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Abstract

Aim: Marginal tree populations, either those located at the edges of the species' range
or in suboptimal environments, are often a valuable genetic resource for biological
conservation. However, there is a lack of knowledge about the genetic consequences
of population marginality, estimated across entire species' ranges. Our study ad-
dresses this gap by providing information about several genetic indicators and their
variability in marginal and core populations identified using quantitative marginality
indices.

Location: Southwestern Europe and North Africa.

Methods: Using 10,185 SNPs across 82 populations of maritime pine (Pinus pinaster
Ait.), a widespread conifer characterised by a fragmented range, we modelled the
relationship of seven genetic indicators potentially related to population evolution-
ary resilience, namely genetic diversity (based on both all SNPs and outlier SNPs),
inbreeding, genetic differentiation, recessive genetic load and genomic offset, with
population geographical, demo-historical and ecological marginality (as estimated by
nine quantitative indices). Models were constructed for both regional (introducing
gene pool as a random factor) and range-wide spatial scales.

Results: We showed a trend towards decreasing overall genetic diversity and increas-
ing differentiation with geographic marginality, supporting the centre-periphery hy-
pothesis (CPH). However, we found no correlation between population inbreeding
and marginality, while geographically marginal populations had a lower recessive ge-
netic load (only models without the gene pool effect). Ecologically marginal popula-
tions had a higher genomic offset, suggesting higher maladaptation to future climate,
albeit some of these populations also had high genetic diversity for climate outliers.
Main Conclusions: Overall genetic diversity (but not outlier-based estimates) and dif-
ferentiation patterns support the CPH. Ecologically marginal populations and those at

the southern edge could be more vulnerable to climate change due to higher climate
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1 | INTRODUCTION

All species thrive and reproduce within an environmentally lim-
ited geographic area, which sets the boundaries of their range.
Current global warming may restrict the climatic suitability of
some parts of the species' ranges and, together with other fac-
tors (e.g., typically competitive biotic interactions, Loehle, 1998;
but also positive, often unaccounted-for, interactions with other
species, Stephan et al., 2021), modify their geographic and eco-
logical margins. The ‘centre-periphery hypothesis’ (hereafter
CPH), a major paradigm in biogeography that aims to disentangle
the genetic, demographic and ecological causes of species' range
limits (Gaston, 2009; Sexton et al., 2009), defines marginality as
the level of geographic isolation from the species' centre of dis-
tribution, which in turn is related to the species' suitability for its
environment (Brown, 1984; Hengeveld & Haeck, 1982). According
to the CPH, marginal populations are expected to be less abun-
dant and more prone to extinction than those in the centre, due
to harsher environmental conditions at the periphery (Birch, 1957,
Gaston, 2003; Nicholson, 1958; Richards, 1961; Whittaker, 1971).
However, as specific environmental conditions in the core of the
species distribution may also induce harsher environmental con-
ditions than in the periphery (e.g., temperature extremes, rugged
topography and peculiar edaphic features), Soulé (1973) distin-
guished between geographical and ecological marginality when
describing centre-periphery gradients, defining ecological margin-
ality as a population exposure to extreme environmental variables
irrespectively of their geographical location.

While several studies have identified marginal populations
based on different criteria (e.g., for maritime pine, Alia et al., 1996;
Burban & Petit, 2003), we often lack evidence on the extent to
which population marginality is associated with particular ge-
netic features. Classic studies at the range-wide scale suggested
a general trend for lower genetic diversity and higher genetic dif-
ferentiation in marginal populations, but they typically did not dis-
tinguish between geographical and ecological marginality (Eckert
et al., 2008; Johannesson & André, 2006; Pironon et al., 2015).
More recent studies often called for decoupling the roles of ge-
ography and ecology in shaping range-wide patterns of genetic
variation (Lira-Noriega & Manthey, 2014; Sexton et al., 2013). To
that end, a clear distinction needs to be made between different

kinds of population marginality. In a recent multispecies study,

maladaptation, as predicted by genomic offsets, and/or lower potentially adaptive ge-
netic diversity. This risk is exacerbated by typically small effective population sizes

and increasing human impact in marginal populations.

centre-periphery hypothesis, ecological modelling, forest genetic resources, genetic indicators,
marginal populations, Mediterranean and Atlantic regions

Picard et al. (2022) evaluated the ability of quantitative measures
to distinguish between geographical, demo-historical (i.e., related
to the demographic history of the target species) and ecological
marginality.

Past global climate dynamics rather than demographic sto-
chasticity seem to have played a crucial role in the establishment
of current range limits (e.g., Hampe & Petit, 2005, for forest trees).
Postglacial migrations after the Last Glacial Maximum (LGM)
would have resulted in a mosaic of relatively small and isolated
populations at the rear and, in a lesser extent, at the front edges
of the expansion. In this context, the level of connectivity among
marginal populations and between a given marginal population
and the species distribution core is especially important (Sachdeva
et al., 2022), as gene flow may increase genetic diversity and re-
duce differentiation (e.g., Lynch et al., 1995; Young et al., 1996).
Gene flow can also bring adaptive alleles and contribute to the
evolutionary rescue of small, isolated populations by buffering the
effect of genetic drift and reducing the fixation and accumulation
of deleterious alleles within populations (Sachdeva et al., 2022).
However, marginal populations may also carry specific alleles de-
rived from local adaptation to atypical environments, constituting
valuable genetic resources and making the contribution of exter-
nal gene flow harmful (i.e., the so-called migration load; Kimura
etal.,, 1963).

