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Quantifying the environmental factors influencing growth dynamics is essential for
predicting ecosystem responses, especially under global climate change. However,
achieving comprehensive, long-term tree-growth monitoring across extensive
regions can be resource-intensive. Ideally, dendrochronological measurements
are complemented by models capable of efficiently estimating growth patterns,
particularly in under-sampled regions. We applied a modeling approach combining
generalized additive models (GAMs) and extensive dendrochronological data from
258 Sweet chestnut (Castanea sativa Miller) cores collected across Georgia and
eastern Turkey. Our models identified stand age, minimum temperature of coldest
month, precipitation during the driest quarter, soil nitrogen content, and soil pH as
significant predictors, explaining substantial variability in Ca. sativa growth rates.
Younger stands (<50 years) in regions characterized by mild winter temperatures,
moderate precipitation in the late winter and early spring, acidic soils, and elevated
nitrogen content exhibited optimal growth conditions. Future scenario analyses
(SSP126, SSP370, and SSP585) revealed regionally variable impacts, highlighting
areas vulnerable to climate-induced stress or benefiting from warmer and drier
conditions. Although the predictive validity of our model is most reliable within
the observed distribution range of Ca. sativa, extrapolations to additional regions
are reasonable, provided that environmental conditions fall within the range of
the training data.

KEYWORDS

Castanea sativa, dendrochronology/dendrochronological, generalized additive
models, climate change, tree growth dynamics, Caucasus region

1 Introduction

Environmental factors are primary drivers of tree growth. Their role becomes increasingly
important in the context of global climate change (Reinmann et al., 2019). The growth is
contingent upon several variables, such as climate, soil, light, water, and nutrients, which are
available to the stands and individual trees based on their social status and physical size
(Velizarova, 2015). All these variables interact and fluctuate spatially and temporally, together
resulting in observable variations in growth rates (Cienciala et al., 2016). Understanding these
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patterns is crucial for accurately predicting trees’ responses to global
climate change and informing management strategies for species such
as the Sweet chestnut (Castanea sativa Miller), which are increasingly
influenced by climate change and human-induced stresses (IKrebs
etal., 2004).

Ca. sativa is a relict deciduous tree species and the only native
Castanea species in its native distribution range. It generally reaches
heights of 20-35 m (Dolukhanov, 2010; Konstantinidis et al., 2008).
Ca. sativa may occur in practically monospecific stands as well as
mixed with different oak (Quercus) species, beech (Fagus orientalis
Lipsky), hornbeam (Carpinus betulus L., Carpinus caucasica Grossh.),
often as a subdominant species (Nakhutsrishvili, 2013). The species is
considered moderately shade-tolerant, but requires sufficient light
throughout its early development (Conedera et al., 2024).

Regions with suitable habitats for Ca. sativa are primarily located
across its native range, including parts of Southern and Central
Europe, as well as Western and Southwestern Asia. Particularly, the
areas characterized by moderate and mountain climates. The species
grows within environments characterized by mild winters, warm
summers, and adequate rainfall, commonly located in temperate
deciduous forests, montane areas, and locales with seasonal snow
accumulation at elevated altitudes (Dolukhanov, 2010; Metreveli
etal., 2023).

Historically, Ca. sativa has been an important tree species in
Caucasian forest ecosystems, contributing to biodiversity and
providing essential resources for human societies (Conedera et al.,
2024). It is an economically valuable tree species, with its nuts
supporting agroforestry systems across Europe and Asia. Ca. sativa
wood, known for its durability and resistance to decay, is a major
resource for timber, furniture, and construction industries
(Conedera et al., 2021). As a result of its numerous advantages,
many Ca. sativa woodlands are being converted and replaced with
planted stands, often through active management (Krebs et al.,
2004; Newbigin, 1928).

Ca. sativa stands have undergone substantial transformation over
the past century, not only due to human management but also as a
result of biotic factors. Chestnut blight, caused by Cryphonectria
parasitica, has profoundly altered Ca. sativa populations across its
range, reducing vitality and growth in many stands (Rigling and
Prospero, 2018; Keles et al., 2024; Metreveli et al., 2024). The
anatomical wood characteristics and tree ring widths are significantly
impacted by chestnut blight infections (Keles et al., 2024). This and
other factors, such as the inherent wood structure’s tendency to radial
and circumferential splits, ring shake, absence of rings, and rapid
growth rate, make dendrochronological analysis less accurate
(Romagnoli et al., 2004; Spina and Romagnoli, 2010).

Consequently, many scientists choose to cross-match the growth
of Ca. sativa with co-occurring native oak species, as they similarly
respond to climatic conditions. This aids in constructing more resilient
regional chronologies, particularly when Ca. sativa alone may not
provide a clear or comprehensive record. However, some research
suggests that Ca. sativa is suitable for growth analysis due to its decay-
resistant heartwood and thin sapwood (Jarman et al., 2017).

