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Locally adapted temperate tree populations exhibit genetic trade-
offs among climate-related traits that can be exacerbated by selec-
tive breeding and are challenging to manage under climate change.
To inform climatically adaptive forest management, we investigated
the genetic architecture and impacts of selective breeding on four
climate-related traits in 105 natural and 20 selectively bred lodge-
pole pine populations from western Canada. Growth, cold injury,
growth initiation, and growth cessation phenotypes were tested for
associations with 18,600 single-nucleotide polymorphisms (SNPs) in
natural populations to identify “positive effect alleles” (PEAs). The
effects of artificial selection for faster growth on the frequency of
PEAs associated with each trait were quantified in breeding popu-
lations from different climates. Substantial shifts in PEA proportions
and frequencies were observed across many loci after two genera-
tions of selective breeding for height, and responses of phenology-
associated PEAs differed strongly among climatic regions. Extensive
genetic overlap was evident among traits. Alleles most strongly as-
sociated with greater height were often associated with greater cold
injury and delayed phenology, although it is unclear whether poten-
tial trade-offs arose directly from pleiotropy or indirectly via genetic
linkage. Modest variation in multilocus PEA frequencies among pop-
ulationswas associatedwith large phenotypic differences and strong
climatic gradients, providing support for assisted gene flow polices.
Relationships among genotypes, phenotypes, and climate in natural
populations were maintained or strengthened by selective breeding.
However, future adaptive phenotypes and assisted gene flow may
be compromised if selective breeding further increases the PEA fre-
quencies of SNPs involved in adaptive trade-offs among climate-
related traits.
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Local adaptation of climate-related traits in widespread tem-
perate conifers has been demonstrated for centuries using

extensive long-term common garden experiments (1, 2). As early
as the 17th century, foresters were instructed to recognize vari-
ation in desirable traits and select seed from trees with favorable
phenotypes (3). Modern tree improvement programs systemati-
cally select upon genetic variation, primarily to achieve growth
gains and meet economic objectives. Estimates of genetic variation
and gains from selection made using quantitative genetic models
assume many anonymous loci of small effect underlie both varia-
tion in continuously distributed phenotypes and their responses to
selective breeding. However, the type, quantity, effect size, distri-
bution, and dynamics of genes underlying locally adaptive pheno-
typic variation and responses to selective breeding in forest trees
are still poorly understood (4).
Directional selection over hundreds or thousands of generations

has led to genomic features of domestication in agricultural crops
including simplified genetic architectures underlying many traits,
reduced genome-wide diversity, and numerous selective sweeps

(5–7). Beyond high-gain, short-rotation clonal forestry [e.g., Eu-
calyptus spp. (8)], we know little about the effects of artificial se-
lection on adaptive genetic variation in forest trees, yet many tree
species undergo some degree of selective breeding. Two or three
generations of conifer breeding is not expected to have the same
magnitude of genetic effects seen in domesticated crops, but if
artificial selection for increased productivity is detectable in co-
nifer genomes, it may expose genetic relationships and potential
sources of trade-offs between growth and climatically adaptive
phenotypes.
Climate-related adaptive traits are often intercorrelated due

to pleiotropy, natural selection, or linkage disequilibrium (LD),
so that strong directional selection on one trait can cause cor-
related responses in others. Pleiotropic allelic variants associated
with phenotypes do not function in isolation. Antagonistic
pleiotropic effects among traits can generate adaptive trade-offs
among traits within populations, and limit gains from selection
on a focal trait (9). Trait–trait correlations can also arise through
strong selection acting in parallel on unlinked loci or from LD
mediated by physical linkage of loci on chromosomes. Average
genome-wide LD estimates in conifers appear to be low (10, 11)
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but may be greater (r2 of 0.2–0.4) within genes under strong
selection (12).
Conifer studies have identified putatively adaptive phenotype-

associated alleles on a locus-by-locus basis using quantitative trait
loci (QTL) mapping or genotype–phenotype associations (GPAs)
(also known as genome-wide association studies [GWAS]) (13).
Genotype–environment association analyses in conifers have iden-
tified putatively adaptive environmentally associated loci (e.g., 14,
15), but loci are usually anonymous relative to adaptive phenotypes.
All of these approaches are biased toward detecting loci with large
phenotypic effects, but expectations that genome scans will discover
individual adaptive loci with large effects or frequency differences
among populations may be biologically and statistically unrealistic
(16, 17). Conifer GPA studies typically detect relatively few statis-
tically significant loci, and locus-by-locus analyses are insufficient to
characterize adaptive genome-wide variation associated with adap-
tive traits and signatures of selective breeding. Multilocus tests for
adaptive polygenic signatures of selection have been developed
(e.g., refs. 18 and 19), but significant limitations remain (reviewed in
refs. 20 and 21).
Uncertainty about the effects of selective breeding on adaptive

genetic variation is layered upon expectations that forest trees will
become maladapted as climates shift (22). Efforts are being made
to estimate maladaptation using genome-wide variation associated
with adaptive traits and climate (23, 24), because conserving,
managing, and efficiently redeploying genetic variation associated
with adaptive phenotypes will be a necessary element of strategies
to mitigate the effects of shifting climates on forest resources (25).
Assisted gene flow strategies in temperate and subboreal forests
generally aim to move trees to cooler climates in anticipation of
future warming, but trees must then contend with the increased
short- to medium-term risk of maladaptation to damaging frost.
This means cold tolerance is, perhaps surprisingly, an important
trait when planning for warming climates.
Genetic approaches have the potential to efficiently and accu-

rately characterize local adaptation to climate. Understanding
whether this potential can be realized in a technically robust and
operationally feasible way, and whether selection for faster
growth compromises genetic variation associated with phenotypic

adaptation to climate, has far-reaching implications for devel-
oping effective assisted gene flow strategies that mitigate nega-
tive climate change impacts on forest health and timber
production (26, 27). In this context, our research objectives are
to 1) identify the genetic architecture of climate-related adaptive
traits in interior lodgepole pine (Pinus contorta Dougl. ex Loud.
var. latifolia Engelm.); 2) identify genome-wide effects of artifi-
cial selection for increased productivity on climate-related traits;
and 3) assess the implications of genetic responses to selection
for assisted gene flow strategies.
Our study combines climatic data, genotype data from ∼50,000

