the 

Pliocene (Bina et al. 2018). Betula litwinowii represents a more recent record in the flora of 

Iran and occurs in the Hyrcanian forests on the northern slopes of the Elburz Mountains, 

in contrast to B. pendula, which is primarily found on southern slopes (Zare et al. 2010). 

Palynological studies indicate that birch pollen grains are already recorded during cooling 

phases of the Pliocene (Palibin 1930; Mchedlishvili 1954; Shatilova et al. 2007; Shatilova et 
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al. 2011). During the Pleistocene and early–middle Holocene, the proportion of birch pollen 

increases in sediment records (Margalitadze 1970; Margalitadze and Ramishvili 1972; 

Margalitadze 1977, 1985, 1995; Kvavadze and Rukhadze 1989; Connor et al. 2004; Connor 

and Kvavadze 2008). At the beginning of the Holocene (approximately 10 - 12 thousand 

years ago), when the climate remained relatively cold and glaciers were retreating, birch 

forests dominated by Betula litwinowii and B. pendula became widely distributed in 

Georgia (Margalitadze 1970, 1995; Kvachakidze 2010; Shatilova et al. 2011). These data 

demonstrate that subalpine birch forests of the Caucasus represent primary natural 

ecosystems composed of relict and endemic species, thereby increasing their ecological and 

conservation significance (Thompson et al. 2009). 

In the Caucasus, treeline birch stands consist of several Betula species, primarily composed 

by Betula litwinowii Doluch., with co-occurrence of Betula pendula Roth, B. medwedewii 

Regel, B. megrelica Sosn., and B. raddeana Trautv. (Ashburner and McAllister 2013; 

Nakhutsrishvili 2013; Shaw et al. 2014). Subalpine birch forests are widely distributed 

throughout the Greater Caucasus and across much of the Lesser Caucasus (Dolukhanov 

1978, 2010; Nakhutsrishvili 2013). Due to their high-elevation distribution, they are 

particularly sensitive to both anthropogenic and natural stressors. During the Soviet period, 

stands of Betula litwinowii were significantly degraded due to intensive logging and 

overgrazing (Wiesmair et al. 2016; Rizayeva et al. 2025), resulting in habitat reduction and 

a downward shift of the upper forest limit (Dolukhanov 1978). Timber extraction, road 

construction, excessive grazing and the development of mountain ski resorts negatively 

affected high-mountain biodiversity (Thannheiser et al. 2005). Consequently, the area of 

birch forests in Georgia declined (Nakhutsrishvili et al. 2004a,b). 

In recent decades, an opposite trend has been observed: birch species are recolonizing 

higher elevations, likely associated with climatic warming and reduced grazing pressure 

(Gottfried et al. 2012; Pauli et al. 2012; Togonidze and Akhalkatsi 2015; Hansen et al. 2018). 

Similar upward shifts have been documented in Turkey (Arekhi et al. 2018), on the Iranian 

Plateau (Shamsabad et al. 2018), and in the Pontic Mountains (Kurt et al. 2015). European 

studies indicate that post-disturbance regeneration is determined by reduced anthropogenic 
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pressure, land-use change and climatic effects (Satake et al. 2007). Data from Scandinavia 

also demonstrate birch forest expansion associated with reduced grazing and logging, 

together with climate change (Sonesson and Hoogesteger 1983; Kullman 2000, 2002). 

The dynamics of subalpine birch forests in the Caucasus reflect the combined influence of 

historical land use, contemporary climate change and socio-economic pressures. While past 

anthropogenic impacts led to degradation, recent warming and reduced grazing have 

activated processes of natural regeneration and upward expansion. 

Recent Trends in Climate Change and Temperature Extremes in the Caucasus Region 

Since the 1960s, climate change in the Caucasus, particularly in Georgia, has demonstrated 

by an increase in mean temperatures and a higher frequency of extreme thermal events 

(Keggenhoff et al. 2014, 2015). Climate extremes are defined as values that exceed 

historically recorded upper or lower limits (IPCC 2012) and it is widely recognized that 

anthropogenic warming has substantially altered the intensity and duration of such events 

(IPCC 2007). 

Although global mean surface temperature increased by 0.85°C between 1880 and 2012 

(IPCC, 2013), extreme events often respond more sensitively, exhibiting sharper variability 

and accelerated trends (Katz and Brown 1992; Easterling et al. 1997, 2000; Kunkel et al. 

1999; New et al. 2006; Aguilar et al. 2009). Various studies systematically link global 

warming to changes in temperature extremes (Peterson et al. 2002; Griffiths et al. 2005; 

Zhang et al. 2005; Haylock et al. 2006; Klein et al. 2006; Moberg and Jones 2005). In Georgia, 

these changes are reflected in the increased vulnerability of both mountainous and lowland 

ecosystems (MOE 2009; IPCC 2012). 

Analysis of homogenized daily temperature data for 1961-2010 reveals statistically 

significant warming trends in both annual and seasonal mean values across the Caucasus 

region (Keggenhoff et al. 2015). This warming has accelerated in recent decades: between 

1981 and 2010, annual minimum temperatures increased by 0.39°C per decade, while 

annual maximum temperatures rose by 0.47°C per decade. Notably, summer maximum 

temperatures increased by 0.84°C per decade, which is almost twice the rate of the annual 
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mean increase. Autumn seasons also show a pronounced rise in warm nights and warm days 

(Elizbarashvili et al. 2012, 2013). When extreme heat events increase more rapidly than 

cold extremes, this indicates greater temperature variability, particularly in the eastern and 

southern lowlands of the region. Whereas long-term data for 1906-1995 exhibited regional 

heterogeneity and even slight cooling in western Georgia, recent decades reveal a uniform 

warming signal across the country (Elizbarashvili et al. 2007, 2009a). 

The physical consequences of warming are widely observed in the Caucasus region. 

Between 1986 and 2014, Caucasian glaciers decreased by an average of 0.69% annually 

(Tielidze and Wheate 2018) and significant reductions in snow cover have been 

documented in both the Greater Caucasus and the Zagros Mountains (Notarnicola 2020). 

Although the rate of warming in the Caucasus is lower than in the Pontic or Arabian 

mountain ranges, it remains sufficient to drive ecological changes, including upward species 

migration and increased biodiversity in high-mountain zones (Donat et al. 2014; Elumeeva 

et al. 2013; Gigauri et al. 2013). In particular, subalpine birch forests (mainly composed of 

Betula litwinowii) are expanding toward higher elevations due to the combined effects of 

climate warming and land-use change (Akatov 2009; Hansen et al. 2018), mirroring similar 

trends in the Iranian Plateau and the Pontic Mountains (Kurt et al. 2015; Shamsabad et al. 

2018). 

Possible ecological perspectives of climate change in the high mountains of Georgia and 

some trends of expected vegetation transformation, including changes in vertical zonation 

of vegetation and the structure of natural ecosystems, xerophytization, etc., are analyzed in 

various studies and national reports (Nakhutsrishvili et al. 1999a,b; Gigauri et al. 2013, 2016; 

Georgia’s Second, Third, and Fourth National Communications to the UNFCCC 2009, 2016, 

2021). However, data limitations remain a significant challenge. Following the end of the 

Soviet Union, the number of meteorological stations declined sharply, creating spatial gaps 

and metadata inconsistencies (Elizbarashvili et al. 2013). Thus, future research should 

strengthen monitoring networks and link temperature extreme indices with large-scale 

atmospheric circulation patterns to better assess the ecological impacts of intensifying heat 

extremes on various terrestrial ecosystems. 
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Climate Change and Treeline Forest Responses in Mountain Ecosystems 

Under conditions of global climate change, shifts in species distribution boundaries are 

driven by interactions between thermal and other ecological niche axes. Climate change 

causes significant alterations in vegetation cover (Myers-Smith et al. 2020), the structural 

composition of plant communities (Steinbauer et al. 2018) and the geographical limits of 

species distributions (Grytnes et al. 2014). Under conditions of climatic variability and 

human pressure, species ranges may expand or shrink (Roces-Díaz et al. 2018; Scheffers et 

al. 2016). Predictive models indicate that mountain regions are among the most vulnerable 

ecosystems prone to climate change (Halloy and Mark 2003; Thuiller et al. 2005). High-

mountain plants are particularly at risk, as they may lose a large proportion of their 

potentially suitable habitats by the end of the 21st century, especially when temperature 

increases are accompanied by declining precipitation (Engler et al. 2011; Tovar et al. 2013; 

Van De Ven et al. 2007). 

Global climate change is characterized not only by rising temperatures but also by shifts in 

precipitation regimes, nitrogen deposition and other environmental factors (IPCC 2023). 

These environmental changes may either facilitate or constrain species range shifts, 

depending on interactions among multiple dimensions of the ecological niche (Sanczuk et 

al. 2024). For example, along the moisture-related niche axis, some forest boundaries are 

simultaneously constrained by temperature and soil moisture; therefore, warming alone 

does not automatically enhance growth and recruitment, which contributes to the relative 

stability of the treeline belt (Moyes et al. 2015; Elliott et al. 2021). Similarly, if nutrient 

availability in newly suitable areas does not meet the requirements of particular species, 

expansion driven by warming may be limited (Hagedorn et al. 2019). 

Rising temperatures are often accompanied by increased soil water evaporation, intensified 

droughts and accelerated photosynthesis. Under such conditions, spring drought stress that 

arises from the combined effects of water deficit and heat, negatively affects tree growth 

and survival (Liu et al. 2013; Wu et al. 2013). Empirical studies show that drought stress 

intensifies under high-temperature conditions (Xu et al. 2013; Bailey et al. 2021). These 
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findings underline the importance of hydrothermal interactions in regulating treeline 

dynamics. 

The contrasting relationships between spring and summer temperatures and treeline 

elevation further indicate that interactions between temperature and moisture are key 

predictive factors in alpine regions. Evidence supporting this interpretation demonstrates 

the combined influence of temperature and moisture on seedling establishment in treeline 

ecotones (Moyes et al. 2015; Bailey et al. 2021). Hydrothermal interactions may also 

influence seedling spatial distribution and competitive dynamics within ecotones, 

ultimately determining treeline position and structure (Sigdel et al. 2020; Bader et al. 2021). 

