Patterns of Population Structure and Hybridization within and

between Populus trichocarpa and Populus balsamifera

Muhammed F. Can

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science
in

Forestry

Jason Holliday, Chair
Amy Brunner

Eric Hallerman

December 15, 2021

Blacksburg, Virginia

Keywords: Populus trichocarpa, Populus balsamifera, population structure, hybridization.

Copyright 2021, Muhammed F. Can



Patterns of Population Structure and Hybridization within and be-

tween Populus trichocarpa and Populus balsamifera

Muhammed F. Can

(ABSTRACT)

The genus Populus consists of many ecologically and economically important forest tree
species. Their rapid growth makes them one of the most productive hardwoods growing
in temperate latitudes. Populus spp. frequently hybridize where their ranges overlap, and
poplar hybrids are the most frequently planted genotypes for fiber production. To better un-
derstand the genomics of hybridization in Populus, we sampled and sequenced the genome
of 574 poplar trees from six east-west transects across the hybrid zone between Populus
trichocarpa and Populus balsamifera in western North America. I used these data to char-
acterize population structure within and between transects, and hybridization between the
species. There was a consistent transition from greater P. balsamifera ancestry in the north
and east to greater P. trichocarpa ancestry in the south and west. Hybridization between
the species was common across each of the six transects, though more common in colder
climates. The results also showed that both latitude and longitude affect the genetic struc-
ture of this species complex, and that subtle introgression from P. balsamifera may facilitate

adaptation of P. trichocarpa to colder climates.



Patterns of Population Structure and Hybridization within and be-

tween Populus trichocarpa and Populus balsamifera

Muhammed F. Can

(GENERAL AUDIENCE ABSTRACT)

The genus Populus has many ecologically and economically important forest tree species.
Balsam poplar (Populus balsamifera) and black cottonwood (Populus trichocarpa) are two
such species, both for fiber production and models for understanding tree biology and adap-
tation. Whereas black cottonwood is distributed close to the west coast of North America
from California through Alaska, balsam poplar mostly occurs across the interior of Canada
from Newfoundland through Alberta. Where their ranges overlap, the species often hy-
bridize. In this study, we used genome sequencing of trees collected across six east-west
transects from Washington state through British Columbia, Canada, and Alaska to under-
stand genetic variation and the geography of hybridization. I found evidence of widespread
hybridization across all transects. While the influence of P. balsamifera was extensive in
northern populations, a large number of pure P. trichocarpa were found in southern popu-
lations. The transition from P. trichocarpa to P. balsamifera was also steeper in the south
than the north, with a narrower hybrid zone in the south. Additionally, I found that gene
flow among some populations was limited by temperature and geographical barriers. Taken
together, my results suggest genetic structure and hybridization within and between these
species is driven by climate variation, and that P. balsamifera ancestry may help northern

P. trichocarpa populations adapt to their local environments.
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Chapter 1

Introduction

Understanding how biological species form and persist is a central goal of evolutionary bi-
ology, and of applied importance to their management in a rapidly changing environment
(Hoffmann et al., 2015). Improved DNA sequencing methods have resulted in a new focus
on identifying genomic regions underlying adaptation and speciation in hybrid regions (Elle-
gren, 2008). Due to near geographical proximity and lack of effective reproductive isolation
(RI), when porosity between species is high, selection should favor the evolution of tight
physical association between adaptively interacting genes in hybrid zones to counteract the
homogenizing power of recombination (Yeaman and Whitlock, 2011). Despite various po-
tential paths to RI, many tree species hybridize with their relatives, potentially contributing

to local adaptation in transition environments (Bawa, 2017).

The genus Populus comprises many ecologically and economically important species of forest
trees. Their rapid growth makes them among the most productive hardwood trees grown in
temperate latitudes in North America. Although not as economically important as conifers,
this fast growth coupled with coppice regeneration has made them a focal species for ligno-
cellulosic bioenergy production. Populus also has emerged as a model system for studying
woody perennial biology due to ease of genetic transformation, compact genome, and short
rotation time (Ellis et al., 2010). These features have led to an active, worldwide Populus
research community. Early in the genomic era, more than 100,000 expressed sequence tags

(ESTs) were developed, and later Populus trichocarpa was the third plant species to have its
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genome completely sequenced (Ellis et al., 2010).

In addition to being models for tree biology and genomics, as a source of both traditional
forest products and lignocellulose for bioenergy, poplar (Populus) species are under inten-
sive cultivation (Jansson and Douglas, 2007). Almost all cultivated poplar genotypes are
hybrids, but our understanding of how interspecific genomic associations produce valued
phenotypic effects, such as fast growth and abiotic stress resistance, is still limited. The
most productive hybrid poplar crosses are between the Tacamahaca and Aigeiros sections
because they give rise to abundant heterosis, leading to significant height and biomass gains
in early-generation (F7) hybrids (Stettler et al., 1980). Although increased growth rate is
the primary target of poplar hybrid breeding programs, there is a tension between rapid
growth and traits that depend on the ecological context regarding fitness. These features
include the proper timing of seasonal developmental transitions, as well as structural and
inducible defenses against pathogens. Intraspecific patterns of local adaptation in temperate
and boreal tree species are well characterized (Howe et al., 2003; Savolainen et al., 2007),
while much less is known about specific hybridization of adaptive characters and environ-
mental variation. While inter-sectional hybridization is often used in a production setting,
intra-sectional hybridization is more common in the wild, and may contribute to local adap-
tation. For example, introgression of Populus balsamifera haplotypes into P. trichocarpa has
been reported in eastern and northern P. trichocarpa populations, both in contact zones and
in areas outside of the areas mentioned above (Suarez-Gonzalez et al., 2018). Some stud-
ies showed that introgression from P. balsamifera contributes to shaping the geographically
and climatically related genetic variation patterns of P. trichocarpa (Geraldes et al., 2014).
Introgression from P. balsamifera to P. trichocarpa may allow the latter to occupy colder

climates than typical of the species (Suarez-Gonzalez et al., 2018).

In this study, we sampled branch cuttings from 574 poplar trees from six east-west transects



across the hybrid zone between P. trichocarpa and P. balsamifera in western North America.
They were planted in a replicated common garden in Critz, VA, and each was subjected to
whole-genome re-sequencing. On the basis of the resulting genome-wide dataset, I addressed
the following questions: (1) What is the scale and spatial patterns of population structure
within and between P. trichocarpa, P. balsamifera, and their hybrids? (2) What is the
relationship between geography, climate, and hybridization between the species? (3) What

is the relationship between species identity, hybridization, and spring bud phenology?