Given the ecological and economic importance of Ca. sativa, a
study of its growth and the impact of environmental factors on its
development is needed. Ca. sativa growth is a multifaceted process
affected by several environmental conditions, which are essential in
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influencing growth rates, wood quality, and total wood production
(Romagnoli et al., 2004). Several dendrochronological studies have
shown that the primary environmental factors affecting the growth of
Ca. sativa are precipitation, temperature, and drought (Di Filippo
et al., 2014; Jarman et al., 2017; Conedera et al., 2021; Velizarova,
2015). Some studies indicate that Ca. sativa growth is significantly
related to spring rainfall (March-May), which is crucial for early-
season development (Di Filippo et al., 2014; Jarman et al., 2017). In
contrast, summer drought conditions (June-August) have an adverse
effect on growth. Hot temperatures from April to August might inhibit
growth, particularly in lower-altitude areas, where Ca. sativa needs a
sufficient water supply to endure heat stress (Di Filippo et al., 2014).
Jarman et al. (2017) indicated that February precipitation positively
influenced growth; however, high rainfall in late spring and summer
(May to July) may negatively affect growth due to soil waterlogging.
Other studies emphasize the substantial impact of soil factors on the
growth of Ca. sativa trees (Conedera et al. (2021), Velizarova (2015),
Sillettetal. (2010)). These studies revealed that soil texture significantly
affects nutrient availability, with trees impacting nitrogen cycling,
organic matter accumulation, and cation exchange processes more
profoundly in sandy loam soils than in finer silt soils. A strong
correlation between foliar nitrogen and phosphorus levels and tree
growth has been reported by Cernusak et al. (2010), whereas soil
calcium showed an inverse relationship, suggesting that soil chemistry,
particularly nutrient availability and pH, is crucial for Ca. sativa
growth. Furthermore, soil calcium negatively impacts growth, whereas
nitrogen-rich soils create more conducive conditions for trees’
productivity (Conedera et al., 20215 Velizarova, 2015). According to
all these findings, we can suggest that different factors may have a
substantial influence on Ca. sative growth in different locations. Given
the context of global climate change, underscores the importance of
thoroughly examining Ca. sativa growth responses across different
regions, particularly those where the species is indigenous (Vlachou
etal., 2024).

Climate change has been recognized as a primary driver altering
forest ecosystems (Comerford et al., 2013). Increasing temperatures
and altered precipitation patterns also significantly affect the
development, distribution, and health of Ca. sativa, posing major
challenges to its stands and impacting their physiology and phenology
(Beridze et al., 2023). Elevated temperatures may result in a decrease
in the growth rate, hindering seed production and spontaneous
regeneration (REF) (Solla et al., 2024). Moreover, drought stress and
heightened evapotranspiration may reduce growth rates and render
trees more susceptible to pests and diseases (Solla et al., 2024; Vlachou
et al., 2024; Metreveli et al., 2024).

Here, we conduct the first study on Ca. sativa growth in the
Caucasus, a biodiversity hotspot and a region with extensive remaining
natural Ca. sativa stands (Metreveli et al., 2023; Prospero et al., 2013).
Our study aims to investigate the effects of current and future climatic,
terrain, and soil factors on the average annual radial growth (mean ring
width per core, in mm/year) rates of Ca. sativa. This indicator, which
will be called average annual growth from now on, is different from
traditional dendrochronological methods that focus on standardized
ring-width indices (Midolo et al., 2021). We hypothesize that the
average annual growth of Castanea sativa is influenced by a
combination of climatic, terrain, soil, and biological factors. Following
this, the main questions to answer are as follows: (1) How do current
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climatic, edaphic, and biological factors influence the average annual
growth of Ca. sativa in the Caucasus? (2) How might these relationships
alter under future climate scenarios (SSP126, SSP370, SSP585)? Our
research aims at contributing to broader ecological investigations by
providing dendrochronological data that elucidates the relationship
between average annual growth and environmental variables.
Furthermore, the identification of key factors influencing Ca. sativa
growth can enrich forest management policies within the study region
and beyond.

2 Materials and methods

2.1 Study area

Our study area encompasses the Caucasus ecoregion and lies
between the Black Sea (oceanic) and the Caspian Sea, extending
1,300 km (Figure 1). Situated between 36° and 51° E longitude and
36° and 47° N latitude, the region encompasses an area of
580,000 km? and consists of several notable features, including the
North Caucasus Plain, the Greater Caucasus Range, the Lesser
Caucasus and the Highland of South Caucasus, which includes
portions of Asia Minor (Tielidze and Wheate, 2018). The region
constitutes a significant Pleistocene refugium (Krebs et al., 2004;
Tarkhnishvili et al., 2012).

10.3389/ffgc.2025.1670459

2.2 Castanea sativa core samples

A sample of 200 tree cores from Georgia were obtained from
Georgia’s National Forest Inventory, done by the Ministry of
Environmental Protection and Agriculture of Georgia between
2019 and 2021 (Ministry of Environmental Protection and
Agriculture of Georgia, 2023). An additional 10 cores from Turkey
and 48 from eastern Georgia were collected by Vasil Metreveli
between 2018 and 2019 for this study. Consequently, a total of 258
Ca. sativa trees from natural stands were cored at breast height
(1.3 m) using Haglof 2-thread increment borers (5 mm diameter,
40 cm length). Within each plot, one tree of average diameter was
selected, avoiding suppressed and overly dominant individuals to
minimize bias from microhabitat variation (Pretzsch, 2009; Midolo
etal., 2021).

The National Forest Inventory plots featured a multiple-layer
concentric circular configuration with radii of 5, 10, and 15 meters
(Ministry of Environmental Protection and Agriculture of Georgia,
2023). However, the plots taken by Vasil Metreveli for this study
utilized a single-layer circular design with a 12.6-meter radius. Wood
core samples were collected at an elevation range of 112 to 1,664
meters above sea level. The sampled trees were evenly distributed
across a large part of the species’ geographic range in Georgia. The
sampled trees varied in diameter between 8-56 cm at DBH (Mean +
SD =25+ 10 cm). Each tree was cored once from one side. The
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FIGURE 1
The map of the study area and Castanea sativa tree core sampling sites (n = 258).