Early observations since the 1850s highlighted the dominant role of temperature in 

determining vegetation distribution limits. At that time, the idea emerged that plant 

distribution in mountain ecosystems, in particular, the treeline belt, was closely linked to 

climatic conditions. Later, in the 1930s, research focused on physiological and ecological 

mechanisms underlying temperature effects on treeline formation and stability 

(Tranquillini 1979; Holtmeier and Broll 2020). Global data indicate that the treeline is 

typically associated with a mean growing-season soil temperature threshold of 

approximately 6.4°C (Körner and Paulsen 2004; Shi et al. 2008). Accordingly, temperature 

is considered a primary determinant of treeline elevation (Jobbágy and Jackson 2000; 

Körner 2012), as primary and secondary growth processes at high elevations are directly 

dependent on thermal conditions. However, despite the dominant role of temperature, 

additional climatic factors can modulate this relationship. For instance, in monsoon-

influenced regions, simultaneous increases in summer precipitation and temperature may 

enhance photosynthetic activity in temperature-limited ecosystems. Such conditions 

facilitate carbohydrate accumulation, biomass growth and plant survival, therefore 

influencing treeline dynamics (Jiang et al. 2017). 

Solar radiation also plays an important role. A moderate but statistically significant positive 

correlation (P < 0.05) between treeline elevation and relative radiation index indicates that 

treelines tend to occur at higher elevations on sunnier slopes. Sunlight exposition influences 

not only tree growth but also the spatial structure and age distribution of treeline 



18 

ecosystems (Elliott and Kipfmueller 2010). Beyond its central role in photosynthesis (Bansal 

and Germino 2009), light acts as an environmental signal regulating seed germination and 

phenological rhythms (Willis et al. 2014) and improves microhabitat thermal conditions on 

sun-exposed mountain slopes (Körner 1999). 

Despite global warming, more than one-third of treeline ecosystems worldwide have not 

shifted upward (Harsch et al. 2009; Hansson et al. 2021). The Himalayas, which are the 

home to some of the highest and most diverse treeline systems, represent a global hotspot 

for treeline research under climate change. Studies indicate that treeline advance in the 

central Himalayas is constrained by pre-monsoon drought (Liang et al. 2014). Similarly, no 

consistent upward trend has been observed in the southeastern Tibetan Plateau and eastern 

Himalayan regions, as seedling establishment above the treeline remains limited (Shen et 

al. 2018). 

Additionally, snow cover exerts the following complex effects: on one hand, it protects 

plants from early frost and excessive solar radiation (Shen et al. 2017), while meltwater 

reduces spring drought stress (Körner 2012; Li et al. 2021). On the other hand, prolonged 

snow cover may increase the risk of fungal infections in seedlings (Senn 1999) and shorten 

the growing season (Wipf and Rixen 2010). In high-mountain environments, growing-

season length is a critical limiting factor, directly influencing biomass accumulation and 

resilience to environmental stress. 

The evidence reviewed above demonstrates that treeline ecotone responses to climate 

change cannot be explained by temperature alone. They result from interactions among 

multiple niche dimensions, including temperature, moisture, nutrient availability, radiation 

and snow dynamics, that operate across spatial and temporal scales. Understanding this 

multidimensional control is essential for accurate predictions of future treeline dynamics 

under global environmental change. 
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Materials and Methods 

Study Area 

The study area encompasses the Caucasus Ecoregion, covering approximately 580,000 km² 

across Armenia, Azerbaĳan, and Georgia (South Caucasus), as well as parts of northeastern 

Turkey (Transcaucasia), the northern slopes of the Greater Caucasus within the Russian 

Federation (Ciscaucasia) and northwestern Iran (Figure 5).  

 
Figure 5. Physical map of the Caucasus ecoregion. (Source: Kurtubadze, M. (2008). The Caucasus 
ecoregion, Physical map. GRID-Arendal. Available at: https://www.grida.no/resources/7902/) 

The region is internationally recognized as one of the world’s most significant biodiversity 

centers. It is designated as a global Biodiversity Hotspot by Conservation International 

(Mittermeier et al. 2004; Conservation International 2025) and listed among WWF’s Global 

https://www.grida.no/resources/7902/
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200 priority ecoregions (Olson and Dinerstein 2002), reflecting the coexistence of 

exceptional species richness and high levels of anthropogenic threat (Zazanashvili et al. 

2012, 2020). As part of the broader Greater Black Sea region, the Caucasus has also been 

identified among WWF’s Priority Places of global conservation importance (WWF 2008).   

Geologically, the Caucasus Isthmus forms part of the extensive Alpine–Himalayan orogenic 

belt that stretches from the Pyrenees and Atlas Mountains in the west to Southeast Asia in 

the east (Maruashvili 1975). The region is characterized by pronounced geomorphological 

complexity and sharp elevational gradients. Its major physiographic units include the 

Greater Caucasus Range forming the northern mountainous barrier, the South Caucasian 

Depression extending from the Colchic lowlands along the Black Sea to the Absheron 

Peninsula on the Caspian Sea, the Lesser Caucasus Mountain Chain and the South Caucasian 

Uplands encompassing portions of the Armenian and Iranian highlands (Maruashvili 1975, 

1981). Relief diversity is reflected in tectonic, erosional, volcanic, glacial and karst 

landforms. Glaciers are concentrated primarily in the Greater Caucasus, historically 

numbering over 2,000 and covering approximately 1,450 km², although substantial retreat 

has occurred during recent decades (Tielidze et al. 2023). This extreme topographic 

heterogeneity creates strong microclimatic gradients that play a fundamental role in 

structuring vegetation belts and species distributions. 

Climatically, the Caucasus exhibits pronounced west-east and altitudinal gradients. Mean 

annual precipitation exceeds 2,000 mm along the southwestern Black Sea coast and can 

reach up to 4,500 mm in parts of the Colchic region, whereas southeastern Caspian lowlands 

receive less than 200 mm annually (Zazanashvili et al. 2000). Mean annual temperatures in 

coastal sectors of the Southern Caucasus approximate 15°C, declining with increasing 

continentality, latitude, and altitude. This climatic variability underpins the coexistence of 

humid temperate rainforests, xeric continental landscapes, subalpine forests, alpine systems 

and semi-arid environments within relatively short spatial distances. The combination of 

topographic isolation and climatic buffering has allowed the region to function as a long-

term refugium during Quaternary climatic oscillations. 
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Biogeographically, the Caucasus is considered one of the most biologically rich temperate 

regions globally (Mittermeier et al. 2004; Zazanashvili et al. 2012, 2020). The largest natural 

forest complexes belong to the Caucasus–Anatolia–Hyrcanian temperate rainforest belt 

(Zazanashvili and Mallon 2009). These forest systems harbor a high proportion of endemic 

and relict plant taxa, many of which occur as dominants or co-dominants in subalpine 

communities, particularly in western Georgia and adjacent areas (Bohn et al. 2003; 

Nakhutsrishvili 2013; Williams et al. 2006; Zazanashvili 1999). The refugial character of the 

region has facilitated the persistence of Tertiary relicts and promoted speciation processes 

under conditions of geographic and ecological isolation. 

Within this complex environmental framework, subalpine forest belts occupy upper 

montane elevations of both the Greater and Lesser Caucasus. These forests form transitional 

ecotones between closed montane forests and alpine grasslands and play critical roles in 

slope stabilization, hydrological regulation, carbon sequestration, and biodiversity 

maintenance (Nakhutsrishvili 2013; Mina et al. 2017 ). Their spatial configuration reflects 

the interaction of climatic gradients, geological history and long-term human land use.  

Data Collection and Sampling Design 

In order to ensure spatial representativeness of subalpine birch forest distribution across the 

Caucasus Ecoregion, six regional study areas were selected to capture the major 

biogeographic, climatic and physiographic gradients of the region. These included the 

eastern Greater Caucasus (Lagodekhi), the central Greater Caucasus (Kazbegi), the southern 

Lesser Caucasus (Samtskhe-Javakheti), northern Armenia and the subalpine zones of 

Samegrelo, Upper Svaneti and Adjara. These areas collectively represent humid western 

sectors, continental eastern slopes and transitional southern mountain systems, thereby 

encompassing the full environmental scale within which subalpine birch forests occur. 

Prior to field investigations, a comprehensive review of scientific literature was conducted 

alongside an analysis of historical forest stand plans and national forest inventory maps of 

Georgia (1980-1992; 2003-2005). These materials included forest formation polygon maps, 

allowing the preliminary delineation of potential birch forest areas. This preparatory phase 



22 

provided a spatial framework for identifying priority sampling zones and ensured that 

subsequent fieldwork targeted both core and marginal distribution areas. 

Field data collection was carried out through systematic expeditions across the selected 

regions from 2019-2022. In total, 105 field plots were established and investigated. Plots 

were selected randomly within identified birch formation polygons to reduce sampling bias, 

while maintaining a minimum distance of 1 km between plots to minimize spatial 

autocorrelation and ensure statistical independence of observations. Each sampling unit 

consisted of a permanent square plot measuring 20 × 20 m (400 m²). 

For each plot, geographic coordinates were recorded using GPS devices with an accuracy of 

approximately 3m. In addition, environmental and structural variables were documented, 

including slope inclination, exposition (aspect), elevation above sea level and dominant tree 

species and forest type (formation) composition. This standardized protocol ensured 

comparability across regions and provided environmental descriptors necessary for 

subsequent ecological niche modeling. 

To strengthen the spatial and environmental coverage of the dataset, field observations were 

supplemented with presence-only occurrence records from multiple independent sources. 

National Forest Inventory (NFI) data collected between 2019 and 2021 were incorporated 

(MEPA 2023), contributing 26 verified records. For the northern Caucasus and areas beyond 

direct field accessibility, additional occurrence data were obtained from the Global 

Biodiversity Information Facility (GBIF.org 2021). An initial set of 78 GBIF records was 

downloaded and subjected to manual quality control. Occurrences located in urban green 

spaces, parks, botanical gardens, museums, institutional collections and other non-natural 

locations were excluded to avoid artificial or cultivated records. After filtering, 26 high-

confidence records were retained. Furthermore, 8 georeferenced records were obtained 

from the herbarium collection of the Botanical Institute at Ilia State University. 

