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Abstract
A decade of genetic association studies in multiple organisms suggests that most com-
plex traits are polygenic; that is, they have a genetic architecture determined by nu-
merous loci, each with small effect- size. Thus, determining the degree of polygenicity 
and its variation across traits, environments and time is crucial to understand the ge-
netic basis of phenotypic variation. We applied multilocus approaches to estimate the 
degree of polygenicity of fitness- related traits in a long- lived plant (Pinus pinaster Ait., 
maritime pine) and to analyse this variation across environments and years. We evalu-
ated five categories of fitness- related traits (survival, height, phenology, functional, 
and biotic- stress response) in a clonal common- garden network planted in contrasted 
environments (over 20,500 trees). Most of the analysed traits showed evidence of 
local adaptation based on Qst– Fst comparisons. We further observed a remarkably 
stable degree of polygenicity, averaging 6% (range of 0%– 27%), across traits, environ-
ments and years. We detected evidence of negative selection, which could explain, 
at least partially, the high degree of polygenicity. Because polygenic adaptation can 
occur rapidly, our results suggest that current predictions on the capacity of natural 
forest tree populations to adapt to new environments should be revised, especially in 
the current context of climate change.
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1  |  INTRODUC TION

Genetic adaptation of living organisms to the environment is a topic 
of foremost interest in the current context of rapid global change. 
Understanding how different organisms have adapted to past en-
vironments can improve knowledge on how species will adapt to 
future conditions. Population adaptive responses to environmental 
changes depend on the genetic architecture of fitness- related traits 
(Hayward & Sella, 2019). Thus, an important first step to improving 
our knowledge of adaptation is to study the heritability of complex 
traits. This is especially true considering that the genetic architec-
ture underlying adaptive traits can readily be incorporated in pre-
dictive models aimed to estimate the capacity of species to adapt to 
new environments (Archambeau et al., 2020; Exposito- Alonso et al., 
2019; Lu et al., 2019).

Studying the genetic architecture of adaptive traits has tradition-
ally occurred following contrasting paradigms (Höllinger et al., 2019). 
Traditional population genetic approaches often emphasize on hard 
selective sweeps, where new beneficial mutations rapidly become 
fixed at a small number of loci (Smith & Haigh, 1974), hence many 
early genome- wide association studies (GWAS) approaches focused 
on detecting large effect (i.e., single locus) genetic polymorphisms 
associated with phenotypic variation (Yang et al., 2010). In contrast, 
quantitative genetic approaches view adaptation as resulting from 
changes in allele frequencies at an idealized infinite number of loci, 
each with infinitesimal effects on fitness (Fisher, 1918). Our current 
understanding of the genetic architecture of adaptation is that nat-
ural selection often acts through subtle allele frequency shifts on 
standing genetic variation at numerous loci distributed across the 
genome (Latta, 1998; Le Corre & Kremer, 2003, 2012; McKay & 
Latta, 2002; Orr & Coyne, 1992). Consequently, studying the ge-
netic architecture of complex traits using single- locus approaches 
(e.g., early GWAS approaches) has only accounted for small fractions 
of trait heritability, causing the so- called “missing heritability” para-
dox (Maher, 2008).

To unify these conflicting views, Pritchard et al. (2010) proposed 
the “polygenic adaptation model.” Under this model of adaptation, 
while some loci may harbour new mutations that have been fixed 
by natural selection, the most common pattern is the genome- wide 
increase of favored alleles without fixation. Thus, the expected 
genome- wide footprint resulting from natural selection would not 
be that of a classical hard sweep, but would rather involve a large 
number of causal variants, each with subtle allele frequency changes 
(Hermisson & Pennings, 2017; Pritchard et al., 2010; Pritchard & 
Rienzo, 2010). Recent theoretical and empirical studies have con-
tributed to the convergence of quantitative and population genet-
ics theories of adaptation by showing that signatures of selective 
sweeps do not preclude polygenic adaptation at other loci, because 
large-  and small- effect alleles may have different temporal dynamics 
(Barghi et al., 2020). In addition, the “omnigenic model” has been 
proposed as a concrete explanation for the biological mechanisms 
underlying the infinitesimal model, which is the cornerstone of 
quantitative genetics theory (Boyle et al., 2017). This explanation 

relies on the high degree of interconnection of gene regulatory net-
works. This implies that the vast majority of expressed genes proba-
bly influence the function of a small set of core genes directly linked 
to fitness- related traits. Consequently, the heritability of complex 
traits is often associated with loci that are widespread across the 
genome, also including loci without clear functional connections to 
the trait of interest.

Methodologically diverse experimental studies (e.gBerg & Coop, 
2014; Field et al., 2016; Lloyd- Jones et al., 2019; Turchin et al., 2012) 
over the last decade have provided strong support for the polygenic 
adaptation model in a diversity of organisms, including humans (Berg 
et al., 2019; Gnecchi- Ruscone et al., 2018; Hancock et al., 2010), 
insects (Friedline et al., 2019), molluscs (Bernatchez et al., 2019), 
model plants (He et al., 2016), crops (Josephs et al., 2019; Wisser 
et al., 2019), and forest trees (De La Torre et al., 2019; Lind et al., 
2017). In particular, joint gene analyses in pathways and modules 
have proven to be a promising strategy to identify polygenic adap-
tation in nonmodel species (Hämälä et al., 2020; Mayol et al., 2020), 
avoiding some common limitations related to the lack of common 
gardens. Such analyses provide also a direct connection with the 
physiological mechanisms underlying genetic adaptation. Despite 
numerous theoretical and methodological advances to the study of 
polygenic adaptation, there remain multiple open questions regard-
ing the degree of polygenicity of adaptive traits, the distribution of 
effect sizes of causative loci, and how the genetic architecture of 
adaptation changes under varying selective forces, especially for 
nonmodel species (Lind et al., 2018).

Answering these open questions is crucial to understand the 
driving mechanisms of adaptive evolution. In this sense, whether 
positive or negative selection operates in a polygenic adaptation 
framework has been addressed both in empirical (Durvasula & 
Lohmueller, 2021; Hämälä et al., 2020; Mayol et al., 2020; Zeng et al., 
2018) and theoretical studies (Barghi et al., 2020; O’Connor et al., 
2019; Stephan, 2016). Landmark work on humans suggested nega-
tive selection as a pervasive mechanism determining the polygenic 
architecture of fitness- related traits (O'Connor et al., 2019; Zeng 
et al., 2018). In particular, negative selection has been proposed to 
favor polygenicity in complex traits by removing large- effect vari-
ants, because of their deleterious effects, while small- effect vari-
ants would remain unaffected; a process named “flattening,” as the 
genetic signal is “flattened” relative to the expected distribution of 
effect- sizes (O’Connor et al., 2019).

