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1. Introduction

Current climate change enhances the interest of the evolutionary signif-
icance of species' geographic range limits and peripherally isolated popula-
tions (Angert et al., 2020). Elucidating the processes determining the limits
of a species range is particularly vital in predicting how species will respond
to warming climate, as range-edge populations are assumed to be more sen-
sitive to environmental changes (Hoffmann and Blows, 1994; Sexton et al.,
2009; Holt, 2003; Angert et al., 2020). Hence, the fate of some species may
depend upon the capacity of populations to cope with current climate
trends, where the southernmost range margin often represents the point be-
yond drier climatic conditions exceed the tolerance limits of a given species
(Bridle and Vines, 2007). Furthermore, range-edge populations are particu-
larly important, in the face of adaptive management to rapid climate
change, because dispersal, establishment, and extinction processes deter-
mine theoretically the pace of range shifts and whether a species' geo-
graphic range contracts or expands (Alexander et al., 2018).

Global warming provides a strong directional environmental change.
This selective pressure may either enhance or reduce genetic differentiation
and local adaptation at the limits of species' geographical ranges, depending
on the magnitude and directionality of gene flow (Hoffmann and Sgro,
2011; Shaw and Etterson, 2012; Alberto et al., 2013). Adaptive capacity
to climate change in range-edge populations is influenced, among others,
by the availability of genetic variation, the strength of natural selection
and the extent of gene flow (Hoffmann and Sgro, 2011).

In mountain forested landscapes, long-term isolation and genetic drift
may limit or preclude to more extent the adaptation of relict sparser tree
populations at the periphery, even if they locally experience intense direc-
tional selection (Hampe and Petit, 2005; Hampe and Jump, 2011; Kottler
et al., 2021). By opposite, the altitudinal treelines provide a clinally shift,
for instance in the temperature optimum for tree growth (Camarero and
Gutiérrez, 2004). Differentiation might occur at these ecotonal tree popula-
tions (Bontrager et al., 2021). Meanwhile this divergence from the main
forest population depends not only on gene flow and selection, but it
might involve genetic drift or any other stochastic component, such foun-
der event mechanisms (Angert et al., 2020).

Changes of treeline positions have occurred worldwide, matching with
recent climate warming and leading to upward migrating in some treelines
limited by low temperature (e.g., Harsch et al., 2009; Du et al., 2018; Sigdel
et al., 2018). Besides, densification processes within the treeline ecotones
have been also widely observed (Camarero et al., 2017; Feuillet et al.,
2019; Davis et al., 2020). Hence, alpine treeline ecotones may originate a
relatively fast component of genetic variation, ranging from dense forest
to sparse individuals located at higher elevation, essentially similar to
that ordinarily considered by genetic models of evolution at the edge of
geographical ranges. Despite landscape features may influence patterns
of gene flow and spatial genetic structuring, comparisons between the
fine-scale genetic structures of contrasting range-limit populations are
scarce. This knowledge is relevant, as fine-scale genetic structures may be
reflecting the limitations for dispersal from the forests and lags in the estab-
lishment of recruits in the treeline ecotone (Alexander et al., 2018).

Hence, contrasting rear-edge populations may provide a demographical
framework where the selective pressure of climate change might be de-
tected (Bontrager et al., 2021). We focus on the role played by range limits
in mountain forests comparing relict and treeline populations to investigate
patterns of genetic differentiation and local adaptation using mountain pine
(Pinus uncinata Ram. ex DC) as experimental system (Gazol et al., 2022). We
compare a relict population forming the southernmost species' distribution
limit in Europe and two treelines located in the Spanish Pyrenees.

Studies about how forest species respond to environmental variations are
essential to understand how they cope with climate change. Several studies
on the response of P. uncinata to climate are available (e.g., Camarero and
Gutiérrez, 2007; Camarero et al., 2021; Sanchez-Salguero et al., 2017;
Sanmiguel-Vallelado et al., 2019). However, they focus on morphological
traits, with few exceptions which determine genetic variation between
populations (Dzialuk et al., 2009) using chloroplast microsatellites (cpSSRs)
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or describe evolutionary history (Heuertz et al., 2010; Zaborowska et al.,
2019) using mitochondrial DNA markers. Others have used a small amount
of neutral nuclear RAPD (Random Amplified Polymorphic DNA) markers
(Monteleone et al., 2007), and have established links between genetic diver-
sity and fitness (Gonzélez-Diaz et al., 2020) using cpSSRs.

Huge genome sizes, absence of reference genomes and annotations, and
massive amounts of data to analyze are the main reasons limiting genome-
wide studies within conifer species (Garcia-Garcia et al., 2022) such as
P. uncinata. Nonetheless, current genotyping by sequencing (GBS) methods
enable the implementation of single nucleotide polymorphisms (SNPs)
analysis, which provides a genome-wide coverage, even for non-model
organisms, allowing to check for adaptive loci, as well as neutral ones
(Unamba et al., 2015). Specifically, as tree density decreases upwards,
from the forest limit to the treeline, climate, and micro-site conditions
(mainly temperature, wind, light, and soil properties) shift gradually
(Batllori et al., 2009; Gazol et al., 2022). According to that, we expect a
clinal pattern of selection that favors different values of quantitative traits,
derived by local selection pressure and gene flow. Even with random estab-
lishment of individuals, we hypothesized a net flux of migrants from the
forest to the treeline, whose genetic differentiation reflects the balance be-
tween selection/local adaptation and gene flow. In contrast, isolated relict
tree populations on the rear edge might reflect genetic divergence likewise
as a result of genetic drift, to more extent than by responses to local selec-
tion pressures. Despite this challenging framework, next-generation
sequencing (NGS) GBS techniques, which are based on using restriction
enzymes to fragment the genomes and reduce their complexity, provide
an innovative tool. This work proves the usefulness of double digest
restriction-site associated DNA sequencing (ddRAD-seq) technique to
obtain single nucleotide polymorphisms (SNP) markers holding relevant
information about the genetics of this species.