In total, the compiled dataset consisted of 165 occurrence records: 105 from field 

expeditions, 26 from the National Forest Inventory, 26 from the filtered GBIF dataset and 8 

from herbarium materials (Figure 6). The integration of primary field data with verified 



23 

secondary occurrence datasets allowed for enhanced spatial coverage across the Caucasus 

while maintaining data reliability. This combined sampling framework ensured adequate 

representation of both western humid and eastern continental sectors, as well as altitudinal 

and ecological gradients relevant to subalpine birch forest distribution.  

 

Figure 6. Spatial distribution of Betula spp. occurrence records within the Caucasus Ecoregion. Blue 
circles indicate verified presence locations (n = 165) compiled from field expeditions, National Forest 
Inventory data (2019–2021), GBIF records and herbarium collections, that are used for ecological 
niche model calibration and validation. The background layer represents regional topography, with 
elevation visualized as a gradient from lowland areas (green) to high mountain zones (brown to 
white). 

Climatic Predictors and Variable Selection 

To characterize the climatic constraints shaping the distribution of subalpine birch forests 

across the Caucasus Ecoregion, we used high-resolution bioclimatic predictors derived from 

the WorldClim 2.1 database (Fick and Hĳmans 2017). All climatic layers were obtained at 

30 arc-second spatial resolution (~1 km²), ensuring compatibility with the spatial resolution 
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of the occurrence dataset and minimizing scale-related inconsistencies between 

environmental predictors and presence records. 

Selection of appropriate predictor variables represents a critical step in species distribution 

modelling, as multicollinearity among environmental variables can inflate model 

performance metrics and obscure ecological interpretation (Elith and Leathwick 2009; 

Warren et al. 2010). Initially, all 19 standard bioclimatic variables available in the 

WorldClim dataset were downloaded and examined (Table 1). To reduce redundancy and 

avoid overparameterization, pairwise Pearson correlation coefficients were calculated, 

applying a threshold of -0.7 < r < 0.7 (Warren et al. 2010) (Figure 7). This filtering step 

supported the selection of quarterly temperature and precipitation variables (BIO10, BIO11, 

BIO18, BIO19), which showed acceptable levels of intercorrelation and strong ecological 

interpretability. 

Table 1. WorldClim 2.1 bioclimatic variables used in this study. All 19 predictors were initially 
evaluated, and the four quarterly variables selected for the final model (BIO10, BIO11, BIO18, 
BIO19) are highlighted and in bold. 

Code Variable Name Description 

Used 
in 

Final 
Model 

BIO1 Annual Mean Temperature Mean annual temperature No 

BIO2 Mean Diurnal Range 
Mean of monthly (max temp − min 
temp) 

No 

BIO3 Isothermality (BIO2 / BIO7) × 100 No 

BIO4 Temperature Seasonality 
Standard deviation of monthly 
temperature ×100 

No 

BIO5 
Max Temperature of Warmest 
Month 

Maximum temperature of the warmest 
month 

No 

BIO6 Min Temperature of Coldest Month 
Minimum temperature of the coldest 
month 

No 

BIO7 Temperature Annual Range BIO5 − BIO6 No 

BIO8 
Mean Temperature of Wettest 
Quarter 

Mean temperature during the wettest 
quarter 

No 

BIO9 Mean Temperature of Driest Quarter 
Mean temperature during the driest 
quarter 

No 
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Code Variable Name Description 

Used 
in 

Final 
Model 

BIO10 
Mean Temperature of Warmest 
Quarter 

Mean temperature of the warmest 
quarter 

Yes 

BIO11 
Mean Temperature of Coldest 
Quarter 

Mean temperature of the coldest 
quarter 

Yes 

BIO12 Annual Precipitation Total annual precipitation No 

BIO13 Precipitation of Wettest Month 
Total precipitation of the wettest 
month 

No 

BIO14 Precipitation of Driest Month Total precipitation of driest month No 

BIO15 Precipitation Seasonality 
Coefficient of variation of monthly 
precipitation 

No 

BIO16 Precipitation of Wettest Quarter 
Total precipitation of the wettest 
quarter 

No 

BIO17 Precipitation of Driest Quarter Total precipitation of the driest quarter No 

BIO18 Precipitation of Warmest Quarter 
Total precipitation of the warmest 
quarter 

Yes 

BIO19 Precipitation of Coldest Quarter 
Total precipitation of the coldest 
quarter 

Yes 
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Figure 7. Pearson correlation matrix of the 19 WorldClim bioclimatic variables (BIO1–BIO19). 
Color gradients indicate the strength and direction of pairwise correlations. Highly correlated 
variables were excluded to minimize multicollinearity prior to model construction. 

From the subset of eight variables retained after correlation filtering, four quarterly 

bioclimatic variables were selected based on ecological relevance to treeline dynamics and 

interpretability in a high-mountain context. These included two temperature-related 

variables: BIO10 (Mean Temperature of Warmest Quarter) and BIO11 (Mean Temperature 

of Coldest Quarter), and two precipitation-related variables: BIO18 (Precipitation of 

Warmest Quarter) and BIO19 (Precipitation of Coldest Quarter). 

These quarterly variables were chosen because they directly reflect seasonal thermal and 

moisture constraints that regulate growth, seasonal survival and recruitment processes in 

subalpine treeline ecosystems. Temperature during the warmest quarter governs primary 

productivity and cambial activity, while cold-quarter temperature influences overwinter 

survival and frost tolerance. Similarly, precipitation during the warmest and coldest 
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quarters captures seasonal moisture availability and winter snow-related hydrological 

inputs, both of which are critical for treeline forest persistence. 

Ecotopological variables, including elevation and aspect, were tested in multiple 

combinations with the selected bioclimatic predictors. However, their inclusion did not 

improve the explanatory strength or ecological plausibility of predicted birch distributions. 

Because elevation is strongly correlated with temperature gradients and may artificially 

constrain projections across temporal scenarios, its inclusion risked introducing redundant 

or circular predictors. Aspect similarly showed limited additional explanatory power 

beyond the selected climatic variables. Consequently, both elevation and aspect were 

excluded from the final predictor set, and the analysis relied exclusively on the four selected 

bioclimatic variables. 

The final predictor set thus consisted of BIO10, BIO11, BIO18 and BIO19. This combination 

minimized multicollinearity while preserving ecologically meaningful gradients relevant to 

subalpine birch forests. The selected variables have previously demonstrated strong 

predictive capacity for birch habitats in the Caucasus (Akobia et al. 2022) and for other 

deciduous forest systems in the region (Metreveli et al. 2023, 2025), supporting their 

robustness and ecological validity. 

Ecological Niche Modelling and Model Evaluation 

Ecological niche modelling was performed using the Maximum Entropy (MaxEnt) 

algorithm (Phillips et al., 2006; version 3.3.3k), a widely applied method for presence-only 

data that estimates the probability distribution of maximum entropy constrained by 

environmental predictors (Elith et al., 2011). One occurrence record per pixel was retained 

to match the 1-km spatial resolution of climatic layers. Climatic data processing was 

conducted in QGIS Desktop 3.4.5 “Madeira” (QGIS Development Team 2019), and 

statistical analyses were performed in R (R Core Team 2018). 

Models were run with a maximum of 2,500 iterations, allowing quadratic and hinge feature 

classes, while retaining default convergence thresholds and regularization settings (Phillips 

and Dudík 2008; Merow et al. 2013; Kuemmerle et al. 2020). The dataset was randomly 
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partitioned, with 75% of occurrence records used for training and 25% reserved for testing. 

A total of 10,120 background points were sampled across the study area to characterize 

environmental availability. 

Model performance was evaluated using the Receiver Operating Characteristic (ROC) curve 

and the Area Under the Curve (AUC), complemented by Training Sensitivity plus 

Specificity. The models demonstrated very high predictive performance (AUC consistently 

> 0.971), indicating strong discriminatory capacity. Variable importance was assessed 

through percent contribution, permutation importance, and jackknife tests (Phillips et al. 

2006). 

The modelling framework enabled integration of multiple climatic time slices, including 

paleoclimatic conditions (Last Glacial Maximum and Mid-Holocene), present climate and 

future emission scenarios (SSP126, SSP370, SSP585). This unified modelling approach 

allowed reconstruction of a refugia-expansion-optimum-shrinkage trajectory for Caucasian 

birch forests, highlighting both the sensitivity of treeline systems to climatic shifts and their 

dependence on emission pathways.  

For model calibration, the occurrence dataset was expanded from the original 160 records 

(reported in Akobia et al. (2022)) to 165 records following additional field validation and 

quality control. All records were subjected to spatial thinning at a minimum distance of 1 

km to reduce sampling bias and spatial autocorrelation, consistent with the spatial 

resolution of the WorldClim layers (30 arc-seconds, ~1 km²). 

To evaluate the effect of dataset expansion, models constructed with 165 records were 

compared to those based on the original 160 records. The comparison revealed no 

substantive differences in predictive performance (AUC = 0.971 vs. 0.970; Training 

Sensitivity plus Specificity = 0.148 vs. 0.122), nor in the ranking of predictor importance. In 

both cases, BIO10 (Mean Temperature of Warmest Quarter) and BIO11 (Mean Temperature 

of Coldest Quarter) remained the dominant predictors, while BIO18 and BIO19 contributed 

secondary but consistent effects. These results indicate that the ecological signal is robust 

to minor changes in sample size, consistent with previous studies demonstrating that 
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MaxEnt models stabilize once a minimum occurrence threshold is exceeded (Hernandez et 

al. 2006; Pearson et al. 2007; Wisz et al. 2008). Therefore, the 165-record dataset was 

retained for all primary analyses. 

All 165 occurrence points were used in conjunction with the selected bioclimatic predictors 

(BIO10, BIO11, BIO18, BIO19) to construct the ecological niche models. The treeline belt 

of the Caucasus region is composed of several birch taxa, with Betula litwinowii Doluch. 

being the dominant and most widespread species. In this study, modelling was conducted 

at the habitat level (birch-dominated subalpine treeline forests) rather than at the scale of 

individual species micro-niches. Consequently, the dataset primarily reflects the 

distribution of B. litwinowii, supplemented by records of Betula pendula Roth, which 

frequently co-occurs in mixed stands (Figure 6). 