lodgepole pine single-nucleotide polymorphisms (SNPs), and
seedling phenotypic data for height, cold injury, growth initiation,
and growth cessation traits. These data were collected from a
seedling common garden that sampled reforestation seed lots
from 105 natural populations and 20 breeding populations from
across the species’ range in Alberta (AB) and British Columbia
(BC), Canada (Fig. 1 and SI Appendix, Table S1). For each of the
four traits, we identify range-wide GPAs using 929 seedlings from
all 105 natural populations. Then for the 1% most strongly
phenotype-associated SNPs, we examine how artificial selection
within breeding populations has changed allele frequencies at in-
dividual SNP loci, within individual seedlings, populations
(breeding zones), and three climatic regions (Fig. 1). Using ele-
ments from the approach of Turchin et al. (18), we study changes
in frequency of the alleles that have a positive effect on adaptive
traits (positive effect alleles [PEAs]). At each SNP locus, a PEA is
the allele associated with increasing numeric values of the re-
spective phenotype, determined in this case through GPA analyses
in the natural seedling populations. PEAs reported here are as-
sociated with greater seedling height, greater cold injury, delayed
growth initiation, and delayed growth cessation. To parse physical
genetic linkage from allelic associations due to other causes, we
compare LD estimated from our natural seedlings with estimates
of recombination among haploid megagametophytes from a single
maternal parent, where physical linkage is the only cause of LD.
Integrating genetic, climatic, and phenotypic data gives us a robust
basis to detect the effects of artificial selection on climate-related

Fig. 1. Geographic origins of the natural and selected seedling populations sampled from across the range of lodgepole pine in Alberta (AB) and British
Columbia (BC). Natural populations are represented by filled circles; selected seedling breeding zones are represented by filled polygons. The three climatic
regions we used were AB, BC-Central, and BC-South. AB breeding zones are formally identified as A, B1, B2, C, J, and K1. BC-Central breeding zone ab-
breviations are as follows: BV, Bulkley Valley; CP, Central Plateau; and PG, Prince George. BC-South breeding zone abbreviations are as follows: EK, East
Kootenay; NE, Nelson; and TO, Thompson–Okanagan. Reprinted from ref. 35, with permission from Elsevier.
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genotypes that are relevant to breeding and assisted gene flow
strategies.

Results
The lodgepole pine SNP array used in this study contained many
previously detected candidates for associations with growth and
phenology phenotypes, and climate (28). Following filtering for
SNP quality, call rate, and minor allele frequency, and reduction
to one SNP per genomic contig, our genetic dataset comprised
3,935 intergenic control SNPs and 18,563 candidate SNPs for
GPA analyses from an initial array of 50,298 SNPs. Genotypes
were successfully obtained for 2,084 seedlings (natural n = 929,
selected n = 1,155). Multidimensional scaling (MDS) of the con-
trol SNPs indicated that population structure of the natural
seedlings was continuous, forming a single large MDS cluster that
was modestly structured but not discretely stratified based on
breeding zone of origin (SI Appendix, Fig. S1). The same large
cluster was present in MDS of control SNPs in selected seedlings,
but 40 seedlings were outliers relative to the remaining selected or
natural seedlings (SI Appendix, Fig. S2). To remove confounding
effects of possible seed lot or DNA contamination, or genotyping
errors, these individuals were excluded from further analyses,
leaving 1,115 selected seedlings. GPAs for each trait using natural
population seedlings had SNP P values that closely matched the-
oretical quantiles for a uniform distribution of 18,563 SNPs indi-
cating little systematic bias in the strength of GPAs due to
population structure (SI Appendix, Fig. S3). From these GPAs, we
identified the top 1% (n = 186) SNPs with lowest GPA P values in
the filtered panel of 18,563 SNPs and analyzed the effects of ar-
tificial selection on their PEA frequencies in breeding populations.

Seedling PEA Shifts in Response to Selective Breeding. The average
number of PEAs per seedling (hereafter, the “PEA proportion”)
was greater in selected seedlings than in natural seedlings for al-
most all traits and regions (Fig. 2 and SI Appendix, Table S2 and
Fig. S4). Selection for increased height growth resulted in positive
shifts in the distributions of PEA proportions for SNPs associated
with increased height and greater cold injury in the regions BC-
South and BC-Central (Fig. 2 A–D). These shifts corresponded to
an average increase of PEA proportions in selected seedlings of
0.02 to 0.03, or a haploid change of 8 to 12 PEAs (SI Appendix,
Table S2). Similar distributions of PEA proportions for height and
cold injury were present in Alberta, but positive shifts in selected
seedlings were much weaker (SI Appendix, Fig. S4 A and B).
The phenology traits had trimodal frequency distributions for

the PEA proportions per seedling in all regions (Fig. 2 E–H and SI
Appendix, Fig. S4 C and D). Positive shifts in average seedling PEA
proportion for SNPs associated with delayed growth initiation and
delayed growth cessation were large for selected seedlings from the
warmest region, BC-South, where average PEA proportion in-
creased by ∼0.06, or 20 to 25 additional PEAs. Increases in mean
seedling PEA proportion were relatively small in BC-Central, and
decreased slightly in Alberta, meaning that selection here slightly
favors PEAs associated with earlier growth initiation and cessation
(SI Appendix, Table S2).
To assess the significance of these results relative to background

genetic variation, we drew 1,000 random samples of 186 SNPs
from the panel of 18,563 candidate SNPs and tested differences in
PEA proportions between natural and selected individuals in each
random sample (e.g., SI Appendix, Fig. S5). PEA proportions
differed between natural and selected seedlings for the top 186
SNPs significantly more than for random samples for all traits in
BC-South, as well as height and cold injury in BC-Central, but not
for phenology traits in BC-Central or any traits in Alberta (SI
Appendix, Fig. S6). There was also substantially less variation in
distributions of seedling PEA proportions calculated using random
vs. phenotype-associated top 186 SNPs (SI Appendix, Fig. S7).

