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A B S T R A C T

Understanding the dynamics and mechanisms of local adaptation in natural populations provides the basis for 
predicting responses to environmental changes, including those associated to global climate change. European 
beech (Fagus sylvatica L.) is one of the most economically and ecologically important deciduous trees in Europe. 
Nevertheless, little is known about its genomic adaptive diversity and adaptive potential. Genetic differentiation 
in beech sites associated with environmental adaptation was assessed by genotyping 1384 single nucleotide 
polymorphisms (SNPs) in candidate genes. The study included 153 beech individuals from 12 populations 
located in Italy, Slovenia, and Croatia, with diverse bio-geoclimatic conditions. PCA-based and the Fst-based 
method of differentiation (PCAdapt and LEA) and two different Environmental Association Analysis approaches 
(Latent Factor Mixed Model and Samβada) were used to identify loci with significant correlations with biocli
matic indicators. The results obtained in this study allowed us to identify signature of regional and local envi
ronment adaptation. Specific patterns of local adaptation were observed for each studied population. We 
identified allelic variants associated with the response to precipitation fluctuations and drought periods during 
the growing season. Particularly interesting is the observation of differences in the presence and effect of allelic 
variants among different sites, likely due to adaptation to the local environment and the different silvicultural 
history of each observed population.

1. Introduction

During the current environmental changes, the maintenance of 
ecosystem functions and the providing of their services are under sig
nificant threat. The relevance of forest ecosystems stems from their 
crucial role in sustaining human populations over millennia 

(Vilà-Cabrera et al., 2018). The importance of forest ecosystems is 
widely recognized for the Earth’s biodiversity preservation, for most of 
the Earth’s biomass production and their essential role in global carbon 
fluxes.

Forest ecosystems are severely threatened by rapid climate change 
and could suffer severe habitat reductions (Bolan et al., 2024). 
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Therefore, there is an urgent need for reliable estimates of species 
response to the projected future conditions. Such estimates have been 
obtained from species distribution models, based on current climate 
limits, and large environmental changes are expected by the end of the 
century (Schneider et al., 2007; Alley et al., 2013). Pervasive changes in 
forest vegetation dynamics are already occurring and are likely to 
accelerate with future global changes ; ; (Beckage et al., 2008; Duputié 
et al., 2015; Guisan and Thuiller, 2005; Lenoir et al., 2008; Lind et al., 
2018; McDowell et al., 2020; Parmesan, 2006; Shaw and Etterson, 2012; 
Thuiller et al., 2014; Walther et al., 2005; Bellard et al., 2012). Some 
authors have suggested that local adaptation data should be incorpo
rated into prediction models and species range loss risk estimates under 
environmental change scenarios (Exposito-Alonso et al., 2019; Bay 
et al., 2018, 2017; Leites and Benito Garzón, 2023; Mouquet et al., 2015; 
Pluess et al., 2016).

The adaptive ability of plants is potentially unlimited (Lefèvre et al., 
2014), considering that plants can respond to changes in environmental 
conditions through a combination of adaptation, phenotypic plasticity 
(‘the ability of individual genotypes to produce different phenotypes 
when exposed to different environmental conditions’ (Pigliucci et al. 
2006)), and migration, which can reduce extinction risks (Parmesan, 
2006; Pluess et al., 2016). However, species with long life cycles cannot 
adapt rapidly through the accumulation of new mutations due to time 
constraints (Pluess et al., 2016). In this context, recognizing forest 
ecosystems as Complex Adaptive Systems (CAS) is essential for under
standing their evolutionary dynamics and long-term resilience (Filotas 
et al., 2014; Messier et al., 2015). Forests are not static structures, but 
dynamic systems composed of numerous interacting species that 
continuously adapt to internal and external changes. Viewing forests 
through this lens allows researchers to better understand how 
small-scale genetic and phenotypic variations can lead to large-scale 
ecosystem transformations, especially under the pressure of global 
climate change (Seidl et al., 2017; Filotas et al., 2014 Messier et al., 
2015). Examining microevolutionary patterns, specifically adaptation 
through changes in allele frequencies or genotypic recombination, al
lows us to recognize the key process for the local persistence of species 
emphasizing the significance of intraspecific genetic variation (Clark 
et al., 2009; Pluess et al., 2016). Species distribution models (SDMs) 
have shown that ignoring regional adaptive variation leads to an un
derestimation of species’ range predictions, while evidence from the 
literature suggests that integrating genetic diversity and phenotypic 
plasticity data can significantly refine and alter these projections (Benito 
Garzón et al., 2011; Exposito-Alonso, 2023)). The decrease in area oc
cupancy under global warming conditions is smaller when considering a 
survival/adaptation model (Benito-Garzón et al., 2011). Thus, genetic 
variability is a key factor in identifying future species distribution 
ranges, with the potential to mitigate the negative effects of rapidly 
advancing climatic shift (Leites and Benito Garzón, 2023; Pluess et al., 
2016). Intraspecific genetic variability plays a key role in the ability of 
species to adapt to future climate through natural selection, and largely 
explains the wide geographic ranges occupied by many species, which 
include spatial environmental variability (e.g., Abies alba Mill., Fagus 
sylvatica L.) (Des Roches et al., 2018; Jump et al., 2009; Moran et al., 
2016; Violle et al., 2012). Along with phenotypic plasticity, local 
adaptation determines the amount of environmental heterogeneity a 
species can tolerate, determines its geographic range, and helps to 
predict how it will respond to environmental changes (Rellstab et al., 
2021, Alvarado et al., 2022; Rellstab et al., 2016; O’Neill and 
Gómez-Pineda, 2021).

