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(Pinus sylvestris L.) in Central Anatolia, Turkiye Under
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Scots pine (Pinus sylvestris L.) is an essential species for biodiversity and
ecosystem services in Tirkiye, yet it is becoming increasingly vulnerable
to climate change, especially in climatically marginal areas such as Central
Anatolia. This study used MaxEnt modeling along with CHELSA V2.1
climate projections to evaluate the current and future distribution of Scots
pine under three Shared Socioeconomic Pathways (SSP1 2.6, SSP3 7.0,
SSP5 8.5) projected for the year 2100. The key climatic factors influencing
habitat suitability include precipitation seasonality (Biol5) and
temperature seasonality (Bio7). The results show that while 34% of
Central Anatolia is currently suitable for Scots pine, habitat suitability could
decline by 91% under SSP5 8.5, leaving only 4% of the region viable for
the species by 2100. This significant reduction highlights the uncertain
future of Scots pine populations in the area. Unlike previous research, this
study provides a high-resolution analysis that incorporates fine-scale
environmental and topographical variables, emphasizing the importance
of mid-altitude refugia as potential climate shelters. Aligning with
Sustainable Development Goal 15 (SDG15), this study underscores the
need to incorporate climate projections into forest management practices.
The findings contribute to a broader understanding of climate-induced
range shifts and inform adaptive conservation strategies for other
vulnerable tree species in semiarid regions.
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INTRODUCTION

Pinus sylvestris L., commonly known as Scots pine, is one of the most widely
distributed pine species, ranking second among coniferous taxa within the Northern
Hemisphere, with its geographical distribution extending from Western Europe to Central-
Eastern Asia (Durrant et al. 2016; Téth et al. 2017). The ecologically marginal populations
of Scots pine in Turkiye are relics of the Tertiary period and have a patchy distribution,
isolated by geographic barriers such as the Black Sea, the Anatolian Plateau, and the
Caucasus Mountains from the main range in Europe, serving as remnants of glacial refugia
(Naydenov et al. 2007; Dering et al. 2021). Dering et al. (2021) describes Scots pine
populations in Tirkiye and the South Caucasus as key components of biodiversity and
evolutionary heritage and Naydenov et al. (2007) emphasizes the need to protect these
relict populations by restricting seed transfers and prioritizing conservation efforts, as they
represent a critical genetic reservoir and an essential component of the region’s
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biodiversity. Nevertheless, these populations are threatened by climate change with
projections indicating hotter and drier conditions, severe habitat contraction, upward and
northward range shifts, and increased fragmentation (Takolander et al. 2019; Dering et al.
2021). In Central Anatolia, climate projections suggest a significant increase in temperature
and a decrease in annual precipitation, exacerbating drought stress and limiting Scots pine
regeneration (Altin et al. 2012; Ekberzade et al. 2024). Indeed Dering et al. (2021) predicts
a loss of over 90% of the current distribution of Scots pine in southern Caucasus and
Anatolia this century. By the end of 2080, approximately one-third of the current
distribution of Scots pine in Europe might be lost, with southern stands being most affected
(Dyderski et al. 2018; Takolander et al. 2019). While climate change is expected to
significantly impact the distribution of Scots pine across its range, with variations in
different climatic zones (Garzon et al. 2006; Hickler et al. 2012; Lopez-Tirado and Hidalgo
2014; Dyderski et al. 2018; Fernandez-Pérez et al. 2019; Takolander et al. 2019; Dering et
al. 2021; Bulut and Aytas 2023). Turkish populations face greater challenges due to their
marginal habitats in Mediterranean and Anatolian climates, which are already
geographically constrained, thus limiting migration options compared to other regions in
Europe (Takolander et al. 2019).

The sustainability of Scots pine forests is essential because they offer valuable
resources and play a significant role in conserving biodiversity and sequestering carbon.
Although climate-adaptive forestry may need to incorporate drought-tolerant species in the
future, Scots pine continues to be ecologically important for maintaining habitat stability
and microclimatic conditions within its current range. Nevertheless, the persistent
ramifications of climate change, characterized by rising temperatures and altered
precipitation patterns, present substantial challenges to its prospective distribution. Indeed,
recent projections regarding the future distribution of Scots pine in Turkiye have indicated
considerable vulnerability in the context of climate change, with anticipated habitat
contraction particularly in low-altitude and southern regions (Arslan and Oriicii 2019;
Bulut and Aytas 2023; Ekberzade et al. 2024).

Species distribution models (SDMs) are critical tools for predicting these changes
and guiding conservation strategies. These models combine environmental variables with
species presence data to estimate potential distribution under current and future climate
scenarios. Commonly used frameworks, such as the Representative Concentration
Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs), provide a range of future
climate projections that enable researchers to explore potential outcomes for species
distributions. Recent advancements in global climate datasets, such as CHELSA V2.1,
further enhance the precision of SDMs by capturing fine-scale climatic variability (Karger
et al. 2023). Maximum Entropy (MaxEnt) modeling predicts a species’ potential
distribution under changing climatic conditions. MaxEnt is particularly useful in ecological
niche modeling, as it estimates a species’ probability distribution based on various
environmental factors (Warren and Seifert 2011; Merow et al. 2013; Cobos et al. 2019).
Utilizing the MaxEnt modeling approach, researchers can predict how climate change will
influence the potential distribution for this species across various regions. This modeling
technique is particularly effective due to its ability to handle presence-only data and to
incorporate a wide range of environmental variables, making it suitable for assessing
potential distributions of species in response to climate change (Gritti et al. 2013). The
MaxEnt model’s reliance on presence-only data allows researchers to create robust models
even with limited sampling, thereby enhancing the predictive power of ecological studies
in the region (Suel 2019).
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In Turkiye, the MaxEnt model has significantly contributed to assessing the
potential distributions of various species, as well as biodiversity and conservation studies.
This includes evaluating potential distribution for species such as the brown bear (Suel
2019; Acarer 2024a; Acarer and Mert 2024), roe deer (Tekin et al. 2018), Danford’s lizard
(Kirag and Mert 2019), red deer (Orug et al. 2017), and gray wolf (Suel et al. 2018). The
model has also been used to predict land use and land cover changes under climate change
scenarios (Kalayci Kadak et al. 2024). Furthermore, the MaxEnt modelling approach has
been employed to predict the future potential distribution of various forest tree species,
including Cremian juniper (Ozdemir et al. 2020), Anatolian black pine (Arslan and Oriicii
2019; Acarer 2024b; Cantirk et al. 2024), Oriental spruce (Acarer 2024c) and wild olive
(C1vga 2025). Additionally, studies on Scots pine (Arslan and Oriicii 2019; Bulut and Aytas
2023) have also been conducted. Arslan and Oriicii (2019) focused on the current and
potential distributions of Pinus nigra Arnold and Pinus sylvestris L. using the MaxEnt
model, analyzing changes projected under climate change scenarios specified in the fifth
IPCC report, particularly RCP 4.5 and RCP 8.5 for the years 2050 and 2070. In a related
study, Bulut and Aytas (2023) examined the current and potential distribution of Pinus
sylvestris L. in the Inner Anatolian Region of Turkiye, specifically investigating forest
enterprises under the SSP2 4.5 and SSP5 8.5 climate change scenarios.

