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Summary

� Adaptation to climate across latitude and altitude reflects shared climatic constraints, which

may lead to parallel adaptation. However, theory predicts that higher gene flow should favor

more concentrated genomic architectures, which would lead to fewer locally maladapted

recombinants.
� We used exome capture to resequence the gene space along a latitudinal and two altitudi-

nal transects in the model tree Populus trichocapra. Adaptive trait phenotyping was coupled

with FST outlier tests and sliding window analysis to assess the degree of parallel adaptation as

well as the genomic distribution of outlier loci.
� Up to 51% of outlier loci overlapped between transect pairs and up to 15% of these loci

overlapped among all three transects. Genomic clustering of adaptive loci was more pro-

nounced for altitudinal than latitudinal transects. In both altitudinal transects, there was a

larger number of these ‘islands of divergence’, which were on average longer and included

several of exceptional physical length.
� Our results suggest that recapitulation of genetic clines over latitude and altitude involves

extensive parallelism, but that steep altitudinal clines generate islands of divergence. This sug-

gests that physical proximity of genes in coadapted complexes may buffer against the move-

ment of maladapted alleles from geographically proximal but climatically distinct populations.

Introduction

Strong phenotypic divergence along biotic and abiotic gradients
has been documented across a multitude of taxa, and may lead to
speciation even in the face of high levels of gene flow (Savolainen
et al., 2013). On the one hand, repeated instances of such diver-
gence from shared allelic variants has been documented in several
well-studied model systems. In three-spine sticklebacks (Gasteros-
teus aculeatus), establishment of low-armor EDA alleles has
occurred repeatedly with colonization of freshwater environments
(Colosimo et al., 2005), and recurrent deletion of a regulatory
element in Pitx1 has been shown to govern pelvic reduction – a
hallmark of the freshwater species (Chan et al., 2010). In the stick
insect Timema cristinae, replicate pairs of ecotypes that exhibit
different host preferences share a large proportion of divergent
single nucleotide polymorphisms (SNPs) (Soria-Carrasco et al.,
2014). Less is known about plants, but a recent study (Renaut
et al., 2014a) suggests that adaptation across latitudinal and lon-
gitudinal gradients in sunflower (Helianthus spp.) species pairs
involves many of the same genomic regions. On the other hand,
phenotypic convergence may evolve from different underlying
genetic bases – for example, the genetic basis for coat color in
beach mice differs between populations separated by c. 300 km

(Steiner et al., 2009), and latitudinal variation in body size in
Drosophila spp. depends on either the number of cells or cell size
(James et al., 1995; Zwaan et al., 2000). Conte et al. (2012)
reviewed the literature on parallel adaptation and found that, on
average, the probability that the same genes are used for adapta-
tion in different linages is 0.32–0.55, suggesting that there are
approximately two to three potentially adaptive genes for each
individual gene used in adaptation. This raises the question of
whether instances of parallel adaptation from the same genes in
the wild reflects something special about those genes, or whether
each bout of adaptation simply involves sampling from a cohort
of largely equivalent loci.

Although emerging evidence suggests parallel adaptation from
the same alleles may be common, less is known about how vary-
ing levels of gene flow influences the genomic architecture of
adaptation. In heterogeneous environments, gene flow between
differentially adapted populations may counteract the effects of
local selection. The constraints imposed by gene flow may be
more pronounced in areas with steep climatic gradients over rela-
tively restricted geographic scales, and theory suggests that clus-
tering of adaptive loci may buffer against the effects of high gene
flow in such cases (Smith, 1977; Nosil et al., 2009). Yeaman &
Whitlock (2011) found that as migration rates increase, more
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concentrated genetic architectures are favored, which may be the
result of genomic rearrangements that bring adaptive alleles into
close physical proximity (Yeaman, 2013). Empirical support for
the notion that these ‘islands of divergence’ are important to
adaptation with gene flow is mixed. Three intervals encompass-
ing 2.8Mb were significantly differentiated between sympatric M
and S forms of Anopheles gambiae (Turner et al., 2005), and the
prevalence of such islands was more pronounced in closely related
species of Heliconius butterflies (Nadeau et al., 2012). By con-
trast, recently diverged Helianthus species did not show evidence
of a relationship between the size or number of these islands and
propensity for gene flow among the species (Renaut et al., 2013).
A reanalysis shows that in some cases islands of divergence exhibit
reduced within-population diversity that led to high FST in these
regions (Cruickshank & Hahn, 2014). Although a local selective
sweep coupled with restricted gene flow is expected to generate
this pattern (Delmore et al., 2015), it may also be due to reduced
mutation, reduced recombination, or recurrent selection in the
ancestral population before divergence (Cruickshank & Hahn,
2014). The lack of consistency among taxa may also be due to
the transient nature of islands of divergence – although they can
persist for long periods of time, more often these islands are
ephemeral, and when selection on individual loci is weak and
gene flow high, the gradual accumulation of linked locally adap-
tive alleles may lead to a rapid transition toward reproductive iso-
lation, a process known as genome-wide congealing (Flaxman
et al., 2014).