Frontiers in Forests and Global Change

03

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1670459
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Metreveli et al.

smallest minimum distance between sampled trees was 100 meters.
Core samples were preserved in paper straws in the field for further
investigation in the lab.

2.3 Processing core samples

Core samples were fixed to wooden mounting boards for further
processing. The samples were smoothed using a WSL Core Microtome
to improve the visibility of yearly rings (Gartner and Nievergelt, 2010).
For example, with ambiguous ring delineation post-smoothing,
increasingly finer grades of sandpaper were used.

Samples were then scanned for ring-width measurement at a
resolution of 1,200 DPIL. Annual ring measurements, increments, and
calendar year assignments were ascertained using CooRecorder and
Cdendro software (https://www.cybis.se/forfun/dendro/index.htm).
This software enables ring measurements with an accuracy of
0.0l mm. Only fully formed last annual rings were measured,
reflecting the year in which the tree finished its growth at the time of
sampling. Rings that were not fully developed, signifying incomplete
growth during the sampling year, were omitted to guarantee
measurement precision and comparability. This methodology reduced
potential inaccuracies in annual ring-width analysis and guaranteed
that only complete growth cycles were included in the dataset
(Kvaratskhelia and Gavashelishvili, 2025). All cores reached the pith,
ensuring that the full radial sequence from the center to the bark was
measured. Ring-width distances (mm) were carefully measured and
visually checked to ensure accurate identification of annual boundaries

TABLE 1 Environmental and soil variables.

10.3389/ffgc.2025.1670459

(Ortega Rodriguez et al., 2023). A total of 258 cores were analyzed,
covering the years from 1870 to 2020. The average ring width in the
dataset is 2.66 + 1.95 mm, and the values range over time from
0.06 mm to 14.86 mm (Supplementary Figure 1). Subsequently, the
width of the ring series was averaged for each core to eliminate the
effect of stand density and the size-growth relations (Midolo et al.,
2021). Subsequently, the data were checked for measurement errors
and prepared for statistical analysis.

2.4 Environmental variables and data
processing

This study incorporates different environmental variables to
evaluate their influence on the growth dynamics of Ca. sativa. These
include climatic, topographical, and soil characteristics. The age of the
tree, a key factor influencing growth (Thomas, 2011), was also
considered. All variables were available for the complete dataset
(n = 258 cores), with no missing values. The chosen variables provide
insights into present conditions and possible future alterations under
several climatic scenarios (Table 1).

We utilized 1 km resolution bioclimatic data (BIO1-BIO19) from
CHELSA (1981-2010) and future climate predictions from the CMIP6
ISIMIP3b dataset (GFDL-ESM4, 2070-2,100) under SSP126, SSP370,
and SSP580 scenarios (CHELSA version 2.1, 30s ~1km2,
downloaded from https://chelsa-climate.org, accessed on 4 March
2025) (Karger et al., 2017). Terrain characteristics at a resolution of
30 m x 30 m encompassed elevation, slope, aspect, surface roughness,

Category Variable name Description

Age Age

Age of the sampled tree in years

Climate CHELSA climate variables V 2.1

(Current)

BIO1-19 (Current mean temp, precipitation, seasonality, extremes)

CHELSA climate variables V 2.1

BIO1-19 (Future mean temp, precipitation, seasonality, extremes) - CMIP6 ISIMIP3b - gfdl_esm4 (ssp126,

(Future) ssp370, ssp580)

Topography Elevation above sea level in (m) Elevation data collected via the Shuttle radar topography mission (SRTM)
Surface roughness Variability in terrain elevation, calculated from SRTM DEM
Topographic ruggedness index Terrain heterogeneity based on elevation differences, from SRTM DEM
Topographic position index Indicates valley, mid-slope, or ridge; calculated from SRTM DEM
Slope (0°-90°) Terrain steepness, from SRTM DEM
Aspect (0°-360°) Slope direction, derived from SRTM DEM

Soil Clay content (%) Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Silt content (%)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Sand content (%)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Organic carbon (mg/kg)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Organic carbon density (kg C/m?)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Bulk density of fine earth fraction (kg/
dm?)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Nitrogen content (mg/kg)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Soil pH (H,0)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

Coarse fragment volume (cm?®)

Averaged over depths (cm): 0-5, 5-15, 15-30, 30-60, 60-100, 100-200

No missing values occurred. All variables were measured for the full dataset (n = 258).
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the topographic ruggedness index (TRI), and the topographic position
index (TPI) (Gupta and Dixit, 2024; Hayakawa et al., 2008). Soil
parameters were sourced from ISRIC (250 m x 250 m resolution),
which included soil texture, organic carbon, nitrogen, pH, coarse
fragment volume, and cation exchange capacity (CEC) (Poggio
etal., 2021).

All raster data were projected to the Albers Equal Area coordinate
system for the Caucasus (Adams, 1927), resampled to a uniform
resolution of 30 m x 30 m, and aligned with the DEM. The data were
subsequently clipped and masked utilizing the Caucasus ecoregion
shapefile, hence ensuring spatial consistency for ecological and
geographical research.

2.5 Data analysis

To reduce the potential multicollinearity among the 34
independent variables (Table 1), we first built correlation matrices to
look at the
(Supplementary Figure 2) (Schober et al., 2018). We subsequently

correlations  between pairs of variables
divided the environmental variables into four separate groups, making
sure that the Pearson’s correlation coeflicient between any two
variables in each group was r < 0.75. This threshold represents a widely
used equilibrium in ecological modelling: stricter cutoffs might have
omitted ecologically significant predictors and diminished
interpretability, while more lenient cutoffs would have heightened
redundancy and processing demands (Dormann et al, 2013).
Subsequently, 4,000 unique variable combinations were generated
within each set using the ‘gtools’ package in the R statistical computing
environment (Warnes et al., 2021). Variable sets were constructed to
ensure that highly correlated predictors were not included together.
Beyond this restriction, predictors were freely combined, resulting in
16,000 models.