Hence, we obtained a genetic matrix based on SNP data, which allow us
to determine diversity and differentiation among- and within-populations.
Thereafter, SNPs subjected to selection were detected to determine the
presence of associations between SNPs and bioclimatic variables, providing
genotype-environment associations (GEA). On the other hand, the avail-
ability of functional traits data for the study individuals (Gazol et al.,
2022), allows to investigate the genotype-phenotype associations. Finally,
we modeled the risk of non-adaptedness (RONA) to estimate changes in
allele frequency required within a given population to cope with the
expected changes in climate under different emission scenarios (Pina-
Martins et al., 2018).

We hypothesize lower genetic diversity and higher differentiation in the
relict population, compared to the treeline ecotones, as a legacy of long
term-isolation. We also hypothesize that neutral, non-adaptive, differentia-
tion prevails in the relict population, according to genetic drift. By opposite,
SNPs subjected to selection are hypothesized to be more frequent in the
treeline ecotones, according to temperature rise. Finally, we hypothesize
higher risk of non-adaptedness to the expected changes in climate under
different emission scenarios in the relict population, according to drought
increase.

2. Material and methods
2.1. Study sites description

We compared three Pinus uncinata Ram. ex DC sites corresponding to
two structurally different treelines and a relict population (Fig. 1). The
two treeline ecotones were located in the Central Spanish Pyrenees, in
‘Ordesa y Monte Perdido’ and ‘Aigiiestorters i Estany de Sant Maurici’
National Parks, referred as Ordesa (O) and Tess6 (T), thereafter. The O
site (42.63° N, 0.08° W, 2100-2110 m a.s.l.) represents an abrupt treeline
with strong differences in tree cover and height from the forest to the
treeline. The aspect of this site is south, and the slope is 10-20°. Soils are
rocky and mixed with calcareous and acid spots. The T site (42.58° N,
1.03° E, 2330-2360 m a.s.l.) represents a diffuse treeline with a gradual de-
crease in tree cover and height upwards (Camarero and Gutiérrez, 2004).
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Fig. 1. (a) The map depicts the range of Pinus uncinata and the relative Pinus mugo, as well as the location of the three study sites in south-western Europe. Study sites: (b) sharp
treeline (Ordesa, O), gradual treeline (Tess6, T); and (c) a relict population, restricted to the upper elevation of the mountain range (Pefiarroya, P) where are populations of
Pinus sylvestris; see more details about the study sites in Gazol et al. (2022). The values of expected heterozygosity (He) are noted.

The treeline was defined as the highest elevation of 2-m tall trees where
cover was below 20 %, whilst the forest limit corresponded to the highest
elevation of continuous forest patches with tree cover >40 %. The aspect
of the site is north-eastern, the slope is 25-30° and soils are calcareous
and developed on shales. The rear-edge, relict population represents the
southernmost distribution limit of P. uncinata, located in Pefiarroya (site
P, thereafter; 40.39° N, 0.57° W, 2010 m a.s.l.). This relict population
grows in a flat terrain, where soils are developed on limestones (Gazol
etal.,, 2022).

The climate is continental in the three sites. In the treelines O and T sites
the mean annual temperatures have a range between 3° and 5 °C and total
annual precipitation is ca. 1200-1660 mm (Camarero and Gutiérrez, 2002,
2004). Meanwhile the mean annual temperature in site P is 9 °C and its total
annual precipitation is ca. 680 mm (Camarero and Gutiérrez, 2002).

2.2. Tree growth, functional traits and soil characteristics

Tree radial growth patterns were obtained by using dendrochronologi-
cal methods, which allowed calculating the mean growth rate (either as
mean ring width or as mean basal area increment) and the tree age at
1.3 m (see Gazol et al., 2022) top. Two cores were extracted at 1.3 m
and perpendicular to the slope using 5-mm increment borers (Haglof,
Sweden). Cores were air dried, glued onto supports, sanded, scanned at
2400 dpi resolution and visually cross-dated. Then, tree rings were mea-
sured with a 0.001 mm resolution using the CDendro software (Larsson
and Larsson, 2018). In the treelines, we selected ten trees near the forest,
ten in the ecotone and ten in the treeline. In the relict population, 15
trees were sampled and similarly measured. In total, 75 trees were sampled
and processed (see Gazol et al., 2022 for details).