So far, our knowledge about polygenic adaptation remains con-
strained by the specific life- history of model species, such as the 
annual life- cycle for Arabidopsis thaliana, or the difficulties to eval-
uate the same genotype in different environments or having exact 
replicates, that is, clones, or large sib families for humans. Maritime 
pine (Pinus pinaster Ait.) is an ideal model to investigate polygenic 
adaptation. It is a long- lived, ecologically and economically import-
ant species of tree inhabiting nearly undomesticated random mating 
populations with high levels of genetic diversity (González- Martínez 
et al., 2002; Jaramillo- Correa et al., 2015). It expanded from several 
isolated glacial refugia, and it is now distributed across the western 
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Mediterranean Basin and the European Atlantic front in scattered 
populations under contrasting environments (Bucci et al., 2007). In 
addition, an extensive artificial clonal propagation programme ex-
ists for this species, which allows the limitations previously reported 
for humans (i.e., evaluating the same genotype in different environ-
ments through clonal replicates) to be addressed. This allowed us to 
estimate precisely variance components for several fitness- related 
traits and to investigate selective forces driving trait evolution by 
evaluating the same genotypes in different environments, allowing 
the estimation of genotype- by- environment interaction effects, 
G × E, on phenotypic variation. Specifically, we hypothesized (i) that 
most complex adaptive traits are polygenic in this long- lived plant, 
allowing a first estimate of the degree of polygenicity in a forest tree, 
and (ii) that their genetic architecture is driven by negative selection. 
We then described how these patterns change across time and envi-
ronments. To do so, we selected two polygenic association methods 
that consider all single nucleotide polymorphisms (SNPs) simulta-
neously and that rely on different approaches, in order to test the 
robustness of our estimates: Bayesian model averaging and subset 
selection (VSR; Guan & Stephens, 2011), and Bayesian mixed linear 
modelling (MLM; Zeng et al., 2018). Finally, we used gene pathway 
analyses based on SNP effect- sizes from VSR polygenic models to 
provide additional information on underlying physiological mecha-
nisms and selection at the pathway level (Daub et al., 2013).

2  |  MATERIAL S AND METHODS

2.1  |  Clonal common garden network (CLONAPIN)

We studied phenotypic variation in a clonal common garden net-
work (CLONAPIN). To establish the CLONAPIN network, open- 
pollinated seeds were collected in 36 natural stands sampled across 
the natural range of maritime pine and covering its six previously 
identified gene pools; that is, genetic groups reflecting the popula-
tion genetic structure in this species (Jaramillo- Correa et al., 2015; 
Figure 1). Collected seeds were germinated in a nursery and one 
seedling per open- pollinated family was selected (i.e., selected 

genotypes were unrelated) and vegetatively propagated by cuttings 
(following Majada et al., 2011). A total of 535 genotypes (clones) be-
longing to 35 populations were used to establish four clonal com-
mon gardens (three sites in Spain: Asturias, Cáceres and Madrid; 
and one in Portugal: Table 1), with eight ramets per clone set in a 
randomized complete block design (n = 4272 trees/common gar-
den). A fifth common garden was established in Bordeaux, France, 
comprising 443 clones from all 36 populations (n = 3434 trees). The 
common gardens in Asturias, Portugal and Bordeaux are located in 
the Atlantic climatic region, which has high annual rainfall and mild 
temperatures. The common gardens in Cáceres and Madrid are in 
continental areas, under a Mediterranean influence, characterized 
by large seasonal temperature oscillations and a marked summer 
drought. In addition, clay soils in Cáceres hampered plant growth 
and diminished survival (Table 1).

2.2  |  Phenotypic evaluation

Over 20,500 trees corresponding to the eight clonal replicates per 
genotype in each of the five common gardens (i.e., environments) 
were assessed for different complex traits (see Table S1 for further 
details on the total number of trees, clones, environments and tree 
ages evaluated for each trait), thus allowing for accurate estimations 
of genotype, environment and their interaction effects on pheno-
typic variation. A total of 28 phenotypic trait- environment combi-
nations were evaluated. Assayed phenotypic traits were classified 
into five groups: survival, height and phenology, evaluated in several 
environments and different years; and functional and biotic- stress 
response, measured in a single environment and year (see Table S1 
for an exhaustive list of the measured traits).

Tree survival and height were evaluated in the five common gar-
dens (including different years in Bordeaux, with measures taken 
in 2013, 2015 and 2018). Phenology traits were evaluated in the 
Atlantic sites only (Asturias, Portugal and Bordeaux), including dif-
ferent years of evaluation in Bordeaux (2015 and 2017). In Asturias 
and Portugal, growth phenology was estimated using a Phenology 
Growth Index (1):

F I G U R E  1  Sampled maritime pine 
populations (circles) and common garden 
sites (other symbols). Neutral gene pools 
(identified in Jaramillo- Correa et al., 2015) 
outline the species natural distribution 
range in different colours [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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where may and dec correspond to the months May and December of 
the year n and the year n−1, respectively. In these common gardens, 
the presence of polycyclism, that is, the ability of a plant to produce 
several flushes in the same growing season (Girard et al., 2011), was 
also assessed.

In Bordeaux, phenology of bud burst was estimated through a 
scale ranging from 0 to 5 (see Figure S1) (Hurel et al., 2019). The 
first Julian day at each stage (S1– S5) was scored for each tree. Julian 
days were converted into accumulated degree- days (with base tem-
perature 0°C) from the first day of the year, to take into account 
the between- year variability in temperature. The number of degree- 
days between stages 1 and 4 defined the duration of bud burst. 
Daily mean temperatures to calculate accumulated degree- days 
were downloaded from the nearest climatic station (located just a 
few hundred metres from the common garden, station 33122004 
of the INRAE Agroclim database: https://www6.paca.inrae.fr/agroc 
lim/Les- outils).

Functional traits, including nitrogen and carbon content and iso-
topic composition (δ15N and δ13C, respectively), as well as specific 
leaf area (SLA, a measure of leaf area per unit of dry mass), were 
evaluated in the common garden located in Portugal (see Methods 
S1). SLA is an estimation of the compromise among light capture, 
CO2 assimilation, and the restrictions imposed by water loss through 
transpiration (Sefton et al., 2002). Low SLA suggests high leaf con-
struction cost, and thus higher stress tolerance (Díaz et al., 2016). 
Thus, this key leaf trait is also associated with fitness components, 
such as tree survival (Greenwood et al., 2017). Given that there 
is a positive relationship between δ13C and water use efficiency 
(Farquhar & Richards, 1984), δ13C has been widely used as a surro-
gate to study tree adaptation to water- limiting environments (e.g., 
Aranda et al., 2010; Walker et al., 2015). Similarly, δ15N is an indirect 
index related to the nitrogen cycle (Craine et al., 2015).