Niche Conservatism and Spatiotemporal Projection Framework 

The reconstruction of past and future distribution patterns of Caucasian treeline birches is 

grounded in the assumption that their fundamental climatic niche has remained relatively 

stable across late Quaternary time. Under this framework, present-day environmental 

relationships are used to infer the climatic envelope within which birch-dominated 

subalpine forests can persist. This approach does not assume static geographic distributions, 

but rather stability in the species’ physiological and climatic tolerances over evolutionary 

time scales (Peterson et al. 1999; Wiens and Graham 2005). 

The stability assumption is particularly relevant in mountain systems where long-lived tree 

taxa exhibit broad climatic tolerances and slow evolutionary rates relative to glacial–

interglacial climatic oscillations. While distributional shifts are expected in response to 

climate change, available paleoecological evidence suggests that temperate tree species 

generally track suitable climates rather than undergoing rapid niche evolution (Martínez-

Meyer and Peterson 2006). Therefore, modelling present-day climate–occurrence 

relationships provides a defensible basis for projecting potential suitability onto 

paleoclimatic and future climate layers. 
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Palynological archives offer important insights into vegetation history, yet pollen records 

represent regional signals influenced by species-specific production rates and dispersal 

mechanisms. Wind transport, hydrological redistribution and basin characteristics may 

alter pollen deposition patterns, meaning that sedimentary pollen percentages cannot be 

interpreted as direct measures of local vegetation abundance (Prentice 1988; Jackson and 

Williams 2004). Integrating ecological niche modelling with paleovegetation knowledge 

provides a more comprehensive framework for interpreting long-term dynamics (Dawson 

et al. 2016). 

Using the contemporary occurrence dataset (n = 165), the calibrated MaxEnt model was 

projected onto reconstructed paleoclimate layers representing the Last Glacial Maximum 

(~21 ka BP) and the Mid-Holocene (~6 ka BP), as well as future climate scenarios for the 

year 2100 under alternative Shared Socioeconomic Pathways (SSP126, SSP370, SSP585). By 

maintaining identical predictor variables across all time slices, the projections ensured 

methodological consistency and comparability. This design allowed identification of 

climatically stable areas (putative refugia), zones of postglacial expansion, Holocene 

suitability optima and potential contraction or altitudinal displacement under projected 

warming. 

Such spatiotemporal projections do not imply that realized historical or future distributions 

perfectly match modeled suitability. Biotic interactions, dispersal constraints, disturbance 

regimes and anthropogenic pressures may restrict range shifts even when climatic 

conditions are favorable (Guisan and Thuiller 2005; Araújo and Peterson 2012). 

Nevertheless, this framework provides a coherent basis for evaluating long-term climatic 

sensitivity and emission-dependent vulnerability of treeline ecosystems in the Caucasus. 

Comparable modelling strategies have been widely applied in Quaternary biogeography and 

climate-change risk assessment studies (Waltari et al. 2007; Nogués-Bravo 2009; Svenning 

et al. 2011). 
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Climate Models and Emission Scenarios 

To reconstruct past, present and future suitability patterns of Caucasian treeline birches, 

climatic projections were derived from established paleoclimate simulations and 

contemporary General Circulation Models (GCMs). The modelling framework integrates 

multiple temporal horizons in order to evaluate long-term climatic stability, postglacial 

dynamics, and emission-dependent future vulnerability within a unified methodological 

design. 

Past climatic conditions were represented by two key Quaternary intervals: the Last Glacial 

Maximum (LGM; ~21,000 years before present) and the Mid-Holocene (MH; ~6,000 years 

before present). These paleoclimatic reconstructions were obtained from Phase II of the 

Paleoclimate Modelling Intercomparison Project (PMIP2) (Braconnot et al. 2007). 

Two widely used global climate models were selected for paleoprojections: the Community 

Climate System Model (CCSM) and the Model for Interdisciplinary Research on Climate 

(MIROC). These models have been extensively applied in biogeographic and 

phylogeographic studies of the Caucasus and adjacent regions (e.g., Tarkhnishvili et al., 

2012). Their selection was motivated by the availability of downscaled layers at 30 arc-

second spatial resolution (~1 km), ensuring consistency with contemporary WorldClim 

predictors and allowing direct comparability across time slices. The inclusion of both CCSM 

and MIROC reduces model-specific uncertainty and provides a more robust estimate of 

potential refugial areas during glacial and early Holocene periods. 

Future climatic suitability was projected to the year 2100 under alternative greenhouse gas 

emission trajectories defined within the CMIP6 framework. Two Earth System Models were 

used: MIROC and CMCC-ESM2. The latter, developed by the Euro-Mediterranean Center 

on Climate Change, has demonstrated strong performance in reproducing temperature and 

precipitation dynamics across the Mediterranean–Black Sea region (Scoccimarro and 

Gualdi, 2020), making it particularly relevant for the Caucasus. 
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Future projections were generated under three Shared Socioeconomic Pathways (SSPs), 

representing contrasting emission and socio-economic development trajectories (Collins et 

al., 2013; IPCC AR6, 2021): 

 SSP126 – low-emission mitigation pathway (~+1.0 – 1.8 °C by 2100) 

 SSP370 – intermediate stabilization pathway (~+2.8 – 3.6 °C) 

 SSP585 – high-emission pathway (~+3.3 – 5.7 °C) 

These scenarios span a broad range of plausible climate futures and allow assessment of 

emission-dependent shifts in suitable habitat. By applying identical predictor variables 

across paleoclimate and future simulations, the modelling framework maintains internal 

consistency and facilitates comparison of refugial persistence, Holocene expansion and 

projected shrinkage or altitudinal displacement under warming scenarios. The use of 

multiple GCMs and emission pathways allows explicit evaluation of structural uncertainty 

associated with climate model selection and scenario choice, therefore strengthening the 

robustness of long-term projections. 

Habitat Suitability Change and Spatial Transition Analysis 

To quantify the impact of projected climate change on treeline birch habitats in Caucasus, 

spatial comparisons were conducted between present-day suitability and future projections 

under alternative emission scenarios. The objective was to identify areas of persistence, 

shrinkage and potential expansion within the modeled climatic envelope. 

MaxEnt outputs were initially generated as continuous probability surfaces representing 

relative habitat suitability. To enable spatial comparison across time slices, these continuous 

predictions were converted into binary suitability maps. Threshold selection followed a 

species-specific criterion based on the maximum training sensitivity plus specificity value 

(0.148), ensuring an optimal balance between omission and commission errors. This 

thresholding approach is widely applied in species distribution modelling to produce 

ecologically interpretable presence–absence maps (Phillips et al. 2006; Elith et al. 2011). 
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Binary maps representing current and future climatic suitability were then spatially 

overlaid at the grid-cell level. For each pixel, temporal transitions were classified into three 

categories: 

 Habitat Loss (1 → 0): areas currently suitable but projected to become unsuitable 

under future climate conditions; 

 Habitat Stability (1 → 1): areas maintaining suitability across time slices; 

 Habitat Gain (0 → 1): areas currently unsuitable but projected to become 

climatically suitable. 

This transition-based framework allows direct identification of climatically stable cores, 

emerging suitable zones and areas at risk of shrinkage. By applying identical thresholds and 

spatial resolution across scenarios, the analysis ensures methodological comparability and 

minimizes artificial differences caused by scaling effects. 

All spatial calculations, raster overlays and reclassification procedures were performed in R 

(R Core Team 2018) and QGIS 3.4 (QGIS Development Team 2019). The resulting change 

maps were subsequently used to quantify proportional shifts in suitable habitat area under 

each emission pathway. This approach follows established protocols in climate-driven 

species distribution change analyses (Thuiller et al. 2005; Elith et al. 2011), while explicitly 

emphasizing transition dynamics rather than solely area-based comparisons. 

Results 

Model Performance and Climatic Determinants 

The MaxEnt model demonstrated very high predictive performance for treeline birch 

habitats in the Caucasus. The Receiver Operating Characteristic (ROC) curve (Figure 8) 

shows strong separation between suitable and unsuitable environmental conditions. The 

training AUC reached 0.971, while the test AUC was 0.959 ± 0.008, indicating excellent 

discriminatory capacity and robust generalization ability. Considering that an AUC value 

of 0.5 represents random prediction and values above 0.9 are regarded as highly accurate, 
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these results confirm that the selected climatic predictors effectively capture the 

environmental constraints governing birch distribution across the Caucasus region. 

 
Figure 8. Receiver Operating Characteristic (ROC) curve for the MaxEnt model of Betula spp. in the 
Caucasus. The curve illustrates high model performance, AUC = 0.971, relative to random 
expectation (AUC = 0.5). 

Analysis of variable importance reveals a clear dominance of thermal controls over 

precipitation-related predictors (Table 2). Among the selected bioclimatic variables, BIO10 

(Mean Temperature of Warmest Quarter) showed the strongest influence, accounting for 

70.4% of total model contribution and 36% permutation importance. This indicates that 

summer thermal conditions represent the principal climatic driver of subalpine birch 

habitat suitability. Although BIO11 (Mean Temperature of Coldest Quarter) contributed a 

smaller proportion to overall model gain (11.1%), it exhibited the highest permutation 

importance (46.2%).  
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Table 2. Relative contribution (%) and permutation importance (%) of predictor variables in the 
MaxEnt model for Betula spp. in the Caucasus. 

Predictor variable Description Contribution (%) 
Permutation 

importance (%) 

BIO10 
Mean Temperature of 
Warmest Quarter 

70.4 36.0 

BIO11 
Mean Temperature of 
Coldest Quarter 

11.1 46.2 

BIO18 
Precipitation of Warmest 
Quarter 

10.6 11.7 

BIO19 
Precipitation of Coldest 
Quarter 

7.9 6.1 

The jackknife tests reinforce this interpretation. When used in isolation, BIO10 produced 

the highest training gain (Figure 9), confirming its dominant explanatory power. 

Conversely, omission of BIO11 caused the strongest decline in model gain, demonstrating 

that winter temperature plays a critical role in shaping habitat suitability. Similar patterns 

were observed when variable importance was evaluated using test gain and test AUC, 

indicating stable predictor ranking under independent validation.  
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Figure 9. Jackknife evaluation of predictor importance in the MaxEnt model for Betula spp. in the 
Caucasus. Panels show jackknife results based on (a) training gain, (b) test gain and (c) test AUC. 
Blue bars indicate model performance when each predictor variable is used in isolation, turquoise 
bars represent performance when the variable is omitted, and the red bar shows model performance 
using all variables simultaneously. 