We employed generalized additive models (GAMs) to examine
the factors affecting the growth of Ca. sativa, focusing on the
relationship between growth rate, tree age (age of individual trees
determined from ring counts at the pith) and environmental variables
(Table 1). Generalized Additive Models (GAMs) were selected for
their capacity to capture non-linear and non-monotonic relationships
and were run using the “mgcv” package (Wood, 2011; Wood et al.,
2016) in R version 4.2.2 (R Core Team, 2016). All predictors were
modelled with smooth terms (s()), and no interactions were included
to preserve interpretability. Given that the dependent variable (average
growth/width of the ring series of trees) was non-negative and
continuous, we employed the “Gamma” family with a log link function
to address the variance that rises with the mean. We used the gam.
check and gratia tools in R to check the residuals to make sure that the
Gamma distribution assumption was correct. We looked at fitted vs.
residuals plots, quantile-quantile (Q-Q) plots, and histograms of
residuals to see if the model fit and distributional assumptions were
correct (Wood, 2017; Simpson, 2022). Penalized thin plate regression
splines were employed for expressing smooth terms, with smoothing
parameters estimated using restricted maximum likelihood (REML)
to guarantee robust estimation (Wood, 2011).

We examined all possible combinations of variables across the
four sets, yielding 16,000 candidate models. We tested GAMs
using two to ten predictors. Tree age was incorporated into all

models to address ontogenetic patterns. We applied a two-step
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selection: first, models were screened based on predictive
accuracy using 10-fold cross-validation (MSE) (Daniel et al.,
2022a, by Yates et al., 2023), retaining only those where all
predictors were statistically significant (p < 0.05). Among this
reduced set, the final model was chosen based on lowest AIC to
balance predictive power with parsimony (Wagenmakers and
Farrell, 2004; Chakrabarti and Ghosh, 2011). The concurvity
among model terms was also assessed to ensure model reliability
(Kovacs, 2024).

The final model was employed to produce a spatial map of Ca.
sativa growth. The growth map was subsequently compared to the
species habitat suitability map of Metreveli et al. (2023). The growth
raster was resampled to align with the spatial resolution and extent of
the habitat suitability raster by bilinear interpolation. The two rasters
were subsequently stacked and transformed into a data frame for
pixel-wise analysis. A scatterplot was created to illustrate the
correlation between habitat suitability and growth, and a linear
regression model was applied to evaluate the statistical relationship.
Pearson’s correlation coefficient was computed to measure the strength
of this association. To investigate spatial mismatches, both rasters were
standardized (scaled from 0 to 1), and their difference was computed,
giving a new raster that emphasizes locations where habitat suitability
meets or falls low of growth predictions.

Future projections of the growth were developed using CHELSA
climate data under the SSP126, SSP370, and SSP585 scenarios. To
assess the significance and nature of the expected changes, the
projected maps were clipped by the binary distribution map from
Metreveli et al. (2023). Subsequently, paired statistical tests (t-tests and
Wilcoxon) were performed between the maps, and summary statistics
were calculated to assess differences in Ca. sativa growth among the
SSP126, SSP370, and SSP585 scenarios. Predicted growth across
scenarios was visualized through the boxplots. Spatial difference maps
were created by subtracting current growth predictions from future
estimates, and areas were classified into three categories: increase,
decrease, or no change. These classified rasters were then stacked and
mapped to highlight spatial patterns of growth variation under each
climate scenario. To measure how uncertain our growth projections
are, we used the standard errors from the GAM predictions and used
them to construct 95% confidence intervals (CI) for each raster cell
(fit + 1.96 x SE). This made three layers for each scenario: expected
growth (fit), lower CI, and upper CI. We also found CI width
(upper95 - lower95) to show geographic uncertainty and used mean,
median, and maximum values to summarize it across scenarios.
Lastly, we used density maps to show how uncertainty was spread out
over all the grid cells (Beaumont et al., 2008).

3 Results
3.1 Modeling Castanea sativa growth

The six candidate models were chosen based on the Mean Squared
Error (MSE) and with the significance tests. Among the candidate
generalized additive models (GAM:s), the best-performing model was
identified by the lowest Akaike Information Criterion (AIC = 749.70).
This model included BIO6 (Minimum Temperature of the Coldest
Month, °C), BIO17 (Precipitation of the Driest Quarter, mm), Soil pH
(H,0), Nitrogen content (mg/kg), and Age (years) (Table 2).
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TABLE 2 Mean squared error (MSE) and Akaike information criterion (AIC)
of the top 6 models.