Assessment of biotic- stress response in a high number of trees 
is logistically complex. Therefore, it was evaluated only for a sub-
set of clones (Table S1) in the Bordeaux common garden (France). 
Biotic- stress response was evaluated based on susceptibility to two 
major pine pathogens, Diplodia sapinea and Armillaria ostoyae, as well 
as the incidence of the defoliator pest, Thaumetopoea pityocampa 
(pine processionary moth) (see Methods S1 and Hurel et al., 2019 
for details).

2.3  |  DNA extraction and SNP genotyping

All phenotypically evaluated clones were also sampled for SNP gen-
otyping. Needles were collected from one ramet per clone in the 
Asturias common garden (N = 535). Genomic DNA was extracted 
using the Invisorb DNA Plant HTS 96 Kit/C (Invitek GmbH). An 
Illumina Infinium SNP array was used for genotyping (see Plomion 
et al., 2016 for further details). Genotyped SNPs covered all 12 

(1)

Phenology Growth Index =
spring growth

total growth
=

(tree heightmayn − tree height decn−1)

(tree height decn − tree height decn−1)
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putative chromosomes of P. pinaster according to linkage mapping 
(Plomion et al., 2016). For this study, 6100 SNPs were finally retained 
following standard filtering (GenTrain score >0.35, GenCall50 score 
>0.15 and Call frequency >0.85) and removal of SNPs with uncer-
tain clustering patterns (visual inspection using genomestudio v. 2.0). 
Individuals with more than 15% missing data were also removed. 
Finally, 5165 polymorphic SNPs genotyped in 523 clones were re-
tained for subsequent analysis. Most of the SNPs were obtained 
from independent contigs of the maritime pine reference UniGene 
set (Canales et al., 2014; Fernández- Pozo et al., 2011), which resulted 
in overall low- levels of linkage disequilibrium (LD) (see below) and a 
good representation of maritime pine coding regions. Overall, minor 
allele frequency (MAF) ranged from 0.001% to 0.5%, with about 
10% of the SNPs being at low frequency (MAF <5%). Pairwise LD (r2) 
was calculated using the r package genetics. The resulting LD distri-
bution was strongly right- skewed, with average r2 of 0.003 ± 0.025 
(median ± standard deviation), and only 78 pairwise comparisons 
(out of over 13 million tests), involving 49 different SNPs, presenting 
r2 values higher than 0.2 (Figure S2).

2.4  |  Quantitative genetics analysis

A first quantitative genetic model, described in Equation (2), was 
implemented for those phenotypic traits evaluated at multiple sites 
of the CLONAPIN common garden network (Table S1). To estimate 
the genetic control of the genotype- by- environment (G × E) inter-
actions, a second model, described in Equation (3), was fitted for 
those traits measured at all sites of the CLONAPIN common garden 
network (i.e. height and survival).

where, for a given trait y, µ denotes the overall phenotypic mean, Si 
refers to the fixed effect of site i, Bj represents the random effect of 
experimental block j nested within site i, Pk is the random effect of pop-
ulation k, C denotes the random effect of clone l nested within popula-
tion k, and ε is the residual effect.

Simplified models with or without covariates represented by 
Equations (4) and (5) were implemented for phenotypic traits mea-
sured in just one site of the CLONAPIN common garden network 
(Table S1).

where, for a given trait y, µ denotes the overall phenotypic mean, Bi 
represents the fixed effect of experimental block i, Pj is the random 
effect of population j, C denotes the random effect of clone k nested 
within population j, and ε is the residual effect. In (5), cov represents a 

covariate implemented when modelling the presence of pine proces-
sionary moth nests (cov representing tree height) and necrosis caused 
by A. ostoyae (cov representing the level of humidity in the experimen-
tal jar).

All models were fitted using the r package mcmcglmm v.2.32 
(Hadfield, 2010). See Methods S1 and Table S2 for model specifica-
tions and parametrization.

Variance components estimated from the previous models were 
then used to compute broad- sense heritability (H2) as (6):

where �2
clone

 is the variance among clones within populations ob-
tained from the term P(C), and �2

e
 the residual variance obtained 

from the term ε in Equations (2– 5). To estimate broad- sense her-
itability for traits following a binomial distribution, we included 
an extra term in the denominator (+ π2/3) to account for the im-
plicit logit link function variance; similarly, we added one to the 
denominator to account for the probit link function (Nakagawa & 
Schielzeth, 2010).

The GLMMs described above were used to estimate genetic 
values using Best Linear Unbiased Predictors (BLUPs) (Henderson, 
1973; Robinson, 1991). BLUPs were obtained as the posterior mode 
of each of the effects estimated in Equations (2– 5). The genetic 
value of each clone was defined as the sum of population and clone 
BLUPs. BLUPs for G × E were obtained from Equation (3) and calcu-
lated following Equation (7) in Methods S1.

Parameter estimates from quantitative genetics analyses are 
presented as the mode of the posterior distribution; 95% credible 
intervals were computed as the highest density region of each pos-
terior parameter distribution.

2.5  |  QST- FST comparison

Molecular population differentiation (Fst) was estimated according to 
Weir and Cockerham (1984) using the 5165 SNPs from the Illumina 
Infinium SNP array and the diversity r package v.1.9.90 (Keenan et al., 
2013). The 95% confidence interval of the global F

st
 estimate was 

computed by bootstrapping across loci (1000 bootstrap iterations). 
Quantitative genetic differentiation among populations was calcu-
lated following Spitze (1993) using the variance components esti-
mated from the models described in Equations (2– 5):

where �2
pop

 is the variance among populations, and �2
clone

 is the variance 
among clones within populations. Quantitative (QST) and molecular (Fst) 
genetic differentiation among populations were considered to be sig-
nificantly different when QST and Fst posterior distributions had non-
overlapping 95% confidence intervals.

(2)yijkl = � + Si + S(B)ij + Pk + P(C)kl + Si ∗ Cl + �ijkl

(3)yijkl = � + Si + S(B)ij + Pk + P(C)kl + Si ∗ Pk + Si ∗ Cl + �ijkl

(4)yijk = � + Bi + Pj + P(C)jk + �ijk

(5)yijk = � + Bi + cov + Pj + P(C)jk + �ijk

(6)H2 =
�
2
clone

�
2
clone

+ �2
e

(8)Qst =
�
2
pop

�2
pop

+ 2�2
clone



2094  |    de MIGUeL et aL.