Precipitation-related variables played a secondary but non-negligible role. BIO18 

(Precipitation of Warmest Quarter) contributed 10.6% to overall model gain, while BIO19 

(Precipitation of Coldest Quarter) accounted for 7.9% (Table 2). Their lower relative 

importance suggests that moisture availability controls habitat suitability primarily within 

a broader temperature-defined niche envelope rather than acting as the primary limiting 

factor. 



37 

Response curves (Figure 10) illustrate the relationship between each bioclimatic predictor 

and predicted habitat suitability. Suitability increases sharply with increasing values of 

BIO10 (Mean Temperature of Warmest Quarter) up to an optimal range, after which it 

stabilizes. In contrast, suitability declines under very low values of BIO11 (Mean 

Temperature of Coldest Quarter). The precipitation variables (BIO18 and BIO19) show 

more gradual response patterns, with moderate increases in suitability across intermediate 

precipitation ranges. Overall, thermal variables display steeper and more pronounced 

response gradients than precipitation variables. 

 

 
Figure 10. Response curves of the selected bioclimatic predictors in the MaxEnt model for Betula 
spp. in the Caucasus. Curves represent the marginal effect of each variable (BIO10, BIO11, BIO18 
and BIO19) on predicted habitat suitability while holding other predictors constant.   

Paleoclimatic Projections 

Paleoclimatic projections reveal substantial spatiotemporal variation in the climatic 

suitability of treeline birches across the Caucasus during the Late Quaternary (Figure 11). 

Model outputs for the Last Glacial Maximum (LGM, ~21 ka BP) indicate extremely 
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restricted and spatially fragmented areas of suitable habitat. Under both MIROC and CCSM 

simulations, predicted suitability values remain close to zero across most of the Greater and 

Lesser Caucasus. Interior mountainous regions exhibit virtually no modeled probability of 

occurrence. Suitable habitat during the LGM is confined almost exclusively to two humid 

peripheral regions: (1) the Black Sea coastal zone (Colchis) and (2) the southern Caspian 

region (Hyrcanian). These areas display the only detectable pockets of non-zero suitability 

under both climate models. Mean predicted suitability values remain extremely low 

(MIROC: 0.000147; CCSM: 0.001172), confirming the severe climatic constraints imposed 

during glacial conditions. Although both models agree on the geographic concentration of 

refugial areas, the CCSM simulation produces slightly higher suitability values relative to 

MIROC, suggesting minor inter-model variability in the magnitude of projected suitability. 

 
Figure 11. Paleoclimatic projections of Betula spp. distribution in the Caucasus during the Last 
Glacial Maximum and the Mid-Holocene. Panels show predicted climatic suitability under MIROC 
(A-B) and CCSM (C-D) paleoclimate simulations. Warmer colors represent higher probabilities of 
suitability, while cooler colors indicate lower probabilities. 
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In contrast, projections for the Mid-Holocene (MH, ~6 ka BP) demonstrate a pronounced 

increase in both the magnitude and spatial continuity of climatically suitable habitats. 

Relative to the LGM, suitability values increase several-fold across large portions of the 

Caucasus. Under CCSM, suitable areas form more continuous elevational belts along the 

Greater Caucasus and extend into segments of the Lesser Caucasus, with a mean suitability 

of 0.002659. The MIROC simulation yields slightly higher overall mean suitability 

(0.003211) and projects geographically broader but more fragmented patches of climatically 

favorable areas. Compared to the LGM, the MH projections display (1) greater spatial 

connectivity among mountainous regions, (2) expanded elevational belts of suitability and 

(3) increased probability values across central and western parts of the Greater Caucasus. 

Both models consistently indicate that the Mid-Holocene climatic regime supported a 

markedly wider potential distribution of birch habitats relative to glacial conditions. 

Despite differences in spatial continuity and fragmentation patterns between MIROC and 

CCSM, the two paleoclimatic simulations converge on the same general trajectory: highly 

restricted suitability during the LGM followed by a substantial expansion during the Mid-

Holocene. The magnitude of increase in predicted suitability and the expansion of 

climatically suitable belts illustrate a strong contrast between glacial refugial persistence 

and post-glacial distributional expansion. 

Present Climatic Suitability 

Projections under current climatic conditions reveal the highest overall suitability values 

across the entire temporal framework analyzed (Figure 12). Compared to paleoclimatic 

simulations, present-day projections display substantially greater spatial continuity and 

higher mean probability values, indicating that contemporary climatic conditions are 

highly favorable for treeline birch habitats in the Caucasus. Climatic suitability is 

predominantly concentrated along the Greater Caucasus mountain range, where 

continuous elevational belts of high-probability areas extend from western Georgia 

eastward through the central and eastern sectors. The Colchic region along the eastern 

Black Sea coast also exhibits notable areas of suitability, particularly within humid montane 
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and subalpine belts. In addition, fragmented but clearly delineated patches of suitable 

habitat are projected within the Lesser Caucasus, particularly in the Samtskhe–Javakheti 

region. 

 
Figure 12. Present climatic suitability of Betula spp. distribution in the Caucasus based on MaxEnt 
model. The map shows the predicted probability of occurrence under current climatic conditions. 
Warmer colors indicate higher suitability values, while cooler colors represent lower probabilities. 

The model consistently excludes permanent glaciers and subnival/nival zones from suitable 

habitat projections, indicating that extremely cold high-elevation environments remain 

climatically unsuitable. Similarly, lowland regions, including Kolkheti Plain, the Alazani 

Valley and the Eldari lowlands, show negligible or zero predicted suitability, reflecting clear 

elevational and climatic constraints. In the eastern Greater Caucasus (Kakheti region), the 

model identifies climatically suitable areas that correspond closely with known treeline 

zones. These projections are consistent with field observations and verified occurrence 

records, including small birch stands documented within Lagodekhi Protected Areas. The 

spatial correspondence between modeled suitability and empirical field plots further 

supports the reliability of the present-day projection. 
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Future Distribution Patterns  

Future projections to the year 2100 reveal pronounced scenario-dependent changes in the 

climatic suitability of treeline birch habitats across the Caucasus (Figures 13-14; Table 3). 

Compared to present climatic conditions, which show the highest overall mean suitability 

values, future projections indicate progressive shrinkage and fragmentation of suitable 

habitats under increasing emission pathways. 

Table 3. Projected changes in Betula spp. distribution in the Caucasus by 2100 under different SSP 
scenarios (MIROC and CMCC models). 

Scenario 
(SSP) 

Model 
Loss 
(%) 

Loss 
(km²) 

Stable 
(%) 

Stable 
(km²) 

Gain 
(%) 

Gain 
(km²) 

SSP126 
(low) 

MIROC 44.8 24,212 55.2 29,815 21.5 11,599 

CMCC 69.2 37,361 30.9 16,666 28.0 15,111 

SSP370 
(med-high) 

MIROC 82.7 44,667 17.3 9,361 24.4 13,190 

CMCC 89.3 48,227 10.7 5,800 21.9 11,845 

SSP585 
(high) 

MIROC 95.7 51,701 4.3 2,326 19.6 10,589 

CMCC 99.8 53,901 0.2 126 13.9 7,489 

Under the low-emission scenario SSP126, both MIROC and CMCC simulations project 

relatively moderate changes in distribution patterns (Figure 13). Suitability remains 

continuous across large portions of the Greater Caucasus, particularly in western and central 

regions, while some reductions are visible in the eastern Caucasus and parts of Armenia. 

Quantitative analysis (Table 3) indicates that stable habitat comprises 55.2% of the current 

range under MIROC and 30.9% under CMCC. Corresponding habitat losses reach 44.8% 

(MIROC) and 69.2% (CMCC). Projected habitat gains range between 21.5% and 28.0%, 
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largely confined to higher elevations. Despite moderate losses, SSP126 maintains substantial 

continuity of climatically suitable areas within major mountain belts. 

 

Figure 13. Future climatic suitability of Betula spp. in the Caucasus under SSP126, SSP370 and 
SSP585 scenarios based on MIROC and CMCC models. Maps illustrate the predicted probability of 
occurrence for 2100. Panels A-C show the MIROC model and panels D–F show the CMCC model. 
Warmer colors indicate higher suitability, while cooler colors represent lower probabilities.  

Under the intermediate scenario SSP370, shrinkage becomes more pronounced. Both 

models indicate substantial reduction and fragmentation of suitable habitat. Losses exceed 

80% under MIROC (82.7%) and approach 90% under CMCC (89.3%). Stable areas decline 

to 17.3% and 10.7%, respectively. Spatially, persistence becomes increasingly restricted to 

higher elevations of the Greater Caucasus, while suitability in the Lesser Caucasus and 

eastern ranges declines sharply. Projected gains (approximately 22-24%) remain spatially 

fragmented and do not compensate for widespread habitat loss. Compared to SSP126, 

suitable areas under SSP370 become more discontinuous and geographically isolated. 
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The high-emission scenario SSP585 produced the most severe reductions in climatic 

suitability. MIROC projects 95.7% habitat loss, while CMCC indicates near-complete loss 

(99.8%) of currently suitable areas. Stable habitat declines to 4.3% (MIROC) and 0.2% 

(CMCC), confined to narrow and isolated high-elevation patches primarily within the 

central and western Greater Caucasus. Habitat gains decrease further (13.9–19.6%) and 

remain spatially fragmented. Across the South Caucasus, most currently suitable areas 

become climatically unsuitable by 2100 under SSP585. 

Spatial change analysis (Figure 14) confirms that future distributional dynamics are 

dominated by habitat loss rather than redistribution. Red zones (loss) expand progressively 

from SSP126 to SSP585, particularly across the Lesser Caucasus and eastern parts. Green 

zones (stable habitat) contract upward into higher elevations, while blue zones (gains) 

remain limited in extent and scattered. Across all scenarios, MIROC consistently projects 

slightly less severe declines compared to CMCC. Nevertheless, both models display the same 

overall trajectory: increasing shrinkage, fragmentation and isolation of climatically suitable 

birch habitats with intensifying emission pathways. 
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Figure 14. Spatial habitat change (Loss-Stable-Gain) of Betula spp. in the Caucasus by 2100 under 
future SSP scenarios. Red areas indicate habitat loss, green areas indicate stability and blue areas 
indicate gains relative to present conditions. Panels correspond to MIROC and CMCC projections 
under SSP126, SSP370 and SSP585.  