The wide distribution of Scots pine presents both opportunities and challenges for
assessing its response to climate change. Marginal populations, such as those in Trkiye,
are particularly important due to their unique genetic and ecological traits, shaped by
extreme climatic and edaphic conditions (Dering et al. 2021). These populations exist at
the southernmost and warmest edges of the species’ range, where climatic stressors,
including increasing temperatures and reduced precipitation, exert significant pressures.
Understanding the vulnerability of these populations is critical, as they may serve as early
indicators of broader shifts in the species’ distribution. Assessing potential changes in
potential distribution for Scots pine in this region is crucial for understanding the impacts
of climate change on forest ecosystems in marginal habitats (Dering et al. 2021; Oskay et
al. 2024).

Previous studies, such as those by Arslan and Oriicii (2019) and Bulut and Aytas
(2023), have explored the potential distribution of Scots pine in Tlrkiye. However, these
studies relied on lower-resolution climate datasets and a limited number of occurrence
records, and their modelling approaches did not adequately consider fine-scale
environmental and topographical variables. This study builds upon earlier research by
utilizing a more comprehensive dataset that includes 158 presence records and high-
resolution CHELSA V2.1 climate projections. Unlike previous studies that primarily
focused on broad-scale climatic influences, this research integrates climate, topographic,
and ecological factors to provide a more detailed and region-specific perspective on the
future distribution of Scots pine in Central Anatolia.

This study investigated the marginal populations of Scots pine in Tlrkiye, aiming
to enhance an understanding of how this species responds to climate change and to provide
practical insights for conservation and adaptive forest management. By identifying
potential climate refugia and areas at risk of habitat loss, the research informs strategies to
mitigate the impacts of climate change on this important species. The investigation focuses
on assessing the current and future distribution of Scots pine in Central Anatolia, using
climate projections from the CHELSA V2.1 database for the year 2100 under various
scenarios: SSP1 2.6, SSP3 7.0, and SSP5 8.5. This research aligns with Sustainable
Development Goal 15: Life on Land, which aims to support the sustainable management
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of ecosystems. It highlights the importance of Scots pine forests in maintaining biodiversity
and ecological balance. The findings will aid in developing adaptive forest management
strategies, ensuring the long-term health of these vital landscapes. Additionally, it
addresses gaps in the existing literature concerning the impacts of climate change on forest
ecosystems.

EXPERIMENTAL

Scots Pine Habitat Characteristics in Central Anatolia

The Scots pine longitudinal distribution encompasses over 14,000 kilometers,
stretching from 8°W in Spain to 141°E in Siberia, while its latitudinal distribution covers
more than 3,700 kilometers, ranging from 37°N in Spain and Turkiye to 70°N in Norway,
Sweden, and Finland (Durrant et al. 2016; Téth etal. 2017; Dering et al. 2021). Throughout
its northern range within the subarctic region, Scots pine exhibits continuous growth from
Scandinavia to Siberia. Conversely, within its southern range, shaped by the effects of
postglacial warming during the Holocene, it demonstrates a discontinuous distribution
characterized by island-like and fragmented populations, including those in the arid
mountainous regions of southern Spain, Tlrkiye, Georgia, and Crimea (Téth et al. 2017;
Dering et al. 2021). The altitudinal distribution of Scots pine demonstrates considerable
variability, extending from sea level to elevations reaching 2,700 meters, dependent upon
the climatic conditions encountered across its geographical distribution. In the
northernmost regions of its range, populations of Scots pine are located at sea level,
whereas in the southern areas, it may occupy altitudinal zones from sea level to elevations
exceeding 2,600 meters in the Caucasus and Northeast Anatolia, Tlrkiye (T6th et al. 2017;
Dering et al. 2021; Atalay 2023).

In Turkiye, Scots pine is one of the most important native pine species, both
ecologically and economically (Topagoglu and Geng 2019; Saglam and Sakici 2024). As
the pine species with the widest global distribution, Scots pine occupies a significant area
in Turkiye, covering approximately 1.41 million hectares, which constitutes approximately
6% of the total forested area of the nation (Durkaya et al. 2016; Saglam and Sakici 2024).
Scots pine populations in the Asian part of Turkiye in Anatolia, also known as Asia Minor,
represent the most arid and warmest place within the Scots pine niche (Dering et al. 2021),
and the southernmost extent of the species’ distribution are of profound ecological and
genetic importance (Naydenov et al. 2007; Dering et al. 2021). These populations are
primarily distributed across three major regions: the Black Sea region, Central Anatolia,
and Northeastern Anatolia, where they inhabit diverse ecological zones with varying
climatic, altitudinal, and soil conditions (Atalay 2023). In the Black Sea region, Scots pine
thrives in humid environments with high precipitation and fertile soil, often forming mixed
forests with Fagus orientalis Lipsky. (oriental beech) and Abies nordmanniana (Steven)
Spach (Nordmann fir). The altitudinal range here extends from sea level to approximately
1,800 meters. This region supports dense and genetically diverse populations due to the
favourable environmental conditions and ecological interactions. Northeastern Anatolia,
with its mountainous terrain and colder climates, provides a unique habitat for Scots pine.
These populations are found at altitudes from approximately 1,200 meters to 2,700 meters,
with adaptations for cold hardiness and significant snowfall (Atalay 2023).

Populations in Central Anatolia are adapted to a semi-arid climate characterized by
cold winters, hot, dry summers, and limited precipitation. Found at altitudes ranging
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between 1,000 and 1,600 meters, these populations often coexist with drought-tolerant
species such as Quercus and Juniperus. Their growth patterns reflect adaptations to water
scarcity, making them genetically distinct and resilient to harsh conditions (Glcel et al.
2008). Central Anatolia, the study area, has a semi-arid climate characterized by low annual
precipitation, typically ranging from 300 to 600 mm. The region experiences considerable
temperature variations across the seasons, with hot, dry summers and cold winters, during
which temperatures often drop below freezing (Altin et al. 2012; Tugag et al. 2022). These
climatic conditions pose significant challenges for tree species, including Scots pine, which
is particularly sensitive to drought and requires specific moisture levels for optimal growth
(Bueis et al. 2016). The species is integral to forest ecosystems, offering habitat for
numerous wildlife species and contributing to local economies through timber production.
Economically, Scots pine is indispensable to Tiirkiye’s timber sector, underpinning
industries such as construction, furniture manufacturing, and paper production, thus
serving as a foundational element of regional economies (Topagoglu and Geng 2019). Due
to human activities, significant portions of the Scots pine forests in Turkiye have been
gradually transformed into unproductive areas. Currently, rapid rehabilitation efforts are
underway in these regions (Durkaya et al. 2016).