Overall, marginal populations are considered to be
more vulnerable to climate change than core populations
(Kolzenburg, 2022; Soulé, 1973). Marginal populations are ex-
pected to accumulate deleterious variants (i.e., genetic load),
a process governed by effective population size, N, (Kimura &
Ohta, 1969). However, genetic purging due to inbreeding tends
to reduce genetic load over time, even in relatively small pop-
ulations (Hedrick & Garcia-Dorado, 2016), and the overall out-
come is context-dependent (Sachdeva et al., 2022). Current
developments in population genomics have provided metrics to
estimate maladaptation to future climates, for example by esti-
mating genomic ‘offsets’ or ‘gaps’ (a measure of the mismatch in
genotype-climate association between current and potential fu-
ture climates, Capblancq et al., 2020; Fitzpatrick & Keller, 2015;
Gougherty et al., 2021; Rellstab et al., 2021). Studies aimed at
validating genomic offset predictions with data from common
garden experiments and natural populations have shown that

populations with higher genomic offset exhibit a reduction in
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population growth performance (e.g., Fitzpatrick et al., 2021,
for balsam poplar) and survival (Archambeau et al., 2024, for
maritime pine) and concluded on the potential of this indicator
to provide an estimate of the degree of expected maladapta-
tion to future climate. Thus, despite several limitations (Ahrens
et al.,, 2023; Laruson et al.,, 2022; Lotterhos, 2024; Rellstab
et al., 2021), the calculation of genomic offsets may still enable
much-needed systematic studies on the connection between
population marginality and maladaptation in the face of climate
change (Archambeau et al., 2024).

Maritime pine (Pinus pinaster Ait., Pinaceae) is an outcrossing,
wind-pollinated conifer, with a widespread but fragmented natural
distribution in southwestern Europe and North Africa, covering a
wide range of contrasted environments from coastal dunes next
to the Atlantic Ocean in France to the High Atlas Mountains in
Morocco. Maritime pine population genetic structure is a conse-
quence of historical and current dynamics of range expansion-
contraction, resulting in distinct genetic clusters (Jaramillo-Correa
et al., 2015). This species is also characterised by a fragmented
distribution due to human-induced habitat loss and ecological dis-
turbances such as forest fires (De-Lucas et al., 2009). Nowadays,
some maritime pine populations are found in ecologically marginal
environments (e.g., under very dry conditions in southern Spain
and northern Morocco). In addition, the species' range margins are
characterised by small, geographically isolated populations, in par-
ticular in the southern and eastern parts of the distribution (Alia
et al., 1996; Wahid et al., 2004). Reduced dispersal with distant
core populations, coupled with demographic and environmental
stochasticity, may push such populations into an ‘extinction vor-
tex’ (Lande, 1988). Few studies have focused on describing the
particular genetic characteristics of marginal populations of mar-
itime pine (Gonzalez-Martinez et al., 2007; Salvador et al., 2000;
Wahid et al., 2004), whose potentially valuable genetic resources
could be lost in the near future.

In this study, we used 10,185 Single Nucleotide Polymorphisms
(SNPs) genotyped in 82 maritime pine populations (1510 individ-
uals), including ecologically and geographically marginal ones, to
compute seven genetic indicators potentially related to popula-
tion evolutionary resilience (defined as the property of an eco-
system to undergo adaptive evolution in response to biotic or
abiotic disturbances; Sgro et al., 2010) and correlated them with
guantitative measures of marginality. The main objective of this
study is to assess the relationship between marginality and pop-
ulation genetic features at the scale of the whole species range,
by testing predictions of the CPH and adding new elements to its
general framework. More specifically, we (i) assessed the losses
of genetic diversity and increases of genetic differentiation in
marginal populations, distinguishing overall genetic diversity from
that estimated using different kind of outlier loci; (ii) evaluated the
levels of accumulation of recessive genetic load based on counts
of deleterious alleles and (iii) tested whether marginal populations

are maladapted to future climate conditions, applying genomic
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approaches that consider the contribution of pre-adapted variants

to future climates (i.e., genomic offset models).

2 | MATERIALS AND METHODS
2.1 | Plant materials and molecular markers

Needles were collected from 1510 individuals in 82 maritime pine
populations, covering all previously identified gene pools throughout
the species range (Jaramillo-Correa et al., 2015; Milesi et al., 2023).
Populations were selected based on gene pool size, density of mar-
itime pine in the area and representativeness in terms of climatic
conditions specific to their geographical position (e.g., orography)
as to achieve regular sampling across the full distribution range of
the species. This sampling is, to date, the most complete in the spe-
cies (see Figure 1; Table S1) and includes several populations from
the distribution margins, as well as isolated populations that have
not been considered in genetic studies before. Population Competa
(COM), with only three samples, was removed from all data analy-
ses but the gene-environment association (GEA) methods used to
estimate the genomic offset. The accuracy of landscape genomic
approaches, such as GEA, is highly improved by increasing the num-
ber of populations and environments while being less sensitive to
unbalanced sampling designs (Santos & Gaiotto, 2020). In addition,
the two stands of Maures population (MAU) (see Table S1) were
kept separate for these analyses as they were sampled at different
altitudes.