Leaf area (LA), specific leaf area (SLA), leaf mass area (LMA), leaf dry
matter content (LDMC), and wood specific gravity (WSG) were used as
basic functional traits characterizing competition for light and structural
costs (Niinemets, 2001; Wright et al., 2004; Nardini, 2022). These traits

were measured in the same tree. Dendro-phenotypic traits such as resis-
tance and recovery to extreme events, using estimate of secondary growth
(basal area increments) resistance and recovery to 2012 drought event
were estimated. Relationships with climate sensitivity were also investi-
gated using climate variables significantly related to secondary growth
(tree-ring width indexes) by dendrochronological analyses (April and
May mean temperatures; Gazol et al., 2022).

Finally, soil samples were collected around the trunk (<50 cm in dis-
tance) and below the canopy projection of each sampled tree, to obtain
soil texture, soil pH, soil carbon and nitrogen concentrations, and organic
matter (see Gazol et al., 2022 for details).

2.3. SNP genotyping

Fresh leaf samples (needles) were collected from 75 P. uncinata individ-
uals. 100 mg of each sample were lyophilized, and total genomic DNA was
extracted using DNeasy Plant Mini Kit (Qiagen®, Germany) following the
manufacturer's instructions with some modifications. DNA concentration
was measured on a NanoDrop™ spectrophotometer (Thermo Scientific)
and an electrophoresis in agarose gel was carried out to determine DNA
quality. 72 samples had the required quality to proceed with NGS.
ddRAD-seq (Peterson et al., 2012) libraries were constructed using ApeKI
and Pstl restriction enzymes and sequenced by LGC Genomics (Germany).
ddRAD-seq is a technique based on NGS technology which requires no
prior genomic knowledge about study species. It is suitable for huge ge-
nome size species due to restriction enzymes cutting reduces the complexity
of the genome. The ddRAD-seq allows us to describe a large amount of new
molecular markers such as SNPs which could be used to carry out multiple
types of studies as genotype-phenotype or genotype-environment associa-
tions studies (Peterson et al., 2012).

Paired-end reads were obtained with a read depth of 1 M. Quality of raw
reads was checked using FastQC v0.11.9 (Andrews, 2010). Then, adapter
sequences were trimmed, and low-quality reads were removed using fastp
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v0.12.4 (Chen et al., 2018). A de novo assembly of the retained reads and a
SNP calling were performed using ipyrad v.0.9.65 (Eaton and Overcast,
2020). The VCFtools v0.1.16 program package (Danecek et al., 2011) was
used to filter for high-quality, informative SNPs for genetic structure,
selection, and association analyses (biallelic, minimum allele frequency of
5 %, maximum missingness of 50 %, and 1 per locus to avoid linkage
disequilibrium). Similarly, individuals with <50 % of the retained SNPs
were removed. In addition, a more restrictive set of SNPs was created to
perform the statistical genetic analysis, retaining SNPs that met the previ-
ous criteria but with a maximum missingness value of 25 %.

2.4. Genetic structure of tree populations

Two different methods were applied to study the genetic structure of
populations with the aim to obtain robust results: (1) principal component
analysis (PCA) and (2) sparse non-negative matrix factorization analysis
(sNMF). For the first approach, the plink2 2.00a2.3 software (Chang
et al., 2015) --pca option was used. For the second, admixture coefficients
were obtained using the snmf function of the LEA package v3.4.0 (Frichot
and Francois, 2015) in R software (version 4.1.2 R Core Team, 2020). In
total, 10 repetitions were run for different K values, number of ancestry
populations, ranging from 1 to 6 and represented using the software pack-
age called pong (Behr et al., 2016). The cross-entropy criterion was used to
determine the value of K that best explains the obtained structure.

The GenAlEx v6.5 software (Peakall and Smouse, 2006, 2012) was used
to perform the statistical analyses of the genetic matrix. Population differ-
entiation and gene flow were estimated by fixation indexes (Fst) and migra-
tion rate (Nm) statistics, respectively. The Nei's genetic distance among
populations was also estimated. Heterozygosity, private alleles, and poly-
morphic loci were calculated. Shannon index was calculated to infer genetic
diversity. Lastly, allele frequencies of those SNPs which were relevant for
our study were calculated.

A molecular variance analysis (AMOVA) based on Fst coefficient was
performed to determine the proportion of genetic variation attributable to
differences among and within populations. AMOVA was estimated based
on 9999 permutations.

2.5. Detection of selection signatures

Detection of selection signatures was carried out with the BayeScan 2.1
software (Foll and Gaggiotti, 2008) using default parameters. Fixation in-
dexes (Fst) with their respective q-values were obtained. This version of
BayeScan directly calculates g-values using the false discovery rate (FDR)
correction. Those SNPs with a g-value <0.05 were considered candidate
genetic variants under selective pressure. To look for possible biological
functions underlying their potential importance, the scaffolds with SNPs
under selection (obtained from the ipyrad assembly) were queried against
the BLAST (NCBI; Altschul et al., 1990) nucleotide database. When a
match was obtained, the scaffolds were also queried against the non-
redundant protein sequences database using BLASTx (NCBI; Gish and
States, 1993). The E-value obtained in each BLAST describes the random
noise of the background and give us information about the accuracy of
the similarity of the protein functions found in BLAST.

2.6. Associations studies

Two types of environmental variables were tested for association with
genotype. For the first one the 19 bioclimatic variables from the WorldClim
database (Fick and Hijmans, 2017), with a grid cell resolution of 30 s were
used at population level. And the second one employed individual-level
measurements of 8 soil variables (sand, lime and clay soil percentage,
soil pH, soil organic carbon, organic matter, soil nitrogen, and carbon-
to-nitrogen ratio) obtained as described in the soil data section.