N ‘Modelvariables ~ MSE  AIC

1. BIO6 (Min temp of
coldest month, °C),
BIO17 (Precipitation of
1.74 749.70
driest quarter, mm), Soil
pH (H,O), Nitrogen

(mg/kg), Age (years)

2. BIO11 (Mean temp of
coldest quarter, °C), Silt
(%), Coarse Fragments 1.77 752.17
(cm?), Nitrogen (mg/
kg), Age (years)
3. BIO1 (Annual mean
temp, °C), Nitrogen 1.73 754.48
(mg/kg), Age (years)
4. BIO9 (Mean temp of
driest quarter, °C),
Coarse fragments (cm’?), 173 75527

Age (years)

5. Silt (%), Nitrogen (mg/
1.74 756.61
kg), Age (years)

6. BIO1 (Annual mean
temp, °C), coarse
1.79 758.20
fragments (cm’), Age

(years)

The variables in the best model showed varying ranges and
distributions. The sample of Ca. sativa trees had a skewed distribution
toward lower average annual growth, with the majority of them
recorded below 5 mm. The ages of the examined trees varied from
around 9 to 151 years, with the majority falling between 25 and
75 years, indicating a positively skewed distribution. Climatic
conditions revealed that the sampled trees mostly inhabited areas
where the lowest temperature of the coldest month ranged from
roughly —7.5 °C to —1 °C and precipitation during the driest quarter
generally fluctuated between 100- and 400-mm. Soil characteristics
showed a unimodal distribution for pH, centered between 5 and 6.5.
The nitrogen content typically varied from approximately 200 to
500 mg/kg (Figure 2).

The best model (GAM with Gamma distribution and log link)
explained 43.8% of the variance in the average growth of Ca. sativa
and 46.9% of the deviance (adjusted R*> = 0.438). Age exerted the
strongest nonlinear influence on growth (p < 0.001), while climatic
(Precipitation of the Driest Quarter - BIO17; Minimum Temperature
of the Coldest Month - BIO6) and edaphic variables (Nitrogen content
(mg/kg) and Soil pH) also contributed significantly (p < 0.05 for all
smooth terms). Growth declined markedly with increasing stand age,
with a pronounced nonlinear decrease after approximately 50 years.
BIO17 showed a negative linear relationship, indicating reduced
growth above ~100 mm of precipitation. Nitrogen content and BIO6
displayed significant positive linear associations with growth, whereas
soil pH was negatively related, with growth declining slightly at higher
pH values (Figure 3). Residual diagnostics confirmed the suitability of
the Gamma distribution, with residuals centered around zero, no

Frontiers in Forests and Global Change

10.3389/ffgc.2025.1670459

evidence of heteroscedasticity, and only minor deviations in the tails
(Supplementary Figure 3) (Wood, 2017; Simpson, 2022). Concurvity
analysis indicated low to moderate correlations among predictors,
suggesting largely independent contributions to the model. Moderate
concurvity was detected between soil pH and nitrogen, whereas Age
and BIO17 exhibited low concurvity, supporting their strong and
independent effects (Supplementary Figure 4) (Kovécs, 2024).

The combined effects of the independent variables highlight the
complexity and interrelation of age, climate, and soil factors in
regulating Ca. sativa growth. The average annual growth is greatest in
younger stands (typically under 50 years) and decreases rapidly in
older stands. Highest growth is achieved with moderately mild winter
temperatures, reduced precipitation during the driest quarter, elevated
soil nitrogen levels, and strongly to moderately acidic soil pH. In
contrast, growth significantly declines with longer stand ages, colder
winter temperatures, reduced nitrogen availability, excessive moisture,
and near-neutral soil pH (Figure 4).

The modelled growth maps indicate that the best conditions for
Ca. sativa growth are mostly located in the western segment of the
Caucasus ecoregion (Figure 5). Significant average annual growth over
3.5 mm are anticipated in the Kolkheti lowlands and along the Greater
Caucasus mountain ranges, including substantial areas of western
Georgia and extending into southern sections of the Russian
Federation. Similarly, favorable conditions exist in the western portion
of the Lesser Caucasus, particularly in southern Georgia and
northwestern Turkey, indicative of beneficial climatic and soil
conditions. In contrast, regions exhibiting smaller or negligible
average annual growth (1.6-2.0 mm/a) include central and
southeastern Georgia, large areas of northeastern Azerbaijan,
northern Iran, and Armenia. Moderate average annual growth,
reflecting intermediate ecological suitability, are seen in the south of
the Russian Federation, eastern Georgia and southeastern Azerbaijan
(Figure 5).

3.2 Spatial patterns of Castanea sativa
growth and habitat suitability

The analyzed spatial patterns of growth prediction and species
habitat suitability indicated a moderate, positive, and highly
significant correlation (r=0.30, p <0.001) and clear spatial
heterogeneity. The model predicted that growth increases by
approximately 0.47 mm for every 0.1-unit (on a standardized 0-1
scale) increase in habitat suitability, highlighting a meaningful,
though modest, relationship (Supplementary Figure 5). The
majority of the area exhibited moderately positive differences,
indicating that the habitat suitability model slightly overestimated
the growth model in central regions. However, notable negative
differences were evident along certain edges and peripheries
(Figure 6).

3.3 Projected growth under climate change
scenarios

The growth of Ca. sativa under current conditions and three

future climatic scenarios (SSP126, SSP370, and SSP585) during the
period 2071-2,100 is undergoing major temporal changes. The
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Density distributions of predictor variables used to model average annual growth of Ca. sativa across the Caucasus ecoregion. Panels: (a) Average
annual growth (mm year™); (b) Age (years); (c) BIO6—Minimum temperature of the coldest month (°C); (d) BIO17—Precipitation of the driest quarter
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average growth significantly decreased under SSP126 (mean
difference = —0.34, p < 2.2e-16) and SSP370 (mean difference = —0.04,
P <2.2e-16), but a slight yet significant rise was seen under SSP585
(mean difference = 0.02, p < 2.2e-16). Wilcoxon signed-rank tests
validate these findings, demonstrating very significant changes in
growth across all prospective scenarios. The boxplot visualization
supports these statistical results, clearly demonstrating that SSP126
has the most significant negative effect relative to present conditions,
whereas SSP585 reflects a little gain, and SSP370 maintains around
current growth levels ( ).