DNA was extracted using the DNeasy 96 plant kit (QIAGEN,
Germany), following the manufacturer's instructions. All the
samples were genotyped for SNPs using the multispecies 4TREE
Axiom array (Thermo Fisher Scientific, USA). For maritime pine,
the 4TREE Axiom array combines SNPs identified in two previ-
ous studies: the 9K lllumina Infinium array generated by Plomion
et al. (2016) and the exome capture experiment used in Milesi
et al. (2023). The new array has a conversion rate of 79% as well
as 99% genotype reproducibility (based on genotyping of dupli-
cated samples; see Excel file provided as Supplementary File).
Apart from potentially neutral genetic polymorphisms, this array
also comprises SNPs from candidate genes that showed signatures
of natural selection or significant environmental associations with
climate at the range-wide spatial scale, orthologs for gene fami-
lies with important adaptive functions in model species, and cod-
ing regions with differential expression under biotic and abiotic
stress in maritime pine (see details in Plomion et al., 2016; Milesi
et al., 2023). Only SNPs with high-quality scoring following the
Best Practices Workflow implemented in the Axiom™ Analysis
Suite v5.2 were selected and filtered by missing data (<30%),
yielding a total of 10,185 SNPs. To assess the impact of missing
data in the calculation of genetic indicators, SNPs were also fil-
tered for missing data using a 5% threshold, resulting in a subset
of 6390 SNPs. SNP annotation based on SnpEff v5.1 (Cingolani
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FIGURE 1 Gene poolsin P. pinaster. Pie charts depict membership proportions of each genetic cluster (K=10) for each studied
population, calculated by STRUCTURE v2.3.4. The natural distribution of the species is shadowed in light green (see details in Figure S1).
Population codes are only provided for those populations specifically mentioned in the main text (see full population information, including

population names and geographical coordinates, in Table S1).

etal,, 2012) was retrieved from Cahn (2023) for a set of 1325 SNPs
in common with our study.

2.2 | Data analysis
2.2.1 | Population marginality indices

To assess population marginality, we first produced a new distribu-
tion map for maritime pine that includes only natural populations
(Figure S1), building on that of Caudullo et al. (2017) but adding
information from National Forest Inventories and specific publica-
tions for less-known parts of the distribution range (Abad-Vifas
etal., 2016; Aliaet al., 1996; Fkiri et al., 2019; Marques et al., 2012;
Wahid et al., 2004, 2006). Second, we computed eight quantita-
tive marginality indices that consider both geographical distribu-
tion and demographic history, following Picard et al. (2022) (see
Table 1; Table S2). The demo-historical indices, which are related
to the postglacial colonisation history of the species (see, e.g.,
Bucci et al., 2007; Jaramillo-Correa et al., 2015), and the centroid
index were computed from the distribution map. The centroid of
the species' distribution corresponded to the location whose geo-
graphic coordinates were the average of the geographic coordi-
nates of all locations where the species is present (in our case,
eastern Spain, a known glacial refugia of maritime pine; Salvador

et al., 2000; see Figure S2). Then, the centroid index was defined
as the ‘cost distance’ between any population and the centroid
location. Cost distances were computed using a conductance ma-
trix (the inverse of a resistance matrix), reflecting the conductance
of gene flow. In the conductance matrix, sea cells were assigned
low conductance, land cells where the species was absent were
assigned intermediate conductance, and land cells where the spe-
cies was present were assigned high conductance (see Table 1).
This index reflects the level of long-distance gene flow between a
given population and the geographical core of the species distri-
bution. The other geographical indices relied on a Morphological
Spatial Pattern Analysis (MSPA), which considers a binary image
(1-presence/0-absence and NA for water) with emphasis on the
connectivity within the image (Soille & Vogt, 2009). Presence/
absence maps were structured in three categories (cores, edges
and other classes including loops, islets, bridges and branches)
using BioManager package in R version 4.2.2. Third, we calculated
an index of ecological marginality (henceforth ‘ecological index’)
based on climatic data for the period 1901-1970, as follows. For
each population, we extracted the climatic information provided
by the Climate Downscaling Tool (ClimateDT, https://www.ibbr.
cnr.it/climate-dt/) for the Summer Heat Moisture (SHM) aridity
index, an indicator of exposure to drought (see, e.g., De La Torre
et al., 2014; Marchi et al., 2020), temperature (bio4) and precipita-
tion seasonality (bio15). This set of climatic variables was selected

85U8017 SUOWIWOD AITE81D) 3dedldde aup Ag peusenob ae sejoiie YO ‘8sn Jo sa|nu oy Areiqi8uljuO 8|1 UO (SUOTHPUOD-pUR-SLLRYLI0D A8 | 1M Afe.q)1[pU1|UO//SANY) SUOTIPUOD pue SWie | 8L 88S [7202/60/22] U Akeiq1auliuo A1 B1feleURIL00D AQ OTEET IPP/TTTT OT/I0pA0D A8 im AteIq Ul uo//:SdNY WOy pepeojumod ‘0T ‘¥20g ‘Zrorz.yT


https://www.ibbr.cnr.it/climate-dt/
https://www.ibbr.cnr.it/climate-dt/

THERAROZ ET AL.

DT Wi ey

TABLE 1 Geographical (geo) and demo-historical (histo) marginality indices computed for maritime pine populations; ‘(=)' and ‘(+)" indicate
that higher values of the index correspond to lower and higher population marginality, respectively; ‘(-) (+)’ indicates that both higher or
lower values of the index correspond to higher population marginality. Adapted after Picard et al. (2022).