Data Collection and Preparation

This study aimed to determine the current and future (2100 year) distribution of
Scots pine in the Central Anatolian region of Turkiye. Presence data for Scots pine in
Central Anatolia were first obtained from the Global Biodiversity Information Facility
(GBIF) website, an open-access database (GBIF 2024). In addition to the presence data
obtained from GBIF, to obtain accurate and reliable results of species distribution
modeling, presence data of the target species were obtained from various articles, master’s
and doctoral theses conducted in the Central Anatolia region (Tung 2019; Orhan 2021;
Oskay et al. 2024; Ursavas and Edis 2024). Careful measures were implemented to ensure
that the presence data collected originated from natural habitats. Ozcan et al. (2024) noted
that presence data derived from planted locations do not accurately represent the ecological
and natural characteristics of the species in question. Consequently, to delineate the current
and potential distribution of Scots pine, 158 presence data points from the species’ natural
habitats were gathered, as illustrated in green on the map (Fig. 1).
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Fig. 1. Location of the study area and georeferenced presence data of Scots pine
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Numerical-Based Environmental and Climate Variables Map Production
Process

After collecting data on Scots pine from its natural habitat, base maps of numerical
environmental and climatic variables were generated to model its potential distribution. To
create these digital base maps, first the digital elevation model covering the study area was
downloaded from the website https://www.usgs.gov/. Then, the resulting digital elevation
model with a pixel size of approximately ~1x1 km (30 arc seconds) was resized according
to the study area, and the appropriate coordinate system (Lambert Conformal Conic ED50)
was introduced. Finally, environmental variables of the area were produced using the
ArcGIS Pro software, based on the digital elevation model in which the appropriate
coordinate system was introduced according to the study area boundary. These variables,
which are produced by different formulas, indexes or arctoolbox, are: elevation, elevation
class, slope, slope class, aspect, aspect class, aspect suitability index, solar illumination
index (8pm, 6pm, 4pm, 2pm, noon, 10am, 08am, 06am, solar illumination), solar radiation
index, hill shade index, ruggedness index, roughness index, topographic position index,
compound topographic index, heat load index, temperature index (mc_cune) and landform
surface shape index (Acarer 2024a, b, c). Thus, a total of 24 environmental variables that
could be effective in Scots pine distribution were produced.

Once the environmental variables for the study area were established, the next step
was to produce climate variables to understand their effects on species distribution.
Currently, the WorldClim and Chelsa climate scenarios are the most preferred options. The
Chelsa climate scenarios, which provide high-resolution climate data for the Earth’s land
surface areas, are hosted by the Swiss Federal Institute for Forest, Snow, and Landscape
Research (WSL). This dataset is globally scaled, has a very high resolution of 30 arc
seconds (approximately 1 km), and is openly accessible (CHELSA 2024). Given that the
study area covers 161738 kmz, the Chelsea climate scenarios were selected for this study
as they offer a broader range of results for larger geographical areas compared to the
WorldClim dataset. Chelsa climate scenarios are widely used to determine the effects of
climate variables on Scots pine distribution (Dering et al. 2021; Vospernik et al. 2024).
These climate data include five climate envelope models: GFDL-ESM4, IPSL-CM6ALR,
MPI-ESM1-2-HR, MRI-ESM2-0 and UKESM1-0-LL. Although there are different
climate envelope models, they are all based on temperature and precipitation values derived
from climate variables. In this context, Chelsa climate variables derived from temperature
and precipitation variables were obtained from the https://chelsa-climate.org/ internet
address (Karger et al. 2023). The obtained 30 arc seconds (~1x1 km) pixel size Chelsa
climate envelope models include 19 different climate variables from biol to biol9. In
addition to the variables obtained for the current potential distribution of Scots pine,
climate variables belonging to the UKESM1-0-LL climate envelope model’s 2100-year
SSP1 2.6, SSP3 7.0, and SSP5 8.5 climate scenarios were also obtained. The climate
variables obtained were resized based on the study area. As a result, a total of 43 digital
and model-based base map production processes were completed, including 24
environmental and 19 climate variables.

Environmental Variable Selection and Pre-Modeling Analysis

Before proceeding with the modelling and mapping of Scots pine, a comprehensive
statistical analysis was conducted on the base maps created within the designated study
area. This included Pearson correlation analysis to identify and exclude variables with an
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absolute value greater than 0.80, ensuring minimal multicollinearity. Additionally, factor
analysis was employed to pinpoint the most representative variables, emphasizing
temperature and precipitation seasonality, significantly influencing Scots pine distribution.
These statistical methods were conducted using R software and ArcMap 10.8 for spatial
data preprocessing. Since closely related values in species distribution models can lead to
multicollinearity issues during the modelling phase, careful variable selection is essential
(Suel 2019). To address this, Pearson correlation analysis was performed using the R
software. Variables exhibiting an absolute value greater than 0.80, were excluded to
minimize multicollinearity issues (Fig. Al). This approach aligns with findings in the
literature, where similar thresholds have been recommended for species distribution
modelling (Ozdemir et al. 2020; Acarer 2024b). These variables were initially created in
raster format and then converted to ASCII format to facilitate the modeling phase of the
maxent method. To provide reliable potential distribution projections for Scots pine, only
the most representative and independent variables were converted to ASCII format and the
modeling phase was started.

Maximum Entropy (MaxEnt) Modeling and Mapping Approach

The Maximum Entropy (MaxEnt) method is an important tool in ecological niche
modelling (ENM) and species distribution modelling (SDM). These techniques help
researchers understand the habitat preferences and distributions of different species based
on the principle of maximum entropy (Ozdemir et al. 2020). Its primary aim is to predict
the potential distribution of species utilizing presence-only data, a feature that is
particularly advantageous when absence data is scarce or nonexistent. This model operates
by maximizing entropy, thereby yielding a probability distribution that accurately
represents the environmental conditions linked to the known presences of a species
(Khattak et al. 2022). One of the key advantages of the MaxEnt model is its strong
predictive capability, which often outperforms other modelling techniques in various
scenarios. Research shows that MaxEnt consistently achieves better results in predicting
species distributions compared to alternative models like GARP, mainly when the input
data is biased or limited (Townsend Peterson et al. 2007; Wang et al. 2018). This is
especially important in ecological studies, as accurate predictions are essential for
informing conservation strategies and habitat management. Additionally, the model’s
ability to manage complex interactions between species and their environments provides
deeper insights into ecological dynamics, particularly in changing climate conditions
(Kearney et al. 2010).