After downloading the variables from WorldClim, the freeware QGIS 3.18
(Quantum Geographic Information System) (QGIS Development Team,
2022) was used to extract the bioclimatic variables for each population's
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geographic position. Point sampling tool, included in QGIS, allowed us to
take out information about those geographical points where are located the
three study areas.

Genotype-environment associations (GEA) were assessed using the
Ifmm (latent factor mixed models) function of the LEA R package v3.4.0
(Frichot and Francois, 2015) in R software (version 4.1.2 R Core Team,
2020). After an imputation step to fill in the missing data, each run was
repeated a total of 20 times with 100,000 iterations and a burn-in of
50,000. Again, p-values were transformed into q-values with FDR correc-
tion and the significance threshold was 5 %. Then, the significant scaffolds
were analyzed looking for homologies with the nucleotide and protein
NCBI databases as it was described previously in the detection of selection
signatures section.

A genome-wide association study (GWAS) was carried out to determine
the associations between the imputed SNPs matrix and functional and
dendro-phenotypic traits. The measurement of each trait is described in
tree growth, functional traits and soil characteristics section.

GWAS was performed with the rrBLUP v4.6.1 R package (Endelman,
2011; Endelman and Jannink, 2012). A FDR correction was applied with
the significance threshold set to 5 % and the SNPs which showed associa-
tions were analyzed looking for homologies with the nucleotide and protein
NCBI databases as it was described previously.

2.7. Risk of non-adaptedness

The value of RONA shows the theoretical percentage of change in allele
frequency at loci associated with environmental variables required for a
given population to survive changes in that variable (Pina-Martins et al.,
2018). Consequently, the lower the RONA is, the more likely a population
is to be able to adapt to the given new environmental conditions.

We used pyRona v0.3.6 (Pina-Martins et al., 2018) to calculate the
RONA of each tree population to two different climate scenarios, predicted
to happen by the end of this century (2081-2100): low emissions (RCP2.6),
which limit the increase of global mean temperature to 2 °C, and high emis-
sions (RCP8.5), whose limitation is 4.9 °C. The information was obtained
using WorldClim database and QGIS (for more detail, see genotype-
environment association section). We used the Ifmm results from the GEA
analysis as input, with their q-values.

3. Results
3.1. Genetic structure of tree populations

A total of 11,904 SNPs and 71 individuals were retained after the filter-
ing steps. These molecular markers were used to create the genetic matrix
of P. uncinata. PCA showed, with a 23.5 % of variance attributed to the
first principal component and 16.7 % to second principal component, 3 dif-
ferent groups: O and T (core treeline populations) and P (rear-edge popula-
tion). One of the PCA axes separated O and T treelines from the P rear-edge
site (Fig. 2). In addition, it is remarkable that 8 individuals of site T are sep-
arated of their own population: 5 of them belonging to forest, 2 to treeline
and 1 to the treeline ecotone separating the forest from the treeline.

In order to explore those isolated points of site T, a PCA with only this
population was carried out. This analysis revealed a cluster consisting
mainly of ecotone and treeline samples and, again, the group with 8 indi-
viduals that was seen in the previous PCA, consisting mainly of trees located
in the forest limit.

The cross-entropy analysis determined that K = 2 is the value that best
explained the obtained genetic structure (Fig. S1). In contrast to the PCA,
this analysis showed a marked genetic differentiation between a group
formed by O and T treelines, and the remaining P relict population.
Hence, the following analyses were carried out taking into consideration
this genetic structure.

On the other hand, the statistical analyses were carried out with the
most restrictive set of SNPs (75 %) which is composed of 72 individuals
and 5374 SNPs.
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Fig. 2. First two principal components of PCA based on genetic data (SNP matrix)
obtained from ddRAD-seq. It is shown three different groups one for each
population of study. Colors are related with the location of each point: blue for
Ordesa, red for Pefiarroya and green for Tessé.

The AMOVA indicated large differences within populations with 95 %
of the total (Table S4). This is related with the Fst value obtained (0.047)
which showed, with highly significance (p < 0.0001), that there are no sig-
nificant differences (p-value >0.05) between populations. Pairwise popula-
tion Fst values are between 0.031 and 0.066 (Fig. 4; Table S1). The highest
values are between P and the other two populations. However, those values
are near 0, pointing that all the populations are in complete panmixia.

The gene flow which is measure with migration rate, Nm, showed a
range value from 3.555 to 7.872. The higher value is found between
O and T which indicates a panmictic behavior. On the other hand,
P shows the lower values which indicates the presence of gene flow with
the other two populations (Fig. 4; Table S2).

The average percentage of polymorphic alleles is 90.47 + 5.21 % being
lower in site P (80.05 %). The number of private alleles is very similar in the
O and T treelines (0.012 = 0.001 and 0.011 * 0.001, respectively), but
lower in site P (0.007 + 0.001). In terms of Shannon index values, genetic
diversity is higher in O and T than in P. Observed heterozygosity (H,) has a
range from 0.240 to 0.245 and expected heterozygosity (H.) ranges from
0.251 to 0.267. The lowest values for both parameters derive from the P
relict populations. The average values of H, and H, are 0.243 + 0.001
and 0.261 *+ 0.001, respectively.