Temperate tree species are a useful model to test whether these
predictions are borne out in an empirical context. Since the last
glacial maxima many northern tree species have migrated from
refugia to occupy extant ranges spanning thousands of kilometers
from southern to northern limits. Concomitant differentiation in
traits related to local climatic adaptation, particularly seasonal
dormancy cycling, has been documented in numerous common
garden studies (Howe et al., 2003; Savolainen et al., 2007). In a
few species, adaptation may have also proceeded in parallel,
including both migration across latitude from distinct refugia in
the east and west, or along altitudinal gradients representing
much steeper environmental clines. Studies of the genomic basis
for adaptation to climate across Populus species suggest conver-
gent adaptation involving genes that govern perception and trans-
duction of day-length signals (Bohlenius et al., 2006; Ingvarsson,
2008; Keller et al., 2011; Evans et al., 2014; Zhou et al., 2014).
We combined exome capture with sampling along both latitudi-
nal and altitudinal gradients in the model tree Populus trichocarpa
to address two questions: Does intraspecific adaptation along par-
allel environmental gradients proceed at least in part from the
same loci?, and Does the genomic architecture of clinal adapta-
tion differ at coarse and fine spatial scales?

Materials and Methods

Plant materials and adaptive phenotypes

A total of 391 Populus trichocarpa Torr. & Gray genotypes were
collected from geographic locations of diverse latitude, longitude

and elevation that represent most of the species range. Among
these were two altitudinal transects, originating along the Coqui-
halla Highway (49.75°N, 121.00°W; 60 genotypes) and High-
way 99 (50.08°N, 123.06°W; 89 genotypes) in British
Columbia, and one latitudinal transect spanning most of the
species’ North–South range (242 genotypes) (Fig. 1a). The latitu-
dinal transect comprised 130 samples from a collection made by
Xie et al. (2009) as well as from our own collections and those
provided by collaborators in Alaska, Washington, Oregon and
California. Mean sample sizes were 10.5 (range: 5–19) and 11.5
(range: 6–16) per population for latitude and altitude, respec-
tively (Supporting Information Table S1). Branch cuttings were
rooted in a mist house and subsequently transplanted in May
2011 to an outdoor common garden located at the Reynolds
Homestead Forest Resource Research Center located in Patrick
County, Virginia (36°370N and 80°090W). Ramets of each geno-
type were planted in a randomized complete block design with
four blocks. Height growth was measured after all trees had set
bud in the fall of 2013. Best linear unbiased predictors (BLUPs)
for height were calculated according to the following model:

Yijk ¼ lþ ri þ cj þ gk þ eijk ;

(l, phenotype mean; ri, fixed effect of row I; cj, fixed effect of
column j; gk, random effect of clone k; eijk, residual error). Posi-
tion (column and row in common garden) and ramet were
treated as random effects. For each transect we quantified popula-
tion differentiation in height growth by estimating QST. Clonal
BLUPs and variance components were estimated according to
the following model:

Yijk ¼ lþ Bi þ Pj þ GkðPjÞ þ eijk ;

(Yijk, value for the kth genotype from the jth population in the
ith block; l, population mean; Bi, fixed effect of the ith block; Pj,
random effect of the jth population; Gk(Pj), random effect of the
kth genotype in the jth population; eijk, experimental error). QST

was computed as:

QST ¼ r2
P

ðr2
P þ 2r2

G ðPÞÞ
;

(r2
P , among-population component of variance; r2

G ðPÞ, geno-
type-within-population component of variance).

Sequence capture and sequencing

DNA was extracted from young leaves using a Qiagen DNeasy
kit (Qiagen) and quality-assessed with a NanoDrop Spectropho-
tometer. Acceptable extractions had a 260 : 280 ratio of 1.7–2.0
with a minimum concentration of 20 ng ll�1. Phytozome v7.0
annotation and assembly files for P. trichocarpa (corresponding to
assembly v2.2 of the poplar genome) were used to design
oligonucleotide baits complementary to short genomic regions
that targeted exons, promoter and intergenic control regions. A
total of 230 720, 120-bp baits were designed using SureSelect
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eArray software (Agilent Technologies, Santa Clara, CA, USA).
The baits targeted > 39 000 of the 40 668 annotated protein-cod-
ing transcripts in the poplar genome. As the cumulative length of
the predicted exons exceeded the available baits, following bait
design in eArray we looped through the gene list, selecting one
bait for each gene at each pass, until the maximum number of
baits (i.e. 230 720) was reached. In addition to exons, baits tar-
geting the 240-bp region upstream of the 50-UTR were included
in the design for genes with an annotated 50-UTR, as well as
1000 baits targeting intergenic regions to be used as neutral con-
trol loci. These control loci were selected at random from non-
repetitive intergenic intervals at least 1000 bp from any gene
model. Using this design, a custom biotinylated RNA bait library
was synthesized by Agilent.

Library preparation and target enrichment were performed fol-
lowing the Agilent SureSelectXT protocol (version B, April 2012).
Briefly, 3.0 lg of poplar genomic DNA was sheared on a Covaris
S220 instrument at the Virginia Bioinformatics Institute (VBI),
followed by end repair, 30-end adenylation, adaptor ligation and
amplification. Agencourt AMPure XP beads were used to purify

the libraries following each step, and library quality was assessed
using an Agilent Bioanalyzer 2100 with DNA 1000 chips.
Samples were randomly assigned one of 96 available index
sequences and subsequently randomly assigned to groups of 16,
each of which corresponding to a HiSeq sequencing lane. The
prepped libraries were hybridized to the RNA baits in solution at
65°C in an Eppendorf Mastercycler PCR machine (Eppendorf,
Hamburg, Germany), and subsequently purified on magnetic
beads. The multiplexed libraries were sequenced using an Illu-
mina HiSeq 2500 System in a 29 100 paired-end format at
VBI.