Local adaptation can be defined as a kind of genotype-environment 
interaction for fitness, in which individuals have a greater chance of 
survival and/or reproduction when they are reared indoors rather than 
out, although several other definitions are used in the literature 
(Blanquart et al., 2013). Locally adapted populations may harbour ge
netic variations that could help buffer susceptible ones against the 
damaging effects of environmental change, which are already 

threatening important species around the world (Hartmann et al., 2022). 
Understanding local adaptation, the environmental factors that drive it, 
and the underlying genetic processes are vital to the management and 
conservation of forest genetic resources (Lefèvre, 2014). A prime 
example of a species potentially vulnerable to climate maladaptation is 
European beech (Fagus sylvatica L.). Beech still represents the dominant 
species of the potential natural vegetation (PNV) in various European 
countries. However, its future might be less favourable, as growth rate 
declines of 20–50 % are predicted by 2090, depending on the region and 
projected future condition scenario (Müller et al., 2024; Lazic et al., 
2024). Therefore, a deeper understanding of beech populations poten
tial to adapt to changing environmental conditions is needed. In this 
context, landscape genomics has emerged as a flexible analytical 
framework for understanding the interactions between environmental 
heterogeneity and adaptive genetic variation in natural populations 
(Balkenhol et al., 2016; Dauphin et al., 2024). Advances in 
geo-referenced environmental data have greatly enhanced the potential 
of landscape genomics to uncover how genomic variation and associated 
gene functions influence traits subject to natural selection. This inte
grative approach is particularly important in the context of rapid, 
human-driven environmental changes—such as shifts in climate and 
land use—highlighting its relevance for guiding effective biodiversity 
conservation strategies and sustainable ecosystem management (Alberto 
et al., 2013; Capblancq et al., 2023; Dauphin et al., 2024; de Lafontaine 
et al., 2018; Milesi et al., 2024).

The main objective of this study is to assess the signature of local 
adaptation in Fagus sylvatica L. population situated in different bio- 
geoclimatic regions and characterized by different past silvicultural 
management practices. To achieve this, we analysed 12 beech pop
ulations, located in Italy, Slovenia, and Croatia, which are representa
tive of different European Forest Types (EFTs). This investigation 
involved the adaptive component of genetic variability in each popu
lation through target re-sequencing and the analysis of allelic variants 
within 18 candidate genes associated with the abiotic stress response in 
F. sylvatica. To identify signatures of adaptation to the local environ
ment, we examined potential correlations between allelic variants and 
climatic variables for each analysed population. Twelve bioclimatic in
dicators were selected for each site from existing literature (Flint et al., 
2013; Gugger et al., 2016, 2021; Pluess et al., 2016). Environmental 
correlation was examined through differential analysis based on 
different allelic frequencies (Outlier detection analysis) and environ
mental association analysis (EAA) using mixed-effect models: Latent 
Factor Mixed Model (LFMM) and Samβada. The results were interpreted 
in the context of the existing forest structure and past silvicultural his
tory that may have contributed to the present adaptive genetic vari
ability. Finally, we aimed to hypothesize about the implications of these 
observations for the future management planning of these stands.

2. Materials and methods

To identify signatures of local adaptation in Fagus sylvatica L., this 
study combined fieldwork with molecular and bioinformatic analyses 
(Supporting information: File S1). Permanent plots were established in a 
wide geographic range to support sampling strategies. In order to ach
ieve the set goal, we conducted target re-sequencing of specific genomic 
regions (derived from bibliography) on the collected samples. The 
resulting NGS reads were then used for SNP calling and genome-wide 
environment association analysis (GEA) to identify potential local 
adaptation signals.

Sampling was conducted in twelve natural beech populations 
selected across Italy, Croatia, and Slovenia (Fig. 1, Table 1). These sites 
were chosen to represent the species distribution across distinct bio- 
geoclimatic zones (as defined by the European Environmental Agency) 
and to capture variability in forest management practices (Table 1). The 
study areas span three regions that characterize the Mediterranean 
basin: two distinct Italian zones separated by the Apennines, and the 
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central part of Europe, defined by its mountainous terrain (Fig. 1).
In each population, a permanent plot of 2500 m2 (50 m x 50 m) was 

established, representative of both the forest structure and silvicultural 
management. In each plot, single tree data (Diameter at Breast Height - 
DBH, total tree height, crown insertion, defoliation degree, crown pro
jection) were collected and analysed for each individual with a DBH 
greater than 2.5 cm. The individuals were georeferenced using a total 
station (electronic transit theodolite integrated with electronic distance 
measurement). Stratified random sampling approach was adopted to 
select adult individuals within each site, with individuals chosen at a 
minimum distance radius of 30 m (Lowe et al., 2004; Nijensohn et al., 
2005; Bankenhol and Fortin, 2016; Dauphin et al., 2024). Dormant buds 
were then collected from 180 adult trees (Table 1). The plant material 
was stored at − 20 ◦C. Total DNA was isolated from dormant buds (60 mg 
as starting material) using the DNeasy plant kit (QIAGEN, Germany) 
following the manufacturer’s specifications, and quantified.

2.1. Selection of sequencing targets associated with putative candidate 
loci

The candidate gene approach is based on the a priori identification of 
genes that may be of interest in the response to one or more environ
mental stresses. Following the workflow proposed from Garosi et al. 
(2022), we have identified putative candidate genes in F. sylvatica 
relevant for the abiotic stress response (Cuervo-Alarcon et al., 2018; 
Krajmerová et al., 2017; Lalagüe et al., 2014; Müller et al., 2015; 
Ulaszewski et al., 2021). Gene sequences were retrieved from GenBank 
reference database (Benson et al., 2013). To validate genomic se
quences, we employed the BLAST alignment algorithm (Altschul et al., 
1990). Information about candidate gene function and pathway 
involvement was retrieved from KEGG pathway and Gene Ontology 
database (Kanehisa et al., 2000; Ashburner et al., 2000). Candidate 
genes database was compiled, summarizing all the information gathered 

for each potential candidate gene related to the abiotic stress response in 
beech. We selected 18 target single-copy genes for the sequencing 
analysis strictly related to abiotic stress (Table S1, S2).