Although it has many advantages, the accuracy of the model obtained with the
MaxEnt method needs to be checked. In this audit, care must be taken to ensure that there
are no significant deviations or swellings in the omission chart first presented. In other
words, care must be taken to ensure that the predicted omission line is not completely
visible and that the average omission follows the predicted omission line. Another
important issue in evaluating model accuracy is generally checking Area Under the Curve
(AUC) values. The AUC value ranges from 0 to 1 and indicates how confident the model
is. AUC values are categorized to indicate the model’s predictive power: values between
0.9 and 1 are considered excellent, 0.8 to 0.9 are good, 0.7 to 0.8 are fair, 0.6 to 0.7 are
poor, and values below 0.5 indicate a failed model (Astuti et al. 2021). However, for these
values, it is necessary to ensure that the AUC value of the training and test data set is the
highest. At the same time, care should be taken to ensure that the difference between the
AUC values of the training and test data sets is the lowest. Finally, if the AUC value of the
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test data set exceeds the AUC value of the training data set, the model is considered invalid
(Fielding and Bell 1997; Merow et al. 2013).

RESULTS AND DISCUSSION

Key Variables Influencing Scots Pine Distribution

According to the results of the statistical analysis (r>0.80) applied to the 43
environmental and climate variable base maps produced at the beginning of the study, it
was concluded that 25 digital base maps (21 environmental and 4 climate variable) would
represent the distribution of Scots pine in Central Anatolia. In other words, it has been
revealed that climatic and topographic factors have a critical effect in shaping the potential
distribution of Scots pine. Factor analysis was conducted to identify the most representative
variables influencing the distribution of Scots pine in Central Anatolia. The results of the
factor analysis indicated that the model comprised four climate variables that best
represented the distribution of Scots pine, accounting for a cumulative value of 96.2% and
a variance of 5.51% (Table Al). These variables were identified as follows: mean diurnal
air temperature range (bio2: 0.873), annual range of air temperature (bio7: 0.794), and
precipitation amount of the driest month (biol4: 0.724) and precipitation seasonality
(biol5: 0.895) (Table A2). Among these, temperature seasonality (Bio7) and precipitation
seasonality (Biol5) were the strongest predictors in Central Anatolia, highlighting the
species’ sensitivity to climate change. Bio7 illustrates the impact of extreme temperature
fluctuations on physiological stress, growth, and seedling establishment. Increased
temperature seasonality can lead to higher evapotranspiration rates and reduced soil
moisture, particularly during dry summer months. This situation poses challenges for Scots
pine, which needs sufficient moisture during its growing season. Studies indicate that
prolonged soil moisture deficits reduce tree vigour and increase susceptibility to pests
(Dyderski et al. 2018; Jaime et al. 2019). Temperature seasonality may worsen water stress
in lowland and south-facing slopes, where shallow, rocky substrates limit water retention.
Similarly, Biol5 indicates that Scots pine thrives in environments with stable moisture
availability. High precipitation variability, characterized by intense droughts followed by
heavy rainfall, can disrupt nutrient uptake and increase soil erosion risk, limiting suitable
habitats. In Central Anatolia, this variability may lead to more surface runoff and less soil
moisture during dry periods. Moreover, high precipitation seasonality raises the likelihood
of wildfires, as dry forest fuels become more susceptible to ignition during storms
(Sanchez-Salguero et al. 2017). Scots pine’s low post-fire regeneration capacity compared
to other Mediterranean pines such as Pinus brutia and Pinus halepensis (Fernandez-Pérez
et al., 2019) poses additional threats to its habitat.

These results confirm the critical role of temperature and precipitation in
determining potential distribution for Scots pine, as previously reported in studies such as
Bueis et al. (2016). After determining the four most effective climate variables (Bio 2, Bio
7, Bio 14 and Bio 15) on the potential distribution of Scots pine, their correlation with other
24 environmental variables were examined. According to the correlation analysis results,
it was determined that three environmental variables showed a high correlation. The
elimination method among the environmental variables showing high correlation was
based on the surface shape of the study area and three environmental variables were not
included in the modeling stage.
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Modelling Performance of MaxEnt Approach

This study examined the current and future potential distribution of Scots pine
under existing climatic conditions and projected climate scenarios (SSP1 2.6, SSP3 7.0,
SSP5 8.5) for 2100, employing the MaxEnt modelling approach. The standard deviation of
the average omission rate for the current potential distribution model of Scots Pine,
considered to be good, was 0.021 (Fig. 2a), indicating that the model minimized false
negatives, effectively capturing the areas suitable for Scots pine growth. Additionally, the
model exhibited strong predictive performance, attaining AUC values of 0.865 for the
training dataset and 0.864 for the test dataset (Fig. 2b), indicating a high level of accuracy
and confirm the model’s ability to discriminate between suitable and unsuitable habitats
accurately (Swets 1988). These results are consistent with similar studies employing
MaxEnt for species distribution modeling, where AUC values above 0.85 are considered
indicative of high predictive accuracy (Ozdemir et al. 2020; Acarer 2024b,c). This high
predictive accuracy ensures the model can reliably project potential distribution for Scots
pine under various future climate scenarios (e.g., SSP1 2.6, SSP3 7.0, SSP5 8.5).
Consequently, it provides a solid foundation for identifying potential climate refugia and
regions at risk of habitat loss, which is critical for conservation planning and adaptive forest
management in the face of climate change.
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Fig. 2. Model performance of MaxEnt for Scots pine: (a) Average omission and predicted area plot,
showing model consistency with a low standard deviation (0.021); (b) Sensitivity vs. 1-specificity
(ROC curve) for training and test datasets, highlighting strong predictive accuracy with AUC values
of 0.865 and 0.864, respectively

Previous studies on the distribution of Scots pine provide valuable context. For
example, Arslan and Oriicii (2019) modeled the potential distribution of Scots pine using
only 34 occurrence records, a sample size that is considered insufficient for making reliable
predictions. The Area Under the Curve (AUC) values of the Receiver Operating
Characteristic (ROC) curve for Pinus sylvestris were calculated as 0.964 for the training
dataset and 0.968 for the test dataset. While these values indicate “excellent” model
performance, the higher AUC value for the test dataset compared to the training dataset
raises concerns about the reliability of the model. In ecological niche modeling, the AUC
of the training dataset is typically expected to be equal to or slightly higher than that of the
test dataset, as the model is optimized for the training data while the test data represents
unseen, independent observations (Fielding and Bell 1997; Merow et al. 2013).
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In contrast, a more recent study by Bulut and Aytas (2023) addressed these
limitations by incorporating higher-resolution climate data and using SSP scenarios from
the latest CMIP6 projections. This study utilized a larger dataset and more rigorous
validation metrics, such as the True Skill Statistic (TSS), which enhanced the reliability of
its findings. However, it also had limitations, including insufficient spatial coverage of
occurrence data and a limited exploration of extreme climate indices that could impact
Scots pine distribution in Tlrkiye’s marginal environments.