Several differences among populations are showed in allele frequencies
(Fig. 4). It is remarkable that site P has the highest percentage of fixated al-
leles followed by site T.

Finally, Nei's genetic distance allows us to explain the differences which
are found between our populations. All of them are close to 1 which indi-
cates that our 3 populations are very similar among them (Fig. 4; Table S3).

3.2. Detection of selection signatures

The BayeScan analyses showed 39 loci under selection (Table S5), The
results indicate that these loci showed significant differences (q-value
5 %) in their Fst values. Homology with previously described sequences
was found for 17 of these sequences, and only 10 of them could be defined
at protein level. It is important to emphasize that these matches with
protein sequences are a first approach to the probable function of our
study sequences. Table S6 shows sequence type, the name and functions
of the proteins, and the E-value obtained for each match.

The most interesting proteins obtained were NADP-specific glutamate
dehydrogenase, which is involved in the ammonium and nitrogen assimila-
tion, aquaglyceroporin, which mediates water, glycerol, and other molecules
flow through membranes, GABA transporter whose functions are related to
stress response, and a protein related to the response to light stimuli.
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3.3. Associations studies

The LEA package found 129 associations with 5 of the 8 soil variables
(Table S7). Sand soil percentage was associated with 17 loci, soil pH with
15 and lime soil percentage with 3. Soil nitrogen and carbon-to-nitrogen
ratio showed the highest number of associations with 40 and 54 loci, respec-
tively. Additionally, one of these loci which are associated with soil nitro-
gen, is under selection too.

It is remarkable the presence of several loci associated with more
than one variable. Such is the case of the soil nitrogen and carbon-
to-nitrogen ratio variables, which shared 5 loci. Lime, sand, and pH
soil shared 3 loci. Sand and lime percentage shared 2 associations.
Finally, lime percentage and soil pH shared 1 locus. The alignments
against the nucleotide database gave 42 matches, and 20 of them also
got hits for protein homology (Table S8). Some of the identified proteins
were related to stress response, such as glutathione peroxidase, p3-1,3-
glucanasa, E3 ubiquitin-protein ligase listerin and GABA transporter.
It is highlighted that the locus, which is similar to GABA transporter, is
under selection.

On the other hand, 395 associations were observed with the 19 biocli-
matic variables (Table S9). The largest number of associations were found
with variables related with temperature seasonality BIO4 (34 loci), mini-
mum temperature of coldest month BIO6 (37 loci), temperature annual
range BIO7 (44 loci), and precipitation seasonality BIO15 (43 loci). The
majority of loci were shared with two or more variables (for more details,
see Table S9). Considering these results, the relation found between genetic
data and temperature gives us evidence of the important role which is
performed by temperature in the survival of this species.

Moreover, it is important to highlight that 25 of the loci associated
with bioclimatic variables were under selection. In terms of the func-
tion of some of these loci, it should be emphasized those related with
nitrogen and ammonium assimilation, potassium transport, and light
response.

Once the alignments were performed, 44 hits with nucleotide database
were obtained, and 23 showed protein homologies too (Table S10). It is re-
markable that some of these proteins are related with: electrons exchange
in mitochondrial, response to light stimulus, and ion transports.

The results obtained with rrBLUP for GWAS study showed 22 associa-
tions with 7 of the 15 functional traits (Table S11) which were: mean
tree-ring width (TRW), basal area increment (BAI), LDMC, LMA, SLA,
WSG, and tree age. LDMC was associated with 8 loci, WSG with 5, BAI
with 3, LMA with 3, TRW with 2, and tree age with 1 locus. As it is
shown, LDMC had the higher number of associations. In this case only
WGS shared 1 locus with LDMC and LMA shared other with LDMC. All of
these associations had a g-value significance of 5 % (Table S11).

In total, 12 matches have been found against the nucleotide database
and 7 of them obtained hits for protein homology (Table S12). The majority
of the protein functions identified were related with metabolism or nucleic
acid issues.

A total of 8 dendro-phenotypic variables were used to carry out another
GWAS study with the same SNP matrix. In this case, the results showed no
associations.

3.4. Risk of non-adaptedness

The low emission scenario (Fig. 3a) showed lower risk of non-adaptedness
that the high emission one (Fig. 3b), as it could be expected, as the latter's
variation in its BIOs values is higher. However, at least 4 environmental
variables required changes in allele frequency higher than 50 % in both sce-
narios. Moreover, BIO4 (temperature seasonality) stands out, reaching values
of around 200 % for the low emission scenario and higher than 500 % for the
high emission one, becoming the most threatening environmental variable in
both predictions. All populations showed similar RONA values, but the relict
P populations was less capable to adapt to changes in variables related to tem-
perature (BIO1-BIO11), while changes in precipitation-related variables
(BIO12-BIO19) were not as challenging (Fig. 3).
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Fig. 3. Risk of non-adaptedness (RONA) of each population to two different climatic
scenarios. Environmental variables related to temperature are represented in orange
colors (BIO1-BIO11), whilst environmental variables related to precipitation are
represented in blue colors (BIO12-BIO19). (a) Low emission scenario RCP2.6.
(b) High emission scenario RCP8.5.