Data analysis and SNP detection

Before alignment to the v3.0 reference P. trichocarpa genome, we
completed quality control, demultiplexing, read trimming and
re-pairing. A high-quality read met the following criteria: demul-
tiplexable (up to one mismatch was allowed in the barcode),
mean quality score (Q-score) ≥ 30, minimum Q-score ≥ 13 and
no undetermined nucleotides. However, undetermined bases
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Fig. 1 (a) Sampling locations of Populus trichocarpa population and (b) divisive hierarchical clustering of all single nucleotide polymorphisms for the full
panel of P. trichocarpa genotypes (All samples), and each of the two altitudinal transects (Highway 99 and Coquihalla). Colored triangles on associated
maps correspond to branches on the respective dendrogram, with warm (reds) to cold (blues) colors corresponding to warm through to cold environments,
respectively. For the rangewide clustering, these colors reflect the south–north cline, whereas for the two altitudinal transects they reflect the low- to high-
elevation clines. (c) Clines in height growth in the Virginia common garden. For the latitudinal cline, a subset of samples were selected (dashed ellipse in
(a)) that span the same difference in mean annual temperature as in the altitudinal transects.
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were tolerated if near the end of a read, in which case the read
was trimmed before being passed to downstream analysis. Reads
that passed QC filters were re-paired for alignment to the refer-
ence genome using the Burrows–Wheeler Aligner (BWA) (Li &
Durbin, 2009) with the IS linear-time algorithm. For each poplar
clone, the paired-end reads were aligned separately using the aln
command with default settings, and then converted to alignments
in the SAM format. SNPs were called using SAMtools (Li et al.,
2009) by first converting uniquely aligned SAM-formatted
records into a binary format, and then sorting and indexing the
resulting files. The mpileup function was subsequently applied to
generate raw variants which were thereafter converted into variant
call format (VCF) (Danecek et al., 2011). All SNPs located in
genomic regions of a minimum length of 60 bps that were cov-
ered at a minimum depth of 59 among 75% of the total geno-
types were retained. Missing genotypes and haplotypic phases
were inferred using fastPHASE (Scheet & Stephens, 2006).

Population structure, BayeScan and islands of divergence

We estimated FST across all loci using the R package hierfstat for
both the full dataset (including latitudinal and altitudinal sam-
ples) and separately for the altitudinal transects (http://cran.r-
project.org/web/packages/hierfstat/index.html). To visualize
overall population structure in the data, we used the cluster pack-
age in R to similarly perform divisive hierarchical clustering (di-
ana function) of the samples on the basis of all SNP genotypes.
We then generated a gradient palette from red (warm sample
locations – low latitude or low elevation) to blue (cold sampling
locations – high latitude or high elevation) using RColorBrewer
and assigned a unique color along this spectrum to each sample
according to its origin, which were applied to each terminal
branch of the dendrogram using the dendrapply function. We also
tested isolation-by-distance for each transect by regressing the lin-
earized FST estimates obtained above on geographic distance
between each population pair. To place our data in the context of
recent papers that used principal component analysis (PCA) to
uncover population structure in P. trichocarpa, we also completed
a PCA using the prcomp function in R.

BayeScan software (Foll & Gaggiotti, 2008) was used to iden-
tify putative targets of divergent selection from each of the three
transects. It should be noted that although we included all sam-
ples for the purposes of exploring rangewide population structure
described earlier, for the BayeScan analysis we removed the altitu-
dinal samples from the latitudinal cohort, and analyzed the two
altitudinal transects separately (see Table S1 for assignment of
samples to the three transects). Only SNPs with a minor allele
frequency of 10% were used for this analysis to mitigate spurious
outlier detection, which yielded 171 429, 176 566 and 175 310
SNPs for the Coquihalla, Highway 99 and latitudinal transects,
respectively. Settings for BayeScan analysis were as follows:
50 000 iterations discarded as burn-in, 20 pilot runs of 5000 iter-
ations each, and one final chain of 100 000 iterations sampled
every 10 steps. We set the prior odds on the selection model to
10 000, which has been shown to substantially reduce false-posi-
tives under a variety of demographic scenarios (Lotterhos &

Whitlock, 2014). Because the high prior odds we used may not
fully mitigate the effect of false positives under certain demo-
graphic scenarios, particularly nonequilibrium refuge models
(Lotterhos & Whitlock, 2014), we also calculated empirical P-
values using SNPs arising from our intergenic regions (c. 1000
SNPs in each transect). Lotterhos & Whitlock (2014) showed
that employing such a large set of ‘neutral’ loci is a robust way to
assess the empirical false discovery rate (FDR). To do this, we
sorted the neutral loci, divided them by their rank, and subse-
quently assigned an empirical P-value for each genic SNP accord-
ing to its rank along the distribution of neutral loci. It should be
noted that our selection criteria for intergenic SNPs (see earlier)
means that some may be influenced by hitchhiking at adjacent
genic SNPs. However, the random placement of these intergenic
SNPs across the genome means this should be rare, and would
lead to a more conservative test if it were to occur. We found that
a BayeScan q-value threshold of 0.05 corresponded to empirical
P-values of 0.025, 0.023 and 0.055 for the Coquihalla, Highway
99 and Rangewide transects, respectively (Table S2). This sug-
gests that the high prior odds setting coupled with the particular
demographic history of this species effectively mitigated false pos-
itives. Because introgression from balsam poplar (P. balsamifera),
a sexually compatible species, may lead to false positives where its
range overlaps with our sampling locations, particularly in the
north, we repeated the analysis excluding these northern samples
(Table S1) and found a high correlation between the two
(r = 0.97; Fig. S1). Significance for the number of outliers over-
lapping between and among transects was assessed using the
dhyper function in R. Specifically, we calculated the cumulative
distribution of between one and 500 overlapping outliers given
the observed number of outliers in each of a given pair of tran-
sects, which were drawn from the total pool of SNPs. For the
three-way case, we calculated the probability of between one and
500 overlapping outliers given the observed number of outliers
that overlapped between the two altitudinal transects (481) and
the total number of outliers in the latitudinal transect. To calcu-
late the number of ‘potentially adaptive SNPs’ that would maxi-
mize the observed level of overlap, we used the dhyper function to
calculate the number of SNPs (between one and 25 000) that
maximizes the probability of obtaining the observed number of
overlapping outliers. A hypergeometric test with FDR control
was used to identify enriched gene ontology (GO) terms among
two-way and three-way parallel outliers.