The predicted maps depict major shifts in the geographical
distribution of average annual growth under several future climatic
scenarios (2071-2,100) in comparison to present conditions. In the
low-emission scenario SSP126, the geographical distribution mostly
mirrors current patterns, while the intensity of growth shows
reduction, especially in formerly advantageous regions. The
intermediate-emission scenario SSP370 indicates a geographical
extension of optimum growth conditions into central and southern
regions, demonstrating improved suitability in some locations despite
a general mild decline. Conversely, the high-emission scenario SSP585
demonstrates the most notable geographical alterations, characterized
by a distinct northern and upper transition in growth suitability and

Frontiers in

increased growth in formerly marginal areas, indicating adaptive
regional adjustments despite the overall stress seen in other locations
( )-

The confidence bounds for expected growth exhibited consistent
regional patterns across scenarios (SSP), whereas growth uncertainty,
shown by confidence interval width, displayed spatial heterogeneity.
Core distribution areas of C. sativa had narrow intervals, while
distribution margins and locations with less training data had more
growth uncertainty. The growth uncertainty was low across all pixels,
with median confidence interval widths of about 0.7 mm/year under
the current climate and about 0.9 mm/year under future scenarios.
Most readings stayed below 1.5 mm/year.

This study provides a comprehensive assessment of growth
dynamics for Ca. sativa within the Caucasus region. Based on new
dendroecological measurements of 258 wood cores, it clarifies the
roles of climate, soil, age, and terrain-related variables by applying a
Generalized Additive Model (GAM) framework on annual tree ring
growth. The best model, selected based on the lowest Akaike
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Information Criterion (AIC), included the following predictors:
minimum temperature of the coldest month, precipitation of the
driest quarter, soil pH, nitrogen content, and tree age. These variables
reflect a combination of climatic, edaphic, and biological factors,
highlighting the multifactorial nature of tree growth. The final model
explained 43.8% of the variance in Ca. sativa growth (R* = 0.438).
While this indicates that a substantial proportion of variance remains
unexplained, such values are typical in dendrochronological modeling.
It is common when relating growth to climate and soil variables
(Rozas, 2005).

4.1 Model of Castanea sativa growth

Generalized additive models revealed tree age as the primary
factor affecting Ca. sativa growth, exhibiting a significant nonlinear
negative relationship. Younger stands (typically under 50 years)
demonstrated markedly greater average annual growth compared to
older stands, aligning with established physiological processes (Sillett
et al, 2010). The decline associated with aging can be linked to
reduced nutrient uptake efficiency, changes in carbon allocation
favoring maintenance rather than growth, and hydraulic constraints
typically seen in mature trees (Sillett et al., 2010).

Climatic factors were also essential in affecting growth. A positive
correlation exists between the minimum temperature of the coldest
month and average annual growth. This finding is consistent with
observations in other temperate tree species, indicating that winter
and early spring warmth facilitates the earlier onset of physiological
processes (Rashid et al., 2024). In contrast, increased precipitation in
the driest quarter adversely affected growth. A combination of climate
variables indicates that optimal growth occurs with moderately mild
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winter temperatures and less precipitation during the driest quarter.
The driest quarter for Georgia has been calculated using data from
local climate stations near our sample plots. The findings indicate that
January, February, and March represent the driest months within the
distribution zone of Ca. sativa in the Caucasus. Consequently, the
driest quarter encompasses the precipitation recorded during these
specific months (Supplementary Figure 6). Usually, late winter and
early spring precipitation can induce stress in trees at any
developmental stage, especially under low-temperature conditions
(Klisz et al., 2022). Particularly in early spring when they initiate active
biological processes (Ziaco et al, 2016). Ca. sativa prefers
predominantly sunny environments (Conedera et al., 2021). As a
result, the snow melts during the daytime and infiltrates the soil. At
night, temperatures drop significantly, resulting in ground frost that
may adversely affect the roots (Inouye, 2000; Reinmann et al., 2019).
The results of the combined effect indicate that (Figure 3), an increase
in the temperature of the coldest month corresponds with a decrease
in the influential effect of precipitation. This supports the assertion
that a higher temperature in the coldest month, indicative of a mild
winter, correlates with reduced freezing of soil water (Domisch
etal., 2018).

While several studies have documented a beneficial impact of
spring or early summer precipitation on Ca. sativa growth throughout
Europe. (Fonti and Garcia-Gonzalez, 2004; Waldboth and Oberhuber,
2009; Lebourgeois et al., 2013; Yilmaz, 2015; Camison et al., 2016;
Marini et al., 2019; Garcia-Barreda et al., 2021; Weise et al., 2025).
However, our analysis did not identify significant relationships with
precipitation outside the driest quarter. Instead, we found a negative
correlation with precipitation during the driest quarter (January-
March in the Caucasus). We believe that this disparity is associated
with the regional climatic conditions. Most of the chestnut stands in
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for detailed descriptions of predictor variables.

the data we have are in areas that already get the right amount of rain.
More rain or snow in late winter and early spring may not help plants
develop, but instead cause stress. This is because freezing and melting
cycles can freeze the soil and harm roots when cambial activity starts.
In these circumstances, more precipitation does not alleviate drought,
but instead, it exacerbates abiotic stress, thus explaining the negative
impact reported in our model (Reinmann et al., 2019).