4. Discussion

Identifying constraints to adaptation at range edges remains a key chal-
lenge (Angert et al., 2020). In this work, we provide new insights regarding
how evolutionary forces interact to shape adaptation at contrasting range
margins of mountain pine. For this purpose, we focused on peripheral pop-
ulations, which encompass the full altitudinal transition from closed forest
to the treeline. This provides an analogy of species range expansion gradi-
ent while controlling for factors such as regional climate and colonization
history. Furthermore, our sampling approach allows for fine-scale spatial
analysis of genetic structuring at the rear distribution edge formed by the
relict population.

Range limits are correlated with a number of abiotic and biotic factors,
but underlying mechanisms are poorly understood (Sexton et al., 2009). It
should be hypothesized a concomitant variation in the relative importance
of genetic drift and gene flow due to limited size in the relict population
(Penarroya, P) and declining density upslope in the treelines (Ordesa, O
and Tesso, T), respectively. Genetic drift leading to erosion of local genetic
diversity and enhanced population differentiation should be expected to
prevail at the relict P population and might occur near the upper margins
of the treelines because of the smaller size and sparser distribution of tree
populations, randomness associated with founding events, and limitations
for seed and pollen flow (Hampe and Jump, 2011).

The results obtained in the cross-entropy study show two groups with a
visible genetic differentiation: one consisting of O and T treeline sites, and
another one consisting of the P relict, rear-edge populations on its own
(e.g., Sjolund et al., 2019). On the contrary, PCA results suggested three
separate populations, instead of two, indicating that some genetic differ-
ences do exist between the two treeline sites. This differentiation could be
related with their constrain structures since O shows an abrupt treeline
while T presents a gradual transition (Camarero and Gutiérrez, 2002,
2004), which implies a wider range of environmental conditions, so genetic
variability could be expected along this gradient (Bontrager et al., 2021). It
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is important to highlight that Pefiarroya site represents the southernmost
distribution limit of the species. Dzialuk et al. (2009) found that the popu-
lations from the southernmost range were the most genetically different by
using cpSSRs, which is consistent with the results obtained in our study.
Moreover, some evidence about the existence of genetic differences
between O and P populations could be found in a previous study of
Gonzélez-Diaz et al. (2020) by using SSR as molecular markers.

In contrast to our preliminary hypothesis of genetic isolation, results
support unambiguously a situation closer to a drift-gene flow equilibrium,
where, despite the isolation and relative low populations sizes, gene
exchange events via pollen or seeds seems not to have been infrequent, at
least to the extent to determine significant genetic isolation. This interpre-
tation is strongly supported by low values of genetic differentiation (Fst)
and high migration rates (Nm), while within-population genetic diversity
(He) does not vary predictably along the forest-treeline gradient (O and T
sites; Fig. 1), nor was significantly reduced in the relict population (P site;
Fig. 1). A previous study showed low differentiations between populations
of mountain pine (Dzialuk et al., 2009). However, the genetics studies
found in the bibliography are performed using SSRs and we cannot make
comparisons with the same kind of data obtained in the present study
(SNPs). Predictions regarding trait divergence at relict populations were
supported (see also Gazol et al., 2022). However, genetic variations across
the leading edge defined by forest-to-treeline ecotones were not observed.

Nonetheless, we obtained significant evidence of possible selection in
several SNPs. Some of these marks are in genes likely related with com-
pounds involve in stress response such as transporters of ions, water, or
GABA. When we obtained the alleles frequencies of the SNPs under selec-
tive pressures, some differences between populations are evidenced. For
example, the SNP 2022, which is related with light gravitropic response
(Fig. 4), showed the presence of both alleles in O and T sites, being more
represented the reference one. It could be appreciated a decrease in the
frequency of the alternative among these 2 populations, 18 % in O and
4 % in T. However, the P site presented only the reference allele (Fig. 4).
This difference could be explained by the light variations which are found
in P due to its drier Mediterranean climate with more radiation than north-
ward treeline sites.

Other SNP under selective pressures is the SNP 6009 which is similar to
an aquaglyceroporin (Table S3). Studies show modifications in the expres-
sion of this kind of proteins during drought stress periods (e.g., Mahdieh
et al., 2008; Ding and Chaumont, 2020). However, the mechanisms
which link drought stress response to aquaglyceroporin are poorly studied.
In our study, the allele frequencies for this SNP showed differences among
populations. Meanwhile O and T had a representation of both alleles, P
showed only the reference allele (Fig. 4). These variations could indicate
some advantages of having a higher proportion of the reference allele for
the population with less amount of precipitation. Another example of
these kind of SNPs is SNP 8051 which is a GABA transporter. Moreover,
this SNP showed association with N variable in GEA study. Its allele fre-
quencies show the same fixed allele in T and P sites, meanwhile the O site
had more representation of the second allele. Due to GABA is involved in
plant response to abiotic stresses, it increases the drought resistance in
plants (Mekonnen et al., 2016), and this metabolite are related with C:N
balance (e.g., Fait et al., 2011; Batushansky et al., 2014). This difference
showed in allele frequencies may be caused by environmental variations,
mainly in the soil composition, that are found in the distribution range of
the T treeline and in the relict P population.

Therefore, the presence of possible selection pressure marks in this kind
of genes, evidences the effect of climate variations on this species' genome
and points out the relevance of keeping an eye on its genetics to be able to
anticipate their response to climate change in the coming years.