2.2. Genotyping by sequencing and SNPs calling

The F. sylvatica (Fs) custom panel was designed on the 18 target 
genes using the Thermo-Fisher’s Ion AmpliSeq primer design tool (http 
://www.ampliseq.com). Two pools of 163 amplicons for F. sylvatica of 
the selected targets were obtained and can be shared with scientists 
interested in using them with Ion Torrent (Fs custom panel). For this a 
request must be made to the corresponding author.

Total genomic DNA (10 ng) was used for preparing the sequencing 
libraries according to the Ion AmpliSeq™ Library Kit Plus (cat n. 
A38875) following Ion Torrent PGM protocol (Thermo Fisher Scientific, 
USA) and using the Fs custom panel. The resulting individual barcoded 
DNA libraries were quality checked and quantified using the Qubit 2.0 
Fluorometer and the Qubit dsDNA HS Assay Kit following the manu
facturer’s specifications (Thermo Fisher Scientific, USA).

For template sequencing preparation, barcoded 100 pM libraries 
were pooled in equi-volume to have a combined library pool at a final 
concentration of 60 pM. Following template preparation (amplification 
and enrichment) and loading on the Ion Chef System with the Ion 318 
Chip Kit V2 BCE (cat n. 4488,150, Thermo Fisher Scientific, USA) using 

Fig. 1. Geographic distribution of study sites within a map depicting the di
vision into bio-geoclimatic regions (EEA – legend reported). Each site has an 
icon showing the site ID (see Table 1). Modified from European Environment 
Agency, 2019: Biogeographical regions, Europe 2016, ver. 1. Available at: 
https://www.eea.europa.eu/en/datahub/datahubitem-view/11db 
8d14-f167–4cd5–9205–95638dfd9618?activeAccordion=334349#tab 
-metadata (Accessed on: 2025–4–16).

Table 1 
Characteristics of the demonstration sites of F. sylvatica L. For each sampling site, 
ID, name, country, altitude, silvicultural system, and number of sampled in
dividuals were reported. Moreover, European Forest Type (EFT) classification – 
an EEA forest classification – was also reported to better described the studied 
population.

ID Name Country Altitude 
(m.a.s.l.)

Silvicultural 
system

EFT
*

Number 
of 
samples

1 Pian degli 
Ontani

Italy 1100 to 
1770

Uniform 
shelterwood 
system

7.3 15

2 Baldo’s 
Forest

Italy 1000 to 
1200

Single tree 
selection

7.3 15

3 Pian dei 
Ciliegi

Italy 620 to 
1595

Uniform 
shelterwood 
system

7.3 15

4 Casella 01 taly 620 to 
1600

Uniform 
shelterwood 
system

7.3 15

5 Casella 02 Italy 620 to 
1600

Uniform 
shelterwood 
system

7.3 15

11 Fonte 
Novello

Italy 1100 to 
1400

Unmanaged 
(old-growth 
forest)

7.3 15

12 Venacquaro Italy 1100 to 
1400

Uniform 
shelterwood 
system

7.3 15

14 Ogulin Croatia 380 to 
440

Unmanaged 7.2 15

29 Vrbovsko Croatia 430 to 
570

Single Tree 
selection

7.2 15

23 Osankarica Slovenia 1240 Irregular 
shelterwood 
system

7.2 15

24 Pri Studencu Slovenia 430 to 
650

Irregular 
shelterwood 
system

6.6 15

25 Rajhenavski 
Rog

Slovenia 850 to 
900

Unmanaged 
(old growth 
forest)

7.4 15

* EFT = European Forest Type (Barbati et al., 2014): 6.6 Illyrian sub
mountainous beech forest; 7.2 Central European mountainous beech forest; 7.3 
Apennine-Corsican mountainous beech forest; 7.4 Illyrian mountainous beech 
forest.
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the Ion PGM™ Hi-Q™ View Chef 400 Kit (cat n. A30798), single-end 
sequencing was performed on the Ion PGM (Thermo Fisher Scientific, 
USA) with the Ion 318 Chip v2 and the Ion PGM Hi-Q View Chef 400 (cat 
n. A30798) following the manufacturer’s protocol. According to man
ufacturer’s specification we have sequenced barcoded libraries in Ion 
318 Chip Kit V2 BCE obtaining an average coverage of 1,845x 
(Table S3).

Due to low-quality alignments and insufficient sequencing reads, 27 
of the 180 analyzed samples were excluded from further analyses. As a 
result, the final dataset comprised 153 individuals. The excluded sam
ples included 8 individuals from Site 14 Ogulin, 3 from Site 23 Osan
karica, 7 from Site 24 Pri Studencu, 5 from Site 25 Rajhenav Rog, and 4 
from Site 29 Vrbovsko.

To analyse the presence of potential single nucleotide variants 
(SNPs), we utilized the CLC v11 Genomics Workbench software (Qia
gen). This pipeline involves the use of specific tools for importing Ion 
Torrent sequences (specifically designed for the correct import of quality 
values calculated using Ion Torrent instrument specifications). The CLC- 
Mapper tool is used to map the reads against the reference genome 
(Mishra et al., 2018; 2022). All mapped reads were then used as an input 
for variant calling using the CLC Genomics Workbench -Variant Caller 
Fixed Ploidy tool. The purpose of the Fixed Ploidy Variant Caller is to 
call variants in samples with known ploidy from read mapping data. The 
algorithm combines a Bayesian model with a Maximum Likelihood 
approach. Variants are called by examining the posterior probabilities 
from the Bayesian model: at any given site a variant is called if the sum 
of the posterior probabilities of the site types that are different from the 
homozygous reference allele site type is larger than the user-specified 
“probability” cut-off value. The variant called is the variant that corre
sponds to the site type with the highest posterior probability. When 
evaluating the posterior probabilities in the Bayesian model, maximum 
likelihood estimates for the parameters of the model are used. These are 
obtained from the likelihood function using an Expectation Maximiza
tion (EM) approach (QIAGEN CLC Genomics Workbench 21.0).