Description

Size in ha of the core (i.e., continuous patches of the species' presence) that is

the nearest to the location of the studied population

Spatially continuous alternative to the area index, computed as the weighted

mean of the core areas with weights inversely proportional to the distance
squared from the location to the cores

Eccentricity computed as the cost distance from the centroid of the species

distribution to any location, taking into account the terrestrial and marine

connectivity linked to pollen circulation capacity. Cost distances are based
on a conductance matrix (the inverse of a resistance matrix) reflecting the

permeability of land and water cells to gene flow. This index is expected to
capture the level of long-distance gene flow

Distance to the nearest border of the species distribution

Isolation with respect to the core species distribution, computed as the distance

from the focal population to the nearest core greater than 100ha and further
than 50km away

Spatially continuous alternative to the isolation index, computed as the distance

from a location to the second nearest-core greater than 100 ha

Proximity to the species rear-edge (southernmost limit of the species

distribution) or leading-edge (northernmost limit of the species distribution)
along a latitudinal gradient

Marginality index Category  Link with marginality
Area geo )

Gravity geo ()

Centroid geo (+)

Edge geo =)

Isolation geo (+)

Second nearest-core geo (+)

North-South histo (=) (+)

East-West histo (=) (+)

because it best explained the climatic variation across the spe-
cies range in previous studies (e.g., Archambeau et al., 2024). The
ecological index was constructed by computing the standard-
ised Euclidean distance for SHM, bio4 and biol5 between each
population and the overall average. Thus, this index represents
the climatic distance of the population from the average climate
(Table S2). Finally, we reduced the set of marginality indices by
removing those that were highly correlated based on Pearson's
correlation coefficients (Pearson's correlation > .6) and a princi-
pal component analysis (PCA) using the FactoMineR package in R
v4.2.2 (Figure S3).

2.2.2 | Population genetic structure and genetic
indicators

Population genetic structure was evaluated using the Bayesian
clustering algorithm implemented in STRUCTURE v2.3.4 (Pritchard
et al., 2000). To assess the optimal individual's assignment probabili-
ties (Qmemy) in K genetic clusters (or gene pools), we ran models
from K=1 (no structure) to K= 10 with a burn-in length of 100,000
and run lengths of 200,000 MCMC steps. The number of K that best
describes the genetic structure was determined based on the delta K
method (Evanno et al., 2005) and the visual observation of bar plots.

All genetic indicators were computed at the population level
using the full dataset of 10,185 SNPs (Table S3). In a few cases where
more than one stand was sampled for a population (see Table S1),
genetic indicator values were averaged. The computation of genetic

Proximity to the species leading-edge or rear-edge along a longitudinal gradient

indicators was robust to the inclusion of missing data, as shown by
the high correlation (Pearson's correlation > .7) with genetic indica-
tor estimates computed using the dataset (6390 SNPs) with missing
data lower than 5% (Figure S4a,b).
Genetic diversity was estimated as 1-Q with Q

served frequencies of identical pairs of alleles among individuals within

being the ob-

inter’ inter

populations, using GenePop v4.7.5 (Rousset, 2008), after standard cor-
rection for sample size (N), using (N/N-1). Notice that this estimate av-
erages over monomorphic and polymorphic loci. In addition to overall
genetic diversity, we also calculated two indicators of genetic diversity
based on outlier loci. The first was calculated on the basis of climate-
associated (GEA) outliers (i.e., the 73 outlier SNPs selected for the
genomic offset computation, described below). The second indicator
was calculated on the basis of general outliers due to unknown factors
(i.e., 151 outlier SNPs common to two environment-independent Fo-
outlier-detection methods, as implemented in the R package pcadapt
and BayeScan v2.1; Foll & Gaggiotti, 2008). Population inbreeding
(Fs) was estimated following Weir & Cockerham (1984). Population-
specific divergence was estimated as the genetic differentiation
(population-specific F4;) of each population from a common ancestral
gene pool using BayeScan v2.1 (Foll & Gaggiotti, 2008), as well as Jost's
D (Jost, 2008) estimated with the mmod package in R v4.2.2.

Finally, we computed two additional genetic indicators more spe-
cifically related to potential maladaptation to climate change, that is the
recessive genetic load and the genomic offset. The recessive genetic
load represents the accumulation of predicted deleterious mutations
in the population standardised by the population genetic diversity.
This statistic was estimated by counting different kind of mutations
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(annotated by SnpEff v5.1; Cingolani et al., 2012) averaged over indi-
viduals as the number of derived moderate- (i.e., non-synonymous)
and high-impact (i.e., loss of function) mutations in homozygosity di-
vided by the number of derived low-impact (i.e., synonymous) muta-
tions in homozygosity, following Gonzélez-Martinez et al. (2017). The
genomic offset is estimated as the change in genetic composition re-
quired to maintain the current gene-climate relationships under future
climates (see Fitzpatrick & Keller, 2015) and thus captures the degree
of maladaptation a population will undergo when the environment
to which it is currently adapted will change, either from a spatial or
temporal perspective (Lotterhos, 2024; Rellstab et al., 2021). Briefly,
we first identified outlier SNPs for climate adaptation with two uni-
variate GEA methods, BAYPASS (Gautier, 2015) and Latent Factor
Mixed Model (LFMM; Frichot et al., 2013), and three multivariate ones,
Redundancy Analysis (RDA; Capblancq et al., 2020), partial RDA (Van
Den Wollenberg, 1977) and Gradient Forest (GF; Ellis et al., 2012). For
RDA-based methods, missing data were imputed based on the indi-
vidual's main ancestry by using the corresponding gene pool's most
common allele at each locus. Then, the genomic offset was estimated
using the set of outlier SNPs identified by at least two methods (see the
GitHub detailing this analysis and referenced below) and the GF ap-
proach, which showed the best empirical validation in a previous study
based on a smaller sample of populations (Archambeau et al., 2024),
and six climatic variables related to maritime pine expected exposure
to climate change (Table S4; see also Archambeau et al., 2024). Future
climates for 2070 were described using the predictions from the mod-
erately alarming shared socio-economic pathway (SSP) SSP3-7.0 and
five global circulation models (GCMs; IPCC, 2021). As genomic offset
predictions across GCMs were highly correlated (Pearson's correlation
coefficient>.75; Figure S5), we used population averages for the five
GCMs. Additional details and scripts are available at https://github.
com/JulietteArchambeau/ReadyToGO_Pinpin. All analyses were un-
dertaken under R v4.2.2 (R Core Team, 2022).