Chapter 2

Literature Review

2.1 Studied species

Populus balsamifera and Populus trichocarpa belong to the Tacamahaca section of the genus.
P. trichocarpa (Black cottonwood) is native tree to the western United States and Canada
from northern California to southern Alaska (Figure 2.1) (Gornall and Guy, 2007). It is
likewise found in the interior of the coastal range of mountains. During late Pleistocene
glacial periods, the range of P. trichocarpa was limited to southern and coastal areas, with
subsequent postglacial recolonization that leads to its extant range, reaching northwestern
coastal areas of North America (Levsen et al., 2012). In the southeast, P. trichocarpa can
hybridize with P. fremontii, P. deltoides, and P. angustifolia, and with other species of
Populus under managed circumstances (DeBell, 1990). Due to limited winter hardiness and
possibly water requirements, the range of P. trichocarpa is more restricted than that of P.

balsamifera (Eckenwalder, 1996).

P. balsamifera ranges from Eastern Canada to Alaska (Figure 2.1), having recolonized the
Canadian boreal region after the ice sheets retreated (Najar, 2017). P. balsamifera and P.
trichocarpa both exhibit rapid growth provided they are in the light, near a water supply,
and have very good drainage. Reproductive maturity of each species is generally reached
in 7 - 10 years (Braatne et al., 1996). They can hybridize freely with each other where

their distributions overlap (Viereck and Little, 1972). As P. balsamifera is an incredibly

4



2.2. POPULATION STRUCTURE 5

frost-resistant boreal species, tolerating a very wide range of extreme temperatures (-62 to
44°C) (Richardson et al., 2014), these hybridizations may allow P. trichocarpa to colonize
colder habitats in northern and inland areas than are otherwise typical of the species range

(Suarez-Gonzalez et al., 2016).

Populus balsamifera
Populus trichocarpa

Figure 2.1: The ranges of P. balsamifera and P. trichocarpa (Little and Viereck, 1971)

2.2 Population structure

Population structure arises due to partial reproductive isolation between groups within a
species and may impact the extent of physiological or behavioral adaptations of local pop-
ulations to their environment (Schowalter, 2016). Population structure generally increases
with decreasing gene flow and the duration of time over which populations have been isolated.
In temperate and boreal forest trees, including most Populus species, gene flow via pollen or
seed is usually highly efficient, which minimizes background genetic differentiation between

populations (Rajora et al., 2005). Meirmans et al. (2017) analyzed intraspecific population
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structure in P. trichocarpa and P. balsamifera, which was assessed using principal compo-
nent analysis (PCA), and found that the division between eastern and the central-western
clusters was the most relevant subdivision of P. balsamifera, but more local spatial isolation
still had an effect. They also found that admixture was directional from P. balsamifera to
P. trichocarpa in the north, where the P. trichocarpa range is limited by minimum winter
temperatures. Another study by Geraldes et al. (2014) sampled 498 putative P. trichocarpa
trees originating mostly from British Columbia, Canada (in addition to two provenances from
Washington/Oregon, USA), as well as 10 P. balsamifera reference samples, and genotyped
these with a 34K SNP chip. There was a clear separation between P. trichocarpa and P.
balsamifera, with a low level of admixture between the species. Within P. trichocarpa, they
found that seven clusters best explained by patterns of variation, which were roughly par-
titioned into somewhat heterogeneous groups in Oregon, USA, southern British Columbia,
Canada, and central /northwest British Columbia. A Mantel test suggested that gene flow
across the entire range was limited due to isolation by distance (IBD). Finally, introgression

with P. balsamifera was found only at the boundaries of the distribution of P. trichocarpa.

2.3 Hybridization

Genetic diversity and the evolutionary trajectory of populations and species can be con-
siderably affected by hybridization (Meirmans et al., 2017). Many tree species hybridize
with their congeners, which potentially contributes to local adaptation in transitional en-
vironments (Bawa, 2017). In temperate and boreal trees, the transition between coastal
and continental climates represents an important environment where parent species may
perform poorly relative to their hybrids (Zanewich et al., 2018). For example, De La Torre

et al. (2014) studied the hybrid zone between Picea glauca (white spruce), which is adapted
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to cold and dry continental conditions, and Picea engelmannii (Englemann spruce), which
is adapted to relatively warmer and wetter conditions, in western North America. They
found high levels of admixture and introgression in the contact zone between these species,
and almost all individuals had hybrid ancestry where the species ranges came into contact.
They also found that these two species had a long history of hybridization and introgression,
but strong environmental selection reduced contemporary interspecific gene flow. In addi-
tion to population structure, Meirmans et al. (2017) examined the effect of hybridization
between P. balsamifera and P. trichocarpa to determine how it affects population structure
and adaptation. They sampled 1517 individuals from these two species and genotyped them
with a combination of 93 nuclear and 17 chloroplast DNA (cpDNA) SNPs. The results
showed that introgression was typically restricted to the contact zone where the species’
distributions overlap, although their sampling was distributed in such a way that it would
have been difficult to resolve low levels of introgression in areas adjacent the contact zone.
They also found extensive hybridization across the sampled transects, with a narrower zone
of hybridization in the south, and a broader hybrid zone in the north. Furthermore, differen-
tiation among eastern, central, and western P. balsamifera clusters suggested that historical
influences affected the genetic structure of this species. The Central and Western clusters
had a gradient of ancestry, but the border between the Eastern and Central clusters was
sharp. The sharp border was also associated with climate, and they proposed that during
the late Pleistocene ice ages, the detected clusters were isolated in three refuges. Finally,
they concluded that the ancestry of P. balsamifera was shaped by historical variables, and

the impact of interspecies hybridization was limited.
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2.4 Relationships between adaptation, ancestry, and

climate

Many Populus species have large geographic ranges and reveal strong adaptation to local
environments (Soolanayakanahally et al., 2015). Differences in growth rates and morpho-
logical characteristics can be better determined using populations sampled over wide geo-
graphic ranges (Soolanayakanahally et al., 2015). The “common garden” method (Kawecki
and Ebert, 2004) growing different groups under the same conditions is widely used to
study local adaptation, and can also be used to model tree responses to climate change
(Soolanayakanahally et al., 2015). Spring bud-flush is mainly driven by integration of warm
temperatures over a period of weeks or months (Olson et al., 2013), the timing of which plays
a critical role in the ecological trade-off between survival and growth (Frewen et al., 2000).
Common garden studies reveal that bud-flush timing is related to latitude and elevation of
origin (Frewen et al., 2000). For example, when planted in a warmer common garden site,
trees from high latitude or elevation, which have a relatively low heat sum requirement, may

flush earlier than in their native environment (Pauley and Perry, 1954).