Temporal Dynamics of Habitat Suitability 

To quantitatively compare modeled habitat suitability of Betula spp. across paleoclimatic, 

present and future scenarios, the distribution of MaxEnt-derived suitability values was 

summarized using boxplots (Figure 15). For each grid cell within the study area, mean 

suitability probabilities were extracted from model outputs. To reduce right-skewness and 

accommodate zero values, probabilities were log-transformed using log (probability + 1e-

06) following standard recommendations for proportional ecological data (Warton 2005). 



45 

 

Figure 15. Spatiotemporal shifts in predicted habitat suitability for Betula spp. in the Caucasus from 
the Last Glacial Maximum to 2100. Each box represents the distribution of MaxEnt-derived 
suitability probabilities (log-transformed as log(probability + 1e-06)) for individual grid cells under 
the LGM, MH, current climate and future SSP scenarios (SSP126, SSP370, SSP585) based on CCSM, 
MIROC, and CMCC models. Boxes show interquartile ranges with median values indicated; 
whiskers represent the range of values and points denote individual grid-cell probabilities. 

The boxplot distributions reveal clear and consistent temporal contrasts in habitat 

suitability across climatic intervals. The lowest suitability values occur under Last Glacial 

Maximum (LGM) conditions in both paleoclimate models (ccsm_lgm and miroc_lgm). 

Median values remain close to zer and the interquartile ranges are narrow, reflecting the 

highly restricted spatial extent of suitable climatic conditions during the glacial period. 

Under Mid-Holocene (MH) conditions (ccsm_mh and miroc_mh), median suitability values 

increase relative to the LGM. The interquartile ranges expand, indicating a broader 

distribution of moderate suitability across the landscape. Nevertheless, median values 

remain lower than those observed under current climatic conditions, demonstrating that 

suitability during the MH, although improved relative to the LGM, did not reach present-

day levels. Current climate projections exhibit the highest median suitability values and the 

widest interquartile ranges among all temporal intervals. The broader spread of values 
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indicates widespread and spatially continuous suitable conditions across the montane and 

subalpine belts of the Caucasus. The upper quartile values are also markedly higher than in 

paleoclimatic scenarios, confirming that present climatic conditions represent the most 

favorable suitability regime within the analyzed timeframe.  

Future projections show clear scenario-dependent declines. Under SSP126, median 

suitability values remain relatively close to present-day conditions in both MIROC and 

CMCC models (although slight downward shifts are visible). Interquartile ranges contract 

moderately, indicating a partial reduction in overall suitability but persistence of relatively 

broad suitable areas. Under SSP370, a pronounced downward shift in median suitability 

values is observed. The interquartile range narrows considerably compared to SSP126 and 

present conditions, reflecting substantial contraction and fragmentation of suitable habitats. 

Suitability distributions shift toward lower probability values, particularly under the CMCC 

model. The SSP585 scenario shows the most pronounced reduction across all future 

projections. Median suitability values decline sharply, approaching levels observed under 

glacial conditions in some model runs. Interquartile ranges are narrow and concentrated at 

low probability values, indicating extensive loss of climatically suitable habitat. Variability 

among grid cells is reduced, consistent with the spatial restriction of suitability to isolated 

high-elevation areas. Across all scenarios, MIROC consistently produces slightly higher 

median suitability values than CMCC. However, both models display the same overall 

trajectory, showing minimal suitability during the LGM, moderate recovery during the 

Mid-Holocene, peak suitability under current conditions and progressive decline under 

increasing emission pathways. 

Discussion 

Climatic Controls and Ecological Interpretation of Treeline Birch Distribution 

The high predictive performance of the MaxEnt model indicates that the selected climatic 

variables successfully capture the major environmental gradients structuring treeline birch 

distribution in the Caucasus. Such performance levels suggest that the real distribution of 
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subalpine birch forests is tightly linked to seasonal climatic controls, supporting the long-

established view that temperature and moisture define the upper forest boundary in 

mountain ecosystems (Holtmeier 2009; Körner 2012). 

Among the selected predictors, growing-season temperature (BIO10) emerged as the 

dominant explanatory variable, accounting for 70.4% of total model contribution. This 

result is consistent with global treeline theory, which identifies summer warmth as the 

principal determinant of tree growth at high elevations. Cambial activity, xylem formation 

and carbon assimilation are strongly temperature-dependent processes and treeline position 

worldwide closely follows growing-season isotherms (Körner and Paulsen, 2004; Körner, 

2012). Recent regional dendroclimatic studies in the Caucasus ecoregion confirm that radial 

growth in different tree species correlates strongly with warm-season temperature (Dhyani 

et al. 2025; Kvaratskhelia and Gavashelishvili 2025), reinforcing the ecological realism of 

BIO10 as a primary driver. 

However, the high permutation importance of winter temperature (BIO11), despite its 

lower overall contribution, highlights an equally important but distinct mechanism. Winter 

severity regulates frost damage, snow insulation and seedling survival – processes that 

frequently determine recruitment success rather than adult tree persistence (Holtmeier and 

Broll 2005, 2019). The jackknife results, showing a marked decline in model gain when 

BIO11 is omitted, demonstrate that cold-season temperature provides unique explanatory 

information not redundant with summer warmth. This pattern supports the interpretation 

that treeline birch dynamics in the Caucasus are governed by a dual thermal constraint.  

Summer temperature controls growth potential, while winter conditions define survival 

thresholds. 

Seasonal precipitation variables (BIO18 and BIO19) contributed to secondary but 

ecologically meaningful influences. Growing-season precipitation (BIO18) contributed to 

model performance and aligns with evidence that summer moisture availability controls 

productivity, particularly in more continental eastern parts of the Caucasus, where drought 

stress can intensify under warm conditions (Nakhutsrishvili et al. 2015; Sagheb Talebi et al. 

2014). Winter precipitation (BIO19), which partly reflects snowpack dynamics, influences 
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soil insulation and spring moisture supply. Although precipitation did not dominate the 

model, its consistent contribution suggests that hydrothermal interactions refine the 

climatic niche rather than independently determining treeline position. 

Comparable patterns have been documented in other mountain systems. In the Himalaya, 

Betula utilis distribution is constrained by growing-season temperature and snow-related 

moisture (Bobrowski et al. 2017; Bhatta et al. 2018). In the Pyrenees, treeline shifts respond 

to interactions between summer temperature (BIO10) and precipitation during the growing 

season (Batllori et al. 2013). Fennoscandian mountain birch treeline ecosystems similarly 

track summer isotherms but remain sensitive to winter severity and snow conditions 

(Hofgaard et al. 2013; Körner and Paulsen 2004). The Caucasus therefore, fits within a 

broader global pattern in which temperature defines the primary climatic envelope of 

treeline systems, while moisture and snowpack define local persistence and recruitment 

dynamics. 

The response curves further illustrate that temperature variables produce steeper and more 

threshold-like relationships with habitat suitability compared to precipitation predictors. 

Such response shapes are characteristic of physiological limits, where suitability increases 

rapidly within an optimal thermal range but declines sharply beyond lower temperature 

thresholds. Precipitation responses are comparatively gradual, suggesting that moisture acts 

as a modifying factor within a thermally defined niche space. 

Late Quaternary Dynamics: Refugia and Postglacial Expansion 

The paleoclimatic projections provide strong evidence that the distribution of birches in the 

Caucasus has been tightly linked to Late Quaternary climatic oscillations. The modeled 

contrast between the Last Glacial Maximum (LGM, ~21 ka BP) and the Mid-Holocene (~6 

ka BP) reveals a clear refugial-expansion trajectory, consistent with independent 

palaeoecological records from the region. During the LGM, both MIROC and CCSM 

simulations indicate extremely restricted and spatially fragmented climatically suitable 

areas, confined almost exclusively to the humid coastal refugia of Colchis along the eastern 

Black Sea and the Hyrcanian region south of the Caspian Sea. Interior parts of the Greater 
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and Lesser Caucasus show near-zero modeled suitability, reflecting the combined effects of 

low temperatures, strong continentality and widespread aridity under glacial conditions. 

This spatial shrinkage aligns closely with palynological evidence from Georgia and adjacent 

regions, where arboreal pollen percentages during the LGM were minimal and Betula 

typically contributed less than 5% of the spectra (Connor et al. 2007; Shatilova et al. 2011). 

Vegetation assemblages were dominated by steppe and semi-desert taxa such as Artemisia, 

Chenopodiaceae, and Ephedra, indicating open landscapes and pronounced moisture 

limitation. Sedimentological and geomorphological reconstructions further demonstrate 

that the upper treeline limit was depressed by approximately 800–850 m relative to present 

elevations (Kvavadze and Connor 2005), while the lowered Black Sea level reflects reduced 

effective moisture during glacial intervals (Tvalchrelidze et al. 2004). Together, these 

records confirm that birch persistence during the LGM depended on localized, climatically 

buffered refugia rather than continuous elevational belts (Tarkhnishvili et al. 2012; Dering 

et al. 2021). The extremely low modeled suitability values do not imply complete regional 

absence, but rather indicate that survival was spatially constrained to microrefugia 

characterized by maritime influence, topographic shelter and relatively stable hydrological 

regimes. 

In contrast, the Mid-Holocene projections demonstrate a pronounced expansion in both the 

magnitude and spatial continuity of climatically suitable habitats. Under warmer and more 

humid conditions, suitability values increase several-fold relative to glacial simulations and 

continuous elevational belts re-emerge along the Greater Caucasus, with extensions into 

parts of the Lesser Caucasus. This modeled expansion corresponds closely to palynological 

records documenting substantial increases in birch abundance during the Early and Mid-

Holocene, with Betula percentages rising to 30–50% in many sediment sequences (Connor 

et al. 2004; Connor and Kvavadze 2009; Shatilova et al. 2011; Messager et al. 2017). 

Weighted-averaging reconstructions indicate peak precipitation between approximately 

7000-4000 cal yr BP (Connor and Kvavadze 2009), coinciding with the maximum expansion 

of mesophilous forests. During this period, birch formed extensive stands and participated 
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in mixed forest assemblages including Corylus, Quercus, Fagus, Carpinus and Abies, 

reflecting both climatic amelioration and successional dynamics. 