2.6  |  Polygenicity across traits, years and 
environments

Taking advantage of the clonal common- garden network, we used 
BLUPs as inputs for the polygenic association methods to exclude 
nongenetic effects on phenotypic variation. Additionally, we could 
estimate the genetic architecture of G × E using BLUPs obtained for 
the G × E term in Equations (3) and (7). Polygenicity was evaluated 
as the proportion of SNPs with nonzero effect- size on phenotypic 
traits using polygenic association methods that rely on different 
approaches, to assess the robustness of our estimates. First, we 
conducted posterior inferences via model averaging and subset 
selection (Bayesian variable selection regression [VSR]), as imple-
mented in pimass software (Guan & Stephens, 2011). This method al-
lows the identification of combinations of SNPs probably affecting a 
phenotype and to estimate the proportion of trait variance explained 
by the SNPs in the data set. Hereafter, we refer to this quantity as 
the genetic explained variance (GEV), which, in this study, repre-
sents the BLUP variance explained by SNP additive effects. Second, 
we used the Bayesian mixed linear model (MLM) framework devel-
oped by Zeng et al. (2018) as implemented in cgtb 2.0 software. This 
model simultaneously estimates: (i) SNP- based heritability (consid-
ering SNPs with nonzero effects on the trait), hereafter referred 
as GEV, analogously to VSR estimates; (ii) polygenicity (as defined 
above); and (iii) the relationship between SNP effect- size and minor 
allele frequency (S, a common indicator of negative selection). When 
negative selection is operating, S is expected to be negative, as most 
new mutations are deleterious and large effect SNPs are kept at 
low frequencies. Estimates with 95% credible intervals of param-
eter posterior distributions not overlapping zero were considered 
as significant. Prior to these analyses, neutral population genetic 
structure was accounted for by running linear models relating the 
genetic values for each trait (with site and block effects removed) to 
the admixture coefficients for each clone (Q- scores) obtained using 
a STRUCTURE run for K = 6 based on neutral markers (see Jaramillo- 
Correa et al., 2015 for further details). From this linear model, we 
extracted the normalized residuals for each trait, as recommended in 
piMASS manual. The population structure correction obtained with 
this method was verified with a PCA analysis on the residual BLUPs 
for the 28 measured phenotype- environment combinations (Figure 
S3). After the correction no apparent population structure remained 
for any trait.

Analyses were run separately for different traits, years, and en-
vironments (Table S1). VSR models were run for 2,000,000 MCMC 
iterations with a burnin of 100,000 iterations and a thinning inter-
val of 100. After several preliminary runs, the maximum number of 
SNPs included in VSR models was fixed to 2000 (i.e., maximum al-
lowed polygenicity of ~40%). MLM models were run for 500,100 it-
erations, including a burnin of 100 iterations, and a thinning interval 
of 10 iterations. Polygenicity using the CGTB method was estimated 
for an increasing number of input SNPs in order to evaluate the in-
fluence of SNP sample size on the polygenic association results (see 
Methods S1). Parameter estimates from both VSRs and MLMs were 

presented as the median of the posterior distribution, instead of the 
mode, for a better handling of bimodal distributions. The 95% cred-
ible intervals were computed as the highest density region of the 
posterior parameter distribution.

2.7  |  Annotation and gene function enrichment at 
pathway level

The transcripts containing the 5165 polymorphic SNPs were down-
loaded from the sustainpine v.3.0 database (Canales et al., 2014). 
DNA sequences were translated with bioedit v. 7.2.6 (Hall, 1999) and 
submitted to BlastKOALA (Kanehisa et al., 2016) for annotation and 
functional characterization using InterPro annotations, GO terms, 
and KEGG pathway identification. Annotations were compared with 
those available at SustainPine, and conflicting cases were examined 
individually by privileging similarity to genes correctly identified in 
other conifers or forest trees. Contigs with no clear annotations 
(e.g., hypothetical or unknown proteins, or unsolved conflicting 
annotations) were removed. For the retained contigs, the top- two 
KEGG terms were used for assignation to one or more specific meta-
bolic pathways/modules based on KEGG orthology. Genes for which 
no hit with KEGG database was found, were assigned to metabolic 
pathways/modules based on the InterPro annotation. We privileged 
metabolic pathways/modules that could be unequivocally assigned 
to a given phenotypic response (e.g., circadian rhythm to bud phe-
nology or pathogen interaction to biotic stress response) or linked 
to various stress responses (e.g., DNA recombination and repair, 
ubiquitin system or transcription factor machinery to survival and 
biotic stress response). In total, 17 pathways/modules were retained 
containing a total of 628 (19.7% out of 3194) genes, including 1233 
polymorphic SNPs (Table S3).

For gene enrichment tests using polysel (Daub et al., 2013), the 17 
pathways/modules were defined as gene sets. First, we computed 
two statistics at the gene level (objStat) based on the per SNP es-
timates obtained from the VSR implemented in piMASS: the max-
imum, over all SNPs included in a gene, of the Rao- Backwellized 
posterior probability of inclusion (hereafter postp) and the maximum 
of the absolute value of Rao- Backwellized effect size (hereafter 
beta). The postp statistic provides information on the probability 
that a SNP is retained in the multilocus models of phenotypic vari-
ation while the beta statistic estimates the magnitude of its effect 
size. To account for a weak correlation of these statistics with the 
number of SNPs per gene, we used the AssignBins and RescaleBins 
functions in polysel, which automatically assigns gene scores (ob-
jStat) into bins defined from the number of SNPs per gene. We then 
rescaled scores within bins and computed the sum(objStat) of each 
statistic over all genes per gene set. Since the sum(objStat) for ran-
dom gene sets (sizes n = 10, 50, 250 genes) was not normally distrib-
uted, we built empirical null distributions by randomly sampling gene 
sets of the same size as the sets to be tested. Then, we performed 
one- sided tests evaluating whether the observed sum(objStat) was 
smaller than the fiftth or larger than the 95th percentile of the 
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sum(obStat) null distribution. Significant results in the upper tail for 
postp indicate gene sets enriched with higher overall probability of 
being selected during the VSR procedure implemented in piMASS. 
Significant results in the upper tail for beta identify gene sets en-
riched with higher overall SNP effect- sizes. In contrast, significant 
results in the lower tail for both statistics suggest gene sets contain-
ing genes with smaller overall probability of inclusion or SNP effect- 
size estimates. Significant results for postp and beta is interpreted as 
evidence of polygenic selection. We report p- values based on this 
comparison, as well as q- values from a false discovery rate (FDR) 
approach implemented in the r package qvalue (R Core Team, 2019). 
The level of connection between gene sets was weak with only four 
genes associated with more than one gene set (633 gene— gene set 
combinations for 628 genes). For this reason, we did not assess en-
richment for pruned gene sets (see Daub et al., 2013).