The buds of P. trichocarpa generally open beginning in April through early May, and within
a few weeks, the growth of the short shoot is complete (Critchfield, 1960). Then, a new
terminal starts to develop (Critchfield, 1960). Low temperature-related injury is a serious
problem affecting yields, quality, and survival of agricultural crops and forestry (Tsarouhas
et al., 2003). Bud-flush timing can also be affected by low temperature-related injury because
in spring, newly flushed shoots are at risk from low temperatures (Soolanayakanahally et al.,
2015). For example, after a warm March, a cold April may cause frost damage. Finally, in
order for plants to have frost resistance, they must be set early (Frewen et al., 2000). If

the bud-flush of these plants occurs too early, the tissues can be damaged due to late frost
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(Frewen et al., 2000).

2.5 Genome Re-sequencing strategies

Choosing an appropriate molecular marker is critical to accurately estimating patterns of
population structure and hybridization, and the choice depends on several factors: genome
size, reference genome quality, and cost. DNA sequence-based genotyping has become the
standard, with the “genotyping by sequencing” (GBS) approach being the most cost-effective.
GBS involves digesting genomic DNA (gDNA) with one or more restriction enzymes, followed
by ligation of adapter oligonucleotides that contain individual barcode labels. This latter
stop allows multiple samples to be pooled for sequencing and then for separation during
computational processing (Elshire et al., 2011). Missing data, which is the disadvantage,
is a problem due to polymorphic restriction sites and insufficient sequencing depth. The
GBS method is most useful for genetic mapping studies in populations with high linkage
disequilibrium (LD), where high coverage of the entire genome is not needed. Although GBS
can yield many thousands of SNPs at a comparatively low cost, sequence capture (SeqCap)
provides a variety of benefits that make it the genome complexity reduction (GCR) method
of choice (Holliday et al., 2018). Missing data is less of an issue for SeqCap. It is useful
for studies of adaptation due to its ability to target gene regions, which are the most likely
targets of selection, but works better with a reference genome. However, it has a high cost

compared to enzyme-based methods for the species.

The most comprehensive approach to sequence-based genotyping is to simply re-sequence the
entire genome (whole-genome sequencing, or WGS). The WGS strategy makes it possible to
score most variants, both rare and common, in both the coding and non-coding areas of the

genome (Yin et al., 2019). As technology advances, the cost of whole-genome sequencing is
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decreasing, which makes it possible to produce genome-wide single nucleotide polymorphism
(SNP) data at relatively low cost per sample. While WGS is best with a reference genome
sequence for alignment, it is also possible without a reference genome. The cost of WGS has
been declining, enabling genome-wide single nucleotide polymorphism data to be produced

at relatively low cost per sample.
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Materials and Methods

3.1 Plant material

Vegetative branch cuttings from 574 poplar trees were collected from six east-west transects
(hereafter referred to as Alaska, Cassiar, Chilcotin, Jasper, Crowsnest, and Wyoming) across
the hybrid zone between Populus trichocarpa and Populus balsamifera in January 2020 (Fig-
ure 3.1). The samples were obtained from across most of the species’ latitudinal ranges, from
40° N to 65° N and -100° W to -150° W longitude. All plants were photographed, given a
unique identifier, and the GPS (Global Positioning System) coordinates were recorded with
the lower meter GPS registered. Approximately 20 - 30 cm vegetative branch cuttings were
collected from each individual, which were subsequently rooted on a mist bench and planted
in a 3x replicated common garden at the Reynolds Homestead Forest Resource Research
Center located in Critz, VA (36° 37 N and 80° 09’ W, elevation 360 m). The average of cli-
mate parameters for the nearest weather station of Patrick County showed that the average
temperature in Patrick Springs is 57.3 °F (14.1 °C) for the year. The average tempera-
ture of the coldest and warmest month of the year is 39.6°F (4.2°C) and 75.3°F (24.1°C),
respectively (weatherbase.com). It should be noted that this site is significantly warmer
than the origins of most of our genotypes, which may have variable effects on expression
of temperature-dependent phenotypes like bud-flush and growth, although relative rankings

among genotypes should not be affected. Prior to planting, young leaves were collected

11
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for genomic DNA extraction. These tissue samples were stored in paper coin envelopes and
placed immediately on dry ice. For long-term preservation, the samples were then transferred

to a -80°C freezer.

Populus balsamifera
Populus deltoides
Populus trichocarpa
A Sampling locations

Figure 3.1: The origins of the collected samples. Green shading, red shading, and blue shad-
ing indicate western ranges of P. trichocarpa, P. balsamifera, and P. deltoides respectively.
Red triangles indicate sampled trees.

3.2 Genomic Library Preparation and Bioinformatics

Approximately 100 mg leaf tissue (if very young, 80mg, if bigger, 90-110mg) was weighed
depending on the leaf quality for each sample. The leaves were immediately ground into very
fine powder when liquid nitrogen was almost gone by using a mortar and pestle and transfer-
ring the powder into microcentrifuge tube. Then, DNA was extracted from all samples using
a modified Qiagen plant DNeasy kit extraction protocol, using phenol-chloroform extraction
in place of a QIAshredder column. For samples with very low DNA concentration, a sec-
ondary extraction was performed using cetyltrimethylammonium bromide (CTAB), which is
a cationic detergent. With a Nanodrop spectrophotometer, DNA concentrations and qual-

ity were quantified using the Qubit dsDNA HS Assay kit. DNA libraries were constructed
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at the Duke University Center for Genomic and Computational Biology, using an Illumina
Nextera kit (Elshire et al., 2011). The libraries were sequenced on an S4 flow cell in 2x150bp
format on an Illumina NovaSeq 6000 instrument with 64 samples per lane. De-indexing, QC,
trimming adapter sequences, and sequence preprocessing were completed by the sequencing

facility.

Subsequent bioinformatics tasks were performed on Virginia Tech’s Advanced Research Com-
puting System (ARC). Specifically, the Burrows-Wheeler Aligner (BWA) was used to map
reads to the P. trichocarpa reference genome (v4.0), and the resulting SAM files were con-
verted to BAM format with SAMtools (Li and Durbin, 2010). The Genome Analysis Tool
kit (v3.7) Haplotype Caller algorithm was then used to generate individual gVCF files, which
were merged in a single VCF file with the GATK Genotype GVCFs function. This raw VCF
was quality-filtered for variants that had poor map quality, elevated strand bias, differential
map quality between reference and alternative alleles, positional bias between reference and
alternate alleles, or low coverage depth. Such variants were flagged and omitted as low-
quality data. Finally, variants were removed that had >10% missing data across samples
or that were present in only a single heterozygote (i.e., with minor allele frequency equal to
1/2N). This process yielded approximately 12 million SNPs. Because this quantity of SNPs
is unnecessary for the analyses described below, we subsampled the total quality-filtered

dataset randomly to include 1,000,000 SNPs.