The genetic differences observed among tree populations (Fig. 4) sug-
gest that random genetic drift was not the prevailing force shaping the ge-
netic structure of P. uncinata at its rear edge. It should be expected that
random genetic drift increases the among-population component of diver-
sity. This expectation is weakly supported by the genetic differentiation
showed in PCA of the relict population, while this hypothesis appears not



B. Méndez-Cea et al.

Science of the Total Environment 858 (2023) 159778

SNP 2877 SNP 5799 SNP 11320 SNP 2877 SNP 5799 SNP 11320
o A Nei =0.978
m
R
m
1]
e |3
Z |
(=]
=1 B
S|z
o
n
g7
L
v
Peiarroya (P)
SNP 2877 SNP 5799 SNP 11320 SNP 2022
Tesso
SNP 2877: Glucose transmembrane transporter.
Temperature Seasonality, Temperature Annual Range,
Precipitation Seasonality. SNP 2022 SNP 6009
SNP 5799: Potassium transport function. Temperature BRI
Annual Range, Precipitation Seasonality.
SNP 11320: Cuticular wax and suberin biosynthesis.
Temperature Annual Range, Precipitation Seasonality,
Precipitation of Driest Month. SNP 2022 SNP 6009

Fig. 4. Examples of SNPs showing associations in GEA studies with our three P. uncinata populations. It is shown Fst, Nm and Nei's genetic distance (Nei) values among
populations. The allele percentages of these SNPs, whose functions are inferred for homology, are represented with circles: color blue for the reference allele and orange
for the alternative allele. A brief description of the protein function which present homology for each SNP and of the bioclimatic variables which showed associations
with these SNPs are indicated. The inset describes the allele percentages of two SNPs under selection.

reinforced at the reduced spatial scale of the forest-ecotone-treeline transi-
tions. Furthermore, despite random genetic drift is also expected to reduce
gene diversity within small populations (Hampe and Jump, 2011), our
results support the maintenance of relatively high genetic diversity,
which was in agreement with the conclusions reached by Gonzélez-Diaz
et al. (2020).

At a spatial scale shorter than those of the among-populations differ-
ences, as the population range spreads from the forest to the treeline, allele
frequencies in each treeline transition might drift independently without
any relation to the fine-scale spatial distances. Thus, random sampling of
gametes may create a wide degree of scatter between points (Fig. §2). It
must be noted, however, some relationship between genetic and treeline
position was also observed in T. The presence of 8 individuals from T sepa-
rated from their main nucleus in the PCA is remarkable. Since most part of
forest samples can be found in this isolated group, a loss of genetic traits
which were shared in the past with the ecotone and treeline areas could
have happened.

Relict populations are assumed to have limited performance due to ge-
netic drift and inbreeding depression (Hampe and Jump, 2011; Bontrager
et al., 2021). Nonetheless, evidence for increased vulnerability to climate
change in the relict population is lacking, based on risk of non-adaptedness

estimations (Fig. 3). Furthermore, the comparison of this relict population
with the O and T treelines did not support the hypothesis that relict popula-
tions tend to have increased genetic isolation and loss of heterozygosity
(Fig. 1). By opposite, adequacy between phenotypes and local environment
(that is, local adaptation), might be hypothesized for the relict P population
according to obtained SNPs frequencies and its relationships with climate
seasonality and dryness (Fig. 4). However, the small population size may
be limited to cope with changing environmental conditions if they are sub-
jected to strong demographic stochasticity and competitive exclusion by
neighboring species such P. sylvestris (Fig. 1). Gazol et al. (2022) found that
Penarroya did not show definite adaptation to cope with drier conditions
in leaf traits or climate-growth sensitivity, despite the general trend of
rear-edge populations being more vulnerable to drought, compared to popu-
lations located in the core distribution range (Camarero et al., 2021; Gazol
et al., 2022).

Contrasting to the relict populations, the treelines show a stepping-
stone pattern of density decrease from the forest to the upper ecotone
(Camarero et al., 1998; Camarero and Gutiérrez, 2002, 2004), depicting
a small-scale species range limit. Hence, an increased frequency of
locally adapted genes might be expected, as climate warming acts as a
selective pressure over tree recruitment and growth near or beyond
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the tree line (Bontrager et al., 2021). Specifically, it should be expected
that some genotypes boost population fitness at the treeline (Hargreaves
and Eckert, 2019). However, we found no relationship between genet-
ics and treeline position, suggesting that rapid climate change was
not limiting gene flow from the forest to the expanding treeline.
Notwithstanding, the role of epigenetics changes and phenotypic
plasticity should not be discarded (Alberto et al., 2013; Garcia-Garcia
et al., 2022).

Lack of evidence regarding climate-driven selection may be partially
reflecting that land-use changes have played a more important role than
climate in driving forest dynamics at a landscape scale over the last half cen-
tury (e.g., Améztegui et al., 2010). The expansion of P. uncinata has been
observed mainly by increasing canopy cover of pre-existing forests, either
through enhanced growth of pre-existing individuals or the recruitment
of new ones (Améztegui et al., 2010).

The associations found with GEA and GWAS studies allow us to identify
the relationship between genetics and environmental and phenotypical var-
iables, respectively. The presence of a high number of associations, in GEA
studies, with nitrogen and C:N ratio reveals the importance of soil nutrients
for tree growth. These associations could be related with less fertile soils in
the treeline as compared with the forest, as was previously described by
Gazol et al. (2022). Regarding the comparisons between sites, these authors
reported that C:N ratio has the maximum in the O forest trees and the min-
imum in the P site.