3  |  RESULTS

3.1  |  Broad- sense heritability and genetic 
differentiation among populations

All traits had low to moderate broad- sense heritability H2 (maximum 
of 0.32 for bud burst measured in 2015, Table S1), with the excep-
tion of nitrogen and carbon amount that did not show any genetic 
variation. Consequently, these two phenotypic traits were excluded 
from further analyses. Interestingly, survival showed significant her-
itability only in the sites under the (harsher) Mediterranean climate, 
characterized by an intense drought period during summer. The 
highest H2 estimates were obtained for phenology traits followed 
by tree height. H2 for a given trait varied across environments (e.g., 
height, survival and phenology traits) but showed little variation 
across years (Table S1).

The global estimate of Fst was 0.112 (95% confidence intervals: 
0.090– 0.141). All groups of phenotypic traits, except survival, had 
at least one trait with statistically higher Qst than Fst (Table S1), sug-
gesting that local adaptation is driven by these traits. The highest Qst 
was obtained for susceptibility to D. sapinea infection measured as 
necrosis length, followed by δ13C and tree height, which also showed 
similar Qst values across environments and tree ages (Figure 2).

3.2  |  Polygenicity of adaptive traits

Polygenicity estimates were consistent between the VSR and MLM 
methods (Table S4). In addition, estimates of polygenicity were con-
sistent across increasing numbers of input SNPs (Figure S4). Both 
VSR and MLM methods showed substantial polygenic control for 
most of the phenotypic traits, with an average of 6% (0%– 15%) 
of the genotyped SNPs having nonzero effects. Significant poly-
genicity was found in all five trait categories for at least one trait 
(Figures 3 and 4; Table S4). Polygenicity for height was stable across 
environments and years, when measured multiple times under the 

same environment (e.g., in the French Atlantic common garden at 
Bordeaux) (Figure 4). Along the same line, polygenicity for phenol-
ogy traits and tree survival also remained stable across environ-
ments, although 95% credible intervals overlapped zero in one out 
of four cases and 2 out of 4 cases, respectively. The low polygenicity 
values observed for survival in the French Atlantic common garden 
are probably a consequence of low phenotypic variability in this site, 
with almost no mortality (97.12% of planted trees were alive at the 
evaluation time, Table S1). Polygenicity was heterogeneous for biotic 
stress response and functional traits (Figure 3). For instance, suscep-
tibility to D. sapinea was more polygenic than susceptibility to A. os-
toyae or than incidence of pine processionary moth. For functional 
traits, SLA and δ15N showed the highest levels of polygenicity, while 
δ13C showed a considerably lower proportion of SNPs with nonzero 
effect size.

Estimates of genetic explained variance, GEV, were consistent 
across methods, although VSR tended to give higher values (Table 
S4). On average GEV was 0.37 across traits (considering both VSR 
and MLM methods), with a minimum of 0.018 for survival in the 
French Atlantic environment in 2018, and a maximum of 0.99 for 
D. sapinea necrosis (both estimates obtained with the VSR method). 

F I G U R E  2  Comparison of Qst and Fst estimates across traits, 
environments and years. (a) Qst for a selection of traits belonging 
to five categories: survival, height, phenology, functional and 
biotic- stress response traits (see Table S1 for all traits). (b) Qst for 
height estimated in three different environments: Mediterranean, 
Iberian Atlantic, and French Atlantic, and a global Qst for the three 
environments together. In the French Atlantic common garden, 
height was measured in three different years: 2013, 2015 and 
2018. Global Fst estimate is presented as a red line surrounded by 
the 95% confidence intervals computed by bootstrapping [Colour 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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GEV estimated with the VSR method for the G × E component on 
tree height (considering Atlantic versus Mediterranean environ-
ments) was low but significant (median = 0.238, 95% credible inter-
val = 0.043– 0.409), indicating some SNPs with significant effects on 
growth plasticity. However, this result could not be confirmed with 
the MLM method. Furthermore, GEV for the G × E component on 
tree survival was not significant with any model.

Polygenicity and GEV were positively and consistently correlated 
for both VSR and MLM models (Figure 5). This positive correlation 
suggested that SNP- based heritability is mainly determined by ge-
netic variants with similarly small effects, and that differences in 
polygenicity across traits are mostly accounting for differences 
in explained genetic variance, rather than the distribution of SNP 
effect- size (Figures S5 and S6).

3.3  |  Evidence of negative selection

The correlation between SNP effect size and MAF, S, was used 
to identify the type and mode of natural selection acting upon 
phenotypic traits. Out of the 28 assayed trait- environment com-
binations, we were able to estimate S for 20 of them (the MCMC 
algorithm did not converge for the other eight traits). Estimates 
ranged from – 1.68 (bud burst in 2017) to 0.55 (tree survival in 
French Atlantic environment), but only seven traits from four 
out of five trait categories (survival, height, phenology, and func-
tional traits) were significant (Figure 6). No significant effect was 
observed for any trait belonging to the biotic- stress response 
category. Remarkably, all seven significant estimates of S were 
negative (ranging from – 1.68 for bud burst in 2017 to – 0.99 for 
survival in the Iberian Atlantic environment).

Estimates of S for tree height were consistent across years and 
environments. However, S estimated for tree survival was only sig-
nificant in the Iberian Atlantic environment. For phenology traits, S 
was significant only for bud burst measured in 2017 (Figure 6). These 
results contrast with the consistent level of polygenicity for survival 
and phenology traits across years and environments.