The Holocene expansion illustrates birch’s ecological flexibility and pioneer capacity under 

favorable hydrothermal regimes. However, subsequent declines in birch dominance in 

many regions underline the importance of successional replacement once climatic 

conditions stabilized and late-successional taxa became competitively dominant. This 

demonstrates that while climate defines the potential niche envelope, realized distribution 

is further shaped by interspecific competition and community development. Regional 

heterogeneity further indicated these dynamics. Coastal Colchis and Hyrcania maintained 

forest continuity even during glacial maxima due to maritime buffering, whereas interior 

areas such as Javakheti remained more sensitive to aridity. Palynological sequences from 

Javakheti region indicate that birch and hazel were among the earliest taxa to expand 

following glacial retreat, later replaced by fir-beech-oak assemblages in the Mid-Holocene 

(Connor and Kvavadze 2009; Shatilova et al. 2011). The persistence of small birch remnants 

today on the northern slopes of Tabatskhuri and Kartsakhi lakes (Akobia et al. 2022) reflects 

this long-term legacy of climatic filtering and successional turnover. 

Present-Day Distribution: Climate, Competition and Historical Legacies 

Under contemporary climatic conditions, the modeled suitability patterns indicate that the 

present climate represents a broadly favorable envelope for treeline birches across the 

Caucasus. Compared to paleoclimatic simulations, current projections show the highest 

overall suitability values and substantially greater spatial continuity, particularly along the 

Greater Caucasus mountain range. Continuous belts of high-probability habitat extend from 

the humid western parts eastward through the central and eastern Greater Caucasus, closely 

corresponding to known subalpine and treeline zones. The Colchic region also exhibits 

elevated suitability within its montane and subalpine belts, reflecting the moderating 

influence of Black Sea humidity. Fragmented but distinct areas of suitable habitat are 

projected within the Lesser Caucasus, particularly in Samtskhe-Javakheti. Simultaneously, 

the model clearly delineates climatic boundaries. Permanent glaciers and subnival/nival 
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belts remain outside the suitable envelope, confirming that extreme cold and prolonged 

snow-free exposure at the highest elevations limit birch establishment. Similarly, lowland 

regions such as the Kolkheti Plain, Alazani Valley and Eldari lowlands show insignificant 

suitability, reflecting strong elevational and thermal constraints. The spatial agreement 

between modeled suitability and verified field records, which include small birch stands 

within Lagodekhi Protected Areas, provides further support for the robustness of the 

projection. The model effectively captures both currently occupied stands and areas that 

are climatically favorable but not necessarily fully forested, indicating that it approximates 

the fundamental climatic niche rather than realized distribution alone. 

However, present-day birch distribution cannot be interpreted solely through climate. 

While temperature and precipitation during the warmest and coldest quarters define the 

principal niche dimensions, actual stand composition is further shaped by interspecific 

competition, successional dynamics and local site conditions. In the southern and 

southeastern Caucasus, treeline belts are frequently dominated by conifers such as Pinus 

sylvestris var. hamata and drought-tolerant deciduous species such as Quercus macranthera, 

which are better adapted to continental conditions and can competitively limit birch 

establishment (Zazanashvili et al. 2000). In contrast, the humid western Caucasus which is 

strongly influenced by the Black Sea, supports mesophilous broad-leaved forests, where 

Fagus orientalis often occupies the upper forest belt and may restrict birch dominance 

through shading and successional replacement (Dolukhanov 2010; Nakhutsrishvili 2013). 

Local-scale ecological interactions further complicate distribution patterns. Understory 

shrub communities, particularly Rhododendron caucasicum, may either inhibit birch 

regeneration by limiting light availability or facilitate seedling survival under harsh 

microclimatic conditions, depending on slope exposure and snow dynamics (Akhalkatsi et 

al. 2006; Bobrowski et al. 2017). Snow cover duration and soil moisture retention, especially 

on northern and northwestern slopes, are widely recognized as important drivers of Betula 

litwinowii establishment in the Central Caucasus (Hughes et al. 2009; Nakhutsrishvili 

1999). Nevertheless, field observations indicate that birches are not strictly confined to 

northern exposures and can persist on southern and southwestern slopes where sufficient 
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moisture and snow insulation occur. These findings highlight that microtopography, slope 

inclination and snowpack stability interact with regional climate to determine local 

suitability. 

The Lesser Caucasus presents an informative case. Although the Javakheti Plateau is 

currently largely unforested due to harsh continental conditions and strong historical 

anthropogenic pressure (Grossheim 1936; Margalitadze 1970; Messager et al. 2013; Troitsky 

1927), climatic conditions alone do not appear to fully limit birch occurrence. Palynological 

evidence confirms the historical presence of birch in the region (Connor and Kvavadze 

2009; Shatilova et al. 2011) and small modern fragments persist on the northern slopes of 

Tabatskhuri and Kartsakhi lakes (Akobia et al. 2022). This suggests that present-day absence 

in some climatically suitable areas reflects land-use legacy and successional history rather 

than purely climatic exclusion. 

At the southern borders of the birch distribution, including northern Armenia and the 

Hyrcanian–Elburz region of Iran, the model identifies only low-probability patches 

consistent with fragmented stands documented in floristic studies (Bina et al. 2016; 

Saghatelyan 2006; Zare et al. 2010). These peripheral occurrences likely represent long-

term refugial persistence and isolated populations rather than continuous occupancy. 

Future Trajectories: Mechanisms of Climatic Shrinkage 

Future projections indicate that the current climatic optimum for treeline birches in the 

Caucasus is likely to be temporary. Across emission pathways (SSP126, SSP370 and SSP585), 

projected changes follow a consistent trajectory of shrinkage, fragmentation and elevational 

confinement, with the magnitude of decline closely linked to greenhouse gas emissions. 

While lower-emission scenarios (SSP126) retain comparatively greater continuity of 

suitable habitat, intermediate (SSP370) and high-emission (SSP585) pathways produce 

pronounced shrinkage, suggesting that the stability observed under present climatic 

conditions will not persist under sustained warming. The projected response is not a simple 

upward shift of distribution limits. Although warming can theoretically relax thermal 
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constraints and open higher elevations to colonization, several interacting mechanisms 

limit the compensatory potential of upslope migration. 

Firstly, increasing warm-season temperatures intensify evaporative demand and may 

increase moisture stress where precipitation does not increase proportionally (Moyes et al. 

2015; Bailey et al. 2021). This process is particularly relevant in the eastern and southern 

Caucasus, where continentality and seasonal aridity already constrain regeneration 

(Nakhutsrishvili et al. 2015; Sagheb Talebi et al. 2014). Under such conditions, higher 

temperatures may reduce seedling establishment even if adult trees temporarily persist, 

leading to demographic bottlenecks and long-term population decline. Secondly, winter 

processes impose additional constraints. Altered snow regimes and increased variability in 

freeze-thaw cycles can reduce the insulating function of snowpack, exposing seedlings to 

frost damage and early-season drought (Holtmeier and Broll 2005, 2019). Winter severity 

and snow cover duration are critical for treeline dynamics because they regulate soil 

moisture retention and protect overwintering tissues. If warming leads to reduced snow 

stability without sufficient compensation in moisture availability, recruitment may decline 

even where mean annual temperatures become more favorable (Huang et al. 2023). Third, 

successional and competitive dynamics may amplify climatic effects. Birch species, 

particularly Betula litwinowii, function as pioneer or early-successional taxa in many 

Caucasian subalpine systems. Under warming, late-successional competitors that include 

mesophilous broad-leaved species in humid regions and drought-tolerant taxa in 

continental sectors may gain an advantage, while suppressing birch regeneration through 

shading and competition for soil moisture (Lyu and Alexander 2022; Zheng et al. 2026). 

Evidence from other mountain systems shows that conifers and late-successional species 

often advance upslope more rapidly than birches under warming, resulting in reduced birch 

recruitment despite rising temperatures (Sigdel et al. 2024). Similar dynamics are likely to 

occur in the Caucasus, where both coniferous and broad-leaved competitors are well 

established along subalpine belts. 

Topographic constraints further intensify vulnerability. The steep elevational gradients of 

the Caucasus limit the availability of continuous land area at higher elevations. Soil 



54 

development, slope stability and microhabitat continuity decline rapidly toward summit 

zones, creating a pronounced “mountain squeeze” effect in which potential high-elevation 

gains are spatially restricted and fragmented. This phenomenon has been widely 

documented in alpine systems and is considered a major driver of range contraction under 

climate change (Holtmeier and Broll 2019; Myers-Smith et al. 2020). As lower belts become 

unsuitable and higher belts offer limited colonizable space, the net outcome is a reduction 

rather than an expansion of climatically viable habitat.  

Importantly, differences between climate models do not alter the overall trajectory. 

Although structural variations among general circulation models influence the magnitude 

of projected loss, particularly through differences in precipitation seasonality and winter 

severity, the convergence of independent simulations on the same shrinkage-fragmentation 

pattern strengthens confidence in the robustness of the projected trend. Higher emission 

pathways consistently amplify habitat loss and spatial isolation, underlying the sensitivity 

of treeline birch ecosystems to sustained warming. 

When interpreted in the context of past dynamics, the future projections suggest a partial 

return to a refugial configuration, although driven by warming rather than cooling. During 

the Last Glacial Maximum, birches persisted in localized coastal refugia under cold-arid 

conditions; under high-emission futures, suitability becomes confined to isolated high-

elevation refugia under warm-dry stress. In both cases, persistence is spatially constrained 

and fragmented. The difference lies in the direction of climatic forcing, but the structural 

outcome as a restricted and discontinuous distribution, remains comparable. 

Taken together, these findings indicate that treeline birches in the Caucasus face substantial 

vulnerability under climate change. Even under moderate emission scenarios, losses are 

considerable, and under high-emission futures, suitable habitat becomes severely 

fragmented and geographically restricted. The combined influence of moisture limitation, 

altered snow regimes, competitive displacement, and strong topographic constraints 

suggests that future dynamics will be governed not by simple upward migration, but by 

contraction into increasingly isolated high-elevation refugia. Such fragmentation may 

reduce connectivity among stands, limit genetic exchange, and diminish ecosystem 
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resilience, with cascading consequences for subalpine biodiversity and ecosystem 

functioning in the Caucasus. 