For each transect, genomic islands of divergence were identi-
fied per chromosome using a sliding window method that mini-
mizes noise from individual site-based divergence estimates
(Renaut et al., 2014b). Overlapping 10 SNP windows, sliding
two SNPs at a time, were generated to identify genomic regions
containing more SNPs in the first percentile of BayeScan results
than expected based on the genome-wide distribution. To assess
significance, bootstrap samples of 10 SNP intervals were ran-
domly sampled 1000 000 times, and the proportion of first per-
centile loci over the total of the resampled dataset was calculated
and used as a cutoff for significance. Genomic regions with
P < 0.0001 were considered islands of divergence. In addition to
the raw islands, we investigated co-localization of islands in the
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genome by merging adjacent islands when located within 100 kb
or 1Mb of one another. Finally, to estimate the time to most
recent common ancestor (TMRCA) for each transect, we used
Pairwise Sequentially Markovian Coalescent (PSMC) software
(Li & Durbin, 2011). The PSMC method uses the TMRCA dis-
tribution to infer changes in effective population size over time.
The time at which the effective population size reaches infinity is
considered a split event, but this only happens in the case of com-
plete separation. In intraspecific scenarios of continuous migra-
tion post-split, the Ne increases in a step-wise manner, and the
point of initial increase in Ne is approximated as the split event.
The phased sequence data for a subset of individuals from each
transect, relatively evenly sampled across the respective transects,
were used to estimate the split times. For all comparisons, we ran
30 iterations of PSMC with the following settings: Tmax = 20,
n = 64, and pattern of 549 1 + 19 10. The intuition behind
these parameters is that to achieve accurate estimation of effective
population size, a sufficient amount of recombination must be
observed per time interval. Confidence intervals for point esti-
mates of TMRCA were estimated with 100 bootstrap replicates
for each individual. We converted the resulting coalescent units
to years using a generation time of 15 yr and a mutation rate of
19 10�8 per site yr�1.

Results

Evidence for parallel adaptation

We sampled three ‘transects’: one across the latitudinal extent of
the P. trichocarpa range (northern California through south-east
Alaska), and two rivers that follow highways through mountain
passes in southern British Columbia, Canada (Coquihalla High-
way and Highway 99) (Fig. 1a). Each of the altitudinal transects
originated near sea level and terminated at c. 1200 m above sea
level. The distance between the lowest and highest sampling
point was c. 50 and 100 km for the Coquihalla and Highway 99
transect, respectively, whereas for the latitudinal transect the dis-
tance from the southernmost to northernmost population was c.
3500 km. Population structure was generally low but discernable
at both coarse (across the latitudinal species range) and fine (alti-
tudinal transects) spatial scales (Fig. 1b). Clustering of all samples
yielded distinct clades according to population origins, with the
altitudinal transects forming relatively homogeneous groups.
Two clades were apparent for the Highway 99 transect, and only
one for the Coquihalla (Fig. 1b). A separate clustering yielded
clades corresponding to low-, mid- and high-elevation groups for
each of the altitudinal transects (Fig. 1b). PCA revealed a similar
pattern of population structure – when all samples were included,
the leading PCs were largely driven by the range peripheries, but
finer scale structure was evident for the altitudinal transects
(Fig. S2). Mean FST was higher on average for the latitudinal
(0.055; 95% CI 0.053–0.058) than for either altitudinal transect
(FST 0.040 (95% CI 0.037–0.042) and 0.034 (95% CI 0.032–
0.035) for the Coquihalla and Highway 99 transects, respec-
tively). The range of FST estimates among population pairs was
greater for the latitudinal transect (0.016–0.169) than for either