3.4  |  Gene function enrichment at pathway level

Tests for gene function enrichment at the pathway level were sig-
nificant for survival in the Iberian Atlantic environment, phenology- 
related and biotic- stress response traits, and height in the French 
Atlantic and Mediterranean environments. Genes coding for tran-
scription factors showed higher probability of being included in the 
VSR models (postp statistic) and higher estimated SNP effect- sizes 

F I G U R E  3  Polygenicity estimated from Bayesian mixed linear 
models (MLMs) for a selection of traits (see Table S4 for all traits). 
Polygenicity was estimated as the proportion of nonzero effect- size 
SNPs. Posterior median and 95% credible intervals are presented 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4  Polygenicity estimated 
from Bayesian mixed linear models 
(MLMs) across environments and years. 
(a) Variation of polygenicity across 
environments. (b) Temporal variation of 
polygenicity. Polygenicity was estimated 
as the proportion of nonzero effect- size 
SNPs. Posterior median and 95% credible 
intervals are presented [Colour figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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(beta statistic) for survival in the Iberian Atlantic environment 
(Table 2). Two gene sets associated to bud burst in 2015 showed 
signals of polygenic selection: monolignol biosynthesis, which had 
high overall values of both postp and beta, and glycan metabolism, 
which showed low overall beta estimates (Table 2). Furthermore, the 
phenology growth index was associated with enrichment for genes 
related to cell growth and death, DNA recombination and repair and 
UV response, which mostly have low beta values (Table 2). D. sap-
inea susceptibility was associated with high overall beta and postp 
in genes from the ubiquitin system for necrosis length, and in genes 
from the signal transduction and flavonoid biosynthesis for needle 
discoloration (Table 2). Interestingly, tree height was enriched for 
genes from different pathways when measured in contrasting en-
vironments. For instance, in the French Atlantic environment genes 
coding for transcription factors showed high beta and postp, while 

genes within the cytoskeleton pathway showed overall low beta val-
ues in the Mediterranean environment.

4  |  DISCUSSION

Unraveling the genetic architecture of adaptive traits is challeng-
ing because of the difficulty to identify variants with small effect 
sizes using GWAS. Here, we addressed this challenge by maximizing 
the power to detect significant associations through the estimation 
of the genetic effects on phenotypic variation in a clonal common 
garden network for an extensive number of fitness- related traits 
combined with the implementation of polygenic methods that si-
multaneously evaluate the effect of multiple SNPs. Specifically, we 
tested if a large proportion of the genetic variance of fitness- related 
traits in a long- lived forest tree, maritime pine, can be explained by a 
large number of small effect size variants, in line with the polygenic 
adaptation model. We also tested whether negative selection is per-
vasive for such polygenic traits. Our results showed patterns of local 
adaptation for most phenotypic traits, highlighting their relationship 
with fitness, and also revealed a high and remarkably stable degree 
of polygenicity, across traits, years, and environments. Moreover, 
using two complementary multilocus approaches, we were able to 
account for a considerable proportion of the heritability, and iden-
tified negative selection as a relevant driver of local adaptation in 
maritime pine.

4.1  |  Evidence of local adaptation in maritime pine

All phenotypic trait categories presented significant within- 
population genetic variation (i.e., broad- sense heritability, H2); thus, 
significant responses to natural selection are expected in maritime 
pine (Visscher et al., 2008). Estimates of heritability were consistent 

F I G U R E  5  (a) MLM method implemented in cgtb software. 
(b) VSR method implemented in pimass software. Each point 
represents the posterior median [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  6  Correlation between SNP 
effect- size and minor allele frequency 
(MAF). The coefficient of correlation 
between SNP effect- size and MAF (S) was 
estimated through the MLM method. The 
posterior distribution of S (median and 
95% credible intervals) are presented. 
Trait names on the left side indicate traits 
that have been measured in different 
common gardens (i.e., environments) or 
years [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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with studies in forest trees (reviewed by Lind et al., 2018). In addition, 
our results were consistent with adaptive differentiation (Qst > Fst) 
for 11 out of 26 analysed trait- environment combinations, involving 
four out of the five trait categories. There was no evidence, however, 
of adaptive differentiation for survival traits. These results are in ac-
cordance with reports of pervasive local adaptation in forest trees 
(Alberto et al., 2013; Lind et al., 2018; Savolainen et al., 2007, 2013). 
Considering that we found negative selection to be a relevant driver 
of population adaptation in maritime pine (see below), this means 
that differential purifiying selection across environments may un-
derlie the observed pattern of widespread local adaptation. This 
pattern could be the result of different environmental constraints 
across populations or to the fact that different gene pathways could 
be affected by negative selection as a consequence of genetic re-
dundancy (Barghi et al., 2019).

The stability of QST estimates for height across environments 
and years highlights the strength of directional selection for this 
trait in maritime pine; a trait that can thus be used for the delimita-
tion of conservation and management units (Rodríguez- Quilón et al., 
2016). Contrarily, phenology traits showed contrasting estimates of 
QST depending on the environment and year of measurement (i.e., 
we cannot discard that genetic differentiation between populations 
for phenology was produced by drift alone for some years of mea-
surement). This result highlights that the evolutionary forces driv-
ing population genetic differences in some phenological traits are 
environmentally and temporally dependent, which can slow down 
attaining local phenotypic optima under rapidly changing climates. 
Polygenic adaptation could be specially relevant for these traits 
because it can produce rapid phenotypic changes, as it would only 

require small adjustments in allele frequencies in the contributing 
loci rather than selective sweeps on new mutations (Dayan et al., 
2019; Hermisson & Pennings, 2017; Jain & Stephan, 2017; Wisser 
et al., 2019).

Unexpectedly, survival, a trait directly related with a component 
of fitness (i.e., viability), did not show evidence of local adaptation 
in maritime pine. The low levels of phenotypic variability observed 
for survival in this study may explain these results. Future studies 
should focus on quantitative evaluations of survival (e.g., adding a 
time frame, such as time until death or order of dead trees) to better 
capture the complexity of this trait and better discern genetic dif-
ferences among populations. The strong selective pressure in the 
Mediterranean region exacerbated genetic differences in survival 
among clones and resulted in slightly higher estimates of heritabil-
ity (similarly to Gaspar et al., 2013). Additionally, we observed sig-
nificant phenotypic plasticity for height and survival, the two traits 
measured in all five experimental sites. While our results were con-
sistent with a heritable component for plasticity, judging by a high 
number of SNPs with nonzero effect sizes, this question requires 
further investigation for a more detailed characterization of pheno-
typic plasticity in the adaptive response of maritime pine to changing 
environmental conditions (Alía et al., 2014; Vizcaíno- Palomar et al., 
2019).