PEA Responses of SNPs to Selective Breeding. The responses of in-
dividual PEAs to selective breeding for height varied greatly
among traits and regions, even though their constituent breeding
populations were all selected for the same trait: height growth.
For each of the four traits, the top 20 to 30 GPA SNPs by P value
responded strongly to selection for height in BC-South and BC-
Central, increasing in frequency by 0.08 to 0.14 (Fig. 3). In
contrast, frequencies of the top 20 to 30 trait-associated SNPs in
Alberta seedlings increased only slightly on average (<0.04), and
inconsistently (SI Appendix, Fig. S8). Interestingly, most of the
top ∼30 SNPs were associated with all four traits (red bars, Fig. 3
and SI Appendix, Fig. S8), although this trend was weaker for the
growth initiation SNPs.
For top 1% SNPs associated with either height or cold injury,

the responses of PEAs to selection were very similar between BC-
South and BC-Central (Fig. 3 A–D); however, the responses of
phenology traits to selection for height contrast strongly between
these regions. In BC-South, the warmest region, we observed a
PEA frequency increase of ∼0.1 for the majority of growth initi-
ation and growth cessation-associated SNPs (Fig. 3 E andG). This
response was largely absent in seedlings from the cooler BC-
Central region (Fig. 3 F and H) and Alberta (SI Appendix, Fig.
S8 C and D).

PEA–Phenotype Relationships. To quantify multilocus genotype–
phenotype relationships, we regressed phenotypic means estimated
for each of the 12 breeding zones upon mean breeding zone PEA
frequencies of all top 1% (n = 186) phenotype-associated SNPs.
PEA frequency–phenotype relationships for height-associated SNPs
were moderate in natural seedlings, and slightly stronger in selected
seedlings. An increase in the mean frequency of height PEAs by 0.1
corresponded to 12 cm (28%) greater height in selected seedlings
(Fig. 4A). Of our four traits, cold injury had the strongest rela-
tionship with PEA frequencies among breeding zones, and a PEA
frequency increase of 0.1 corresponded to 18% greater cold injury
among breeding zones in both natural and selected seedlings
(Fig. 4B). Phenology traits had a slightly greater range of mean PEA
frequencies among breeding zones compared to height and cold
injury. An increase in growth initiation PEA frequency by 0.1 cor-
responded to a 1.25-day delay in growth initiation in both seedling
types (Fig. 4C). Relationships between breeding zone PEA fre-
quency and growth cessation were moderately strong, with a 0.1
increase in PEA frequency delaying growth cessation by 4.5 days in
both seedling types (Fig. 4D). To assess significance of PEA–
phenotype associations, we used the same 1,000 random draws of
186 SNPs as in Seedling PEA Shifts in Response to Selective Breeding
and calculated the phenotypic variance explained by their PEAs,
relative to PEAs of the top 186 phenotype-associated SNPs for each
trait (SI Appendix, Fig. S9 and, e.g., SI Appendix, Fig. S10). In five of
eight trait-by-seedling type comparisons, the strength of PEA–
phenotype regressions for the top 186 trait-associated SNPs was
greater than the 95th percentile of the random 1,000 samples and in
seven of eight they were greater than the median value.

PEA–Climate Relationships. Strong positive clines in mean fre-
quencies of trait-associated PEAs with temperature-related vari-
ables were observed for all four traits (Fig. 5 and SI Appendix,
Table S5). Mean annual temperature (MAT), extreme minimum
temperature (EMT), summer heat–moisture index (SHM), and
climate PC1 explained moderate to large amounts of variation in
PEA frequency for both seedling types (0.58 ≤ r2 ≤0.94 for natural
populations; 0.82 ≤ r2 ≤ 0.94 for selected populations) (Fig. 5).
The strongest PEA frequency–climate clines were for height and
cold injury PEAs with extreme minimum temperature and PC1
(Fig. 5 C, D, G, and H), but these clines were identical for natural
and selected populations. Where differences in cline strength did
occur between seedling types, they were always stronger in
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Fig. 2. Distributions of seedling PEA proportions for natural vs. selected seedlings from the milder British Columbia-South and cooler British Columbia-
Central regions (columns) using the top 1% (n = 186) of SNPs associated with height (A and B), cold injury (C and D), growth initiation (E and F), and growth
cessation (G and H). Wilcoxon rank sum tests for significant differences in the mean frequency of PEAs between seedling types are significant at a Bonferroni
adjusted cutoff value of α = 0.0125 for four comparisons within each region. Fig. 2 corresponds to SI Appendix, Table S2. For equivalent Alberta seedling plots,
see SI Appendix, Fig. S4.
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Fig. 3. Differences between natural and selected PEA frequencies from the milder British Columbia-South and cooler British Columbia-Central regions
(columns) for each of the top 1% (n = 186) SNPs associated with height (A and B), cold injury (C and D), growth initiation (E and F), and growth cessation
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selected than in natural seedlings (Fig. 5 and SI Appendix, Table
S5), but none was statistically significant.

Linkage Disequilibrium. Average pairwise LD for height and cold
injury-associated SNPs was an order of magnitude greater than the
background value and three orders of magnitude greater for phe-
nology SNPs (SI Appendix, Table S8). One-third to one-half of the
height and cold injury-associated SNPs had strong LD with other
candidate SNPs in five to seven clusters (Fig. 6 A and B and SI
Appendix, Fig. S11 A and B). By contrast, each phenology heat map
is dominated by a single large cluster in strong LD containing nearly
half of the top 1% (n = 186) associated SNPs (Fig. 6C andD and SI
Appendix, Fig. S11 C and D). Selective breeding increased the av-
erage strength of pairwise LD only slightly for all traits except cold
injury (SI Appendix, Table S8) and did not change the patterns of
pairwise LD among SNPs (SI Appendix, Fig. S11).
We parsed the relative importance of physical linkage and

natural selection on LD using the mapping population. Most
clusters of SNPs with high LD in natural seedlings also had high
LD in the mapping population (Fig. 6, clusters above vs. below
diagonal), indicating stronger physical linkage and lower rates of
recombination within clusters than in the genomic background.
However, in other cases, we found no pairwise LD in the mapping
population between SNPs that showed high LD in natural pop-
ulations (Fig. 6). This was particularly evident for the large cluster
of SNPs in each phenology trait, where SNPs with high LD in
natural populations were split among several smaller “stutter”
clusters that showed no LD in the mapping population (Fig. 6 C
and D). Similar but less prominent patterns also occurred for
height and cold injury-associated SNPs, with a large cluster in each
trait showing high natural population LD, but low mapping pop-
ulation LD for a small number of other SNPs (Fig. 6 A and B).