latitudinal transect (0.031–0.049 for Coquihalla and 0.020–
0.041 for Highway 99). Isolation-by-distance was significant for
both the latitudinal (R2 = 0.384, P < 2e-16; Fig. S3) and High-
way 99 (R2 = 0.07, P = 0.049) transects, but not the Coquihalla
transect. The proportion of variance in height growth explained
by differences among populations (QST) was 0.36 (95% CI
0.22–0.50) for the Coquihalla transect, 0.16 (95% CI 0.01–
0.35) for the Highway 99 transect and 0.53 (95% CI 0.40–0.66)
for the latitudinal transect. We compared these QST values with
the distribution of FST values across all SNPs and found that each
exceeded the 99th percentile of those FST, suggesting that natural
selection maintains population divergence in growth for each
transect. For the Coquihalla, Highway 99 and latitudinal tran-
sects the 99th percentile of FST was 0.15, 0.12 and 0.33, respec-
tively. To directly compare the strength of adaptive clines in each
of the transects, we subsampled the latitudinal transect to achieve
a range of mean annual temperatures (MAT) comparable to the
altitudinal transects (DMAT between the warmest and coldest
populations of c. 5.7°C). MAT was chosen as a proxy for growing
season length, as seasonal temperature variation across latitude
and altitude should correspond to differences in critical day-
lengths for growth cessation. The relationship between height
growth, an adaptive trait that integrates spring and fall bud phe-
nology and growth rate, and MAT was significant for both the
subsampled latitudinal and the two altitudinal gradients (Fig. 1c).
Across latitude, R2 was 0.23, whereas for the Highway 99 and
Coquihalla transects, R2 was 0.11 and 0.36, respectively.

More FST outliers (Q < 0.05) were identified for the latitudinal
transect (7354, or c. 4% of SNPs) than for either of the two alti-
tudinal transects. For the Coquihalla Highway and Highway 99
transects, there were 3549 and 2049 outliers, respectively
(Fig. 2a). There was substantial overlap both between and among
transects for outlier loci (Fig. 2a), which was very unlikely to have
occurred under the null hypothesis that outliers were drawn ran-
domly from among all tested SNPs (P c. 0; Fig. 2b,c). For exam-
ple, 1503 (42.3%) of the Coquihalla outliers were shared with
the latitudinal outliers, whereas 1062 (51.8%) of the Highway
99 outliers were shared with latitude. Between the two altitudinal
transects, 481 outlier SNPs were shared (corresponding to 23.5%
of Highway 99 and 13.6% of Coquihalla outliers, respectively),
and among all three transects, 319 outliers were shared (corre-
sponding to 15.6, 9.0 and 4.3% of Highway 99, Coquihalla and
latitudinal outliers, respectively). As a given bout of adaptation
may proceed from a subsample of ‘potentially’ adaptive variants,
we also calculated the number of these hypothetical available
adaptive SNPs that would maximize the observed overlap among
transects. For the case of two-way overlap between the altitudinal
transects, the probability of 481 overlapping loci was maximized
at c. 12 000 available adaptive SNPs, whereas the three-way over-
lapping SNPs would be expected by chance if adaptation in each
transect proceeded from a pool of c. 10 000 loci (Fig. 2d,e).

We used GO enrichment analysis to identify the biological
processes that were enriched for parallel outliers. Among the two-
way and three-way groups, 27 GO terms were overrepresented in
at least one case (Q < 0.05; Fig. 3). Although diverse biological
processes were represented (e.g. GO terms ‘cellular process’,
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GO:0009987; and ‘metabolic process’, GO:0008152), nine of
11 GO terms significant across all three transects were related to
development (e.g. ‘developmental process’, GO:0032502; ‘em-
bryonic development’, GO:0009790; ‘reproductive process’,
GO:0022414). Among the genes annotated to these categories
that overlapped among all three transects were several regulators
of light-mediated processes, including orthologs of
FLOWERING LOCUS D (FLD; Potri.008G035200),
CRYPTOCHROME 1 (CRY1; Potri.002G096900),
REDUCED VERNALIZATION RESPONSE 1 (VRN1;
Potri.004G147200), TIME FOR COFFEE (TIC;
Potri.008G151200), LUX ARRHYTHMO (LUX;
Potri.009G035000) and BELL-LIKE HOMEODOMAIN 1
(BLH1; Potri.009G017400) (Table S2).

Clustering of outlier loci is more pronounced at fine spatial
scales

Although the latitudinal transect contained a much larger num-
ber of outliers than either altitudinal transect, many fewer islands
of divergence were found across latitude. There were 17 islands
for the latitudinal transect, whereas for the two altitudinal tran-
sects there were 26 (Coquihalla) and 33 (Highway 99) islands.
Mean island length for the altitudinal transects was consistently
greater than the latitudinal transect regardless of the merging dis-
tance. Island lengths were similar for both the raw islands (i.e.
without merging) and when islands within 100 kb of one another
were merged (Fig. 4a). Mean island length was 1.4- and 1.8-fold
greater for the altitudinal compared with latitudinal transects for
the raw islands and 100 kb merge, respectively (P = 0.046 and

0.024, respectively, based on Welch two-sample t-tests). For a
merging distance of 1Mb, this difference increased substantially
to 3.8- and 5.3-fold when comparing Coquihalla and Highway
99 transect, respectively, with the latitudinal transect (P = 0.022).
Surprisingly, the data supported no merging of individual islands
for the latitudinal transect at distances of 100 kb or 1Mb,
whereas several regions of exceptional length were found for the
two altitudinal transects when individual islands within 1Mb of
one another were merged (Fig. 4b). These extended islands were
most pronounced for the Highway 99 transect, for which there
were two on chromosome 15 and one on chromosome 5.
Although co-localization of islands was evident in several
instances for pairs of transects, only once, on chromosome 7, did
an island encompass all three. To assess whether these patterns
could be explained by more recent selection for the altitudinal
transects as a result of more recent colonization than the latitudi-
nal transect, we estimated the time to most recent common
ancestor (TMRCA) for each using PSMC. TMRCA estimates
were similar among the transects: 19 532 yr before present (ybp)
for Coquihalla (95% CI 14 287–24 777), 19 030 ybp for High-
way 99 (95% CI 14 652–23 408) and 18 044 for latitude (95%
CI 16 417–19 670). No statistical differences in TMRCA
between the transects was found (P > 0.05 for each contrast).