Two traits in particular had remarkably high levels of adaptive 
genetic differentiation among populations, δ13C and D. sapinea 
necrosis (Figure 2), but their genetic variation within populations 
was low, compromising their adaptive potential. These traits de-
serve special attention because of the implication of water- use ef-
ficiency in drought resistance (reviewed by Plomion, Bartholomé, 

TA B L E  2  Gene sets with gene function enrichment at pathway/module level. Two statistics obtained from the VSR method were tested: 
the maximum of any SNP per gene of the Rao- Backwellized posterior probability of inclusion (postp) and the maximum of any SNP per gene 
of the absolute value of the Rao- Backwellized effect- size (beta). Sign of enrichment refers to two- tailed null hypothesis testing

Trait Environment Gene set
Statistic 
tested

Sign of 
enrichment p- value

q- value 
(<0.10)

Height French Atlantic Transcription factor beta Higher .003 0.05

postp Higher .004 0.07

Mediterranean Cytoskeleton beta Lower .003 0.06

Survival Iberian Atlantic Transcription factor beta Higher .001 0.01

postp Higher <.001 0.005

Bud burst 2015 French Atlantic Monolignol biosynthesis beta Higher .003 0.05

Monolignol biosynthesis postp Higher .005 0.08

Glycan metabolism beta Lower .040 0.09

Phenology growth 
index

Iberian Atlantic Cell growth and death beta Lower .010 0.03

DNA recomb and repair beta Lower .008 0.03

UV response beta Lower .005 0.03

D. sapinea necrosis French Atlantic Ubiquitin system beta Higher .002 0.04

postp Higher .003 0.06

D. sapinea discoloration French Atlantic Signal transduction beta Higher .004 0.08

postp Higher .003 0.06

Flavonoid biosynthesis postp Higher .007 0.07
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Bouffier et al., 2016) and the new pathogenic outbreaks of D. sap-
inea expected on maritime pine plantations fostered by climate 
change (Brodde et al., 2019; Fabre et al., 2011). In contrast to our 
findings, a lack of adaptive genetic differentiation for δ13C was 
previously reported for maritime pine by Lamy et al. (2011), as 
well as for broad- leaved trees (Torres- Ruiz et al., 2019). Although 
this disagreement may be influenced by the much larger number 
of populations we analysed (see Whitlock & Guillaume, 2009) as 
compared to Lamy et al. (2011), we cannot rule out discrepancies 
due to the estimation of total genetic variance in our study (i.e., 
based on clones), instead of additive genetic variance (i.e., based 
on half- sib families). Nevertheless, nonadditive genetic effects in 
maritime pine traits related to drought resistance have been re-
ported to be of little importance (Gaspar et al., 2013), and they 
probably did not affect our estimates much.

4.2  |  Polygenicity of adaptive traits

The implementation of polygenic adaptation studies outside of hu-
mans is slowly emerging (Barghi et al., 2019; Csilléry et al., 2014; 
Friedline et al., 2019; He et al., 2016; Lind et al., 2017; Wisser 
et al., 2019), providing increased evidence that polygenic adapta-
tion in complex traits may be pervasive (Barghi et al., 2020; Sella & 
Barton, 2019). In our study, most traits had a considerable degree 
of polygenicity, with an average of 6% across traits, environments 
and years, which is on the same order of magnitude as for humans 
(Zeng et al., 2018). Polygenicity was relatively similar across all ana-
lysed traits and therefore did not depend on the level of genetic 
control, as estimated by heritability through quantitative genetic 
analysis. Mei et al. (2018) predicted different genetic architectures 
as a function of genome size. Surprisingly, although the maritime 
pine genome is more than seven times larger than that of humans 
(De La Torre et al., 2014), we found similar estimates of polygenic-
ity as in humans. In maritime pine, the distribution of SNP effect 
sizes showed that hundreds of SNPs with near- zero effect size con-
tributed to phenotypic differences among clones. In addition, we 
did not detect any large effect size SNPs. This highly polygenic ar-
chitecture could be explained by genetic redundancy (Barghi et al., 
2019, 2020). Nevertheless, we cannot disregard the explanation 
that our study failed to detect large effect size SNPs because of 
partial genome coverage.

According to genetic redundancy, different individuals of the 
same population would have used different combination of alleles to 
attain the same phenotypic value leading to the observed pattern of 
subtle allele frequency shifts in a high number of genes. Genetic re-
dundancy can speed up the evolution of phenotypic optima through 
multiple genetic pathways leading to similar phenotypes (Barghi 
et al., 2019; Höllinger et al., 2019). Unraveling the role of genetic 
redundancy in conifers, whose genomes are characterized by a 
high number of paralogs (Diaz- Sala et al., 2013), may shed new light 
about how rapidly these taxa can adapt to environmental changes. 
Moreover, the influence of genome size in the genetic architecture 

of fitness- related traits, as well as the relationship between herita-
bility and polygenicity, deserve further investigation including a bet-
ter coverage of conifer genomes, as well as improved knowledge of 
non- coding regions (Mackay et al., 2012).

Recent studies of human height have suggested that detecting 
polygenicity may be affected by subtle biases in GWAS caused by 
population structure (Berg et al., 2019; Sohail et al., 2019). In our 
study, the clonal common garden network allowed separating the 
genetic and the environmental effects on phenotypes, so as to bet-
ter identify which traits are contributing to adaptation. In addition, 
we corrected the BLUPs estimates for the effect of neutral popula-
tion genetic structure (see Section 2 and Figure S3). In this sense, 
our work highlights the potential of combining precise estimation 
of the genetic effect on phenotypes using clones with multilocus 
genotype- phenotype association models, so as to elucidate the 
mechanisms that allow the maintenance of genetic variation in adap-
tive traits, especially in species with complex demographic histories. 
Undoubtedly, the next steps to decipher polygenic adaptation in 
species with varied life- history traits should implement upcoming 
polygenic association methods that directly correct for population 
stratification (e.g., Josephs et al., 2019).

4.3  |  Performance of polygenic adaptation 
approaches (VSR and MLM)

We evaluated the performance of polygenic approaches (VSR and 
MLM) through the comparison of SNP- based genetic variance es-
timates, GEV. Despite some slight differences, notably for biotic- 
stress response traits that were limited by low sample sizes and, 
in some cases, low heritability, both methods were robust and 
provided consistent estimates. The large proportion of the genetic 
variance explained by SNP- based models, usually higher than 50%, 
suggests that, by adopting a polygenic analytical model, we were 
able to account for a significant part of the heritability inferred 
through pedigree- based analysis, even when using a modest number 
of SNPs. It is worth noting that the performance of polygenic models 
did not depend on the estimated degree of heritability, as evidenced 
by the absence of correlation between GEV and H2 (ρ = 0.04 for VSR, 
ρ = – 0.05 for MLM, p > .05 in both cases).