3.3 Population Structure and Hybridization

Admixture proportion inference (Novembre, 2016) and principal component analysis are
frequently used strategies to understand population structure (Cavalli-Sforza et al., 1994). In

this study, patterns of population structure in the dataset were explored using ADMIXTURE
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(Alexander et al., 2009), Discriminant Analysis of Principal Components (DAPC) (Jombart,
2008), and Principal Component Analysis (PCA). In addition, Introgress software (Gompert
and Alex Buerkle, 2010) was used to estimate hybrid indexes for each sample, and Fsr
(Willing et al., 2012) was calculated to estimate population differentiation depending on
genetic structure. Finally, bud-flush phenotypes were recorded to assess which geographical,

environmental, and genetic variables contribute to phenology changes.

Principal Component Analysis (PCA) reduces the dimensionality of large data sets and
helps to define the relationship between geography and genetic variation. The data were
coded as 0,1,2, where 0 implied homozygous reference; 1 was the heterozygote, and 2 was
homozygous for the non-reference allele. The adegraphics R package (Dray et al., 2015) was
used to summarize the most important axes of variation in this genotype matrix using PCA.
Then, the PC results were compared with the geographical information of the sample’s origin
on a simple linear regression using the ggpubr package in R (Team, 2018). PCA was done
within transect as well as across the entire sample. Lastly, the relationships between PC1

and PC2 as well as between PC2 and PC3 were observed to assess trends in PCs versus
geography.

Admixture (Alexander et al., 2009) software was then used to estimate the ancestry of
individuals. This approach considers that the samples originated from a hypothetical number
(K) of ancestral populations. In this method, an unsupervised clustering algorithm is used to
assign the genetic ancestry of each sample to these ancestral populations. For the admixture
analysis, K-values were tested from K=2 to K=11, and the best K-value was selected with
the help of a plot using cross validation values for the dataset. The results were plotted in
R for the best K-value and arranged using the geographic information of their origin. To do

this analysis, the scatterpie R package was used (Team, 2018).

To further assess population structure, the complementary approach DAPC was used to
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identify groups of genetically similar individuals in R. DAPC combines the data transfor-
mation of PCA with the division of variation between and within Discriminant Analysis
(DA) groups under various population genetic models (Jombart et al., 2010). To do this,
the find.clusters function in the adegenet package in R was used to select the best number of
clusters (Jombart, 2008). The maximum number of clusters was set to 12 and the number of
clusters was chosen based on the lowest Bayesian Information Criterion (BIC). In the next
step, the dapc function (Jombart et al., 2010) was used to describe the clusters, and the
leading 300 principal components were retained, which explained at about 80% of variance

in the dataset.

Introgress analysis was used to estimate hybrid indices between 0 and 1 for each hybrid
sample in R using est.h in the Introgress package (Gompert and Alex Buerkle, 2010). First,
samples were identified as pure P. balsamifera, P. trichocarpa, and hybrid from admixture
analysis. 44 samples were identified as P. balsamifera and were used as parental population
1, and 33 samples were identified as P. trichocarpa, which formed parental population 2 in
the Introgress analysis. The other 497 samples were identified as hybrid poplar samples.
According to the Introgress results, individuals were categorized as P. balsamifera (0.0 -
0.20), P. trichocarpa (0.80 - 1.0), or Fy hybrids (0.4 - 0.6). In addition, hybrids backcrossed
to P. balsamifera were identified according to a cutoff value between 0.2 and 0.4, and hybrids

backcrossed to P. trichocarpa were identified according to the cutoff value between 0.6 and

0.8.

In addition, Fsr was calculated using VCFtools (Danecek et al., 2011). The weir-fst-pop
function in veftools was used to calculate Weir and Cockerham’s (1984) Fgp. For this analy-
sis, all hybrid individuals were removed from the dataset, and only pure P. balsamifera and
P. trichocarpa were analyzed regardless of their location. First, the pure samples identified

in the admixture analysis were added to the dataset. In addition, according to the results
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of Introgress analysis, the samples identified as P. trichocarpa (0.8 - 1.0) and P. balsamifera
(0.0 - 0.2) were also added to the analysis. In the second step, the samples were separated
according to their transect location, and the same thing was also analyzed between pure
samples of P. balsamifera and P. trichocarpa. Furthermore, the relationship of P. balsam-
ifera to P. balsamifera in other transects was examined separately, and the same was done

for P. trichocarpa.

Relationships between genotype, geography, and climate were also tested. To infer which
geographical, climate, and genetic variables contribute to the timing of phenology transitions,
bud-flush phenotypes were collected from the Populus common garden grown under natural
conditions in Critz, VA. Beginning in early April, the bud-flush stage was recorded three
times a week until all trees completed the bud-flush. All plants completed bud-flush within
4 months. The timing of bud-flush was recorded as the number of days from January 1%
until the plants reached phenology stage three. The developmental stage of terminal buds

of each tree was recorded on a categorical scale from 0 to 3 (Figure 3.2).

Figure 3.2: Spring phenology stages.

First, Best Linear Unbiased Prediction (BLUP) was used to estimate bud-flush timing per
genotype, using the three clonal replicates as input data. BLUPs of each clone for each
trait were estimated using the ImerTest package in R (Kuznetsova et al., 2017), in which the

response variable was bud-flush date and the predictors were random effects for block and
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genotype. Negative BLUPs indicate early bud-flush, while positive BLUPs reflect late bud-
flush. Statistical relationships between bud-flush timing BLUPs and the genotype climate
of origin, as well as geography (latitude, longitude, and elevation), were analyzed. A simple
linear model was used to understand the genotype-environmental association with the phe-
notypic BLUPs. First, the statistical relationship between bud-flush timing (BLUPs) and
geographical variables was tested. The differences between the lowest and highest elevation,
latitude, and longitude were 2000m, 25°, and 45°, respectively. To test the relationships
between bud-flush timing and climate of origin, ClimateNA software was used (Wang et al.,
2016). ClimateNA interpolates scale-free monthly, seasonal, and annual climate variables,
which provides better resolution in mountainous areas such as those that characterize much
of the P. trichocarpa range and hybrid zones with P. balsamifera. The 25 climate variables
(DD<0: degree days below 0°C; DD>5: degree days above 5°C; MSP: May to September
precipitation; TD: temperature difference between MWMT and MCMT, or continentality;
MAP: mean annual precipitation; Eref: Hargreaves reference evaporation; CMD: Hargreaves
climatic moisture deficit; MCMT: mean coldest month temperature; MAT: mean annual
temperature; MWMT: mean warmest month temperature; DD<18: degree-days below 18°C,
heating degree-days; DD>18: degree-days above 18°C, cooling degree-days; NFFD: the num-
ber of frost-free days; bFFP: the day of the year on which FFP begins; eFFP: the day of
the year on which FFP ends; EXT: extreme maximum temperature over 30 years; PAS:
precipitation as snow; EMT: extreme minimum temperature over 30 years; FFP: frost-free
period; MAR: mean annual solar radiation; AHM: annual heat-moisture index; SHM: sum-
mer heat-moisture index; RH: mean annual relative humidity; CMI: Hogg’s climate moisture
index; DD1040: Degree-days above 10°C and below 40°C) were extracted from the elevation,
latitude, and longitude of the sampled trees. The differences between the lowest and highest
FFP, MAT, and MCMT were 200 days, 14°C, and 26°C, respectively. For relationships