Gene Ontology and Annotation. Functional annotations were assigned
to 33 SNPs from the large growth initiation and growth cessation
LD clusters (Fig. 6 C and D), and 2 of the 23 SNPs that overlapped
among all traits (SI Appendix, Table S9). It appears that at least 27
of the annotations were associated with primary or secondary
metabolic processes or RNA replication, and cannot be related to
specific phenotypes. However, the parent contig of one of the 23
SNPs that overlapped among all four traits is annotated to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
Map 4712 associated with plant circadian rhythm.
We were unable to identify any Gene Ontology (GO) terms as-

sociated with the 23 SNPs that overlap among the top 186 SNPs for
all traits. However, 16 GO terms were associated with the large
clusters of SNPs in strong LD for both growth initiation and growth
cessation, and were significantly overrepresented in our data (un-
adjusted Fisher’s P value, <0.05) (SI Appendix, Table S10). Eight of
these GO terms were associated with cellular or biological process
involved in structural components of membranes and organelles. A
further six GO terms are associated with biological or molecular
processes that appear to have functions relating to release or
transport of energy within primary metabolism.

Discussion
Two generations of selection for faster growth in lodgepole pine
populations has produced substantial shifts in the proportions
(Fig. 2) and frequencies (Fig. 3) of PEAs that were associated
with increased growth, greater cold injury, and delayed phenol-
ogy in natural populations. Twenty-three SNPs with the lowest
GPA P values overlapped among traits and had substantially
higher PEA frequencies in selected seedlings relative to natural
seedlings, indicating these SNP markers are relevant to climate
adaptation and highly responsive to phenotypic selection (Fig. 3).

A B

C D

Fig. 4. Phenotypic variation in each trait for both natural (gray) and selected (black) seedling types explained by mean PEA frequency of the top 1% (n = 186)
of phenotype-associated SNPs in each breeding zone (SI Appendix, Table S3). PEA–phenotype relationships are shown for height (A), cold injury (B), growth
initiation (C), and growth cessation (D). Phenotypic values are best linear unbiased estimates of breeding zone means (SI Appendix, Table S4). P values are
significant at a Bonferroni-adjusted cutoff value of α = 0.0125 for four comparisons. No differences between natural and selected seedling slopes were
statistically significant.
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Tantalizingly, one of these 23 SNPs was annotated to a known
circadian rhythm pathway (KEGG Pathway Map 4712). We found
contrasting LD patterns for height and cold injury vs. phenology
traits, indicating substantial differences in the number and geno-
mic distribution of genes affecting these ecologically and eco-
nomically important traits. Contrasting LD patterns appeared to
be driven by pleiotropy or physical linkage, but we also found
evidence for LD among physically unlinked genomic regions
(Fig. 6). On average, we did not find evidence to date that

selective breeding for faster growth has compromised local
adaptation to climate in the four traits we studied. However,
the highly conserved LD seen within some genomic regions may
constrain future responses to selection for growth, or exacer-
bate negative trade-offs among climate-related traits within
breeding populations. While our PEA approach is simplistic, it
is sensitive to and useful for characterizing both climatic ad-
aptation and the effects of selective breeding among individuals
and populations.

A B C D

E F G H

LKJI

M N O P

Fig. 5. Clines in the mean PEA frequency of each trait’s top 1% (n = 186) phenotype-associated SNPs with four climatic variables (columns), MAT, SHM, EMT,
and climate PC1. Clines in PEA frequencies with the four climatic variables are shown for height (A–D), cold injury (E–H), growth initiation (I–L), and growth
cessation (M–P). None of the slopes within panels differs significantly between natural (gray) and selected (black) seedling types. r2 and P values for all four
traits and 11 climate variables are given in SI Appendix, Table S5. Points represent the mean climatic values (SI Appendix, Table S7) and PEA frequency values
(SI Appendix, Table S3) for natural and selected populations in each breeding zone. Clines represented by a dashed line were not significant in SI Appendix,
Table S5 using at a Bonferroni-adjusted cutoff value P value of α = 0.0045 for 11 comparisons.

MacLachlan et al. PNAS | 7 of 12
Genome-wide shifts in climate-related variation underpin responses to selective breeding
in a widespread conifer

https://doi.org/10.1073/pnas.2016900118

G
EN

ET
IC
S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016900118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016900118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016900118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016900118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016900118/-/DCSupplemental
https://doi.org/10.1073/pnas.2016900118


Signatures of Selective Breeding on Genetic Architectures of Adaptive
Traits. Positive shifts in the distribution of height-associated PEAs
from natural to selected seedlings were substantial, and echoed by
the selection responses of PEAs associated with cold injury and
phenology traits (Fig. 2). These PEA proportion shifts after only
two generations of selection and breeding quantify changes in the
occurrence of genome-wide variants associated with climate-
related traits in natural populations (SI Appendix, Table S2).
They suggest either pleiotropy or linkage may cause some of the
quantitative genetic trade-offs between growth and climate-related
traits such as cold injury and phenology. Multimodal distributions
in all regional subsets of our phenology-associated SNPs (Fig. 2 E–
H and SI Appendix, Fig. S4 C and D) are caused by SNPs in the
large LD clusters (SI Appendix, Fig. S12 C and D), contrasting with

unimodal distributions of seedling PEAs for height and cold injury
(Fig. 2 A–D), and phenology SNPs outside the large LD clusters
(SI Appendix, Fig. S12 A and B). Trimodal distributions of phe-
nology SNPs are present in all three breeding regions, but vary in
amplitude among regions (Fig. 2 E–H and SI Appendix, Fig. S4 C
and D) and correspond little with population structure (SI Ap-
pendix, Fig. S13). These results indicate that phenology-associated
variation is primarily partitioned among individuals and secondarily
among geographic regions, and that responses to selective breeding
for height in phenology-associated SNPs differ strongly among
regions (Fig. 3 E–H and SI Appendix, Fig. S8 C and D). Loss or
gain of one adaptive haplotype in each large phenology LD cluster
affects ∼60 associated SNPs, and therefore 60 different genomic
contigs (Fig. 6 C andD), likely causing larger responses to selection
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 LD From Recombination (Mapping Population, Below Diagonal)
n = 130 to 132 of 186 GPA SNPs