2.2.3 | Effects of population marginality on
genetic indicators

We estimated the relationship between genetic indicators and popu-
lation marginality by fitting two series of seven linear mixed-models
with pairwise interaction terms (one model for each genetic indicator)
using the R packages Ime4 and Imer, respectively. Models M1 to M7
included population marginality indices as fixed effects irrespectively
of the gene pool of origin, while models M8 to M14 also included the
gene pool of origin as random effects. Random effects in linear mixed-
models allow the inclusion of non-independent data from a nested
structure (populations sampled within gene pools), allowing each level
of the grouping factor (gene pool) to have its own random intercept.
The gene pools with a single population (Fuencaliente, FUE; and Point
Cires, PCl) were assigned to the geographically closest gene pool
(Southeastern Spain and Morocco, respectively). Model goodness-of-
fit was evaluated with R? and both the Akaike Information Criterion
(AIC) and the Bayesian Information Criterion (BIC). A visual evaluation

of model fit to data was also performed using diagnostic plots (QQ
and residual plots; Figures S12-517). Then, the best models were se-
lected by considering goodness-of-fit (higher R? and lower AIC/BIC)
and parsimony criteria (i.e., including only significant effects at a=.01).
For models showing poor goodness-of-fit (M5, M7, M9 and M14; see
Figures S12-517), log and square-root transformation of predictors,
as well as the computation of generalised linear models parametrized
with a Gamma distribution and a log-link, were assayed. However, no
goodness-of-fitimprovement was obtained, and thus the original mod-

els, as described above, were retained.

3 | RESULTS
3.1 | Marginality indices

Pairwise Pearson's correlations and PCA identified some strongly
correlated marginality indices (Figure S3). For example, the sec-
ond nearest-core was positively correlated with the isolation index
(Pearson's correlation of .64) and negatively correlated with the
edge index (Pearson's correlation of -.67), and the ecological index
was negatively correlated with the East-West index (Pearson's
correlation of -.51). Thus, only five indices with low correlation
(<.6) were retained for further analysis, namely three geographical
indices (centroid, second nearest-core and gravity; see definitions
in Table 1), one demo-historical (North-South) and the ecologi-
cal index based on climate distances (Figure Sé). Interestingly,
the centroid index was positively correlated with the longitude
(Pearson's correlation of .70) and the North-South index was
negatively correlated with the elevation (Pearson's correlation of
-.56), with southern populations being, generally, at higher eleva-

tions (Figure S3).

3.2 | Population genetic structure

Population genetic structure analyses identified 10 distinct
gene pools, among which two included only a single population
(FUE in southern Spain and PCI in northern Morocco; Figure 1).
Remarkably, these two single-population gene pools were not
identified as marginal populations by the geographical or demo-
historical marginality indices, whereas one of them, PCI, was
characterised by high values of the ecological index (standardised
value of 5.013; Table S2), indicating persistence in a marginal cli-
mate. FUE and PCI had also low levels of admixture with nearby
gene pools. In contrast, the eight main gene pools (with the excep-
tion of the highly isolated Tunisia-Pantelleria one, see below) were
not genetically isolated from each other, with populations often
showing admixture with nearby gene pools. This suggests either
historical or recent gene flow across neighbouring gene pools
along a latitudinal cline in the western range of the species and
substantial shared ancestry among French (including Corsica) and
Italian populations in the eastern one.
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3.3 | Effects of population marginality on genetic
indicators

Our models revealed a decline in overall genetic diversity (cor-
rected 1-Q
(population-specific F¢, Figure 2b; and Jost's D statistic, Table S5)

intep FigUre 2a) and an increase in genetic differentiation
with population marginality based on the centroid, second-nearest
core and North-South indices (Table 2a; Table S4). Indeed, models
M1 and M5 predicted lower genetic diversity and higher genetic
differentiation in marginal populations based on the centroid index
(Table 2a; Table S4), in particular in isolated populations from the
southern maritime pine range (as shown by significant coefficients
for the second nearest-core and North-South indices and their
interaction; see also Figure 2; Figure S7). Model M2 revealed a
decrease in genetic diversity based on GEA outliers for southern
range populations (Table 2a; Figure S8a). Interestingly, model M3
revealed an increase in genetic diversity based on general outliers
in marginal northern range populations, especially for those with
high values of the centroid index (as shown by significant coeffi-
cients for North-South and centroid indices and their interaction;
Table 2a; Figure S9). However, this unexpected pattern may just
result from confounded effects due to high genetic diversity for
general outlier loci in the two northernmost gene pools (Atlantic
France and North-East; compare Figure 1 with Figure S8b and see