between bud-flush timing and their climate of origin, Mean Annual Temperature (MAT),
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Frost-Free Period (FFP), and Mean Coldest Month Temperature (MCMT) variables were
used because they are expected to be the major climatic factors for the analysis for P. bal-
samifera. In the last step, Principal Component Analysis (PCA) for the 25 climate variables
was done using R software. The first three principal components explained over 90% of the
total variation. Therefore, the first three principal components were used for assessing the
climate variables. The goal of this analysis was to summarize the many climate variables

that are correlated in a smaller number of variables.

Lastly, the relationship between bud-flush timing and the proportions from admixture anal-
ysis was assessed. The admixture proportions were taken as the proportion of P. balsamifera
ancestry at K=2, and the results were expressed as a simple linear regression within the
transect. Specifically, the test was done to see whether proportionate ancestry from the two

parental species explains bud-flush timing.



Chapter 4

Results

4.1 Population structure

In admixture analysis, I tested K-values from K=2 to K=11, and the best K-value was
selected as K=4 with the help of a plot using cross-validation’ values for the dataset. Ad-
mixture analysis at K=4, ordered by increasing distance from the Pacific coast, suggests
genetic differentiation between individuals with increasing distance from the coast (Figure
4.1). This result was also supported at K=2 and K=3 (Figure 4.2 and Figure 4.3). The
results at K=2 also showed a clear distinction between Populus balsamifera and Populus
trichocarpa. In addition, the results at K=3 suggested an additional cluster (blue) that ap-
peared in the southern half of the range but not in the north. The green cluster at K=4 was
detected in the southern interior where some individuals are hybrids of P. balsamifera and
P. trichocarpa. Lastly, individual cluster memberships varied depending on their distance
from the coast rather than their location to the North or South because the number of pure
individuals in the interior was found to be greater (Figure 4.2, Figure 4.3, and Figure 4.4).
Hybrid individuals, on the other hand, were mostly found at intermediate locations from the

coast, although this varied by transect.

19
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Figure 4.1: Admixture results for K=2 (top), K=3 (middle), and K=4 (bottom). Each verti-
cal bar represents a single individual, with colors representing proportional cluster member-
ship. Each graph was divided by transects and ordered each transect according to increasing
distance from the Pacific coast.
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Figure 4.2: Admixture results for the 574 samples, organized by transect, at K=2, mapped
according to the samples’ GPS coordinates. The y-axes show latitude, and the z-axes indicate
longitude.
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Principal component analysis of genotypes was applied across all 574 samples to obtain a
broad overview of population structure and was plotted in relation to geographical variables,
including latitude, longitude, and elevation. The first three principal components (PC1,
PC2, and PC3) were picked for the genotype variables because it explained approximately
70% of the variation among the 1,000,000 SNPs in the 574 poplar samples (Figure 4.5 and
Figure 4.6). With the exception of PC1 and longitude (P > 0.01), there was a significant
relationship between all geographical variables and all PC scores (P < 0.01) (Figure 4.7).
These relationships had a positive correlation as indicated by the positive parameter values
for the relationships between PCs (PC2 and PC3) and latitude. All the other relationships
had a negative correlation with the positive parameter values. According to the graphs
showing the relationship between PC1 and PC2 as well as between PC2 and PC3 colored
by hybrid indices, more negative values on PC1 indicated greater P. balsamifera ancestry,
and a more negative value on PC2 showed greater P. trichocarpa ancestry. PC3 also showed
that when a value was close to 0, it resembled P. balsamifera ancestry. In the next analysis,
we looked at the relationships within the six transects (Alaska, Cassiar, Chilcotin, Jasper,
Crowsnest, and Wyoming) (Figure A.1, Figure A.2, and Figure A.3). While all PC scores
had a strong relationship with longitude (all P < 0.01), the samples collected from the Alaska
transect showed that there were not any statistical relationships between all PC scores and
longitude (all P > 0.01). In addition, the samples collected from Crowsnest did not have any
relationship with elevation and latitude (all P > 0.01). For latitude, only PC3 was found
to have no relation, and for latitude, PC1 had no relation to the samples collected from

Crowsnest.
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In DAPC analysis, the best-supported number of clusters was chosen to be 4 based on the
lowest Bayesian Information Criterion (BIC) result. Then, I analyzed the DAPC results
among transects and the species (P. balsamifera and P. trichocarpa). The results showed
that there was little distinction in clusters along transects (Figure 4.8). Similar to the
admixture results, the differentiation of samples was mostly attributable to coastal versus
interior habitats. Interestingly, the same result was found among individuals collected from
the interior parts of the Alaska, Chilcotin, and the Jasper transects. The same figure colored
by P. balsamifera, P. trichocarpa, and hybrids indicated that the samples identified as P.
balsamifera was in only cluster 1, P. trichocarpa was in clusters 2 and 4, and hybrids were

in clusters 1,2,3, and 4 (Figure 4.9).
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Figure 4.8: The result of DAPC analysis at K=4 clusters. Clusters are indicated by different
shapes. Transects are labeled with different colors.
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The average Fsp estimate between P. balsamifera and P. trichocarpa individuals across the
entire sample was 0.30. Fgr estimates between P. trichocarpa and P. balsamifera individuals
within transects varied between 0.24 and 0.34 (Table 4.1). While the highest Fsr value was
between the individuals of P. balsamifera collected from the Alaska transect and individuals
of P. trichocarpa collected from the Cassiar transect, the lowest Fgr value was between indi-
viduals of P. balsamifera collected from the Cassiar transect and individuals of P. trichocarpa
collected from the Chilcotin transect. Furthermore, the average Fsr estimate among P. bal-
samifera individuals collected among transects showed that the value was between 0 and
0.15 (Table 4.2). The highest value (0.15) was between the individuals collected from the
Wyoming and Cassiar transects. The lowest values (0) were among individuals collected

from Crowsnest and Chilcotin, as well as Crowsnest and Jasper. In addition, the average
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Fsr estimate among P. trichocarpa individuals collected among transects indicated that the
range was between 0.01 and 0.06 (Table 4.3). The most similar individuals were those col-
lected between Crowsnest and Wyoming, Crowsnest and Jasper, and Jasper and Chilcotin,

while the most different were those collected between Wyoming and Cassiar transect.