Climatic and Ecological Drivers of Potential distribution

The jackknife analysis identified several key environmental variables that
significantly influence the current distribution of Scots pine. These variables include
precipitation seasonality (Biol15), mean temperature range (Bio7), elevation, and surface
roughness, as illustrated in Fig. 3. Among these, precipitation seasonality (Biol5) had the
most significant impact on the model, highlighting the importance of stable and reliable
moisture availability for the survival and regeneration of Scots pine. The considerable role
of the mean temperature range (Bio7) also indicates the species’ sensitivity to temperature
fluctuations. Elevation reflects the tree's adaptation to specific altitudinal zones, while
surface roughness emphasizes the importance of topography in creating suitable habitats
for Scots pine.
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Fig. 3. Jackknife plot of variables contributing to the current distribution model of Scots pine

The potential distribution of Scots pine in Central Anatolia is significantly
influenced by climatic and ecological factors, as illustrated in Fig. 4. Bioclimatic variables,
particularly Bio7 (temperature seasonality) and Biol5 (precipitation seasonality), provide
valuable insights into the ecological tolerances and limitations of Scots pine in the Central
Anatolia region (see Fig. 4A and 4B). These findings are consistent with studies by Bueis
et al. (2016) and Merow et al. (2013), which highlight that temperature and precipitation
variability are critical determinants of Scots pine distribution, especially in semi-arid
regions.

Scots pine displays remarkable adaptability to various climatic conditions,
flourishing in areas where the mean annual temperature ranges from -2°C to 14°C, with
optimal growth typically occurring between 2°C and 6°C. The species can endure extreme
minimum temperatures below -35°C and prefers summer temperatures that do not exceed
30 °C (Atalay 2023). However, Fig. 4a shows that Scots pine thrives best in regions where
temperature seasonality (Bio7) ranges from 25 to 35 °C. Beyond this range, potential
distribution declines sharply, indicating the species’ reduced capacity to cope with extreme
seasonal temperature fluctuations with harsher climatic conditions. Figure 4b illustrates the
response of Scots pine to precipitation seasonality (Biol5). Potential distribution peaked
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when Biol5 was within the range from 100 to 460 mm, suggesting that Scots pine thrives
in areas with relatively stable rainfall patterns. However, suitability declines when Biol5
exceeds 460 mm, indicating that the species struggles to adapt to highly variable
precipitation patterns. Areas with extreme variability in temperature or precipitation
impose significant ecological constraints on the species. This dual sensitivity highlights
that Scots pine occupies a narrow ecological niche in the region and depends on specific
climatic conditions that are increasingly threatened by climate change.
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Fig. 4. Response graph of Scots pine potential Distribution to Climatic (Bio7 (a), Biol5 (b)) variables

The ecological variables of surface roughness and elevation were found to
significantly impact Scots pine distribution in Central Anatolia (Fig. 5). Elevation is
particularly crucial in determining potential distribution for this species. Optimal
conditions for Scots pine occur between 1.500 and 2.500 meters, with peak suitability
around 2000 meters (Fig. 5a). This elevation range reflects the species’ adaptation to mesic
and cooler mid-altitude environments, where temperature and precipitation are well-
balanced (Atalay et al. 2014). At elevations below 1.000 meters, suitability decreases,
which is likely due to competition with steppe vegetation. Additionally, conditions above
3000 meters make the habitat less suitable, as more extreme climatic factors, such as lower
temperatures and increased UV radiation, impose significant abiotic stress on the species
(Korner 2007).
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Fig. 5. Response graph of Scots pine potential distribution to Ecological (elevation (a) and
roughness (b)) variables
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Terrain roughness shows a unimodal relationship with the distribution probability
of Scots pine. Suitability probabilities are lowest in areas with extremely flat or low terrain.
Conversely, the suitability for Scots pine growth declines significantly in excessively
rugged terrains. This suggests that Scots pine thrives better in moderately rugged areas,
which is likely due to improved water drainage and greater microhabitat diversity. In
contrast, extremely flat or highly rugged terrains may hinder seedling establishment and
growth. Dufour et al. (2006) noted that increasing terrain roughness decreases the area of
individual habitats, reduces connectivity between similar habitats, and therefore increases
habitat isolation.

Projected Distribution Under Current and Future Climate Scenarios

The current distribution map (Fig. 6) reveals that Scots pine is primarily found in
high-altitude regions (1200 to 2000 m), where moderate temperature variability and
consistent precipitation create optimal growth conditions. Additionally, surface roughness
in these areas plays a crucial role in providing localized microclimatic stability, buffering
against extreme weather conditions. These results are consistent with previous studies,
which emphasize the ecological preferences of Scots pine and the significance of
topography in maintaining suitable habitats under changing climatic conditions (Karger et
al. 2023).

Scots pine (Pinus sylvestris L.)
current potential distribution

D Study area ’ Sample arca
-uum N
-

0 30 60 120 °
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Fig. 6. Current potential distribution map of Scots pine in Central Anatolia