Discussion

Local adaptation across latitude and altitude

Most studies to date aimed at elucidating the genomics of parallel
adaptation have employed pairs of recently diverged species. This
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approach has substantially advanced our understanding of how
species adapt to shared environmental constraints, but is inher-
ently limited by the availability of lineages with such

characteristics. We took an intraspecific approach that may be
more generally applicable – latitude and altitude represent similar
axes of climatic variation, which may lead to parallel adaptation
at the phenotypic level for climatically relevant traits. In woody
perennials such as poplar, among-population differentiation for
growth traits in part reflects the timing of seasonal dormancy
transitions. As substantial cold hardiness is incompatible with
growth, local populations integrate day-length and temperature
cues to cease growth in the fall and resume it in the spring,
respectively. Although the environments at the southern and
northern range limits of poplar are not identical to those at the
lowest and highest altitudes for the altitudinal transects, the pat-
tern (warm to cold) is the same. For example, the mean annual
temperature (MAT) for the origin of our coastal California popu-
lations is 11°C, whereas at the lowest altitude for the Coquihalla
highway transect MAT is 8.6°C. By contrast, the MAT for our
coastal Alaska population is 2.4°C, whereas for the Coquihalla
summit (highest elevation population) MAT is 3.7°C. Hence,
although there is a broader range of MAT across latitude, the
range in climates across altitude is quite dramatic as well. We
show that across the same range in MAT, adaptive clines for
growth in poplar are significant for altitude and latitude. Interest-
ingly, the strongest cline was for the Coquihalla transect, for
which the highest and lowest populations are separated by only c.
50 km. Although this steep environmental gradient may result in
barriers to gene flow as a result of differential reproductive timing
for high- and low-elevation populations – a hypothesis that
remains to be tested – our results show that population structure
is lower across altitude than latitude, which suggests that gene
flow is more extensive in the former than the latter. This result is
consistent with previous studies of population structure in
P. trichocarpa, which show that with genome-wide data, popula-
tion differentiation is discernible at a variety of spatial scales
(Slavov et al., 2012; Geraldes et al., 2014). Similarly, range-wide
isolation-by-distance (IBD) is relatively strong in this species, and
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declines at finer spatial scales (Geraldes et al., 2014). An impor-
tant point regarding the scale of population structure and its
implication for the false positive rate of FST outlier tests in
P. trichocarpa was raised by Slavov et al. (2012), who found a
high degree of covariation between individual single nucleotide
polymorphism (SNP) loci and latitude (10–20% depending on
the sample). It is difficult to interpret this result given that it was
based on only 16 samples; nevertheless, we were concerned about
the broader issue of false positives as a result of demography and
attempted to mitigate them by both adjusting upward the prior
odds of neutrality, as well as comparing model-estimated Q-val-
ues with empirical P-values estimated from intergenic loci. The
latter suggest that our analysis yielded an acceptable false discov-
ery rate. Geraldes et al. (2014) set a similarly high prior odds and
compared outlier behavior for two population samples, one com-
prising individuals from only the center of the range (southern
British Columbia) and one that also included northern BC,
Washington and Oregon, and concluded that whereas the ‘core’
sample likely harbors fewer false positives, it also leads to a high
degree of false negatives as evidenced by the enrichment of out-
liers for GO terms related to photoperiodic processes in the more
diverse sample.

Parallel adaptation

We found a remarkable level of overlap among outlier loci for
the three transects, which was very unlikely to have occurred by
chance and likely reflects adaptation to climate. The magnitude
of this parallelism was similar to a recent study in stick insects in
which c. 17% of SNPs overlapped for ≥ 2 population compar-
isons (Soria-Carrasco et al., 2014). Interestingly, a greater num-
ber of outliers overlapped between the latitudinal transect and
each of the two altitudinal transects, than between the two altitu-
dinal transects. This suggests that as colonization proceeded up
these two mountain valleys, each drew adaptive alleles from a
common pool of standing variation available in the ancestral low-
elevation population of southwest British Columbia (which sub-
sequently or contemporaneously colonized nascent northern
habitats). As such, although independent in a spatial sense, altitu-
dinal colonization in this species may not be independent from
latitudinal colonization in an evolutionary sense. However, the
mountainous areas we sampled represent a much steeper environ-
mental gradient compared with colonization across latitude,
which may mean that different standing variants were needed to
enable colonization upslope than were needed to colonize a com-
parable northward distance. Therefore, the degree of parallelism
we observe while reflecting adaptation to a similar range in cli-
matic niches (high vs low altitude and latitude), probably arose at
different timescales. Although our results argue strongly against
the null hypothesis that each transect is randomly sampling out-
liers from among all available SNPs, the extent to which the over-
lapping outliers represent a particularly important cohort of
alleles, as opposed to a sub-sample of a larger pool of potentially
adaptive SNPs, is an open question. Theory predicts that the
probability of parallel adaptation for a single gene is 2/n + 1,
where n is the number of beneficial mutations available (Orr,