LD
 F

ro
m

 E
vo

lu
tio

n 
(N

at
ur

al
 P

op
ul

at
io

n 
A

bo
ve

 D
ia

go
na

l)
n 

= 
13

0 
to

 1
32

 o
f 1

86
 G

PA
 S

N
Ps

Fig. 6. Heat maps of pairwise LD r2 values among the top 1% (n = 186) SNPs from natural seedlings (above diagonal) and equivalent r2 values of their parent
genomic contigs from the mapping population (below diagonal) associated with height (A), cold injury (B), growth initiation (C), and growth cessation (D).
Approximately 50 SNPs associated with each trait in the natural population were on parent genomic contigs that could not be mapped to the Pinus taeda
genome assembly, version 2.0, and were omitted here. Pairwise comparisons are colored red for the 23 SNPs that are common to the top 1% SNPs associated
with all four traits. See SI Appendix, Fig. S11 for a heat map of all 186 SNPs comparing natural and selected seedlings r2 values.
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in the frequencies of most phenology-associated SNPs seen in BC-
South vs. BC-Central (Fig. 3 E–H).
Climate-related traits of conifers are typically highly polygenic

(2), and our results reflect these expectations. The 23 SNPs that
overlap among all four traits (red bars, Fig. 3) appear to be pleio-
tropic and were those with the strongest statistical support (lowest
P values) in independent GPA analyses of each trait, indicating that
these SNPs (or linked causal variants nearby) are important to
multiple adaptive traits and highly responsive to artificial selection.
Despite a relatively consistent positive response to selection among
the top 30 SNPs, PEA frequencies also responded positively for a
large proportion of the remaining 156 phenotype-associated SNPs
(Fig. 3). However, selected seedlings, on average, have fewer than
10 additional PEAs compared to the average natural seedling for
most traits and regions; phenology traits in BC-South are the ex-
ception with up to 25 additional PEAs (SI Appendix, Table S2). This
implies no single SNP, or small suite of SNPs, can reliably charac-
terize genetic responses to selection for a trait, and that different
suites of PEAs appear to exhibit some genotypic redundancy by
producing similar positive responses to selection in a phenotype (29,
30). Such genotypic redundancy also indicates one reason why the
potential of marker-assisted selection in forest trees has not been
fully realized by operational tree breeding programs and is being
outperformed by genomic selection (13, 31).
The 23 SNPs associated with all traits were highly responsive to

selection, showed strong LD within five separate clusters (red
clusters, Fig. 6), and based on Fig. 3 likely statistically capture a
substantial portion of genome-wide responses to selection for
height. LD clusters for height and cold injury were small to mod-
erate in size and numerous, indicating that many loci associated
with these two traits occur in discrete, unlinked clusters dispersed
throughout the genome, or are unlinked with any other trait-
associated loci in our analyses (Fig. 6 and SI Appendix, Fig. S11).
By contrast, LD clusters for phenology traits were large and few.
Interestingly, in some cases, we also observed extensive LD among
individual SNPs or small clusters of SNPs that were unlinked in the
mapping population. This stutter cluster pattern accounts for 11
growth initiation and 15 growth cessation SNPs, approximately one-
fifth of SNPs in natural seedling LD clusters. It is most likely driven
by strong divergent selection among natural populations. This LD
pattern is most obvious for the phenology traits (y axis, Fig. 6 C and
D); similar patterns occurred for height and cold injury to a lesser
degree (y axis, Fig. 6 A and B) but were absent in the mapping
population.
PEA frequency changes of SNPs in response to selective breeding

give some insight into the dynamics and genetic architecture of LD
clustering observed in natural populations. Frequency changes of
SNPs in the LD clusters of Fig. 6 and their respective stutter clusters
generally respond in similar positive or negative directions to
selection (SI Appendix, Fig. S14). Small numbers of SNP loci
responding in relative synchrony to selection appear to tag single
phenotype-associated genomic regions. Even so, allele frequency
responses to selection can vary substantially from zero to +0.12 in
the largest LD clusters, and some are even slightly reversed in the
BC-Central region (SI Appendix, Fig. S14 E–H). There are also
several SNPs in the large natural population LD clusters that have
weaker LD than in the mapping population (Fig. 6 C and D). These
observations imply that SNPs in large LD clusters may represent
multiple physically distant regions of the genome linked by strong
selection favoring particular combinations of alleles, or that within a
single large genomic region tagged by several tens of SNPs in a large
LD cluster, sufficient recombination exists to allow independent
segregation of some loci and variable responses of individual PEAs
to artificial selection. This latter possibility is consistent with the
rapid decay of LD reported in conifers over distances of a few
hundred base pairs (11, 12, 32), which are far shorter than the
length of genomic contigs used in our study. Our analyses cannot
determine which SNPs are causal, and many SNPs in large LD

clusters of both the mapping and natural populations could be
nearly neutral in relation to our traits (Fig. 6 and SI Appendix, Fig.
S14). However, regardless of whether the LD clusters we observe
arise due to pleiotropy, physical linkage, or natural selection, it
appears that multiple causal genetic variants that are underlying
these ecologically and economically relevant traits have concen-
trated and highly conserved genetic architectures, resulting in strong
genetic trade-offs that will complicate or confound the future efforts
of breeding programs.
Despite uncertainty over causation vs. correlation among the