P.trichocarpa
Transect - - - -
Alaska  Cassiar Chilcotin Jasper Crowsnest Wyoming

Alaska X 0.34 0.28 0.31 0.3 0.32
E Cassiar X 0.32 0.24 0.27 0.28 0.29
§ Chilcotin X 0.32 0.25 0.28 0.29 0.29
-% Jasper X 0.33 0.27 0.3 0.3 0.31
2 Crowsnest X 0.33 0.25 0.28 0.29 0.3
Wyoming X 0.32 0.25 0.28 0.29 0.3

Whole Sample 0.3

Table 4.1: Fs7 metrics between individual P. trichocarpa and P. balsamifera among transects.
The last row represents the overall Fgp result between all individuals of P. trichocarpa and
P. balsamifera.

P.balsamifera
Transect ; ; : .
Alaska  Cassiar Chilcotin Jasper Crowsnest Wyoming
Alaska X
] .
E Cassiar 0.02 X
€ | Chilcotin | 0.01 0.001 %
]
-.g Jasper 0.01 0.01 0.01 X
§ Crowsnest| 0.01 0.02 -0.01 -0.01 X
Wyoming 0.06 0.15 0.03 0.04 0.11 X

Table 4.2: Fspr metrics between individual P. balsamifera among transects.



30 CHAPTER 4. RESULTS

P.trichocarpa
Transect p : . ;
Alaska Cassiar Chilcotin Jasper Crowsnest Wyoming
Alaska X
S-_. Cassiar X X
S | Chilcotin | X 0.03 X
S | Jasper X 0.03 0.01 X
i Crowsnest X 0.05 0.02 0.01 X
Wyoming X 0.06 0.04 0.02 0.01 X

Table 4.3: Fsp metrics between individual P. trichocarpa among transects.

4.2 Hybridization

Results of Introgress analysis indicated a high frequency of interspecific hybridization (53%)
among the sampled individuals. Among 574 samples, 266 samples were genetically identi-
fied as hybrids (Figure 4.10, Figure 4.11, and Table 4.4). Hybrid proportions and species
composition showed differentiation by location. While the lowest average hybrid indices
(suggesting greater balsam poplar influence) were in the samples collected from northern
regions, Alaska, Cassiar, Chilcotin, and Jasper (54%, 43%, 55% and 41%, respectively),
the highest average hybrid indices (suggesting greater black cottonwood influence) were in
southern regions, Crowsnest and Wyoming’ samples (59% and 67%, respectively). Of the
574 samples, 308 were identified as pure P. balsamifera or P. trichocarpa. The most nu-
merous pure P. balsamifera samples (29 samples) were found in the Jasper transect and P.
trichocarpa in the Crowsnest transect (73 samples). These results were mapped according
to the admixture results, and geographically widespread hybridization was obvious within
and among the transects (Figure 4.2, Figure 4.3, and Figure 4.4). The results of admixture
analysis also showed a clear separation between the pure samples of P. balsamifera and P.
trichocarpa at K=2. In addition, the level of hybridization/introgression increased with dis-

tance from the Pacific Ocean. Lastly, DAPC analysis confirmed these results, showing a
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genetic discontinuity between samples collected from coastal areas and the samples collected

from inland areas (Figure 4.8 and Figure 4.9).

1.00 4
0751 Transect
& Alaska
>
] ®  Cassiar
AT
§=) *  Chilcotin
S.0.50 1 *  Jasper
-
*  Crowsnest
= Wyoming
0254

Alaska  Cassiar Chilcotin Jasper Crowsnest Wyoming
Transect

Figure 4.10: Boxplot of hybrid indices obtained from Introgress analysis, organized by tran-
sect. The graph does not include the 77 individuals selected as parental population from
admixture analysis.
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Transect | n | P.balsamifera |Hybrid| P.trichocarpa | Avg. Hybrid Index
Alaska | 80 24 56 0 0.54 +/-.005
Cassiar | 76 4 30 42 0.43 +/- .004

Chilcotin 107 20 51 36 0.55 +/-.004
Jasper (114 29 57 28 0.41 +/- .004

Crowsnest|102 5 24 73 0.59 +/- .004

Wyoming | 95 3 48 44 0.67 +/- .005

All Total |574 85 266 223 0.53+/-.004

Table 4.4: Categorization of samples genetically identified as P. balsamifera, P. trichocarpa,
and hybrid. The results were taken with the help of admixture and Introgress analysis.
Average hybrid indices were calculated from the results of Introgress analysis, excluding
individuals identified as P. balsamifera, and P. trichocarpa, which were used as parental
populations in the analysis.
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4.3 Relationships between adaptation, geography, and

climate

Statistical relationships between bud-flush timing using BLUP, geography, and climate of
origin were tested. The relationship between geography (latitude, longitude, and elevation)
and bud-flush timing based on a simple linear regression was statistically significant in all
cases (all P < 0.01) (Figure 4.12). There was a positive correlation between bud-flush
timing and longitude and elevation, and a negative correlation with latitude. In addition,
the relationship between bud-flush timing and climate of origin (Mean Annual Temperature
(MAT), Frost Free Period (FFP), and Mean Coldest Month Temperature (MCMT)) showed
that there was a significant effect of all these climate variables on the date of bud-flush timing
(all P < 0.01) (Figure 4.12), and that relationship had a positive correlation for MAT, FFP,
and MCMT.

[ also tested these relationships within each of the six transects (Alaska, Cassiar, Chilcotin,
Crowsnest, Jasper, and Wyoming). For the Alaska transect, there was a relationship between
bud-flush timing and geography (elevation, latitude, and longitude) (P < 0.01). There was a
similar relationship between bud-flush timing and climate of origin (MAT and MCMT) (all
P < 0.01), but not with FFP (P > 0.01). The relationship between bud-flush timing and
all geographical variables showed a negative correlation, indicating earlier bud-flush in areas
with higher elevation, latitude, and longitude. In addition, there was a negative correlation
between bud-flush timing and all climate variables, indicating earlier bud-flush in areas with
higher FFP, MAT, MCMT. For the Cassiar transect, there was a significant relationship
between bud-flush timing and all geographic variables (all P < 0.01), as well as between bud-
flush timing and all climate variables of origin (all P < 0.01). While there was a negative

correlation between bud-flush timing and geographical variables (elevation and latitude),
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the other variables (longitude, FFP, MAT, and MCMT) had a positive correlation in this
relationship. The third transect, Chilcotin, showed no statistically significant relationships
between bud-flush timing and all geographic variables (all P > 0.01). Further, there were no
relationships between bud-flush timing and all climate variables of origin (all P > 0.01). In
the samples collected from the Crowsnest transect, a strong statistical relationship between
bud-flush timing and longitude (P < 0.01) was observed, but there was no relationship
with latitude, elevation, or climate variables (all P > 0.01) except for MCMT (P < 0.01).
These relationships had a negative correlation with MCMT, and a positive correlation with
longitude. Finally, the samples collected from the Jasper and Wyoming transects showed no
statistically significant relationships between bud-flush timing and all geographic variables
(all P > 0.01), and there were no relationships between bud-flush timing and all climate

variables of origin (all P > 0.01). All these results are shown in Figure B.1 and Figure B.2.