2005), and empirical studies suggest that n within a single gene
may be quite small (Weinreich et al., 2006; Rokas & Carroll,
2008). Epistasis may further constrain the pool of adaptive muta-
tions available to a population (Weinreich et al., 2005). As such,
there may be relatively few paths to adaptation, even for quantita-
tive traits. Indeed, Conte et al. (2012) found that the probability
of gene reuse on the basis of published quantitative trail loci
(QTL) mapping studies was 0.32, which implies that if a given
gene is used for adaptation in one population, there are 3.1
potentially adaptive genes that may be used by a second popula-
tion adapting to the same selection pressure. This is likely to be
an underestimate as it is unknown how many genes or polymor-
phisms underlie most QTL. Nevertheless, given these results we
reversed the intuition of the hypergeometric test to ask how large
a hypothetical pool of potentially adaptive SNPs would be
needed to yield the observed level of overlap if each bout of adap-
tation (i.e. each transect) were a random draw from this hypo-
thetical pool. That probability was maximized with a pool of c.
10 000–12 000 potentially adaptive alleles. Interestingly, the total
number of unique outliers among all three transects was c.
10 000. These loci surely do not represent all loci that could be
adaptive in the context of climatic variation across the range of
poplar, and likely include some false positives due to population
history (Lotterhos & Whitlock, 2014). However, this number is
similar in magnitude to that which maximizes the observed num-
bers of overlapping outliers among our transects, and is consistent
with the results of Conte et al. (2012), which suggests that it may
be a reasonable first approximation of the number of readily
detectible and potentially adaptive SNPs. Although it is possible
that parallel new mutations arose independently in each transect,
it is more plausible that adaptive alleles segregated in ancestral
lineages and were targeted by selection during the process of
migration from a southern glacial refuge through increasing lati-
tudes and altitudes. Indeed, Conte et al. found that gene reuse
was more common for recently diverged lineages, which likely
reflects the potential for shared standing variation as well as a
shared genomic context in which pleiotropies and epistatic effects
have not significantly diverged. Of course, a limitation of FST
outlier tests is that they do not point to the agent of selection.
Although adaptation to local temperature regimes is one of the
most important and predictable patterns across the ranges of tem-
perate and boreal tree species, and likely drives a substantial frac-
tion of our outliers, Populus species also exhibit variation in water
use efficiency (Gornall & Guy, 2007; Oubida et al., 2015), nutri-
ent use efficiency (Soolanayakanahally et al., 2009) and disease
resistance (Ostry & McNabb, 1985). These constraints likely also
play a role in generating among-population genomic differentia-
tion, and may also partly explain the lack of complete concor-
dance of outliers among transects.

Enrichment for developmental processes among parallel
outliers

Emerging evidence from transgenic manipulation shows that
flowering and circadian timekeeping genes in annual plants serve
related functions in trees to sense and respond to the critical
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daylengths essential to correct timing of the activity–dormancy
cycle (Bohlenius et al., 2006; Ruonala et al., 2008; Ibanez et al.,
2010; Hsu et al., 2011; Azeez et al., 2014). Our understanding of
the functional genomics of seasonal dormancy is, therefore, con-
verging on a model in which numerous genes involved in light-
regulated processes in annuals, including photoreceptors, compo-
nents of the circadian clock, the FLOWERING LOCUS T/
CONSTANS (FT/CO) module, and their interactors, have been
co-opted to regulate dormancy in perennials (Olsen et al., 1997;
Bohlenius et al., 2006; Ibanez et al., 2010; Cooke et al., 2012).
Population genomic approaches suggest that variation in some of
the same genes enables adaptation to local environments (Ing-
varsson et al., 2006; Keller et al., 2012; Evans et al., 2014; Ger-
aldes et al., 2014; Zhou et al., 2014). In light of these results, it is
interesting that the GO terms significant for all two-way and
three-way parallel outlier groups were largely related to develop-
ment in general and reproduction in particular. Genes harboring
outliers that were significant across all three transects include
FLD, a component of histone deacetylase complexes that modu-
late the vernalization gene FLOWERING LOCUS C (FLC ; He
et al., 2003); VRN1, which is required for repression of the FLC
complex during vernalization (Bastow et al., 2004); BLH1, which
regulates the response of PHYTOCHROME A to far-red light
(Staneloni et al., 2009); TIC, a nuclear protein involved in circa-
dian gating of photoperiod response through regulation of circa-
dian clock central oscillator (Ding et al., 2007); CRY1, which is
required for phasing of the circadian clock under blue light
(Somers et al., 1998); and LUX, which is required for normal
rhythmic expression of circadian clock outputs, most likely
through direct regulation by CIRCADIAN CLOCK
ASSOCIATED and LATE ELONGATED HYPOCOTYL
(Hazen et al., 2005). Several genes involved in circadian rhythms
and light perception also contained common outliers in two tran-
sects, including APETALA 1 (Potri.008G098500), a key control
point for dormancy induction that may explain the dual role of
the CO/FT module in dormancy and flowering in trees (Azeez
et al., 2014); PSEUDO-RESPONSE REGULATOR 7
(Potri.008G046200), part of a feedback loop regulating the cen-
tral oscillator of the circadian clock in Arabidopsis (Farre et al.,
2005); CRYPTOCHROME 2 (CRY2; Potri.010G071200), a
blue-light receptor that positively regulates CONSTANS (Guo
et al., 1998); and three AGAMOUS-like genes (AGL66,
Potri.007G087500; AGL29, Potri.004G131100; AGL103,
Potri.008G020300), part of a family of MADS-box transcription
factors involved in flowering in Arabidopsis. Taken together,
these results suggest that climate-driven local adaptation across
both latitude and altitude involves divergent selection for genes
involved in sensing and responding to seasonal light regimes.
This finding is consistent with other recent studies in
P. trichocarpa. For example, out of 515 genes harboring outliers
reported by Geraldes et al. (2014), 48 were in common with our
three-way outliers. Among these were two of the light-signaling
genes noted earlier: BLH1 and VRN1. Evans et al. (2014) rese-
quenced the genomes of 544 P. trichocarpa samples originating
from British Columbia, Washington, Oregon and California,
and used the empirical distribution of FST to identify outlier