top PEAs, functional genetic analyses of phenology-associated loci
in the large LD clusters provide intriguing insights. Most annota-
tions for parent contigs of phenology-associated SNPs could not be
readily linked with any phenotype. However, one notable biolog-
ical pathway annotation, KEGG Pathway Map 4712 (SI Appendix,
Table S9), and the genes it encompasses, are part of the plant
circadian clock that controls biological activity in response to day
length (33), a primary cue for seasonal phenological synchroni-
zation in temperate conifers. KEGG Pathway Map 4712 is anno-
tated to one parent contig of the 23 SNPs associated with all four
traits, indicating the likely importance of pleiotropic phenology-
associated SNPs in the responses of cold injury and phenology to
selection on height. Eight significantly overrepresented GO terms
were identified (SI Appendix, Table S10), and six were associated
with structural components of intracellular membranes or organ-
elle formation. These functions could be part of cell expansion
during growth initiation, intracellular remodeling during growth
cessation in preparation for autumn cold hardening and senes-
cence (34), or resistance of intracellular membranes to physical
rupturing by ice crystals during freezing events.

Geographic Variation in Genetic Responses to Selection. Achieving
gains in wood production through selection for greater height is
the primary objective of lodgepole pine breeding. Genome-wide
responses to selection for increased height differed substantially
among traits between the BC-South and BC-Central breeding
populations (Figs. 2 and 3), despite similar program histories,
genetic gains for growth, and breeding, selection, and testing
strategies implemented by the same breeder. Including data from
Alberta meant we could capture a much greater range of phe-
notype and climate-associated genetic variation than from British
Columbia alone, but in Alberta the genetic responses to selective
breeding were weak for all traits (SI Appendix, Figs. S4 and S8).
This is most likely due to younger tree improvement programs that
have applied lower intensities of selection but could also relate to
environmental constraints of colder boreal climates. It is possible
that more extreme cold temperatures in Alberta than British
Columbia exert greater selective pressure on genetic variants as-
sociated with both height growth and adaptation to low temper-
atures that leads to their fixation in natural populations, or
preserves cold hardiness at the expense of responses to artificial
selection for increased height.
Selection produced similar PEA frequency changes for height

and cold injury-associated SNPs in both BC regions, but the
changes in frequencies of phenology-associated PEAs were sub-
stantially greater in the warmer BC-South region than in cooler
BC-Central (Fig. 3). Increased phenology PEA frequencies appear
to be an important component of the large genetic gains for height
seen in breeding zones from BC-South, compared to colder BC-
Central or Alberta breeding zones (35), where the shorter growing
season duration and extreme winter cold are more limiting to in-
creases in growth. The increase of most phenology PEA frequen-
cies in BC-South (Fig. 3) reflects later growth initiation and later
growth cessation in faster-growing selected seedlings than natural
seedlings (Fig. 4). It is most likely caused by strong pairwise LD
among many phenology-associated SNPs and their contigs, and
subsets of those SNPs associated with height, or all four traits that
respond strongly to selection (blue and red bars respectively,
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Fig. 3). These regional differences suggest that responses to direc-
tional selection on height are phenotypically similar among discrete
breeding populations, but their underlying genome-wide responses
are not necessarily parallel and appear to be constrained by trade-
offs between growth and climate adaptation that vary among re-
gional environments and associated field test climates.
The 23 SNPs associated with greater growth and autumn cold

injury, and delayed growth phenology indicate loci that underlie
trade-offs among these traits due to pleiotropy or physical linkage
in natural populations. Selection increased PEA frequencies of
these 23 SNPs, suggesting these trade-offs among traits are
expected to be more prevalent within seedlings and breeding
populations selected for faster growth. However, under current
selection intensities and testing regimes in lodgepole pine breed-
ing programs, we do not yet see much phenotypic evidence for this
effect, on average, among breeding zones (35). Frequencies of cold
injury-associated PEAs identified from GPAs of natural pop-
ulations had relationships with population phenotypes and pop-
ulation temperature variables that were highly conserved, on
average, between natural and selected seedlings (Figs. 4B and 5 G
and H). Cold hardiness has repeatedly been identified as the phe-
notypic trait showing the strongest climate-associated population
differentiation in temperate and boreal trees (2, 36). Our results
show this has a substantial genome-wide basis and we cannot not
discount the possibility that negative growth cessation–cold injury
trade-offs may be more prevalent in individual selectively bred
populations, or with further generations of selection, particularly
within the BC-South region. Cold injury testing in seasons other
than autumn, or using cold injury-associated loci identified from
GPA analyses of selectively bred seedlings, may also reveal addi-
tional trade-offs between faster growth and cold injury.
Modest genetic differences in mean PEA frequencies among

breeding populations were associated with relatively strong climatic
differentiation, and reflect the genetic clines in lodgepole pine
found by Mahony et al. (37) for 281 natural populations (including
the 105 in this study). Mean height and cold injury PEA frequencies
in our analyses vary by 0.15 across breeding zones, corresponding to
6 °C variation in mean annual temperature, and 12 °C in extreme
minimum temperature (Fig. 5). Mean annual temperature (MAT)
across our study area has increased 1.6 °C since the early 1900s;
similar to the mean MAT difference between breeding zones EK
low and BV low for the 1961–1990 reference period (Fig. 1 and SI
Appendix, Table S7). The overall range in mean MAT values for
natural breeding zones during the 1961–1990 reference period was
6.0 °C (SI Appendix, Table S7), but mean MAT across the range of
our study is predicted to increase a further 4.5 °C by the 2070s
under the RCP 4.5 scenario (38). Therefore, predicted warming is
equivalent in magnitude to climatic differences among breeding
zones that are associated with high levels of genetic divergence for
both natural and selected seedlings.
Our results provide further evidence that assisted gene flow may

be necessary to match genotypes of planted trees with future cli-
mates. Selection, testing, and breeding within zones have pro-
duced slightly stronger adaptive genetic clines along climatic
gradients of individual temperature-related variables yet main-
tained nearly identical genetic clines in height and cold injury with
climatic variables summarized as PC1 (Fig. 5). The synchrony of
growth, phenology, dormancy, and cold hardiness appears to be
largely conserved in selectively bred populations relative to cli-
mate, despite substantial genome-wide shifts in phenology and
cold injury-associated PEA frequencies. Our findings provide ge-
netic evidence that at the current stage in lodgepole pine breeding
programs, similar assisted gene flow prescriptions can be applied
equally to natural and selectively bred seed lots.