Differences in allele frequencies allow us to have an idea about the
relevance of the alleles and the homology protein (Fig. 4). For example, a
potassium transporter (SNP 5799) showed huge differences in allele
frequencies among populations. Mainly one of the alleles is fixed in site
O and the other one in site P. Moreover, it is highlighted that this SNP
is under selection too. It is relevant due to studies describing the impor-
tant role of potassium in plant stress response to water shortage (Wang
et al., 2013).

The ability to alter traits in response to a changing environment is
particularly important for trees (Des Marais et al., 2013). Traits related
to the carbon and water balance may define tree performance in a given
environment, and therefore plasticity in these traits should provide
adaptive capacity when conditions change (Wright et al., 2004). Leaf
traits depict variations in resource investment widely associated with
different evolutionary strategies across plant species (Reich et al.,
2003; Wright et al., 2004). Low values of leaf mass area (LMA) reveal
low investment in tissue density and nutrients, which has been related
to high rates of photosynthesis and resource acquisition, but at the
cost of longevity. On the other hand, high values of LMA reveal high in-
vest in long-lived leaf material (Reich, 2014). The associations found
with LMA and LDMC agree with the among-populations differences
found in other leaf traits and soil properties (Gazol et al., 2022). In ad-
dition, in some cases, a relationship between genotype and LMA values
was found (Fig. S3).

Several anatomical traits leading to high LMA are mechanistically
correlated to physiological traits conferring tolerance to dehydration
(Nardini, 2022). Given that the relict P population is subjected to
drier conditions, a selective pressure for needles stiffness should be ex-
pected, as needles with high mass per unit area occur more frequently
in water-limited habitats (Niinemets, 2001). However, the results
regarding LMA were contrary to our expectations. In addition, Gazol
et al. (2022) performed dendroecological analyses which revealed a
stronger dependency of growth on water availability in this relict,
rear-edge population than in the two alpine treeline sites. By opposite,
as some of the anatomical modifications associated with high LMA
and leaf mechanical stiffness provide leaf mechanical resistance, in ad-
dition to drought tolerance, the higher values of LMA obtained in the
treelines (Fig. S2) might confer adaptive advantages to trees growing
in this harsh environment, which is also cold- and nutrient-limited
(Nardini, 2022).

Lastly, RONA values allowed us to predict the adaptation capacity of our
populations to different climatic scenarios predicted for the end of the 21st
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century. The results show that they are at risk of non-adaptedness to both
the low and high emission scenarios. As pines generation times are long,
taking about 20-25 years to reach sexual maturity (Camarero et al.,
2017), the magnitude of change, which was obtained in this study, is ex-
tremely difficult to achieve in 60-80 years. Environmental variables related
to temperature seem to pose a higher threat, which is consistent with the
results obtained from GEA and selection analyses. The SNPs subjected to
selection processes and associated with environmental variables were
related to 7 out of 11 temperature BIOs and only 1 out of 8 precipitation
BIOs. RONA studies have been performed with other species such as
Eucalyptus microcarpa (Jordan et al., 2017), or Quercus suber (Pina-Martins
etal., 2018).

Temperature seasonality (BIO4) is the most hazardous environmental
variable for every population in both predictions. An increase of extreme
meteorological events, including high and low temperature episodes, is ex-
pected in the future (Hoegh-Guldberg et al., 2018), leading to considerable
changes in this BIO, such that any of our three populations' allele frequen-
cies are likely to be able to match.

It is of particular concern that, while only 4-5 environmental variables
seem to be threatening at the low emission scenario, this number rises to
8-10 when looking at the high emission expectation.

5. Conclusions

Forests dynamics in range boundaries seem to involve several selective
pressures in species' traits, which were significantly related to the charac-
teristics of harsh and marginal climates. Contrasting patterns of local adap-
tation among relict populations and treeline ecotones may be influenced by
microsite conditions, while the dispersal and upward establishment in the
treeline need to overcome several limitations to effectively result in further
range shifts to higher elevation.

Increasing dryness and climate seasonality toward the species border
appears as an essential element in the interpretation of regional genetic
structuring of P. uncinata at its rear edge, and a factor which may influence
the evolutionary potential of peripheral populations by local adaptation.
Nevertheless, genetic differentiations were overall weak. Our results
showed reduced among-populations genetic differences, while heterozy-
gosity values were similar, contrasting to expectations of increasing differ-
entiation and limited genetic diversity in relict populations. Further,
among-population gen flow seems to prevail over any process of genetic
drift or inbreeding.

By opposite, the differences in several phenotypic traits, such leaf mass
area and growth rates, as well as the identification of several SNPs sub-
jected to selection, exceeded neutral predictions of differentiation among
populations. Despite limited differences among populations, the SNPs
subjected to selection provide evidences of strong selection in marginal
climates.

Relict populations are assumed to have limited performance due to ge-
netic drift and inbreeding depression. Nonetheless, evidence for increased
vulnerability to climate change in the relict population was not higher
than in the treelines. Finally, it should be noted that, despite we obtained
several evidences of selective pressures, likely driven by climate, land-use
changes have also played a determinant role driving recent P. uncinata
forest dynamics at a landscape scale.
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