regions. Among 1359 of these regions, 17 overlapped with our
three-way outliers. Although no canonical light signaling genes
were among these, Evans et al. did find a strong signal of both
selection and genotype–phenotype associations in the vicinity of
FT and FAR-RED IMPAIRED RESPONSE 1 (FAR1 ). The latter
is a nuclear-localized transcription factor that mediates PHYA
signaling (Hudson et al., 1999) and may facilitate entrainment of
the circadian clock, although no studies as yet link it to dormancy
in trees.

Genomic architecture of adaptation

Many adaptive alleles were shared between the transects, but we
found evidence for increased clustering of outlier loci across alti-
tude rather than latitude. This result is consistent with theoretical
expectations that as migration rates increase, clustering of adap-
tive loci is favored (Yeaman & Whitlock, 2011). The clustering
we observed is particularly striking given that the latitudinal tran-
sect had 2- to 3.5-fold more outliers than the altitudinal tran-
sects. The magnitude of the effect depended on the distance over
which individual islands based on the sliding window analysis
were merged with adjacent islands, with a merging distance of
1Mb producing the most striking result. In this case, a relatively
small number of islands for each altitudinal transect coalesced,
resulting in high variance about the mean island length. Surpris-
ingly, even using the 1Mb merging criteria, no islands were com-
bined for the latitudinal transect. The concentrated genomic
architecture of the outlier loci across altitude suggests divergence
hitchhiking due to higher gene flow. This may be due to neutral
hitchhiking, in which loci linked to selected alleles rise in fre-
quency (Maynard-Smith & Haigh, 1974; Feder & Nosil, 2010),
or it may be the result of direct selection on multiple physically
proximate alleles (Buerger & Akerman, 2011; Via, 2012).
Although the merging criteria we chose are arbitrary, numerous
studies have found evidence for divergence hitchhiking across
genomic intervals spanning many megabases (Emelianov et al.,
2004; Rogers & Bernatchez, 2005; Via & West, 2008). Whereas
neutral hitchhiking around a single selected locus is expected to
decline rapidly with high migration (Feder & Nosil, 2010), mul-
tiple neighboring loci under strong selection can lead to between-
population differentiation at much greater distances (Feder &
Nosil, 2010). An alternative possibility that could explain the dif-
ferences in genomic architecture we find between latitude and
altitude is differences in the timing of migration and, hence,
adaptation to high-latitude and high-altitude environments. That
is, do the more extensive islands of divergence for the altitudinal
transects simply reflect a transient increase in LD due to recent
selection? The paleobotanical literature suggests that this is not
the case. Radiocarbon analyses of fossil wood from the region in
which we sampled the altitudinal transects (and from the exact
location of our high-altitude samples in the Highway 99 transect)
date to c. 9000–10 000 yr before present (ybp) (Menounos,
2002; Menounos et al., 2009). The species composition of these
samples (white pines, spruces, firs) suggests a forest much like the
one we see today (Clague & Mathewes, 1989). More generally,
the process of deglaciation in British Columbia (BC) involved
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retreat from the mountains toward the interior plateaus, which
meant that, counterintuitively, areas significantly above sea level
became ice free before low lying areas (Fulton, 1991). This sug-
gests that colonization of the altitudinal transects we describe
occurred before, or at least contemporaneously with, colonization
across latitude. Moreover, while the Cordilleran ice sheet in
south-west BC collapsed catastrophically after c. 13 500 ybp, with
subsequent colonization of the newly ice-free areas by tree
species, readvance of glacial ice into this area reached a maximum
c. 11 500 ybp (Clague et al., 1997; Kovanen & Easterbrook,
2002). This neoglaciation, known as the Sumas advance, over-
rode nascent low-elevation forests, possibly retarding latitudinal
colonization. To supplement these circumstantial paleoclimatic
data, we estimated TMRCA for each transect. We found these
values to be comparable for each (c. 18 000–19 500 ybp), which
suggests that the transects are of similar age. Taken together,
these results suggest that it is unlikely that differences in the num-
ber or extent of islands of divergence across latitude are due to
more recent selection across altitude than latitude; the most parsi-
monious explanation for the more extensive islands of divergence
we identified in the altitudinal transects is therefore a combina-
tion of the coordinated effect of multiple adjacent adaptive alle-
les, interspersed with neutral loci subjected to hitchhiking.

Conclusions

Adaptation to climate in temperate and boreal tree species
involves correct timing of growth and dormancy to maximize
growth and minimize the risk of frost damage. Here we show
that intraspecific adaptation to climatic constraints along paral-
lel clines involves many of the same loci. The extent to which
the parallel outliers are of particular importance to adaptation,
or whether they are a subsample of a larger cohort of equiva-
lent loci, is an open question, and sampling of additional tran-
sects is warranted. Although many SNPs exhibited enhanced
differentiation in two or three of the transects, there was a
greater degree of genomic clustering of outlier loci where gene
flow was high. This suggests adaptation in the face of high
gene flow involves divergence hitchhiking of physically proxi-
mate adaptive alleles.
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