Successively, we conducted a thorough analysis of the VCF files (File 
S2) to perform a quality control check and filtered out variants based on 
specific parameters. We filtered out loci with a weak or ambiguous 
signal (i.e., displaying more than three clusters of genotypes or unclear 
cluster delimitation) (Cuervo-Alarcon et al., 2018; Pluess et al., 2016; 
Postolache et al., 2021). Raw variant data were filtered using PLINK 1.9 
(Chang et al., 2015), where variants with a Minor Allele Frequencies of 
0.05 (MAF < 5 %) were excluded (File S1).

2.3. Linkage disequilibrium

Linkage disequilibrium (LD) analysis is essential in association 
analysis because it helps distinguish true adaptive variants from nearby 
neutral markers that are correlated due to physical proximity. LD be
tween all pairs of loci was calculated by the squared allele frequency 
correlation coefficient (r2) implemented in TASSEL 2.2 (Trait Analysis 
by Association, Evolution, and Linkage). The pair-wise significance was 
computed by 10,000 permutations after removal of loci with rare alleles 
(MAF < 0.05). The evaluated estimates included the standardized 
disequilibrium coefficient (D’), as well as the squared correlation coef
ficient (r2) and p-values based on Fisher’s exact test. D’ determined 
whether recombination had occurred between a pair of alleles. The 
critical value of r2 was the conventional 0.1 (Wang et al., 2016). Sta
tistical tests for each r2 were provided by the p-value calculated in 
TASSEL. The markers shared across all analyses were removed to obtain 
an LD-pruned version of the SNP data set to be used in the analyses 
assuming linkage equilibrium among loci.

2.4. Bioclimatic data

The bioclimatic indicators used to analyse possible signatures of 
local adaptation in our sites were selected based on previous studies 

(Cuervo-Alarcon et al., 2018; Müller et al., 2015; Postolache et al., 2021, 
2024; Lazic et al., 2024). For each site, a climatological characterization 
was conducted using reanalysis data produced by the European Centre 
for Medium-Range Weather Forecasts (ECMWF) and made available 
through the Copernicus Climate Change Service (C3S) (https://climate. 
copernicus.eu/). Specifically, the ERA5 Land dataset (Gridded Data 
Type) was used. This dataset provides a total of 50 atmospheric and soil 
variables on a global scale, with a spatial resolution of 0.1◦ (native 
resolution: 9 km), hourly temporal frequency, and temporal coverage 
from 1950 to the present (Muñoz et al., 2021). For this study 18 
bioclimatic indicator that could best define the environment that char
acterize the beech areale were used (BIOS6- Min_Temperatur
e_of_Coldest_Month; BIOS5-Max_Temperature_of_Warmest_Month; 
BIOS7-Temperature_Annual_Range; BIOS2-Mean_Diurnal_Range; BIO
S3-Isothermality; GDD-Growing_degree_days; CDD-Cooling_degree_
days; MT-mean_annual_temperature; MTV-mean_growing_season_ 
temperature; PRECV-growing_season_precipitation_sum; PREC-ann 
ual_precipitation_sum and CWD-Climatic_water_deficit). Daily temper
ature and precipitation data obtained from the ERA5-Land re-analysis 
dataset were processed to compute monthly and seasonal values. Daily 
mean temperature values were aggregated by arithmetic averaging to 
derive monthly and seasonal temperature metrics, while daily precipi
tation values were summed over the respective periods to obtain cu
mulative monthly and seasonal precipitation totals. To define the 
biologically relevant growth phase of beech, we defined a site-specific 
growing season window using the Day of the Year (DOY), determined 
by identifying consistent climatological thresholds indicative of leaf 
emergence and growth cease based on the 1991–2020 climatology. All 
growing season-specific bioclimatic indicators (e.g., GDD, MTV, PRECV) 
were calculated accordingly. A resampling procedure was first applied 
on a daily basis and then on a monthly and seasonal basis, resulting in 
mean temperature values (with minimum and maximum temperature 
also obtained from the daily data) and cumulative precipitation values. 
From the resulting time series, daily, monthly, and seasonal average 
values for each variable were derived, based on the climatology of the 
years 1991–2020. To define bioclimatic indicators related to the vege
tative growing phase, a growing season window was established using 
the Day of the Year (DOY). The DOY is a calendar-based representation 
used to sequentially number the days within a given year, ranging from 
1 to 365. Specifically, the start of the season was set at the DOY when the 
daily mean temperature consistently exceeded 5 ◦C for at least five 
consecutive days, while the end of the season was defined as the DOY 
after which daily temperatures consistently fell below this threshold. 
This allowed for the computation of bioclimatic indicators relevant only 
to the active growing period of beech. For each location, the DOYs 
marking the beginning and end of the vegetative phase were estimated. 
Subsequently, to calculate certain bioclimatic indicators, temperature 
and precipitation values were referenced specifically to this growing 
period, as illustrated in Fig. 2. Finally, for each site, the climatological 
time series corresponding to the pixel containing that site was extracted. 
These time series of the derived variables (temperature and precipita
tion, both annual and during the growing season) were used to compute 
a set of 12 bioclimatic indicators, as reported in Table 2.

We conducted an analysis of bioclimatic indicators to detect poten
tial correlation among them. This analysis used the FactoMineR package 
in R (Lê et al., 2008), incorporating both the examination of correlation 
matrices and Principal Component Analysis (PCA). The PCA was per
formed for each study site to identify possible relationships between 
bioclimatic indicators-derived variables and the site themselves, 
allowing us to determine whether a specific location is more or less 
represented by a given bioclimatic indicator.