In addition, I performed PCA for the 25 climate variables to see their relationships with
bud-flush timing and geography (elevation, latitude, and longitude). First, a simple linear
regression was used to test the relationship between the leading PCs (e.g., PC1, PC2, PC3)
and bud-flush timing in the overall sample (Figure 4.13) as well as within transects (Figure
B.3). There was a significant relationship between these leading PCs and bud-flush timing in
overall sample (all P < 0.01). Within-transects, PC1 had a significant negative relationship
(P < 0.01) with bud-flush timing in the Cassiar transect. There was also a relationship
between PC2 and bud-flush timing in the Alaska, Cassiar, and Crowsnest transects (all P
< 0.01). While PC2 was positively correlated with bud-flush timing in Alaska and Cassiar,
the relationship was negatively correlated with bud-flush timing in the Crowsnest transect.
For PC3, the result showed a significant relationship with bud-flush timing in Alaska, and

the correlation was positive.

In the last step, the relationship between bud-flush timing and proportions from admixture
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analysis showed that there was a strong relationship in three transects (Figure 4.14). The
samples collected from the Alaska, Cassiar, and Crowsnest transects had a strong relationship
with bud-flush timing. There was no such relationship in other transects. The samples of
P. balsamifera within transects tended to have earlier bud-flush timing than samples of
P. trichocarpa in Alaska and Cassiar (P < 0.01 for both). This result was seen only in
Alaska and Cassiar, the two northernmost regions. In addition, the samples collected in the

Crowsnest transect have showed the opposite trend.
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Figure 4.12: The relationship of bud-flush timing (BLUP) with climate and geography in
the whole sample. The results of geography are shown in graphs A, B, and C, and climate
variables are represented in graphs D, E; and F. The y-axes are BLUPs for date of bud-flush.
Negative values are early bud-flush, positive are late bud-flush.
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Chapter 5

Discussion

5.1 Population structure

My results revealed complex patters of genetic structure across the sampled transects that
shed light on the geographic and climatic factors affecting gene flow and reproductive isola-
tion in Populus trichocarpa and Populus balsamifera. Principal component analysis showed
that both latitude and longitude impacted genetic structure. Elevation also had an impact,
but the relationships were more idiosyncratic as there was more variation in elevation in
some transects than others. In addition, latitude, longitude, and climatic variables were
confounded with elevation. Strong evidence of isolation was found in the northern popula-
tions, particularly in Alaska, which may reflect the unique climate in this area. While the
influence of P. balsamifera was extensive in northern populations, a large number of pure P.
trichocarpa were found along the Cassiar transect in northwest BC, which is a colder environ-
ment than is otherwise typical of this species. A study by Geraldes et al. (2014) found that
introgression occurred mostly at the boundaries of the distributions of P. trichocarpa and P.
balsamifera, and there was limited gene flow in their sampled area. Across our six transects,
we observed a transition from P. trichocarpa near the Pacific coast, through a transition
zone of hybridization that was steep in the south and more shallow in the north, and ending
in pure P. balsamifera stands east of the Rocky Mountains. Our results also suggest that

there was subtle introgression from P. balsamifera throughout central and northern British
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Columbia. Interestingly, the admixture runs that supported four genetic cluster suggest that
from central British Columbia through the intermountain west of the USA | two clusters exist
for P. trichocarpa, which may reflect limited gene flow between the coast and interior, or
possibly subtle effects of P. balsamifera ancestry in the interior (although this second interior

cluster did not appear from the admixture analysis to reflect P. balsamifera ancestry).

5.2 Hybridization

In general, my sample was comprised of more pure P. trichocarpa than pure P. balsamifera
genotypes, which is consistent with greater sampling coverage of the putative geographic P.
trichocarpa range. However, hybridization between these species was common across each of
the six transects. I observed a transition in the sample from greater P. balsamifera ancestry
in the north, to more P. trichocarpa in the south, consistent with the former inhabiting
colder climates than the latter. Indeed, no pure P. trichocarpa was detected in Alaska,
although many hybrids were identified in the coastal portion of this transect, which suggests
an adaptive advantage of P. trichocarpa ancestry in this relatively warm area. While interior
Alaska experiences are extremely cold in winter, like much of the P. balsamifera range, the
coast is much more temperate. For example, Valdez, Alaska, on the coast, has an average low
temperature of -7°C in January, which would be similar to many of the mountainous areas we
sampled much further south. By contrast, Fairbanks, Alaska, in the interior, has an average
low temperature in January of -27°C. The next northernmost transect, Cassiar, follows
river valleys that are part of the Stikine and Nass watersheds from the coast, with balsam
hybridization being mostly absent south of Iskut, British Columbia (57.5°N, 129.5°W). There
is a transition from the river valley protected from gene flow by mountains on both the east

and north, to an area north of Iskut where gene flow from balsam could come down from
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the north via a broad valley. This connectivity may explain why we see the transition
to balsam hybridization in that area. While most of the Cassiar transect (excepting the
area near the coast at Prince Rupert, British Columbia) is an area with severe winters, P.
balsamifera hybridization does not appear to be required for P. trichocarpa to persist. The
next transect south, Chilcotin, had much greater P. balsamifera introgression in western and
southern areas, which may reflect an unobstructed path for gene flow through a break in
the Rocky Mountains in northeast British Columbia, which leads to the broad Chilcotin and
Cariboo plateaus in central BC, reaching to the Coast Mountains. It is also in the Chilcotin
transect that we observed an additional P. trichocarpa cluster when admixture analysis
allows three clusters. This may be a consequence of isolation by adaptation of P. trichocarpa
population in the warmer western sampling locations compared with colder central areas. In
the Jasper transect, the interior has a substantial number of pure samples of P. balsamifera
even though we cannot see any pure samples of P. balsamifera in comparable areas of the
northern transects, Cassiar and Chilcotin. Lastly, in the Crowsnest and Wyoming transects,
we have an additional cluster, unique to these transects, when K=4 in the admixture analysis.
This cluster was likely indicative of additional hybridization with either P. deltoides or P.
angustifolia, the ranges of which extend into the eastern extent of both of these transects.
However, we could not finely characterize the influence of these additional species as they

were not included in the baseline sequencing.