Using PEAs to Identify and Manage Adaptive Genetic Variation. PEA
frequencies estimated climatically adaptive multilocus clines for
complex polygenic traits (Fig. 5) far more effectively than previous

single-locus approaches (e.g., refs. 14, 39, and 40). Within pop-
ulations, PEA frequencies were sensitive to small genome-wide
shifts in adaptive alleles in response to selection and appeared
to capture functional redundancy among different suites of loci
responding to selection.
Accurate PEA effect size estimates could be expected to produce

more effective polygenic scores and phenotypic predictions than a
simple count of PEAs. However, in preliminary analyses, we found
GPA effect sizes did not consistently identify loci with the largest
responses to selection. Similarly, randomly selected samples of SNPs
captured little genomic variation among seedlings (SI Appendix, Figs.
S5 and S7), or among breeding populations where the range of PEA
frequencies was ∼0.02 (x axes, SI Appendix, Fig. S10). This produced
a wide range of PEA–phenotype r2 values because the chance
sampling, or not, of any large-effect SNPs would substantially affect
the strength of random PEA–phenotype associations (SI Appendix,
Fig. S9). By contrast, top 1% phenotype-associated SNPs capture
much greater genetic variation than random samples in all of our
analyses and are more robust to small stochastic SNP sampling ef-
fects, even if PEA–phenotype associations are not always the
strongest (SI Appendix, Fig. S9).
Our approach of selecting a single SNP per contig for analysis of

growth initiation, growth cessation, and cold injury SNPs based on
P values for height had no appreciable effect on our results (SI
Appendix, Figs. S15–S17). We arbitrarily chose the top 1% (n =
186) SNPs by P value, but our results suggest this captured suffi-
cient genetic variation to detect fine-scale effects of selective
breeding within and among breeding zones. By repeating the
phenotype–PEA and PEA–climate regressions with increasing
numbers of SNPs (n = 1–400) (SI Appendix, Figs. S18–S22), we
found that the number of SNPs required to obtain the maximum r2

value cannot be reliably generalized, although it was usually fewer
than n = 186. Therefore, most of our analyses conservatively es-
timate the power of PEAs to describe adaptive genetic variation
relative to the number of PEAs used. Optimizing the number of
PEAs used for each trait could make characterization of adaptive
genetic variation more accurate and increase the average PEA
frequency response to selection, but may exclude some loci that
explain phenotypic variation and limit detection of fine-scale se-
lection responses. Nonetheless, the PEA approach is compatible
with classical clinal analyses of local adaptation in genecology, and
has promise for simplifying the genetic characterization of poly-
genic traits that are relevant to the management of adaptive ge-
netic variation and artificial selection in a changing climate.
The utility of combining PEAs into simple polygenic scores for

managing genetic resources like forest tree populations lies in
their potential to rapidly and accurately characterize genome-wide
variation in climate-related traits. PEA analyses can exploit the
increasing simplicity and decreasing costs of genotyping using SNP
arrays or sequence capture approaches for nonmodel species with
large genomes, and can characterize adaptive variation indepen-
dently from long-term provenance trials. They could be an effi-
cient means to monitor ongoing climatic maladaptation and
associate populations with future climates for assisted gene flow
prescriptions. As a genetic estimate of phenotypic variation, PEAs
are also unaffected by nongenetic sources of error inherent in
quantitative genetic parameters. Given the apparent sensitivity of
PEA frequencies to selection, they may be a suitable measure to
routinely characterize the phenotypic and climatically adaptive
effects of selection, and estimate phenotypes of families within
tree breeding programs. Validating these possibilities would re-
quire further analyses of PEA data from large-scale multifamily,
multisite provenance trials.

Materials and Methods
Experimental Sampling, Design, and Data Collection. As described previously
(35), 20 open-pollinated, selectively bred reforestation seed lots with the
highest available genetic worth for growth were obtained from seed orchards
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for 12 lodgepole pine breeding zones across Alberta (AB) and British Columbia
(BC) (Fig. 1). Breeding zones represent discrete selective breeding manage-
ment units across AB and BC, with zone-specific seed orchards. The seed lots
we sampled represented breeding programs at varying stages of advancement
from 1.0 to 2.5 generations. All breeding programs select for height growth as
the primary trait and a proxy for timber volume. Selections are typically made
based on family performance in progeny trials between 15 and 20 y of age
across a range of representative climatic environments within each breeding
zone. From each breeding zone, 4 to 16 open-pollinated natural population
seed collections were sampled for a total of 105 natural seed lots. An outdoor
seedling common garden was established from these seed lots in May 2012 in
Vancouver, BC, Canada. Each breeding zone was represented by 60 to 112
natural seedlings, and each selectively bred seed lot was represented by 60
seedlings (total n = 2,176; natural n = 976; selected n = 1,200) (SI Appendix,
Table S1).

Throughout the third growing season (2014), phenotypic data were col-
lected for seedling height (in centimeters). Growth initiation day and growth
cessation day were interpolated from growth curves fitted to the height time
series data. Autumn cold injury was measured in October 2013 using Flint
et al.’s (41) index of cold injury from fresh needle tissue using the artificial
freeze testing and electrolyte leakage (42).

DNA was extracted from fresh needle tissue using the Macherey-Nagel
Nucleospin 96 Plant II Core kit. Samples from all seedlings were genotyped
using the AdapTree lodgepole pine Affymetrix Axiom 50,298 SNP array, which
included candidate SNPs identified from exome capture using genotype–
environment and genotype–phenotype associations (28, 43). After seedling
mortality, and filtering for SNP quality and call rate, our genetic dataset
contained genotypes for 2,084 individuals at 40,163 SNP loci (SI Appendix,
section C.1).