2.5. Analysis for detecting signatures of local adaptation

Detecting signals of local adaptation within natural populations in
volves multiple analytical steps, as outlined by Blanquart et al. (2013). 
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Those analyses represent a powerful tool for identifying gene loci that 
contribute to local adaptation to environmental pressures. While various 
methodologies have been proposed (e.g., Cuervo-Alarcon et al., 2018; 
Gugger et al., 2021; Pluess et al., 2016; Rellstab et al., 2016), there is 
currently no universally accepted framework for identifying these sig
natures. Following the methods proposed by Postolache et al. (2021), we 
implemented two differentiation-based outlier detection methods: pca
dapt (Luu et al., 2017) and the FST-based approach introduced by 
Martins et al. (2016), both accessible via the lea package (Frichot and 
François, 2015). To complement these, we also applied two 
genotype-environment association (GEA) methods: LFMM (Frichot 
et al., 2013; Caye et al., 2019) and Samβada (Duruz et al., 2019; Stucki 
et al., 2017). Detailed methodological descriptions are provided in 
Supporting information (File S1). In all tests, we employed models that 
account for population structure to reduce the risk of detecting spurious 
associations resulting from shared demographic history (R package 
pcadapt, R package LEA v.2.0.0, and R package lfmm) (Pritchard et al., 
2000; Rajendra et al., 2014). Analyses were conducted on two separate 
datasets. The first, a global analysis, incorporated all sampled genotypes 

to explore broad-scale adaptation patterns across the geographic range 
of F. sylvatica corresponding to the selected study sites. This analysis 
aimed to uncover the foundational adaptive genetic variation shaping 
the species. The second, a site-specific analysis, evaluated each location 
independently, contrasting genotype and bioclimatic variables at a site 
with the mean values across the remaining sites. For all four methods, 
statistical significance was assessed using a local false discovery rate 
(FDR) correction to control for multiple testing. As suggested in Post
olache et al. (2021), we have determined, for each test, the q-value 
cutoff corresponding to zero expected false positives. The FDR was 
controlled by translating p-values resulting from pcadapt, LEA, LFMM 
and Samβada analyses into q-values through the R package qvalue 
(Storey et al., 2020; Storey and Tibshirani, 2003). Only associations with 
q-value equal or lower than the zero expected false positives cut-off were 
deemed significant. All analyses were performed on an LD-pruned 
dataset to minimize the potential bias introduced by physically linked 
loci when estimating population structure. Finally, candidate loci 
identified as outliers were annotated (Supporting information – File S2).

3. Results

3.1. Candidate genes sequencing and SNP calling

The Target re-sequencing approach applied to the 18 putative 
candidate genes in F. sylvatica resulted in the identification of 1384 
SNPs. Out of the 1384 SNPs, 1084 were in non-coding regions, while the 
remaining 300 comprised 200 synonymous substitutions and 100 non- 
synonymous substitutions (Table 3). Further details are reported in 
Supporting information (Tables S4, File S1, and S2).

3.2. Bioclimatic indicators analysis

Principal Component Analysis (PCA) revealed that the observed 
variation in bioclimatic indicator-derived variables across the sampled 
population locations was primarily explained by the first three principal 
components (PC1, PC2 reported in Fig. 3A and PC3 reported in Fig. 3B).

PC1 explained 41.4 % of the variance and was mainly associated 
with Isothermality (BIO3) and Minimum Temperature of the Coldest 
Month (BIO6), that exhibited strong positive correlations, while Tem
perature Annual Range (BIO7), Annual Precipitation Sum (PREC), and 
Growing Season Precipitation Sum (PRECV) showed the strongest 
negative correlations. PC2 accounted for 31.3 % of the variance and was 
mainly associated with Mean Annual Temperature (MT), Mean Growing 
Season Temperature (MTV), Maximum Temperature of the Warmest 
Month (BIO5), Climatic Water Deficit (CWD), and Growing Degree Days 
(GDD), all of which displayed strong positive correlations (Fig. 4A). 

Fig. 2. Representation of the vegetative growing window amplitude (expressed 
in DOY) for each site. Each black line represents the amplitude of the period, 
from the beginning (blue dot) to the conclusion (orange dot).

Table 2 
The 12 bioclimatic indicators chosen for the study of local adaptation.

ID Extended Name Type Description

BIOS6 Min_Temperature_of_Coldest_Month temperature Minimum Temperature of the coldest month
BIOS5 Max_Temperature_of_Warmest_Month temperature Maximum Temperature of the warmest month
BIOS7 Temperature_Annual_Range temperature Range of temperature obtained from the difference between BIOS5 and BIOS6
BIOS2 Mean_Diurnal_Range temperature Monthly mean of the difference between the maximum registered temperature and the minimum registered 

temperature
BIOS3 Isothermality temperature The ratio between mean temperature diurnal range and the temperature annual range
GDD Growing_degree_days_ temperature The growing degree days index represents a measure of the accumulated heat available for vegetation growth. It 

is calculated as the accumulated sum over the year of the daily mean temperature exceedances of a base 
threshold.

CDD Cooling_degree_days temperature Sum accumulated in the year of the days that have a temperature lower than the daily average of a basic 
threshold (0 ◦C)

MT mean_annual_temperature temperature The mean of the annual temperature
MTV mean_growing_season_temperature temperature The maximum temperature registered during the growing season
PRECV growing_season_precipitation_sum precipitation The sum of precipitation registered during the growing season
PREC annual_precipitation_sum precipitation The sum of the annual precipitation
CWD Climatic_water_deficit precipitation An integrated measure of water availability or stress considering rainfall, evapotranspiration, and basin 

hydrology
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Finally, PC3 explained 15.41 % of the variance, with Mean Diurnal 
Range (BIO2) being the only variable exhibiting a strong positive cor
relation (r> 0.96; p< 0.001; Fig. 4B). PC1, interpreted as the degree of 
diurnal temperature fluctuation, characterizes beech populations 
located at higher altitudes. The observed differences among these 
sampling sites may be attributed to variations in exposure. Notably, 
there is a discernible relationship between geographically proximate 
sites (e.g., Site 01 and Site 02; Site 11 and Site 12). PC2, associated with 
higher temperatures and reduced water availability, is characteristic of 
sites at lower elevations (averaging 730 m.a.s.l.). Among these, Site 04 
and Site 05 (representing Italian beech populations) strongly correlate 
with MT and MTV, suggesting a pronounced temperature variation 
during the growing season. Further insight into the correlation patterns 
among bioclimatic indicator-derived variables is provided by the cor
relation matrix (Supporting information – File S1).