5.3 Relationships between adaptation, geography, and

climate

Our common garden experiment revealed significant differences in bud-flush timing in rela-

tion to geography, climate, and ancestry. For instance, the relationship of bud-flush timing
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(BLUPs) with climate and geography across the whole sample had significant relationship.
When this relationship is considered within regions, the effect of climate and geography on
bud-flush timing was determined only in the two northernmost regions (Alaska, and Cas-
siar). While northern clones from Alaska and Cassiar formed bud-flush in April, southern
clones from Chilcotin, Jasper, Crowsnest, and Wyoming exhibited bud-flush in Critz com-
mon garden later (May - June). It could be a result of cold weather in the north. The results
also showed the late bud-flush for high elevation and longitude. For elevation, there is cor-
relation with latitude and longitude on bud-flush timing. For longitude, while high latitude
showed earlier bud-flush timing, high longitude which is generally colder did not show the
same result. It could be the result of other environmental variables (soil conditions, and pre-
cipitation). The relationship between bud-flush timing and hybridization proportion from
the admixture analysis also showed the same result in the regions. While the pure species
of P. balsamifera and P. trichocarpa in the two northernmost regions (Alaska and Cassiar)
had a significant relationship, there is no relationship in the other transects. In this study,

cold weather is probably the most important predictor of bud-flush timing.



Chapter 6

Conclusions

Hybridization affects the genetic diversity of species, and there may also be genetic clusters
within species where gene flow is limited, which also may affect the efficiency of natural
selection (Meirmans et al., 2017). In this study, widespread hybridization was found between
Populus balsamifera and Populus trichocarpa throughout our six transects. Hybridization was
more common in northern and inland areas, suggesting a benefit for P. trichocarpa to colonize
these colder habitats. The geographic idiosyncrasies of our sampled transects appeared to
modulate the degree of P. balsamifera ancestry, with physical barriers to gene flow partly
determining the extent and distribution of such introgression into P. trichocarpa populations.
In the future, the data we generated will be used to test how particular genomic regions
contribute to hybrid fitness through genotype-environment association analysis. Genomic
regions uncovered by this approach can be directly tested for their contribution to hybrid
fitness through controlled crosses, which many enable genome-informed hybrid breeding of

Populus cultivars in the future.
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Appendix A

PCA of genotype vs geography among

transects
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Figure A.1: The relationship between PCA of genotype and geography. The results of
elevation, latitude, and longitude are shown in graphs A, B, and C, respectively. The graph
is divided by transects. A value close to 0 means that the sample (tree) has both alleles that
are different from the reference genome, while positive values far from 0 mean that it is close
to resembling the reference genome.
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elevation, latitude, and longitude are shown in graphs A, B, and C, respectively. The graph
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Figure A.3: The relationship between PCA of genotype and geography. The results of
elevation, latitude, and longitude are shown in graphs A, B, and C, respectively. The graph
is divided by transects. A value close to 0 means that the sample (tree) has both alleles that
are different from the reference genome, while positive values far from 0 mean that it is close
to resembling the reference genome.
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Figure B.1: The relationship between bud-flush timing and geography. The results of ele-
vation, latitude, and longitude are shown in graphs A, B, and C, respectively. The graph is
divided by transects. The y-axes are BLUPs for date of bud-flush. Negative values are early
bud-flush, positive are late bud-flush.
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APPENDIX B. THE RELATIONSHIPS BETWEEN BUD-FLUSH TIMING, CLIMATE OF ORIGIN, AND
GEOGRAPHY AMONG TRANSECTS

A Alaska Cassiar Chilcotin
R*=002,p=023 R®=032,p=42e-07 R?=45e-05%p =095
L] .
107 10 * . .
: A
° 04 ® i L .. R 1
o4 s T e, taead
. * .
a-104 « e ]
3 ¢ e
2 -104 L
8 5'0 160 7'5 160 12'5 15'0 6'0 8'0 1E']0 12'0
g Crowsnest Jasper Wyoming
L; 151 R%=0024,p=0.16 151 R*=0.026,p=0.18 * .
= > . R*=0012,p=02 "o
= K . . ® .
101 ® . . =
. ¢ . .
7 r ... [ ‘J e ®
Ceet e, 3 .’ | Y
0 % . s ... ! o~ . LI o
. . .. .
. . . -10- : ; ; :. . . . .
100 140 180 100 150 200 50 75 100 125 150
FFP (Frost Free Period)
B Alaska Cassiar Chilcotin
R“=0.37,p=93e-09 R*=047,p=Te-11 R®=00089, p=042
10 N . -
o:. - °e o : : = ;;.
¥ ::.l'o ¥ '.0'. .3,
g_- .. . L . .
= A0 e,
8 4 2 0 -2'.5 0.'0 2.'5 5.'0 1 2 3 4 5
g Crowsnest Jasper Wyoming
L 151 R*=0.0077,p=042 * 151 R*=10.0069, p =049 g .,
a '.. - . R“=0.0083,p=0%38 « .
101 e L 0l . . ': °,
.' ' ® o ¢ 5 o . . ¢ . ' .* ::
D ..' —n_? ’)o 2* .' o « % o .. . o3 .. .. L A=y—"
J ..I o' o° - . . .' . 0 . = - 2t .. oo © 'ov' :. o:‘o:...
071 e % ® . .. ° : D . . ) 04 e . ’. . C :
. . o . 5] ® 4 . g . A A
-54 ' .
- - - = -101—= - - : - . .
25 5.0 75 10.0 5.0 D 10.0 25 5.0 5

25
MAT (Mean

Annual Temperature)



57

Alaska

Cassiar

Chilcotin

R*=052,p=47e-13

R*=049,p=3e-11

R*=0032,p=012 *

o
=

m

z - .

o 20 -15 10 -5 20 -15 10 5

g Crowsnest Jasper Wyoming
L 151 R*=0.067 = 0017 R%=0.00027 , p=0.89 s s
a2 * . . R“=0013,p=0.27s

Figure B.2: The relationship between bud-flush timing and climate variables. The results
of FFP, MAT, and MCMT are shown in graphs A, B, and C, respectively. The graph is
divided by transects. The y-axes are BLUPs for date of bud-flush. Negative values are early
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Figure B.3: The relationship between PCA of climate variables and bud-flush timing. The
results of PC1, PC2, and PC3 are shown in graphs A, B, and C, respectively. The graph is
divided by transects. The z-axes are BLUPs for date of bud-flush. Negative values are early
bud-flush, positive are late bud-flush.
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