Genotype–Phenotype Associations. Phenotype-associated SNPs were identified
for seedlings from the range-wide sample of natural populations only, to
avoid biases from allele frequency differences between comparative natural
and selected seedling populations (20). Natural seedling genotypes (n = 929) in
the SNP table were filtered further to retain 36,384 SNPs with minor allele
frequencies ≥ 0.01. GPA (also known as GWAS) analyses of 32,449 SNPs in 929
natural seedlings were implemented using the mlma function in GCTA (44)
and the seedling phenotypic residual values of each trait (SI Appendix, section
C.2). Population structure was controlled using a relatedness matrix recon-
structed from a set of 3,935 filtered intergenic control SNPs included in the SNP
array for this purpose and excluded from GPA analyses (SI Appendix, section C.
2). Population structure in the natural seedlings used for these GPAs was
assessed using coordinate plots from MDS of the control SNP relatedness
matrix, implemented using the cdmscale function in R. This was repeated using
the control SNPs in the selected seedlings as an additional population structure
check, although selected seedlings were not used for GPAs.

To reduce biases arising from SNPs in high LD, only the SNP from each
genomic contig with the lowest GPA P value for height was retained, leaving
18,563 SNPs. GPA results of the remaining three traits were reduced to match
this suite of height-associated SNPs so that we could compare the effects of
selection for height on the same SNPs among traits. Finally, SNPs in the bottom
0.01 quantile of GPA P values for each trait were identified as the top 1%
associated SNPs (n = 186 SNPs per trait) and used for our remaining analyses.

PEA Responses to Selective Breeding. From the top 1% SNPs associated with
each trait, we summarized the effects of selection on PEA proportions for in-
dividual seedlings and PEA frequencies individual SNPs. The total number PEAs
carried by an individual seedling was referred to as the PEA proportion, cal-
culated across all 186 SNPs for each trait. Distributions andmeans of seedling PEA
proportions were compared between natural and selected seedlings. We vali-
dated these analyses by conducting 1,000 random draws of 186 SNPs without
replacement and using theWilcoxon rank sum test (wilcox.test in R) to compare
distributions of PEA proportion at these loci between natural vs. selected in-
dividuals. Significance was assessed by comparing the P values for the top 1%
SNPs with the P values from these random draws. The 2σ values of PEA pro-
portion distributions from each iteration and region were used to demonstrate
the difference in variation captured by random vs. phenotype-associated PEAs.

Individual SNP PEA frequencieswere calculated separately across natural and
selected seedlings, and frequency differences between seedling types were
used to quantify responses to selection of each SNP. We also identified SNPs
that overlapped among traits. To assess the effects of regional climate on
genome-wide responses to selection, both the individual seedling and indi-
vidual SNP analyses were run for regional subsets of the data that had dif-
ferent phenotypic responses to selection for growth and different MATs (35).
The climatic regions were as follows: southern British Columbia (BC-South,

MAT 4.52 °C, breeding zones EK low, NE low, and TO low); central British
Columbia (BC-Central, MAT 2.46 °C, breeding zones BV low, CP low, and PG
low); and Alberta (MAT 1.53 °C, all breeding zones) (Fig. 1) (SI Appendix,
sections C.3 and C.4).

Genotype–Phenotype and Genotype–Climate Relationships. Within every com-
bination of breeding zone-by-seedling type (natural or selected), the number
of PEAs was counted across all seedlings for each associated SNP. These counts
were then summed across all 186 SNPs and divided by the maximum possible
number of PEAs [n individuals × (186 × 2)] to give the breeding zone mean PEA
frequency for each trait (SI Appendix, Table S3). Genotype–phenotype rela-
tionships were then summarized by regressing breeding zone-by-seedling type
phenotypic means from MacLachlan et al. (35) (SI Appendix, Table S4) on
breeding zone-by-seedling type PEA frequencies (SI Appendix, section C.5).
The repeated random sampling approach described in PEA Responses to Se-
lective Breeding was also used to validate these relationships by calculating
mean breeding zone PEA frequencies and the genotype–phenotype r2 values
for 1,000 iterations of 186 randomly sampled SNPs.

Data for 19 climatic variables from natural seed lot and seed orchard
parent tree provenances were estimated for the 1961–1990 climate normal
period using ClimateNA, version 5.21 (38) (SI Appendix, Tables S6 and S7).
Clines in breeding zone PEA frequency with breeding zone means for eight
of the climatic and three geographic variables (SI Appendix, Table S5) were
used to assess the proportion of genotypic variation explained by climate,
and identify differences in the slopes of genetic clines between natural and
selectively bred seedlings (SI Appendix, section C.6).

Linkage Disequilibrium. Pairwise LD was calculated separately for natural and
selected seedlings as the squared correlation (r2) among all pairs of associated
SNPs (n = 17,112 pairwise comparisons for 186 SNPs) for each trait. Background
pairwise LD among all 18,563 SNPs was estimated as the mean from repeated
samples (SI Appendix, section C.7). Linkage blocks observed in hierarchically
clustered heat maps of pairwise LD r2 values were validated using comparisons
with physical linkage from a lodgepole pine genetic mapping population
consisting of 106 haploid megagametophytes from a single maternal parent
(SI Appendix, section C.7).

GO and Annotation. Toprobe the functional basis of large phenology-associated
SNP clusters and clusters of SNPs that overlapped among all traits in the
pairwise LD analysis, we used the Eukaryotic nonmodel Transcriptome Anno-
tation Pipeline (EnTAP, v.0.9.0) (45) to provide GO term analyses and func-
tional annotations for coding regions of our lodgepole transcriptome
represented in the SNP array. The GO and KEGG databases, as well as three
protein databases: UniProt (46), National Center for Biotechnology Informa-
tion (NCBI) RefSeq complete (47), and the TAIR 10 database (48) were all re-
trieved on June 5, 2019. Homology searches were run on the UniProt, NCBI
RefSeq, and TAIR 10 databases. Annotated transcripts were mapped to our
reference, and we transferred transcript annotations to individual SNPs using
positions from the mapped transcripts (SI Appendix, section C.8).

Data Availability. The data and custom analysis scripts used in this paper have
been deposited in the Dryad Digital Repository (DOI: 10.5061/dryad.ncjsxkstp).
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