M10 below). Models including the gene pool of origin as a random

Overall genetic diversity
_|Oomons
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[ Distribution range
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effect (M8 and M12; Table 2b) significantly improved the fitting
by 10% for overall genetic diversity and by 20% for population-
specific F¢; (29% for Jost's D statistic; Table S5), but retained only
the centroid and North-South indices and their interaction as ex-
planatory factors (with the interaction having a similar interpreta-
tion as that for models without the gene pool as a random effect;
Figure S10). For genetic diversity based on GEA outliers, the model
including the gene pool as a random effect (M9) also improved the
fitting (by over 30%) and revealed the same relationship with the
North-South index as M2, while no significant relationship was
found between genetic diversity based on general outliers and
population marginality at the gene pool level (M10). Interestingly,
we found no relationship between inbreeding and the indices of
population marginality (see Figure S8c) for any model (M4, M11;
Table 2a,b).

The model for recessive genetic load (Mé) showed reduced ge-
netic load for marginal populations based on the centroid index;
this association probably stems mainly from the high recessive ge-
netic load found in some Iberian core populations (e.g., Carbonero
el Mayor, CAR and Boniches, BON; see Figure S8d). However,
this model had a relatively low goodness-of-fit (R?=12%), and we
found no relationship between recessive genetic load and any of
the population marginality indices when we added the gene pool
of origin as a random effect (M13, Table 2b). Temperature sea-

sonality (bio4) was the most important predictor contributing to

Genetic differentiation
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FIGURE 2 Geographical distribution of (a) overall genetic diversity (1-Q

inter) @Nd (b) genetic differentiation (population-specific F¢;), and

two marginality indices involved in significant correlations with these genetic indicators, (c) centroid index and (d) second nearest-core index,
for P. pinaster populations. See Table S1 for population information, including population names and geographical coordinates.
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the genetic turnover in genomic offset estimates (see Figure S11b
and the GitHub detailing this analysis). Noticeably, this variable
showed a steep slope between -2°C and 0°C, which may indicate
arapid turnover in allele frequency in this range (see Figure S11a).
Despite relatively poor goodness-of-fit (Table 2a,b and Figures S16
and S17), both models including the genomic offset, without (M7)
and with (M14) the gene pool of origin as a random effect, pre-
dicted an increased genomic offset for populations in marginal cli-
matic conditions (Table 2a,b; Figure 3b). Accordingly, we observed
a trend for higher genomic offset in the western gene pools along
the Atlantic coast (average genomic offset of 0.047 +0.026 and
0.047 +£0.016 for the Atlantic Iberian Peninsula and the French
Atlantic gene pools, respectively), with remarkably high values for
Segurde (SEG), Alto de la Llama (ALT), Armayan (ARM) and Olonne
sur Mer (OLO), as well as for some southern Mediterranean pop-
ulations (e.g., Point Cires, PCl; Fuencaliente, FUE; Estepona, EST;
and Pantelleria, PAN; Figure 3a).

4 | DISCUSSION

In this study, we revealed a trend towards declining genetic diver-
sity and increased genetic differentiation in geographically and
demo-historically marginal populations of maritime pine; however,
this genetic diversity trend would not necessarily apply to genes po-
tentially involved in local adaptation, as shown by genetic diversity
analyses based on different sets of outlier loci. We also found lower
recessive genetic load in geographically marginal populations and
higher genomic offset in ecologically marginal ones (although some
of these populations have also high levels of climate-associated ge-
netic diversity). Models including the gene pool of origin as a random
effect were similar to those without (with the notable exception of
the models for genetic diversity for general outliers and recessive
genetic load), suggesting that the underlying processes operate at
both the regional and range-wide geographical scales in this species.
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These results, taken together, provide support for the CPH and
suggest that climate change may endanger valuable and untapped
genetic resources in maritime pine, in particular at its southern dis-

tribution edge.

4.1 | Patterns of genetic diversity and
differentiation support the CPH

The lower overall genetic diversity and higher genetic differentia-
tion of geographical and demo-historical marginal populations sup-
port the main predictions of the CPH. Our results are consistent with
those of Eckert et al. (2008) and Pironon et al. (2016), who found
a decline in genetic diversity and an increase in differentiation to-
wards the limits of the species ranges in 47% and 45% of studies
in various taxa, respectively. As in our study, lower genetic varia-
tion in peripheral compared to central populations was found for
some other conifers, e.g., in Sitka spruce (Picea sitchensis; Gapare
et al., 2005), Swiss stone pine (Pinus cembra; Gugerli et al., 2009) and
common yew (Taxus baccata; Hilfiker et al., 2004), but not in Norway
spruce (Picea abies), for which only genetic differentiation con-
formed to the CPH (Westergren et al., 2018). This pattern is partially
supported by patterns of genetic diversity for GEA outliers (only
southern edge). Interestingly, unlike the distribution of overall and
climate-associated (GEA outliers) genetic diversity with population
marginality, genetic diversity based on general outliers (identified by
the R package pcadapt and BayeScan v2.1; see Methods) increased
with geographic marginality in terms of distance from the centroid,
especially for populations in the northern margins. There are several
ways to interpret this result. Firstly, geographically marginal popula-
tions may show more variation in outlier SNPs linked to unknown
biotic or abiotic factors (other than climate) than central populations.
Secondly, this pattern could result from a confounding effect linked
to the distinct level of genetic variation in outlier SNPs in the dif-
ferent gene pools, which could be corroborated by the fact that no