Through the combined analysis of PCA and the correlation matrix, 
we identified these three groups of bioclimatic indicator-derived vari
ables as key descriptors of the local climatic inhabited by the studied 
beech populations. Based on statistical data, and the biophysical sig
nificance of the variables, we used these groups (Table 4) to interpret the 
patterns of climatic variation and their potential impact on the beech 
populations. For each group, a separate principal component analysis 
was performed to capture variability and identify potential correlation 
patterns with the observed beech populations.

Table 3 
Number and functional characterization of SNPs for each studied target region. 
Nc = non-coding region; Nsyn = non-synonymous substitution; Syn = synony
mous substitution.

Gene ID Length Tot SNPs Nc-SNPs Nsyn-SNPs Syn-SNPs

CRT 970 21 5 7 9
COMT 4805 232 214 6 12
CONST1 8869 12 4 3 5
CYS 3011 103 80 6 17
PCH 698 18 8 4 6
SAHH 2717 95 49 12 34
NAC 1487 65 49 3 13
CGR3 5419 304 283 10 11
XTH 1410 21 13 2 6
CHC 3186 40 24 4 12
AUX 7727 243 183 21 39
ACO 1752 52 38 5 9
HH3 1789 29 24 0 5
APX 2256 49 37 4 8
HH4 1061 15 11 0 4
PP2C 2046 33 24 5 4
CYT_HSP 835 44 37 6 1
SAM 2129 8 1 1 6

Fig. 3. PCA plots based on 12 bioclimatic indicators-derived variables describing 12 European beech sampling sites are presented. A) Contribution of the 12 
bioclimatic indicators-derived variables to the PC1 and PC2; and B) contribution of the 12 bioclimatic indicators-derived variables to the PC1 and PC3. The site 
location, divided per country colour, are also reported.

Fig. 4. Manhattan plot representing the SNPs potentially under divergent selection. A) Manhattan plot for PCAdapt; B) Manhattan plot for LEA method. The plots 
report the -log10 p-value of each SNPs, as well as, the location in genomic target regions.
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3.3. Signature selection

3.3.1. PCAdapt method
In total, 98 candidate SNPs under selection (16 %) were identified 

after controlling for False Discovery Rate (FDR). We have reported them 
in Fig. 4A. We retained the first 5 PCs to account for the underlying 
population structure.

3.3.2. LEA method
The lowest cross-entropy criterion values were found at K= 5 (Sup

porting information – File S1). Employing the LEA package for outlier 
analysis led to the identification of 49 SNPs (8.30 %). These SNPs are 
potentially under divergent selection after controlling for FDR and cal
ibrating p-value using the calculated genomic inflation factor (λ = 3.34). 
We have reported them in Fig. 4B

3.3.3. LFMM method
In the global analysis, 98 SNPs (16 %) were identified as correlated 

with temperature or precipitation related climatic variables (with a total 
of 154 significant association, Table 5 and Supporting information: 
Table S5).

A total of 112 SNPs were found associated with temperature-related 
variables. Additionally, 42 associated SNPs were identified for the 
precipitation-related variables. The site-specific LFMM analysis is re
ported in Supporting information (Table S6). This analysis revealed 

private allelic variants for each site, as well as some variants shared 
among sites. Intriguing insights were obtained by comparing LFMM 
results with those from Samβada.

3.3.4. Samβada method
In the global analysis 80 SNPs (13.5 %) were identified in association 

with temperature or precipitation related bioclimatic indicators, in total 
117 significant associations were found (Table 6; Supporting informa
tion - Table S7).

A total of 75 SNPs were associated with temperature-related vari
ables (Table 6). Additionally, 42 associated SNPs were identified for 
precipitation-related variables. The site-specific Samβada analysis is 
detailed in Supporting information (Table S8). Like LFMM analysis, the 
site-specific Samβada analysis yielded noteworthy results, revealing 
both site-private SNPs and shared SNPs among two or more populations.

3.3.5. Comparison among the PCAdapt, LEA, LFMM, and Samβada 
methods

We identified overlapping signature of selection from outlier and 
GEA analyses (Fig. 5). The outlier analyses revealed 26 shared SNPs, 
while the GEA analyses identified 28 shared SNPs showing signatures of 
local adaptation. Additionally, LFMM and Samβada individually detec
ted 59 and 33 SNPs, respectively. For correlation analyses, we have 
calculated and reported the ODDs Ratio (OR) of the 28 shared GEA- 
derived SNPs (Fig. 6). The OR deepen the knowledge regarding the 
proportion of influence of each SNPs correlated with bioclimatic in
dicators. We reported the OR based on the three identified bioclimatic 
groups. The detailed analysis, including the OR and site-specific results, 
are reported in Supporting information (File S1, Table S6, and S8).

Each of the 28 SNPs exhibits a significant effect in contributing to the 
response to bioclimatic indicators (Fig. 6). Similar analyses were con
ducted for site-specific SNPs (Supporting information: File S1; Table S6, 
and S8). By performing GEA analysis separately for each site, we iden
tified private SNPs that reflect the adaptation to the local environment in 
each of the study areas (Table 7). The observed difference in the number 
of total and private SNPs associated with environmental variables may 
be attributed to the variations in the local environment across different 
sites.

As we can see in Table 7, each site exhibited a high number of total 
and private allele variants showing correlation with bioclimatic in
dicators representing the local environment. The observed diversity can 
be attributed to the different local environment in which each popula
tion thrives.

Table 4 
The main characteristic and the component of each bioclimatic indicators- 
derived variables group selected are reported.