The significance of Soil pH (H,O) and Nitrogen content (mg/kg)
in the model highlights their vital role in soil fertility and nutrient
availability for average annual growth, corroborating findings from
other studies that demonstrate that optimal nutrient availability and
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acidity improve tree vitality and productivity (Andersson et al., 2000;
Ouimet and Moore, 2015). The nitrogen concentration in the soil
demonstrated a strong positive association with average annual
growth, underscoring nitrogen’s essential function in tree biomass
accumulation. Optimal development rates correlated with increased
nitrogen concentrations (400-550 mg/kg), affirming nitrogen as a
critical limiting resource in forest ecosystems (Ouimet and Moore,
2015). Conversely, soil pH had a comparatively lower but statistically
significant negative impact on Ca. sativa growth, suggesting that an
increase in soil pH (i.e., decreased acidity) correlates with a decline in
growth. This trend indicates that Ca. sativa trees prefer more acidic
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soil conditions, often associated with lower pH values (Velizarova,
2015). The observed distribution of Ca. sativa (Figure 6) also indicates
the species’ adaptability to strongly and moderately acidic forest soils.
These may enhance food availability and microbial interactions
conducive to Ca. sativa physiology (Alvarez-Alvarez et al., 2025). The
combined effects of Nitrogen and PH on the growth indicate that
optimum development occurs at higher soil nitrogen concentrations
(~400-550 mg/kg) and a strongly to moderately acidic soil pH (about
5.0-6.0).

The spatial model identified certain regional trends in Ca. sativa
potential for growth with higher average annual growth mostly found
in the western Caucasus region, particularly in the Kolkheti plains and
the areas along the Greater Caucasus mountains. These locations
display favorable climate and soil conditions since they also represent
the refugial habitats from the last glacial maximum (Tarkhnishvili
et al., 2012; Gavashelishvili and Tarkhnishvili, 2016). In contrast, areas
with reduced growth potential, including central and southern
Georgia, northeastern Azerbaijan, and northern Iran, indicate
regional constraints associated with extreme climate, reduced soil
acidity, and human-induced disruptions (Metreveli et al., 2023).
Moderate average annual growth, indicative of intermediate ecological
suitability, are seen in southern Russia, eastern Georgia, and
southeastern Azerbaijan, which also serve as refugial zones from the
last glacial maximum (Tarkhnishvili et al., 2012). While these
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predictions are reliable for regional to ecoregional-scale analysis,
careful consideration is necessary when evaluating them at the stand
or microsite level. Since the predictor layers came from various
original resolutions (1 km? for climate, 250 m for soil, and 30 m for
terrain), resampling to 30 m ensures consistency but may introduce
false precision and smooth local heterogeneity. This is especially true
in mountainous areas where the temperature, soil, and topography
may change quickly over short distances (Nguyen Quang et al., 2024).

4.2 Contrasting patterns of growth
potential and species habitat suitability

The correlation between modeled growth and species habitat
suitability from Metreveli et al. (2023) gave ecological support for the
model but highlighted noticeable geographic variation. Areas where
the habitat suitability model overstated growth may indicate
suboptimal soil conditions. The soil variables were excluded from that
habitat suitability model. Simultaneously, regions with high suitability
may be characterized by insufficient light, intense competition, or
limited water availability for growth. Moreover, it is known that
competition is more important than climate for average annual growth
(Gomez-Aparicio et al,, 2011). Conversely, the overestimated growth
in outlying places suggests that Ca. sativa has different physiological
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strategies that facilitate varying growth rates in areas of low suitability.
Distinct climatic conditions might promote dispersal but are not
conducive to growth (Serra-Diaz et al., 2013). The previous study on
habitat suitability revealed that winter temperature and precipitation
significantly influence Ca. sativa dispersion (Metreveli et al., 2023). In
the initial stages of tree development, winter precipitation, particularly
snow, has a substantial influence on Ca. sativa survival (Suvanto et al.,
2017). Nonetheless, it may provoke stress for growth (Domisch et al.,
2018). Nevertheless, the inconsistency, the models exhibit a significant
positive relationship (r = 0.3). The models were weakly to moderately
correlated, likely reflecting differences in the underlying predictors. In
addition, further investigation is needed to clarify the distinct
contributions of geographical scaling and temporal resolution in the
divergence between these two methodologies (Serra-Diaz et al., 2013).

4.3 Projected growth under climate change
scenarios

Maps based on several future climatic scenarios (SSP126, SSP370,
and SSP585) revealed considerable regional and temporal
discrepancies in growth potential. Further study of the variables across
several scenarios revealed that SSP370 to SSP585 indicates a higher
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warming level than SSP126 (Supplementary Figure 7). Nonetheless,
SSP126 has more precipitation compared to the Current SSP370 and
SSP585 scenarios (Supplementary Figure 8). This may serve as the
primary elucidation of the growth alteration. Significant declines in
growth were predicted in the low-emission scenario (SSP126),
indicating that little warming combined with rising precipitation
patterns intensifies current environmental stresses. The intermediate-
emission scenario (SSP370) predicted rather steady growth conditions,
suggesting a possible balance between rising temperatures and
moisture availability. The high-emission scenario (SSP585) forecasted
slight increases in average growth, accompanied by substantial
northward and altitudinal changes in optimum growth conditions.
The of the width
(Supplementary Figure 9) shows that the uncertainty in expected

density  plot confidence interval
growth is small in all scenarios. The peaks are approximately 0.7 mm/
year now and about 0.9 mm/year in the future. Very few grid cells have
growth rates higher than 1.5 mm/year, which supports the idea that
growth projections are strong even though there is a little more
uncertainty with SSP370 and SSP585. We demonstrate the reliability of
our growth estimates for C. sativa by explicitly mapping and
quantifying projection uncertainty, revealing narrow confidence ranges
throughout much of the distribution. Places where growth was less
predictable were mostly located around range edges, where the test
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dataset fails to perform an adequate job of representing climate and
edaphic conditions. Even though growth uncertainty rose in more
severe climate change scenarios, the overall size stayed small (median
CI widths <1 mm/year), which means that the predicted patterns of
growth rise or decrease are probably not due to model error. However,
our research did not consider inter-model heterogeneity among GCMs
which may further expand the spectrum of potential outcomes
(Beaumont et al., 2007).