The distribution maps (Fig. 7a,b,c) illustrate the projected distribution of Scots pine
in Central Anatolia under different climate scenarios for the year 2100 (SSP1 2.6, SSP3
7.0, and SSP5 8.5). Figures 7 (a), (b), and (c) display suitability maps, while Fig. 7 (d)
quantifies the distribution rates for each suitability class. Under the SSP1 2.6 scenario,
suitable habitats are more widespread, albeit fragmented, concentrated in mid-altitude and
mesic areas and the model predicts relatively stable habitat conditions, with suitable areas
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for Scots pine found in high-altitude and climatically favorable regions (Fig 7a). The
concentration of suitable habitats in mid-altitude and mesic areas suggests that Scots pine
may benefit from favorable climatic conditions, such as increased moisture availability
during critical growth periods. Research indicates that winter-spring temperatures and
moisture availability play a significant role in promoting the growth of Scots pine,
particularly in coastal and mesic environments (Janecka et al. 2020). However, under the
SSP3 7.0 (Fig 7b) and SSP5 8.5 (c) scenarios, suitable habitats become increasingly sparse,
with severe fragmentation and near-total loss of highly suitable areas. The stability of
habitat conditions under the SSP1 2.6 scenario also raises questions about the long-term
viability of Scots pine populations. While the model predicts relatively stable conditions,
it is essential to consider the potential for extreme weather events and climatic anomalies
that could disrupt these habitats. For instance, drought conditions, which have been shown
to negatively impact the growth and survival of Scots pine, may become more frequent
even in otherwise favorable climates (Sakici et al. 2023). The interaction between drought
stress and habitat fragmentation can exacerbate the challenges faced by Scots pine, leading
to increased mortality rates and reduced regeneration success (Heres et al. 2012). However,
in SSP3 7.0 (Fig 7b), potential distribution decreases markedly, leaving only fragmented
and isolated areas suitable for Scots pine. This reduction reflects a loss of habitat
connectivity, which is crucial for maintaining genetic flow and population resilience. By
SSP5 8.5, the landscape is dominated by unsuitable habitats, and highly suitable areas are
almost entirely absent. SSP5 8.5 exhibits a dramatic loss of suitable habitats, with only a
negligible portion of the region remaining favorable for Scots pine. These findings suggest
that Scots pine populations in Central Anatolia are at significant risk of local extinction
under high-emission scenarios.
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Fig. 7. Potential distribution maps for Scots pine in Central Anatolia, under current and future
climate scenarios SSP1 2.6 (a), SSP3 7.0 (b), SSP5 8.5 (c) and Estimated potential distribution
proportions for 2100 (d)
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This study indicates remarkable habitat fragmentation in Scots pine population in
Central Anatolia, particularly under SSP3 7.0 and SSP5 8.5, which further compounds the
challenges for Scots pine by disrupting genetic flow and increasing the risk of inbreeding,
thereby threatening populations resilience. Fragmented populations often exhibit reduced
genetic diversity, leading to lower adaptive capacity and increased vulnerability to climate
extremes and pests (Sanchez-Salguero et al. 2017; Dorado-Lifian et al. 2019). Dering et al.
(2021) highlights the high genetic variability of Scots pine populations in the Caucasus,
mirrored by their ecological uniqueness. Fragmentation reduces connectivity between
habitat patches, hindering seed dispersal and ecological resilience. Naydenov et al. (2007)
emphasizes the need to protect these relict populations by restricting seed transfers and
prioritizing conservation efforts, as they represent a critical genetic reservoir and an
essential component of the region’s biodiversity. Fragmented populations often exhibit
reduced genetic diversity, leading to inbreeding and decreased adaptive potential (Sanchez-
Salguero et al. 2017; Dorado-Lifian et al. 2019). Additionally, fragmentation disrupts
ecological interactions, such as ectomycorrhizal associations vital for nutrient uptake and
tree health (Aleksandrowicz-Trzcinska et al. 2018). Edge effects in fragmented habitats
further exacerbate vulnerabilities to pests, diseases, and climatic stressors (Jaime et al.
2019).

The distribution proportions shown in the bar graph (Fig. 7d) summarizing the
potential distribution percentages and corroborate these patterns, highlights the quantitative
impact of climate change on Scots pine distribution. Under current conditions, 34% of the
area is classified as moderately suitable, while 9% is highly suitable. However, unsuitable
areas already dominate, accounting for 56% of the landscape.

In the SSP1 2.6 scenario, moderately suitable areas decrease to 17%, while highly
suitable areas drop to 4%. Unsuitable areas expand to 79%, indicating a substantial
reduction in habitat quality despite optimistic emission reductions. In the SSP3 7.0
scenario, moderately suitable areas further decline to 9%, with highly suitable areas
shrinking to 1%. Unsuitable areas dominate 90% of the region, reflecting the intensifying
impact of climate change. The SSP5 8.5 scenario shows unsuitable areas accounting for
96% of the region. Moderate and highly suitable areas shrink to only 3% and 1%,
respectively, emphasizing the unsustainable future for Scots pine under this scenario.
Dering et al. (2021) also indicate a dramatic reduction in Scots pine habitats in Anatolia
and Caucasus, with over 90% of the current distribution potentially lost under future
climate scenarios. The present projections indicate an even more significant reduction in
suitable habitats for Scots pine, particularly under SSP5 8.5 scenarios, with unsuitable
habitats expanding to 96%, outpacing the reductions reported by both Dering et al. (2021)
and Bulut and Aytas (2023).

The findings of this study on Scots pine in Central Anatolia reveal a more severe
reduction in future potential distribution compared to projections by Bulut and Aytas
(2023), despite overlapping geographic coverage. Both studies (Dering et al. 2021; Bulut
and Aytas 2023) indicate an expansion of unsuitable habitats and a decline in suitable areas
under future climate scenarios, but the reductions projected in this study are significantly
more pronounced. This study predicts a more significant reduction in suitable habitats for
Scots pine compared to the findings of Bulut and Aytas (2023), especially under the SSP5
8.5 scenario, with 96% of the area projected to become unsuitable by 2100. This difference
may be due to the use in the present analysis of a more comprehensive dataset, higher-
resolution climate projections, and the inclusion of additional topographical and ecological
factors, such as elevation and roughness, which were not fully considered in previous
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studies. Furthermore, while Dering et al. (2021) emphasized the genetic uniqueness of
Scots pine populations in the region, this study focuses on their ecological vulnerability
and identifies specific mid-altitude refugia that could act as climate shelters. This refined
analysis provides valuable insights for conservation planning, underscoring the need for
targeted interventions in areas most likely to support Scots pine populations.

Comparisons with Arslan and Oriicii (2019), Bulut and Aytas (2023), and this study
collectively offer valuable insights into the current and future distribution of Scots pine in
Turkiye, albeit with differing methodologies and geographic focuses. Arslan and Oriicii
(2019) conducted a national-scale assessment using 34 presence data points, finding 87.1%
of Turkiye unsuitable for Scots pine under current conditions, rising to 93.5% by 2070
under RCP 8.5. In contrast, Bulut and Aytas (2023) focused on Inner Anatolia, with partial
overlap in Central Anatolia. This study improves upon these efforts by using 158 presence
data points to deliver a more detailed and robust analysis of Central Anatolia, a climatically
marginal and ecologically critical region for Scots pine conservation. While Arslan and
Oriicii (2019) reported broad trends, their limited dataset may have underestimated regional
variations, particularly in Central Anatolia, where this study reveals significantly higher
current suitability (56% unsuitable) but a steeper decline under future scenarios (96%
unsuitable by 2100 under SSP5 8.5).

The implications of habitat changes extend beyond distribution patterns, affecting
Scots pine growth dynamics and ecological interactions. Projections align with previous
studies (Bulut and Aytas 2023; Ekberzade et al. 2024) that reported habitat contraction in
low-altitude and southern regions, with high-altitude areas serving as potential refugia.
Ekberzade et al. (2024) emphasize altitudinal shifts, identifying regions such as the
Hakkari and Munzur Mountains (exceeding 3,000 meters) as potential refugia. However,
these extreme elevations pose physiological challenges for Scots pine, which thrives in
mesic, mid-altitude environments (1,500 to 2,500 meters). These regions may be less
affected by extreme heat and aridity, providing a critical buffer for Scots pine populations.
The findings of this study, supported by Dering et al. (2021), highlight the critical role of
mid-altitude regions as primary refugia. Thus, high-altitude regions are unlikely to provide
long-term refuge for Scots pine. Nevertheless, region-specific analysis and microclimatic
considerations are essential to validate the potential of high-altitude areas for Scots pine
conservation.