Group 
ID

Bioclimatic indicators Biological meaning

1 Isothermality (BIO3); Mean 
Diurnal Range (BIO2) and 
Minimum temperature of coldest 
month (BIO6).

Identify environment 
characterized by high temperature 
fluctuation with extreme events of 
low temperature.

2 Mean Growing Season 
Temperature (MTV); Growing 
Season Precipitation Sum 
(PRECV); Annual Precipitation 
Sum (PREC) and Climatic Water 
Deficit (CWD).

Identify environment 
characterized by potential water 
stress during the warmest month 
with low level of precipitation and 
extreme temperature events.

3 Mean Growing Season 
Temperature (MTV); Growing 
Degree Days (GDD); Growing 
Season Precipitation Sum (PRECV) 
and Climatic Water Deficit (CWD).

Temperature and Precipitation 
events that characterize the 
growing period. Identify different 
length of growing period 
characterized by low to high 
temperature fluctuation and 
drought events.

Table 5 
Number of associated SNPs (LFMM) for each considered bioclimatic indicator. 
For each variable, the total number of SNPs, the number of synonymous SNPs, 
the number of non-synonymous SNPs and the number of non-coding SNPs are 
reported.

Variable 
ID

Class N 
total 
SNPs

N◦

synonymous 
SNPS

N◦ non- 
synonymous 
SNPs

N◦ non- 
coding 
SNPs

BIOS5 Temperature 1 / / 1
BIOS6 Temperature 8 1 / 7
BIOS7 Temperature 9 1 / 8
MT Temperature 16 10 1 5
MTV Temperature 15 8 1 6
BIOS3 Temperature 37 8 2 27
BIOS2 Temperature 4 4 / 1
CDD Temperature 8 6 / 2
GDD Temperature 14 8 1 5
CWD Precipitation 5 2 / 3
PREC Precipitation 12 7 1 4
PRECV Precipitation 25 18 2 5

Table 6 
Number of associated SNPs (Samβada) for each bioclimatic indicator considered. 
For each bioclimatic indicators, the total number of SNPs, the number of syn
onymous SNPs, the number of non-synonymous SNPs and the number of non- 
coding SNPs are reported.

Variable 
ID

Class N◦

total 
SNPs

N◦

synonymous 
SNPS

N◦ non- 
synonymous 
SNPs

N◦ non- 
coding 
SNPs

BIOS5 Temperature 10 4 / 6
BIOS6 Temperature 8 6 / 2
BIOS7 Temperature 3 2 / 1
MT Temperature 12 2 4 6
MTV Temperature 10 6 2 2
BIOS3 Temperature 4 3 / 1
BIOS2 Temperature 11 9 / 2
CDD Temperature 16 11 / 5
GDD Temperature 1 1 / /
CWD Precipitation 5 2 / 3
PREC Precipitation 12 7 1 4
PRECV Precipitation 25 18 2 5
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4. Discussion

4.1. Beech environment adaptation – overall analysis

The detection of numerous SNPs in association with various biocli
matic indicator-derived variables suggest the presence of a widespread 
genomic response to selection across F. sylvatica populations. The asso
ciation with both temperature- and precipitation-related variables sug
gests that this adaptive signal is not confined to isolated populations or 
extreme habitats but reflects a broad-scale genetic predisposition to 
abiotic stressors. The association of SNPs with multiple bioclimatic in
dicators highlights the role of complex environmental gradients in 
shaping genomic variation. Such a pattern is indicative of diffuse, multi- 
factorial selection pressures acting over the species’ range, contributing 
to its current distribution and ecological resilience. The SNPs detected 
are located in genomic regions which are relevant for the abiotic stress 
response, and whose functions were analysed in previous work 
(Cuervo-Alarcon et al., 2018; Krajmerová et al., 2017; Lalagüe et al., 
2014; Müller et al., 2015; Ulaszewski et al., 2021). It is noteworthy that 
not only nonsynonymous SNPs showed signatures of selection, but also 
synonymous and noncoding SNPs. While nonsynonymous SNPs have 
traditionally been considered the primary target of natural selection, 
numerous studies suggest that synonymous substitutions play a key role 
in mRNA splicing, stability and translation kinetics (Parmley and Hurst, 
2007). Pagani et al. (2005) confirm that synonymous substitutions are 
pivotal for the final protein production. Furthermore, according to 
Barrett et al. (2012) SNPs in noncoding regions directly participate in 
gene expression regulation. Therefore, synonymous and noncoding 
SNPs may exhibit signatures of selection not only due to a tight linkage 
with “selective” loci, but also because they can be under natural selec
tion directly. Furthermore, by analyzing the SNPs found in association 
exclusively by the two GEA methods, we observed a stable contribution 
to the response to various bioclimatic features. This suggests that the 
observed SNPs may be a result of adaptive selection following the 
principles of the “soft sweep” model. According to Harris et al. (2018), 
unlike hard sweeps, in a soft sweep haplotype diversity remains as more 
haplotypes carrying the adaptive allele rise to high frequency. As a 
result, the effect of a soft sweep may be undetectable, even though the 
selected allele has reached fixation.