Insights provided by SNP- based estimations of GEV should be 
interpreted with caution. First, because the genome size of mari-
time pine is huge (around 28 Gbp; Grotkopp et al., 2004; Zonneveld, 
2012) and linkage disequilibrium decays rapidly (Neale & Savolainen, 
2004), a larger number of genotyped SNPs will be needed to obtain 
complete genomic coverage. Second, rare variants are usually dif-
ficult to incorporate in genotyping platforms, such as the one used 
in our study (although some rare variants were captured in our SNP 
array), and such rare variants may account for an important pro-
portion of the heritability in complex traits (Young & Flint, 2019). 
Even though further investigation is needed to draw stronger con-
clusions, the robust and consistent estimates of polygenicity across 
methods obtained in our study was probably fostered by a precise 
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phenotypic evaluation of a large number of clonally- replicated indi-
viduals (N > 20,500 trees).

4.4  |  Stability of polygenicity estimates across 
environments and years

The temporal and spatial heterogeneity of selection can impact the 
evolution of the genetic architecture underlying adaptation (Sella & 
Barton, 2019). Monitoring the patterns of genetic architecture not 
only across environments but also across years is an important issue 
in long- lived forest trees that may experience changing selection 
pressures throughout their lifetimes. Our study is not only a valida-
tion of the polygenic adaptation model in a new organism, but a con-
tribution to improving our understanding of adaptation. Surprisingly, 
the estimated degree of polygenicity remained stable across envi-
ronments for all trait categories, especially tree height. Additionally, 
we observed highly stable genetic architectures for height, phenol-
ogy, and survival across years. For the case of tree height, polygenic-
ity was highly stable across three time points taken throughout a 
time span of 6 years, comprising seedling and juvenile stages, during 
which trees are more vulnerable and selection pressures are more 
pronounced (Leck et al., 2008). However, analysis of gene function 
enrichment (see below) suggests that different genetic pathways 
could be underlying phenotypic variation in contrasting environ-
ments. Moreover, differences in gene expression may also underlie 
adaptation in different environments and years (Hämälä et al., 2020; 
Mähler et al., 2017).

4.5  |  The role of negative selection in 
polygenic adaptation

All significant correlations between SNP effect sizes and MAF were 
negative (for tree height, bud burst and SLA), suggesting a genetic 
architecture modeled, at least partially, by the action of negative 
selection (O’Connor et al., 2019). Interestingly, our results suggest 
a stable polygenic architecture, but an environment-  and year- 
dependent impact of negative selection for some fitness- related 
traits. The MLM method did not allow elucidating whether negative 
estimates of S were the consequence of an enrichment of trait in-
creasing or trait decreasing alleles (Zeng et al., 2018), but its results 
clearly were consistent with these traits being under some form of 
negative selection. Our estimates of negative selection may have 
been limited by the low coverage of the maritime pine genome that 
did not account for many of the rare variants, which can considera-
bly affect S estimates (Zeng et al., 2018). Nevertheless, the analysed 
SNPs included both species- wide and gene- pool specific alleles, 
with about 10% of the SNPs having frequencies lower than 5%. This 
suggests that S was estimated over an extensive range of allele fre-
quencies, including also some low- frequency variants.

Evidence of the pervasive effects of purifying selection is abun-
dant in model plant genomes (Wright & Andolfatto, 2008), and is also 

emerging in forest trees (De La Torre et al., 2017; Eckert et al., 2013; 
Grivet et al., 2017; Krutovsky & Neale, 2005; Palmé et al., 2009). 
Indeed, negative selection, and its variation across populations and 
through time, has been pointed out as a main cause for maintaining 
polygenicity (O’Connor et al., 2019; Zeng et al., 2018). Nevertheless, 
strikingly, the negative selection patterns observed across environ-
ments and years did not mimic the trend observed for polygenicity. 
That is, negative selection was consistently inferred for height, but 
its strength changed across environments and years for survival and 
phenology traits. This result suggests that the expression of survival 
and phenology traits in different environments and years may be af-
fected by different selective forces, which is in accordance with the 
environment-  and time- dependent selection observed in the analy-
ses at the pathway level (see below).

We detected signals of gene enrichment for 10 pathways that 
had higher values than expected of the maximum SNP effect size 
or posterior probability of being included in the polygenic models. 
Assuming that evolution of these pathways is driven by negative se-
lection, as suggested above, these patterns could be explained by 
the accumulation of slightly deleterious alleles in highly redundant 
and large conifer genomes (Krakauer & Nowak, 1999; Nowak et al., 
1997). Otherwise, if we were to assume a higher impact of positive 
rather than negative selection, the observed patterns would imply 
an accumulation of beneficial mutations in these pathways, which 
is a hypothesis worth exploring in future studies. Conversely, an-
other five pathways were enriched with lower than expected effect 
size alleles. The involved pathways (see Section 3) perform general 
functions. In this case, the observed patterns suggest higher genetic 
constraints on these functionally important genes, for which nega-
tive selection should be highly efficient (Wright & Andolfatto, 2008). 
Interestingly, our results suggest that even for stable estimates of 
polygenicity, different gene pathways could underlie polygenic ad-
aptation for height in contrasting environments. Finally, although 
our gene enrichment analysis revealed some pathways with stronger 
evidence for polygenic adaptation, we cannot discard the influence 
of other nonstudied gene pathways, as pointed by the “omnigenic” 
theory (Boyle et al., 2017).

5  |  CONCLUSIONS

The study of the genetics of adaptation is currently facing new chal-
lenges. The advancement of GWAS relies on the development of 
methods able to detect causal variants of small effect size and/or at 
low allele frequencies. Our study, which tested the fit of a polygenic 
adaptation model using well- characterized maritime pine clones 
planted in contrasted environments, contributes to a better under-
standing of the heritability of complex adaptive traits in long- lived 
organisms, including the underlying genetic architecture of these 
traits. Our results were consistent with the hypothesis that most 
complex and adaptive traits are polygenic, with some of them also 
showing signatures of negative selection. The degree of polygenic-
ity was similar for traits spanning different functional categories 
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and this genetic architecture was considerably stable over time and 
across environments. Current models for predicting population tra-
jectories in forest trees under climate change are based on identifi-
cation of outlier SNPs with relatively large effects on phenotypes 
and/or strong correlation with climate variables (Jaramillo- Correa 
et al., 2015; Lu et al., 2019; Rellstab et al., 2016). Because polygenic 
adaptation can take place rapidly (see, for example, Jain & Stephan, 
2017), current prediction models are probably underestimating the 
capacity of natural forest tree populations to adapt to new environ-
ments. Thus, adopting a polygenic adaptation perspective could sig-
nificantly improve prediction accuracy, and provide new scenarios 
to inform forest conservation and reforestation programmes (Fady 
et al., 2016; Valladares et al., 2014). A better understanding of the 
genetic architecture of economically valuable complex traits can 
also improve genomic- assisted breeding, thus allowing construction 
of better genomic selection models (Grattapaglia et al., 2018).
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