Beyond their ecological importance, Scots pine forests play a vital role in carbon
sequestration and provide essential ecosystem services, especially in semi-arid and
montane regions such as Central Anatolia. As a dominant coniferous species, Scots pine
significantly contributes to carbon storage in both biomass and soil, aiding in mitigating
climate change by absorbing atmospheric CO.. However, the projected reduction in
suitable habitats for Scots pine under the SSP3 7.0 and SSP5 8.5 scenarios poses a threat
to this crucial function, potentially diminishing regional carbon sinks and worsening the
impacts of climate change (Dyderski et al. 2018). Similar trends have been observed in
boreal forests, where warming-induced changes in tree composition affect carbon
dynamics, resulting in increased carbon release from soil respiration and disturbances such
as wildfires and pest outbreaks (Hickler et al. 2012; Sanchez-Salguero et al. 2017). In
addition to carbon sequestration, Scots pine forests offer critical ecosystem services,
including soil stabilization, water regulation, and support for biodiversity. The loss of Scots
pine habitats could lead to increased soil erosion and a decline in water retention capacity,
further affecting regional hydrology and agricultural productivity. The socio-economic
consequences of these ecosystem changes are particularly concerning for communities that
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depend on forest resources for timber production, non-timber forest products, and tourism-
related activities. These findings highlight the urgent need to integrate climate-adaptive
forest management strategies into broader environmental and economic policies to ensure
long-term sustainability.

The findings of this study align with broader trends observed in marginal
populations of Scots pine across Europe and Asia, where habitat loss due to climate change
is altering species distributions. For instance, in the Iberian Peninsula, Scots pine
populations in Mediterranean climatic zones are experiencing significant range
contractions. This decline is primarily attributed to rising temperatures, prolonged
droughts, and increased fire frequency (Sanchez-Salguero et al. 2017). Similar to the
present work’s projections for Central Anatolia, the research in Spain indicates that
lowland and dry-edge populations of Scots pine are particularly vulnerable, with habitat
suitability decreasing significantly under high-emission scenarios (LoOpez-Tirado and
Hidalgo 2014). In contrast, some mid- and high-altitude populations in the Pyrenees and
northern Spain have been identified as potential climate refugia, reflecting the present
findings on the importance of mid-altitude refugia in Central Anatolia.

In the Caucasus region, Scots pine populations share similarities with those in
Turkiye, as they are geographically isolated and genetically distinct. Research by Dering
et al. (2021) suggests that over 90% of Scots pine habitats in the Caucasus could be lost by
the end of the 21% century under high-emission scenarios, closely aligning with the present
projections for Turkiye under SSP5 8.5. However, unlike Central Anatolia, where habitat
fragmentation poses a significant challenge, the Caucasus benefits from larger forested
refugia at higher elevations, which may enhance resilience against climate change. This
indicates that while the vulnerability of Scots pine is consistent across different marginal
populations, the extent of habitat loss and potential for survival varies based on regional
topography and connectivity.

Additionally, Scots pine populations in semi-arid regions of Central Asia, such as
Mongolia and the Altai Mountains, face similar challenges driven by drought. Wang et al.
(2018) found that increased temperatures and seasonal variability in precipitation are key
limiting factors for Scots pine persistence in these areas, highlighting the significance of
Bio7 and Biol5, which emerged as the strongest climatic drivers in our study. These
comparisons emphasize that while Scots pine has a broad ecological range, its survival in
marginal environments highly depends on localized climatic and topographical conditions.

By integrating these broader findings, the present study provides valuable insights
into the commonalities and regional differences affecting the future distribution of Scots
pine. Understanding how marginal populations respond to climate change at various
latitudes and elevations is crucial for developing targeted conservation strategies adaptable
across different bioclimatic zones. Also, this study emphasizes the urgent need to integrate
species distribution modeling into biodiversity policies and climate resilience frameworks.
Given the projected habitat loss of up to 96% for Scots pine in Central Anatolia under high-
emission scenarios, conservation strategies should focus on protecting mid-altitude refugia,
establishing ecological corridors, and implementing adaptive afforestation programs.
These measures align with Sustainable Development Goal 15 (SDG15), particularly in
safeguarding forest genetic resources and promoting ecosystem resilience. Furthermore,
the results contribute to ecosystem-based adaptation (EbA) efforts by identifying priority
areas for climate-resilient forest management. Protecting Scots pine habitats not only
mitigates biodiversity loss but also supports carbon sequestration, reinforcing the role of
nature-based solutions (NbS) in climate adaptation strategies. These insights are critical for
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informing Tiirkiye’s National Biodiversity Strategy and Action Plan (NBSAP) and
aligning regional forestry policies with global sustainability goals.

To mitigate the projected decline of Scots pine in Central Anatolia under climate
change, conservation efforts should focus on protecting mid-altitude refugia (1.500 to
2.500 m) through legal safeguards and land-use restrictions, while establishing ecological
corridors to enhance genetic connectivity via afforestation and landscape planning.
Establishing ecological corridors is vital for maintaining connectivity between fragmented
habitats, facilitating the movement of Scots pine and other tree species, including Quercus
spp. These corridors facilitate gene flow, enhance biodiversity, and provide pathways for
species migration in response to climate change (Hu et al. 2021). For Scots pine, which
may face habitat fragmentation due to climate-induced shifts, these corridors can serve as
essential lifelines, enabling populations to adapt to new environmental conditions and
maintain genetic diversity. Selecting drought-tolerant genotypes for reforestation can
improve resilience against increasing temperature variability and declining moisture
availability. Fire risk mitigation strategies, including controlled burns, fuel load reduction,
and firebreak creation, are essential to reduce wildfire susceptibility. Continuous
monitoring using remote sensing, field surveys, and ecological modeling will enable
adaptive management. Lastly, integrating these conservation strategies into national
policies, such as Tiirkiye’s NBSAP and SDG15, will ensure long-term sustainability and
alignment with global biodiversity commitments. For a detailed framework on
conservation strategies derived from these model predictions, refer to the Appendix, Table
A3.

While silvicultural treatments such as thinning and selective harvesting can
enhance the resilience of Scots pine to climate change, their long-term effects remain
uncertain, especially in the complex and variable environments of Central Anatolia. This
study primarily has focused on the natural climatic and topographical factors that affect the
distribution of Scots pine without explicitly addressing the impacts of forest harvesting or
management practices. Removing competing tree species near Scots pine stands may create
opportunities for local expansion. However, large-scale logging or unsustainable
harvesting practices could worsen habitat fragmentation and heighten vulnerability to
climate-related stressors (del Rio et al. 2017). Given the unpredictability of these effects
under changing climate conditions, forest management interventions have not been
included in the conservation strategy. However, incorporating forest management
scenarios into future modelling efforts would offer a more comprehensive understanding
of how tree harvesting interacts with climate change and influences the distribution
dynamics of Scots pine.