4.2. Signature of adaptation to the local environment - site-specific 
analysis

Phenotypic plasticity is considered to aid populations, including 
beech, in persisting under climate change (Benito Garzón et al., 2019; 
Cuervo-Alarcon et al., 2018; Lazic et al., 2024; Müller et al., 2015; 
Postolache et al., 2021). However, genetic diversity and evolutionary 
processes can play a crucial role in facilitating adaptation to new climate 
conditions (Fox et al., 2019; Scheepens et al., 2018). Through GEA an
alyses, we have observed signature of site-specific genetic adaptations of 
F. sylvatica population to temperature variability, water stress, and 
growing season characteristics (Supporting information: File S1). We 
have observed a specific set of SNPs linked to BIO2 and BIO6 (Mean 
diurnal range and Min temperature of coldest month) in sites charac
terized by cold environment in which temperature fluctuation is limited. 
Interestingly, those analyzed SNPs were present only in Italian sites, 
suggesting a regional influence on those genotypes. BIO6 associated 
SNPs were found also in other sites (not Italian), characterized by 
extreme cold events. The association of SNPs present in candidate genes 
with BIO6 was, also, reported in common garden study of F. sylvatica 
(Lazic et al., 2024). This confirms the importance of the selected 
candidate genes to study the local adaptation and the abiotic stress 
response. Notably, while no direct correlation with Climatic Water 
Deficit (CWD) is observed, specific SNPs identified through the Samβada 
model indicate genetic adaptation to dry environments. These findings 
align with projections suggesting increased growth under warming cli
mates in water-abundant regions but highlight potential vulnerabilities 
to prolonged drought conditions. The complex genetic response across 
these sites underscores the importance of both temperature and pre
cipitation dynamics in shaping local adaptation in European beech 
populations. It was possible to identify patterns of local adaptation 
specific to the analysed sites. Two main pieces of evidence emerged from 
the obtained results: the presence of genotypes adapted to cold climates, 
characterized by short vegetative periods (e.g., the population of Fonte 
Novello), and genotypes adapted to longer growing seasons, character
ized by large temperature fluctuations with periods of water deficit (e.g., 
the population of Pian dei Ciliegi). The site-specific analysis has revealed 
differences in the number of SNPs (both total and private) and their 
association with variables derived from bioclimatic indicators. Gener
ally, a high number of private SNPs were found in unmanaged sites and 
old-growth forests (in Italy, Croatia, and Slovenia). Genetic diversity, as 
per Lefevre et al. (2014), is in constant flux. Each sexual reproduction 
event can generate new and unique genotypic combinations, some of 
which may be eliminated by random or selectively oriented processes. 
The increased occurrences of sexual reproduction between different 
individuals may enhance the likelihood of new genotypic combinations 
beneficial for adaptation to current and future environmental changes. 
Modern silviculture aims to emulate the dynamics and structure typical 
of ancient forests while striving to maintain productivity 
(Aravanopoulos, 2018; Asplund et al., 2024; Brang et al., 2014; Mathes 
et al., 2024; Paffetti et al., 2012; Rogers et al., 2022; Stiers et al., 2018; 
Trerise et al., 2025). An interesting data point is the number of observed 
SNPs in populations managed with reduced-impact management prac
tices Once again, the number of allelic variants specific to each site is 
high. Particularly noteworthy is the number of allelic variants associated 
with local adaptation found in the Baldo’s forest. This site has the 
highest number of SNPs associated with environmental variables. 
Similar data have been observed in other managed sites.

5. Conclusion

This study underscores the significant role of adaptive genetic vari
ation in Fagus sylvatica L. populations across heterogeneous environ
mental gradients in Italy, Slovenia, and Croatia. Through genotype- 
environment association analyses of 18 climate-responsive candidate 
genes, we detected various SNPs associated with the analysed 

Fig. 5. Venn diagram showed the overlapping signature of local adaptation. 
PCAdapt and LEA represent the two methods used for the outlier analysis. 
LFMM and Samβada represent the two models chosen for GEA analysis. As we 
can see from the Venn diagram, 28 and 26 SNPs are shared between GEA 
analysis methods and Outlier analysis methods.

C. Garosi et al.                                                                                                                                                                                                                                  Trees, Forests and People 21 (2025) 100981 

8 



Fig. 6. The SNPs OR (95 % CI) for the 6 categories of bioclimatic indicators are reported. The OR is a ratio between the beta factor of each model that have detected 
the correlation between SNPs and each bioclimatic indicator. Visualizing the OR is effective for understanding the effect of each SNP correlated with variables in 
contributing on the fitness of individuals in a population. The red dotted line represents the null effect (equivalent to 1). The bioclimatic indicators have been 
categorized into six categories. (A) DD = Degree-Days based temperature value; (B) TP = Temperature peaks value; (C) MVT = Mean Variation Temperature value; 
(D) PREC = Annual Precipitation Sum;(E) PRECV = Growing Season Precipitation Sum;(F) CWD = Climatic Water Deficit.
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bioclimatic factor and numerous site-specific allelic variants, suggesting 
both regional differentiation and fine-scale local adaptation. These 
findings reflect the interplay of macro- and microevolutionary processes 
shaping the spatial genetic structure of beech in response to climatic 
drivers. The detection of locally and regionally adaptive SNPs, particu
larly within populations under reduced-impact silvicultural manage
ment, highlights the capacity of such interventions to enhance gene flow 
that could favour the existent or even promote adaptive genetic di
versity. These results align with the hypothesis that structural forest 
complexity facilitates gene flow, reproductive variance, and the reten
tion of rare, potentially adaptive alleles. Ecologically, our data support 
the view that F. sylvatica maintains significant adaptive potential in the 
face of climate variability, though this capacity may be unevenly 
distributed among populations. Evolutionarily, our results suggest that 
management-induced shifts in forest structure could influence selection 
pressures and the long-term evolutionary trajectories of populations. 
From a conservation and forest management perspective, integrating 
knowledge of adaptive genetic patterns into planning frameworks is 
vital. Conservation strategies should prioritize the maintenance of ge
netic diversity at both regional and local scales, particularly in ecotonal 
areas where environmental gradients are steep. Moreover, the identifi
cation of populations with high adaptive potential can inform assisted 
gene flow or assisted migration initiatives, contributing to the resilience 
and sustainability of European beech forests under environmental 
change.
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González-Martínez, S.C., Vendramin, G.G., 2014. Nucleotide diversity and linkage 
disequilibrium at 58 stress response and phenology candidate genes in a European 
beech (Fagus sylvatica L.) population from southeastern France. Tree Genet. 
Genomes. 10, 15–26. https://doi.org/10.1007/s11295-013-0658-0.

Lazic, D., Geßner, C., Liepe, K.J., Lesur-Kupin, I., Mader, M., Blanc-Jolivet, C., 
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