Subsequent evaluations of expected development variations illustrate
alterations in projected Ca. sativa growth. In the lowest emissions
scenario (SSP126), there is a distinct number of regions exhibiting a
decline in growth, with only isolated areas of growth at the outer edges.
The assessments for the remaining two scenarios (SSP370, SSP585) show
very similar trends and regions of decline and increase. The geographical
distribution changes markedly, exhibiting a major expansion of favorable
growth zones toward the northern periphery and central areas, whereas
large portions of the Kolkheti plain and southern parts persist in
demonstrating reduced average annual growth. These scenarios together
indicate that climate change would likely result in significant regional
changes in Ca. sativa growth suitability, with some peripheral places
possibly gaining advantages while regions now exhibiting high growth
rates face considerable decreases (Supplementary Figure 10).

These findings are contrary to the distribution models proposed by
Beridze et al. (2023). Which indicates a significant reduction of
appropriate habitat by the end of the century. Our analysis suggests that
the growth potential in many regions of the Caucasus remains largely
steady or may even improve marginally, particularly under intermediate
and high-emission scenarios (SSP370 and SSP585). These contrasting
results suggest that although the overall distribution may shrink,
surviving populations could remain productive, underscoring the value
of integrating distribution and growth-based approaches for a fuller
understanding of species responses to climate change (Brook et al., 2009).
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Several important factors influencing Ca. sativa growth were not
included due to data limitations. Competition indices and stand density
are key drivers, but the National Forest Inventory does not allow
consistent assessment of competitor trees; instead, we sampled trees of
average DBH to reduce extreme competition effects (Pretzsch, 2009).
Light availability could not be quantified reliably because fisheye canopy
photos were obstructed in many plots by dense understory vegetation
such as Rhododendron ponticum L., Chestnut blight (Cr. parasitica) also
affects growth, but its impact is stage-dependent and environmentally
modulated (Metreveli et al., 2024), and with only one core per tree,
disturbance signals could not be detected. This omission likely
contributes to the moderate explanatory power of the model (R* = 0.438).

Due to data limitations, certain significant elements that affect the
development of Ca. sativa were not included. Inter and Intraspecific
competition indices and stand density are significant factors; however,
the National Forest Inventory does not provide a consistent evaluation
of competitor trees. Consequently, sampled trees with average DBH
mitigate the impact of intense competition (Pretzsch, 2009). It was not
possible to accurately measure light availability because thick
understory plants like Rhododendron ponticum L. obstructed fisheye
canopy photographs in several locations. Chestnut blight (Cr.
parasitica) also impacts growth, but its influence is stage-dependent
and largely influenced by the environment (Metreveli et al., 2024). In
addition, with only one core per tree, disturbance signals could not
be identified. These exclusions probably make the model’s explanatory
power relatively low (R* = 0.438). Although the growth and habitat
suitability of Ca. sativa are predominantly influenced by abiotic
variables, human activities, habitat modifications, and pests and
diseases are progressively affecting growth patterns (Conedera et al,
20245 Connor, 20115 Metreveli et al., 2024). Additionally, including
environmental data at various spatial resolutions (1 km? 30 m, 250 m)
may result in scale discrepancies among the diverse landscapes of the
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FIGURE 8

Predicted Castanea sativa growth under current and future climate scenarios across the Caucasus Ecoregion. (a) Current growth and future projections
for the period 2071-2,100 under (b) SSP126, (c) SSP370, and (d) SSP585 scenarios. Cell values represent GAM-predicted growth (mm/year). Maps are
shown at 250 m resolution. The color scale indicates relative growth magnitude from low (1.6 mm) to high (4.5 mm).

Caucasus, hence reducing the accuracy of targeted predictions
(Verburgetal., 2011). To address these challenges in the future, it will
be important to add the mentioned drivers and ensure that spatial data
resolutions are the same.

5 Conclusion

Our study provides new perspectives on the determinants of
growth of Ca. sativa within the ecologically diverse Caucasus region
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based on new dendroecological measurements and generalized
additive modelling. Our results highlight the interrelated influence
of climate, soil chemistry, and tree age on growth. Specifically, our
models identified age, minimum temperature of coldest month,
precipitation in the driest quarter, soil nitrogen, and acidity as key
determinants of Ca. sativa growth. Spatial investigation indicated
that favorable growth circumstances are primarily found in western
mountainous areas and the lowlands, whereas central and
southeastern regions have restricted growth potential. Future
climatic scenarios (2071-2,100) forecast

geographically
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heterogeneous responses, characterized by growth reductions under
low emissions (SSP126), stability under intermediate conditions
(SSP370), and marginal enhancements under high-emission
scenarios (SSP585), accompanied by significant altitudinal and
latitudinal shifts. These findings emphasize the necessity of
accounting for local-scale environmental interactions and
recommend the incorporation of dendrochronological growth
evaluations into comprehensive ecological forecasting models to
improve adaptive forest management strategies in the context of
climate change.
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