Conclusion and Recommendations 

Conclusion 

This research provides the first integrated spatiotemporal reconstruction of subalpine 

treeline birch (Betula spp.) habitat dynamics in the Caucasus from the Last Glacial 

Maximum to projected conditions in 2100. By combining field-validated occurrence data, 

high-resolution bioclimatic predictors, paleoclimatic simulations and CMIP6 future 

scenarios within a unified ecological niche modelling framework, the study clarifies both 

the long-term climatic sensitivity and the emission-dependent vulnerability of treeline 

ecosystems in the Caucasus. 

The results demonstrate that the distribution of subalpine birch forests has been highly 

responsive to late Quaternary climatic oscillations. During the Last Glacial Maximum, 

climatically suitable habitats were strongly restricted and largely confined to humid refugial 

sectors, particularly within the Colchic and Hyrcanian lowlands and adjacent foothill 

systems. These areas likely functioned as long-term microrefugia, enabling persistence of 

birch taxa under cold and relatively dry glacial conditions. With the onset of the Holocene 

and the improvement of hydrothermal regimes, birch expanded rapidly, occupying newly 

available montane and subalpine environments. The Early to Mid-Holocene represents a 

regional climatic optimum, characterized by the broadest extent of suitable habitats and 

enhanced ecological connectivity across the Greater and Lesser Caucasus. These findings 

align with palynological evidence indicating increased birch representation during 

postglacial warming and confirm the Caucasus as both a refugial stronghold and a center of 

postglacial recolonization. 

Under present climatic conditions, treeline birches occupy an apparent thermal-moisture 

optimum across large portions of the Greater Caucasus and western humid sectors. Model 

performance and variable contribution analyses indicate that this distribution is primarily 
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governed by seasonal thermal constraints, especially summer temperature (BIO10) and 

winter temperature (BIO11), while seasonal precipitation (BIO18 and BIO19) plays a 

secondary but ecologically meaningful role. The dominance of thermal predictors confirms 

the central role of growing-season warmth in regulating productivity and cambial activity, 

as well as the importance of winter temperature in controlling frost tolerance and survival 

at high elevations. Nevertheless, the contribution of precipitation variables underlines that 

treeline dynamics in the Caucasus are shaped by hydrothermal interactions rather than 

temperature alone. 

However, this contemporary climatic optimum appears temporary. Future projections 

reveal pronounced scenario-dependent divergence. Under the low-emission pathway 

(SSP126), habitat suitability remains relatively stable, with limited shrinkage and 

preservation of most current distribution cores. In contrast, intermediate (SSP370) and 

high-emission (SSP585) scenarios indicate progressive shrinkage and fragmentation of 

climatically suitable areas. Under SSP585 in particular, suitable habitats become 

increasingly restricted to isolated high-elevation refugial patches, especially in the central 

Greater Caucasus and localized humid sectors. Rather than exhibiting a uniform upslope 

shift, birch treeline habitats show patterns of shrinkage and spatial fragmentation, 

suggesting that warming does not necessarily translate into continuous altitudinal 

expansion. Instead, excessive thermal stress combined with changing moisture regimes may 

compress suitable climatic space, leading to habitat loss at lower and mid-elevations without 

fully compensatory gains at higher altitudes. 

The findings have important theoretical implications. First, they reinforce the concept of 

climatic niche conservatism across late Quaternary timescales, as the same seasonal thermal 

constraints that shaped glacial persistence also determine future vulnerability. Second, they 

demonstrate that treeline ecosystems cannot be interpreted solely through a linear 

,,warming equals upslope advance” paradigm. The Caucasus example highlights the 

multidimensional nature of ecological limits, where hydrothermal balance, seasonal 

extremes and demographic inertia interact to regulate distributional outcomes. Third, the 

results emphasize regional heterogeneity while western humid sectors, eastern continental 
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slopes and southern Caucasus highlands respond differently to projected climate 

trajectories, reflecting underlying differences in moisture regimes, topographic buffering, 

and historical land use. 

From a conservation perspective, the Caucasus emerges simultaneously as a long-term 

refugial region and a climate-sensitive hotspot. The same topographic complexity that 

facilitated glacial persistence now offers potential microclimatic buffering under moderate 

warming, yet extreme emission trajectories threaten to exceed these buffering capacities. 

Anticipated shrinkage and fragmentation of treeline birch habitats may have cascading 

consequences for slope stabilization, hydrological regulation, carbon storage and alpine 

biodiversity. As keystone components of the upper forest belt, subalpine birch forests 

support endemic and relict taxa dependent on structurally complex forest-alpine ecotones. 

Habitat fragmentation under high-emission scenarios may therefore amplify risks to 

regional biodiversity and ecosystem resilience. 

Subalpine birch forests of the Caucasus follow a long-term refugia – expansion – optimum 

– shrinkage trajectory under climatic forcing. Past glacial confinement, Holocene expansion 

and present stability under higher emission pathways are succeeded by projected 

contraction and spatial fragmentation. The magnitude of future habitat loss is strongly 

dependent on global mitigation trajectories. Low-emission scenarios allow relative 

persistence of current distribution cores, whereas high-emission scenarios confine birch 

habitats to isolated high-elevation refugia. The future of treeline ecosystems in the Caucasus 

is therefore not predetermined by warming alone, but contingent upon the interaction 

between climatic intensity, regional hydrothermal regimes and global emission pathways. 

Integrating paleoclimatic perspectives with future projections provides a coherent 

framework for anticipating ecological risk and guiding adaptive conservation strategies in 

one of the world’s most complex and biodiverse mountain systems. 

Conservation and Management Recommendations 

The projected shrinkage and fragmentation of subalpine birch treeline habitats under future 

climate scenarios carry significant implications for high-mountain ecosystem stability in 
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the Caucasus. Treeline forests are not merely distributional boundaries of woody 

vegetation. They represent structurally and functionally critical ecological systems. 

Subalpine birch stands contribute to slope stabilization, regulation of hydrological 

processes, carbon storage, soil development and the maintenance of alpine-subalpine 

biodiversity mosaics. Disruption of treeline continuity therefore has cascading ecological 

consequences extending beyond the birch communities themselves. 

Under intermediate and high-emission scenarios, projected shrinkage and spatial 

fragmentation may reduce the ecological resilience of the upper forest belt. Loss of 

continuous forest cover increases susceptibility to soil erosion, shallow landslides and 

accelerated surface runoff, particularly on steep Caucasian mountain slopes characterized 

by thin soils and high precipitation gradients. In addition, fragmentation may alter 

microclimatic buffering capacity at the forest-alpine ecotone, intensifying exposure to 

temperature extremes and wind stress. Such structural degradation can destabilize not only 

birch populations but also associated endemic and relict taxa dependent on subalpine forest 

habitats. Habitat fragmentation also poses demographic and genetic risks. As climatically 

suitable areas become confined to isolated high-elevation patches, population connectivity 

may decline. Reduced gene flow and smaller effective population sizes increase 

vulnerability to stochastic disturbances, including drought events, pest outbreaks and 

extreme winters. Pioneer species such as birch depend on episodic recruitment windows 

under favorable hydrothermal conditions. Thus, fragmentation may limit dispersal 

pathways and reduce colonization opportunities in newly suitable habitats. Where 

topography restricts further upslope migration, local extinctions may become more 

probable, particularly under high-emission scenarios. 

The spatial loss – stability – gain analysis provides a practical framework for identifying 

priority conservation areas. Regions demonstrating climatic stability across temporal 

projections represent critical refugial cores for long-term persistence. In particular, the 

humid Colchic sector, Hyrcanian fringe systems and high-elevation zones of the central and 

western Greater Caucasus consistently show comparatively higher stability under low-

emission pathways. These areas function simultaneously as historical glacial refugia and 
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potential future climatic refuges. Their protection should therefore constitute a central 

pillar of conservation strategy. 

Based on the projected patterns of vulnerability, the following strategic directions are 

recommended: (1) Prioritization of protecting climatically stable refugial strongholds; (2) 

Maintenance and restoration of ecological connectivity; (3) Integration of climate 

projections into forest management and protected area planning processes; (4) 

Strengthening of monitoring systems; (5) Reduction of non-climatic stressors to enhance 

resilience; and (6) Promotion transboundary cooperation.  

Importantly, emission pathway dependency highlights the broader context of global 

mitigation. Under low-emission scenarios, large portions of the current treeline distribution 

remain stable, suggesting that climate mitigation policies directly influence conservation 

outcomes at regional scales. Conversely, under high-emission trajectories, even well-

protected areas may experience substantial habitat contraction. Therefore, regional 

conservation strategies must be aligned with international climate mitigation efforts.
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Appendix 2. Article accepted for publication: Akobia, I., Metreveli, V., Ugrekhelidze, K. 
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Appendix 3. Figure: Comparison of Training AUC values of the MaxEnt model for Betula 
spp. based on 165 occurrence records (left; AUC = 0.971) and 160 occurrence records (right; 
AUC = 0.970). 

 

Appendix 4. Table: Relative contribution (%) and permutation importance (%) of 
environmental variables in the MaxEnt model for Betula spp., comparing models calibrated 
with 165 and 160 occurrence records. 

Variable 

165 records 160 records 

Percent 
contribution 

Permutation 
importance 

Percent 
contribution 

Permutatio
n 

importance 
Mean temperature of 
warmest quarter (BIO10) 70.4 36 64.8 53.9 

Mean temperature of coldest 
quarter (BIO11) 

11.1 46.2 21.6 29.1 

Precipitation of warmest 
quarter (BIO18) 

10.6 11.7 8.8 13.1 

Precipitation of coldest 
quarter (BIO19) 7.9 6.1 4.9 3.9 
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Appendix 5. Figure: Results of the jackknife test of variable importance in the MaxEnt 
model for Betula spp.: (A) model calibrated with 165 occurrence records; (B) model 
calibrated with 160 occurrence records. 

(A) 

(B) 

Appendix 6. Figure: Potential present-day distribution of Betula spp. in the Caucasus based 
on 160 occurrence records. Darker shades of green indicate higher predicted habitat 
suitability (probability of occurrence) derived from the MaxEnt model.  
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