Ecological index

FIGURE 3 (a) Geographical distribution of genomic offset for P. pinaster populations and (b) correlation between the genomic offset and
the ecological index based on climate distances (standardised values), as shown by linear regression in the ggplot2 R package. Population
codes are only provided for populations specifically mentioned in the main text (see full population information, including population names

and geographical coordinates, in Table S1).
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significant relationship with population marginality remains when
models included the gene pool of origin as a random factor. Finally,
we could hypothesise that no robust biological explanation can be
drawn from this result, due to the uncertainty of these outliers to
be related or not to adaptation. Indeed, Lotterhos & Whitlock (2014,
2015) and Hoban et al. (2016) showed that most outliers detected
with Fo-outlier tests are likely to be false positives when calculated
on species with peculiar demographic histories such as range expan-
sions (e.g., Excoffier et al., 2009; Travis et al., 2007), as is the case in
maritime pine.

In addition to geographical marginality, demo-historical margin-
ality showed a significant association with overall genetic diversity
(M1 in Table 2a), as well as with genetic diversity based on outlier
loci (M2 and M3). This significant association is consistent with
the pattern observed in plants in the Mediterranean basin (Fady &
Conord, 2010) but differs from a more global pattern in which the
neutral genetic diversity of plants (including pines) does not change
significantly with latitude (De Kort et al., 2021). Genetic differenti-
ation, which generally decreases with latitude in plants across their
ranges (Gamba & Muchhala, 2020), showed a significant association
with demo-historical marginality in this direction in our study too
(see M5 in Table 2a and M5bis in Table S5). In our study, southern
populations from the Moroccan and Tunisia-Pantelleria gene pools
and northern populations from the North-East and Corsican gene
pools exhibited the lowest overall genetic diversity (also the lowest
GEA-outlier diversity for the southern populations) and the highest
genetic differentiation in maritime pine (see Figure 2; Figure S8a).
Maritime pine gene pools are probably the result of population ex-
pansion from multiple glacial refugia, both in Mediterranean and
Atlantic regions of the species (Bucci et al., 2007; Jaramillo-Correa
et al., 2015), with Naydenov et al. (2014) also suggesting that, for
this species, the high level of overall genetic differentiation may
have resulted from long historical isolation predating the Last
Glacial Maximum (~18,000years ago). This was confirmed by esti-
mates of genetic divergence between North-African (Moroccan) and
Iberian populations of maritime pine, which dated back to 1.90Ma
(95% credibility interval: 1.41-2.76), probably due to the Strait of
Gibraltar's effect as a major biogeographic barrier to pollen and
seed gene flow (Jaramillo-Correa et al., 2010). Consequently, south-
ernmost Moroccan populations are likely to have been pre-glacial
relict populations that survived in North-African refugia (Baradat &
Marpeau-Bezard, 1988; Vendramin et al., 1998). After range expan-
sion from glacial refugia, the persistence of maritime pine in several
isolated groups characterised by contrasting climatic conditions may
have resulted in populations that are locally adapted to the climate
in some way. However, our models revealed that the southernmost
populations of this species (Moroccan and Tunisia-Pantelleria gene
pools) may be more at risk of not displaying enough diversity, neu-
tral or adaptive, than the central populations. This pattern may have
been exacerbated by a reduction of effective population size (N
due to human impact (Wahid et al., 2004), as well as the incidence
of recurrent forest fires resulting in population bottlenecks and ge-
netic drift in this region (Vendramin et al., 1998). The demographic

history of maritime pine in the north-eastern part of the continental
range and Corsica island has not been clearly assessed (Naydenov
et al., 2014); however, the presence of an endemic mitotype in this
region suggests long-term isolation of North-East and Corsican gene
pools (Burban & Petit, 2003). Nevertheless, both overall and GEA
outlier genetic diversity for these populations seem to be larger
than for those from the southernmost gene pools (see Figure 2;

Figure S8a).

4.2 | Lower recessive genetic load in
geographically marginal populations

Our models revealed a significant, albeit weak, reduction in reces-
sive genetic load with increased geographical population marginal-
ity. However, these models were only significant when the gene pool
effect was not accounted for, suggesting the existence of gene pools
with reduced/increased recessive genetic load and an important role
of demographic history (see below). This was a surprising finding, as
we were expecting marginal populations to be characterised by an
accumulation of recessive genetic load due to the reduced effec-
tiveness of purifying selection in small and isolated populations with
high demographic stochasticity (Caballero et al., 2017; Sachdeva
et al,, 2022). The level of accumulation of deleterious mutations
and the extent to which it represents a risk to a given population
depends primarily on its effective size (N,). Previous empirical stud-
ies of animal and plant populations that underwent historical range
expansions or declines have often shown an increase in genetic load
(e.g., Glnther & Schmid, 2010, in Arabidopsis thaliana; Gonzalez-
Martinez et al., 2017, in Mercurialis annua; Feng et al., 2019, in
Nipponia nippon; or Peischl et al., 2013, in humans). However, as in
maritime pine, recent empirical studies based on genomic data sug-
gested that recessive genetic load can also be purged in long-term
isolated and inbred populations (see review in Dussex et al., 2023).
As an example, Dussex et al. (2021) found that current island popu-
lations of Strigops habroptilus, a New Zealand flightless parrot, had
lower deleterious mutation load compared to mainland populations.
A similar pattern was found for the Alpine ibex (Capra ibex), which
suffered severe population bottlenecks and nearly became extinct
(Grossen et al., 2020), and for the Channel Island fox (Urocyon litto-
ralis), which has remained at small population sizes with low diversity
for many generations (Robinson et al., 2018).