Future research should focus on testing adaptation strategies through field trials,
including assisted migration experiments, drought-tolerant genotype selection, and mixed-
species plantation trials in climate-vulnerable regions. Incorporating long-term monitoring
of Scots pine populations across different elevations and microclimates will be essential to
refine conservation priorities and improve resilience-based forest management strategies.

CONCLUSIONS

1. Scots pine in Central Anatolia faces significant challenges under future climate
scenarios, as much of its current habitat is projected to become unsuitable. The region’s
semi-arid conditions and limited availability of mesic habitats make it particularly
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3.

vulnerable, with up to 96% of its range predicted to be unsuitable by 2100 under SSP5
8.5. The steep reduction in potential distribution, coupled with increased fragmentation,
poses significant challenges for the conservation and management of Scots pine
populations in this region.

While extinction in lowland and semi-arid areas is highly probable, small populations
may persist in isolated mid-altitude refugia (1.500 to 2.500 meters), such as the llgaz
and Bolkar Mountains. However, these fragmented refugia are unlikely to sustain large
or genetically diverse populations, increasing the risk of local extinction.

A natural northward shift toward cooler, wetter regions, such as the Black Sea
Mountains, is theoretically possible but limited by habitat fragmentation, dispersal
constraints, and competition from other species. Assisted migration to northern
Tirkiye, particularly to higher altitudes in the North Anatolian Mountains, could
enhance the species’ survival prospects.

These findings highlight the urgent need for adaptive conservation and sustainable
forestry strategies to protect Scots pine in Turkiye. Key measures include habitat
restoration, the establishment of ecological corridors, and the promotion of drought-
tolerant genotypes to address the impacts of climate change. Conservation efforts
should prioritize protecting and restoring mid-altitude and mesic areas, which have
been identified as critical refuges for Scots pine. In forest management, incorporating
mixed-species plantations that include drought-resistant hardwoods, such as Quercus
spp. species, can enhance forest stability. Additionally, assisted migration of Scots pine
to higher elevations may help ensure its persistence in a warming climate. Using
species distribution modelling in forestry planning can optimize reforestation efforts,
ensuring that forest adaptation measures align with long-term sustainability goals.
Furthermore, it is essential to implement strategies that mitigate habitat fragmentation
and maintain genetic diversity to safeguard the long-term viability of this species.

This research has emphasized the need for region-specific conservation planning that
integrates local climatic and ecological factors, contributing to the broader discourse
on forest adaptation and resilience in the face of global climate change.

Future research should incorporate additional variables, such as soil characteristics and
biotic interactions, to refine species distribution models. Long-term monitoring of
Scots pine populations and habitat dynamics is crucial to validate the projections and
guide evidence-based interventions. This approach will not only enhance the
understanding of Scots pine’s ecological requirements but also inform global efforts to
conserve forest biodiversity in the Anthropocene.
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Fig. Al. Pearson correlation analysis results for climate variables

Table Al. Cumulative Variance Explained by Principal Component Analysis

Initial Eigenvalues Extraction Sums of Squared Loadings
Component Cumulative
Total Variance% % Total Variance % | Cumulative %
1 9.273 53.435 53.435 9.273 53.435 53.435
2 5.093 26.860 73.295 5.093 26.860 73.295
3 2.551 12.372 82.667 2.551 12.372 82.667
4 1.327 5.509 96.177 1.327 5.509 96.177
5 0.221 1.165 99.142
6 0.096 0.348 99.390
7 0.021 0.108 99.698
8 0.012 0.062 99.860
9 0.008 0.044 99.904
10 0.007 0.039 99.943
11 0.005 0.025 99.968
12 0.002 0.013 99.981
13 0.001 0.007 99.988
14 0.001 0.005 99.993
15 0.001 0.003 99.997
16 0.000 0.003 99.999
17 0.000 0.001 100.000
18 4.134E-16 | 2.176E-15 100.000
19 -9.124E-16 | -4.802E-15 100.000
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Table A2. Representative Component Table for Chelsa Climate Variables

Component
Parameters
1 2 3 4
biol 0.764 0.610 0.106 0.172
bio2 -0.734 0.289 0.573 -0.189
bio3 -0.669 0.287 0.566 -0.215
bio4 -0.804 0.231 0.471 -0.046
bio5 0.326 0.246 0.497 0.087
bio6 0.795 0.392 -0.105 0.174
bio7 -0.767 0.794 0.568 -0.128
bio8 0.835 0.304 0.048 0.112
bio9 0.653 0.697 0.238 0.165
biol0 0.636 0.713 0.242 0.157
bioll 0.866 0.473 -0.014 0.145
biol2 0.532 -0.708 0.429 0.145
biol3 0.694 -0.639 0.324 -0.025
bio14 -0.597 -0.289 0.128 0.724
biol5 0.895 -0.209 0.100 -0.382
biol6 0.681 -0.630 0.370 -0.026
biol7 -0.596 -0.355 0.175 0.692
biol8 0.681 -0.630 0.370 -.026
bio19 0.668 -0.632 0.386 -.026

Table A3. Practical Conservation Actions for Scots Pine Under Climate Change*

Conservation
Action

Objective

Implementation Considerations

Protecting Mid-
Altitude Refugia

Establishing
Ecological Corridors

Drought-Tolerant
Genotype Selection

Fire Risk Mitigation
Strategies

Monitoring and
Adaptive
Management

Policy Integration
and Land Use
Planning

Preserve Scots pine populations in
climatically stable mid-altitude
regions (1,500-2,500 m).

Enhance genetic connectivity
between fragmented populations.

Improve Scots pine resilience to
increasing temperature
seasonality and declining moisture
availability.

Reduce wildfire susceptibility in
Scots pine habitats under climate
change.

Track habitat shifts and adjust
conservation strategies based on
real-time environmental data.

Align conservation strategies with
national and international
biodiversity policies.

Identify priority conservation zones, enforce legal
protections, and restrict land-use changes in
these areas.

Develop afforestation projects linking isolated
stands, ensure habitat continuity in landscape
planning.

Conduct genetic studies, select drought-resistant
variants for reforestation and afforestation
programs.

Implement controlled burns, reduce fuel loads,
create firebreaks, and establish early warning
systems.

Use remote sensing, field surveys, and
ecological modeling to inform adaptive forest
management.

Incorporate Scots pine conservation into
Turkiye's National Biodiversity Strategy and
Action Plan (NBSAP) and Sustainable
Development Goal 15 (SDG15).

*Note: This supplementary material outlines key conservation strategies to mitigate the projected
decline of Scots pine in Central Anatolia under climate change scenarios. This table presents
these conservation actions along with their objectives and implementation considerations.
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