Present-day levels of inbreeding in maritime pine are low and not
significantly higher in marginal than core populations. Therefore, we
hypothesise maritime pine marginal populations to have effectively
purged recessive genetic load during past inbreeding events, oper-
ating at the regional scale. These events may have occurred during
the range contractions and/or expansions associated to Quaternary
glacial and interglacial forest tree migrations (Bucci et al., 2007,
Jaramillo-Correa et al., 2015; Naydenov et al., 2014). Polyembryony,
which is ubiquitous in gymnosperms such as maritime pine (Willson
& Burley, 1983), could have also played a role in purging recessive
genetic load, as it tends to dampen self-fertilisation's deleterious
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effects by more effectively removing the mutational load through

selection between viable embryos (see Latta, 1995).

4.3 | Higher genomic offset in ecologically
marginal populations

Our models also revealed a higher genomic offset for ecologically
marginal populations but not for geographically or demo-historically
marginal ones, suggesting that the gap between the current and re-
quired genetic composition in future climates (mainly associated with
an increase in temperature seasonality, see Results) will be greater
for populations in marginal climatic conditions. This is consistent with
the findings of Fréjaville et al. (2019), who observed that adaptation
lags in several forest trees, including maritime pine, are consistently
higher in climatically (cold/warm, dry/wet) marginal populations
than in populations growing under climatically optimal conditions.
Although studies estimating genomic offset in marginal popula-
tions are still scarce, two recent studies in widespread Asian forest
trees provided support to our findings, as they showed a relatively
high genomic offset in the northern and southern distribution mar-
gins of the Chinese thuja tree (Platycladus orientalis; Jia et al., 2020)
and the sawtooth oak (Quercus acutissima; Yuan et al., 2023); but
whether these range margins represented also ecologically extreme
environments was not assessed and more detailed studies are thus
needed. Estimation of the genomic offset is becoming a popular
approach to assess population vulnerability in the face of climate
change. Genomic offset predictions have been validated using data
from common garden experiments and natural populations (e.g.,
Fitzpatrick et al., 2021), including for maritime pine (Archambeau
et al.,, 2024), but it is not free of pitfalls (see Ahrens et al., 2023;
Archambeau et al., 2024; Lind et al., 2024; Rellstab et al., 2021).
Moreover, genomic offsets can gauge (at some extent) for maladap-
tation to future climates but not for the adaptive capacity of popula-
tions (Archambeau et al., 2024; Fitzpatrick et al., 2021). In our study,
some of the populations with high genomic offset had also high ge-
netic diversity based on GEA outliers (e.g., ARM, ALT, SEG and to
a lesser extent, OLO, in the Atlantic Iberian Peninsula and French
Atlantic gene pools, respectively; see Figure $18), which could in-
dicate a high capacity for adaptive responses to future climates.
Indeed, marginal populations of forest trees can retain notable
adaptive capacity, as shown in common garden experiments for the
handful of species with available data (e.g., for the Scots pine, Pinus
sylvestris, population in Sierra Nevada, an isolated marginal popu-
lation at the species southern distribution limit in southern Spain;
Alia et al., 2001; Castro et al., 2004). Thus, the potential for both
genetic adaptation and plastic responses needs to be integrated in
models predicting the responses of marginal populations to climate
change. Furthermore, species' range limits are not determined solely
by climate and demographic processes. Loehle (1998) showed that
the range limits of many low-latitude tree species are set by competi-
tive interactions with other tree species. Other biotic factors, such
as the positive interactions between species (Stephan et al., 2021),
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are known to have a strong influence on the definition of tree range
boundaries. To better disentangle the relationship between genetic
indicators and population marginality within a species' range, future
research should address the development of predictive models that
include species-specific indicators related to biotic interactions.

5 | CONCLUSION

In maritime pine, a trend of decreasing in overall genetic diversity and
increasing differentiation with geographic marginality supported the
well-established centre-periphery hypothesis at both range-wide
and regional (gene pool) spatial scales. However, geographically
marginal populations also displayed a lower recessive genetic load
compared to core populations, which, together with expected novel
adaptations in the species range margins, highlight their impor-
tance in the context of future adaptation to climate change. Higher
genomic offset in ecologically marginal populations suggests higher
potential maladaptation of these populations to future climates;
however, some of them have also high levels of climate-associated
(based on GEA) genetic diversity, which may foster adaptive re-
sponses to future climates. Finally, lower levels of genetic diversity,
both neutral and potentially adaptive, in southern margin popula-
tions highlight the urgency to develop specific management actions
in this region. Overall, our study shows the importance of combin-
ing quantitative marginality indices and diverse genetic indicators,
gauging for multiple evolutionary processes, to have a sound basis

for conservation decisions.
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